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Quantum Well Intermixing (QWI) methods applied to InGaAsP/In? Quantum Well
(QW) structures are the subjects of intense research efforts in view of their potential for
low-cost fabrication of photonic integrated circuits in the telecommunication wavelength

raages of 1.3-1.6 um

In this work, two methods of QW] are investigated: ion implantation QWI and grow-in-
defect QWI. Both methods aim at the use of area selective creation of defects in the
sample to promote material interdiffusion during a rapid thermal annealing (RTA)

- process. The applicability of each QWI methods is investigated and it depend on two

main factors:

1. Qur sbility to predict the shifts obtained given controlled experimental
conditions for a wide class of materials.
2. The optical quality of the layer after QWI

In the first part of the work, absorption measurements are compared with QWI
- simulations to quantify the relative interdiffusion length of group-V and group-1II atoms

A . . : . : .
{(k=—2%). Values of k=4 are obtained for lattice-matched (LM} and tensile strain QW
1
intermixed with grown-in-defect QWI, while a vaiue of k=0 is found for a LM QW
sample intermixed via 1on implantation QWI.  This information is important to establish
- predictive models of bandgap shifts.

In the second part of the work, carrier lifetimes in as-grown and intermixed samples are
measured at varying temperatures. Lifetimes measured in intermixed samples are found

to be more sensitive to changes in temperature, suggesting the presence of non-radiative
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CHAPTERII
INTRODUCTION

Recently the monolithic integration of photonic device has become an
- important issue for the fabrication of emifter and receiver components that
~ constitute part of telecommunication systems. To enhance the performance of

" modern telecommunication systems, it is required to increase operational

. bandwidth, to reduce demands on the drive circuits that provide external

© " modulation, and to increase the functionality of device. The increasing

: demands for opteelectronic circuits are based on high reliability and lower

I :_manufa_cturing, costs. Furthermore, a large number of groups warldwidé over -

" the last few years have produced several applications. For instance, 1.J. He and

. co-workers [I]have reported about an independent optical amplifier based on

;po,__l_arization,. They have reported that if the interdiffusion rate of the anions is

X 1a;rger than that of the cations, the blue shift in the ground state heavy helc

- transition energy after implantation and annealing is greater than the light hole

i_ﬁs*ate blue shiit, bnngmg the two bands together. Cufrent voitage |

. measurements indicate that junction characteristics are well maintained after

s implantation. Furthermore, the modification of refractive index is caused by_‘

'iﬂcfeasing bandgap in QW material. In structures containing oniy a few QWs,

- this refractive index change will have only 2 small effect on the optical

-:‘{"propagation constant. But the optical overlap between the intermixed well and
; the ()p‘ﬁcai wave can be large enough to give useful changes in the refractive
: '-;;_._f_""':m‘dgx in MQW sirm,mre, The change of refractive index is useful to provzde
_ 61 th er optical confinement [2] [3], gratings, or even laser reflectors [4]} {3].

- With this in mind, we can establish the most important requirement for
'fg*monohthlcaliy mtegrated thoeiectromc devices of differing functionalities on

'.-f'fz'the same. Wafer without regrowing technoiogy m Qrder to achzeve practxcal |

waveguzdmg PIC. Therefore the. feﬂowmg elements are requsred

1 Tnere must be laroe com‘rollable bardgap energy difference between the

various devices in the PIC.




2. The losses in the integrated waveguide devices must be comparab!e to or
lower than that present in the as-grown structure. | |

3. The electrical - properties of the various dcw.ces must suffer zero or
insignificant deterioration d‘ue,to_ the processing techniques

4. There should be no substantial adverse effect on the operaﬁng‘ lifetimes of
the varibus devices in the PIC after processing. | _ | -

5. Any other process-initiated change in the preperties of the devices must
be either neutral or advantageous to the PIC | | |

~The advantage of being able to tune the material provides a way to

' improve the performance of photodetectors and modulators. Attractive

e . distributed-feedback and vertical cavity laser dynamics have been shown due to

<. some unique-device physics of the quantum well intermixing.

To reach the above goal, the selective area bandgap tuning as shown

i fig. 1.1 is one possible technique to build PICs. Three different devices are

L fabricated on the same substrate. Energy bandgap of laser is lower than that of

- modulator, which is lower than that of the waveguide. For example, laser

' diode is directed to selective waveguide through modulator in the plane of the

:-';"_”.Vwafer The laser wavelength should be absorbed as little as possible to

S selecuve waveguide in order to minimize the amount of optical power loss.

The property of light that is modulated generally depends upon the particular -

_app}icatibn and could mvoive modulating the amplitude of the epticaﬁi sigﬁ:ai,
the ‘pha‘se of the signal, widths of pulses being sent etc. At present all
““'A;f':‘?f-'.mod_ulation schemes in optical communications involve intensity modulation of
the optical siénai. Frequency modulation is not used due to the difficulties in
":m;_iﬁérihtaining vhase correlations in lasers. There are two schemes used to
"1flmédul'at_e the optical signals in laser diqdés. The first one is direct modu.ia_ti(l)ln :
. m ‘:‘whijch an electronic circuit is designed to. simply modulate ‘trhe current
_,_-;;'.‘ "}mjected into the device. Since the injected current controls the hght output,
one ‘has the desired amplitude modulation. The second one is external |
= :__ modulanon scheme. The light output passes through a material whose optlcai

o pIOpfﬁI‘HeS can be modified by an extemal means.
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F!gil Schematic diagram of a generic PIC containing a laser diode is

dirccted,to splitter through electroabsorptive modulator.

"'T 1 Quanmm Well Intermixing

- Quantum Well Intermixing is a technique of fa'bnca.ting integrated

‘ Optgeiectmmc devices using spatzally selective modification of quantum well

":féli,}i_‘.:'irshape after standard growth which, in turn, -modifies QW bandgap energy.

Thxs diffused quantum well is a non—square quantum well produced by
2 --"‘_T"‘Imterdlffuszon of constituent ‘atoms through the heterointerface. In the

5 ‘:.hterature diffused quantum well is also referred to as quantum well mixing or

:»llnt_e.rmixmg and quantum well disordering. In this thesis, this process will be

'Tf"ffrff‘_eferred to as “Quantum well intermixing”. It can be said that quantum well
":?::'*"f'i'iitﬂéri_r.rll"xing is a post growth processing technique, a method to modify the
'_ga?:;préperties of semiconductor material after growth. For' example, in InGaAs

ibased on InP QWs material, the arsenic atoms in the QW region is exchanged
'wﬁh the phosphorous. atoms in the barrier after 1nterm1mg process is

_Qmpioyed. Also, Indium atoms in the QW are exchanged with Indium atoms in



the barrier region ,és represented in fig 1.2. Closed and opened circles représen't

~atoms in the barrier and QW region, respectively. The intermixing of atoms ir;l‘ |
. an interface aree between QW and barﬁer results in modification of shape of - |

the QW and sinfted the cznergygap For TII-V semiconductors, ﬂnergy gap of '

- intermixed QW becomes larger than that of non-intermixed QW This s%ft in

| energy is called blue shift. Magmtude of blue shift can be mﬂuencgd by many

- factors such aS'thc difference in baﬁdgap? .énergy between the QW and the -

barrier material, thickness of QW, and the amount of strain presented in the

- QW and barrier material. Compositions can also affect the blue shift of the

"'Nﬁ - tsfansitionenergy.‘ QWI technique is quite simple due to the fact that it require

~only a single growth and rapid thermal annealing to modify. However, the.

- large concentration gradient of atomic species across the (JW/barrier interface

~+is a limitation of this technique. Intermixing process in III-V semiconductor

. material may be depended on the movement of either Gnly group-HI atoms or

- only group-V atoms. Besides it can be up to moving of both group-I1T atbms

“ and group-V atoms, As a result of this, diffusion process can be considered in

o ;‘:’__t,w_o cases: self-diffusion rate and diffusion of impurities during intermbcing.

”l_jSeif-diffusion rate is determined by both the diffusion rate of the defects and

- concentration of defects. At thermal equilibrium, amount of self-diffusion in

" high purity material is small. Diffusion of impurities during intermixing can be

exammed for two effects. First effect is that unintentional intermixing will take

';’-5’.1;":'p}ace in reglons other than that implanted region. Second effeci is that the

'_Tx-volume, concentration of the impurity falls during diffusion and eventualiydrop
"”'ﬁz_.,.""i'bclow the threshold concentration at which impurity enhances disordering take

; “place.
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Flg 1 2 The conduction band and valence band potenuai energy profiles form
et as-grown rectangular single quantum well structure. E, and E, denote
the energy gap before and after intermixing process. Closed and
opened circles represent atoms in the barrier region and QW region,
respectively (before intermixing).

- Bandgap modification by QWI technique is a powerful for»
::H::moqohthicaily integrating optoelectronic devices of varying functions on a
: :J‘,}'Asmgﬂe wafer because of three reasons. First reason is easy o 1mpiement and
‘smpfe for fabrication of many complex photonic IC’s. Then it is practicaﬂy
| ‘?enough to be adopted by industry.” Second reason is to accurate modify the
_f :QW materials bandgap and optical properties and to make use of these tuning
| .ii'abihty 1o integrate several device structures to form photonic 1C’s. In practlcal

'-:_this allows a multi-section-integrated structure will be fabricated for: wide

_ba_ndmdth and multi-wavelength applications such as demonstrate its use for

© wavelength division multiplexing (WDM) in high bit rate communication




system. Final reason is that QWI techniques have no detrimemal eff_ect on. "
- either the optical, elcctncai or lifetime propemes of optoelectronic devices.
Furthermore, QWI also causes a change in refractive index [6].
- Refractor index is useful o provide laser refiectors, cptical confinement and

- grating. If the number active QW layer is a few, refractive index change will -

: . be neghglbie Effect of polarization can be dﬁstmguished to dichroism and:

- birefringence, Dichroism is. arise from the selection rules governing OPtlcal

. absorption in a QW with either TE polarization exciting transition from both hh

" and [h confined state into the conduction band state or TM polarization exciting

- transition only from Ih state to conduction band. Polarization is increased with.

.. enlarged intermixing proc;ess.' Absorption edge occurs at longer wavelength for

.- TE poclarization than TM polarization.

i I 2 Techniques for modnfymg interdiffusion rates in QWs.

Several approaches to integrate circuits based on QW active layers are

emerging in order to achieve spatially selective control over the optical and

"";CI_Cctrical- characteristics of different elements in the PICs. Regrown technique;
éf'{'j‘:‘,fi’yarying‘the width of QWs across the wafer during a single stage of expitaxy,

: cap.-»a;nneaiihg-disorderiﬂg technique, growth on a patterned substrate, ion

i'@plantation induced QWI, growth-in-defect QWI and laser assisted
disordering have all been investigated for that purpose. In this section, we

"brieﬂy dIS{)USQ the extent of the literature of each technique.

' 1.Cap annealing disordering technigue

~ In this technique, either Si,Ny [7} or Si0, [8] [9] film is deposited on the

:surface cf the wafer. Upon annealing, thls cap seiecﬁveiy absorbs one species
rf_,,.'of atoms from the wafer. It thus causes creating vacancies and possibly other
E;7-,7'1:!efect types above the QW region. Anneahng procedure is applied to diffuse
::‘fxgsome defects through QW layer and promote interchange of atgms between
: Z.bamer and QW material. For example, In GaAs- AlGaAs materials, 810, {10] is

_,kﬂown to mduce out diffusion of Ga during annealing, and to generate



" vacancies. These Ga vacancies then propagate down to the QW and enhance

the intermixing of Ga and Al. Hence, the bandgap becomes larger in the well | |
" material by partial disordering of the two'materials., An advantage of this
| . technique is free of impurities such as silicon that can result in optical loss due

to free carrier absorption. Mereover, it does not require regrown process.

2. Regrowth technique [11] [12]

A full wafer will be grown by current generation of vapor and beam

'ﬂ_g:_rowth techniques such as molecular beam epitaxy (MBE), chemical beam

5 _‘e‘p_itaxy (CBE), and metal-organic vapor phase epitaxy (MOVPE). And then the

. active layer is etched from certain regions of the sample before overgrowth of

the structure with the same upper? cladding layers is operated. In fact, this:

techmque is not popular because the entire productmn process is complex,

.- which will not provide cost-effective reliable products.

3. Growth on a patterned substrate [13]

Grown on a patterned substrate is one of useful. techniques for the

1ntegratlon of optoelectro jic componenis in a smgle growth step Three

B ;;'t;echmques are generally made use of grown on a patterned substrate. A first

= ~ technique is chermical etching process employed to create a pattern on the wafer

o ~ determined by the characteristics of the mask. Second technique is grown by

:‘f"_:'_'rf"'fm{)l_e_puiar beam epitaxy (MBE) together with variation in the growth rate on

:J_ndifferent crystallographic planes. Last technique is lithography. technique.

- Lithography is the creation of a pattern in a resist layer, usually an organic
‘pbiymer film that is spun on the surface of the substrate. The resist is exposed
-'_;/.;'1:‘toi}c_icctrons,_ ions or photons through a mask and the pattern on the mask is
‘,j'_'-""-'dévejl.op.ed.by seiéctiveiy removing either “the -expw:)sed areas of resist or
: .:":-“.énéxposed areas. Development of the resist is achieved with a solvent that
-'-'-".‘-brmgs out the pattern on the mask due to the solubility dgfference created by

the eXposure. Controlling and manipulating pattern is the llmitatmn of these

@tec‘ﬂ mques



- 4. Laser assisted disordering

Laser induced QW intermixing is direct write procé_ss. that can pattern B
- impurity induced layer disoréering. This technique employs a highly focused
Ar” laser beam; For example, J.J. Dubowski and coworkers [14] fabricated
‘AlGaAs-GaAs QW material and created defects by laser beam with speed at 85
mi‘crons/sec_. through the heterostructure sample encapsulated with a 90 nm
layer of Si-SisNg The laser beam interaction region will resuli in 2 smooth
~ cylindrical section on the micron scale. Annea%ing is then applied to drive the

- Si into the as-grown crystal, resulting in a local mixing of the crystél- layers. -

-~ However the laser assisted disordering can required high power densities to

~ melt the material and can thus cause an undesirable redistribution of dopants
- out with the aciive region of the device. Absorption of the high enérgy | pulse
result in bond breaking and disruption to the lattice, leading to a localized '
: '-_in_cr.;ease in the density of point defects. Advantages of this téchniQue are

- flexible process. for optoelectronic device and circuit fabrication; however, a

" direct-write system is not an optimum configuration for many applications.

5. lon implantation induced Quantum well intermixing.
fon implantation technique is that direct injection of ionized and
energetic atoms into a solid is operated in order to significantly enhance the

- interdiffusion rate, and control the lateral and vertical depth of diffusion. The

" ions injected will carry energies ranging from a few keV to several MeV, and

= implant doses from 10'° to more than 10" ions/cm®. Using small implantation

energy, the damage introduced to the lattice structure will be reduced but with a

~ decrease in the penetration depth, while with small dose of implants, there will

be lesser enhancement of diffusion rate. Different combinations of jons and

- substrates are possible and the most commonly used ones are p-type ions, n-

. type ions, neutral type ions and constituent ions. It was found that the use of

"'77"7‘-ne;utrai ions could: prevent the production of free carriers induced by the

charged ions (n-type or p-type) which will introduce propagation loss and thus



réducé the refractive index of the intermixed QW materials. Rapid thermal
annealing (RTA) is an essen’ua} step in 1mpur1ty diffusion to promOte its
diffusion rate while impurity diffusion process undergoes a very slow rate on-

its own. at conventlenal condmons Most of the rapid annealing temperatwe 18

D ,':usually performed in the range from 400 C to 1000 C, and under a chemical

~environment with NZ or even m_yacuum to prevent oxidation to occur.

6 Growth m-defect QWI.

In this techmque wafer is grown at standard temperature from substrate |

- to QW_ laver and then grown temperature is subsequently decreasing-to create

defects above active QW layer. An annealing procedure is perfome& to

""-y"rrdiffuse defects Througzh QW layer and promote mtermange of atoms between
: QW and barrier.

_In the following chapter in this thesis will emphasize in intermixing
_.‘di,fﬁlsic-)n of InGaAs/InP QW structure introduced defects above QW layer by
 ‘_‘3 .” ibwrtamperaHHe growth and ion implantation fsechnfques. Rapid thermal -
annealing-' (RTA) process is operated to diffuse defects doWn to QW layer.
o ::;Thxs process causes a local partial averaging of i:he energy bandgaps of the two
ifmatenals comprising the quantum well and barrier so the energy bandgap of
'?"?::tne intermixed section is greater than that of the unmodified QW. A waveguide
i farmed in the intermixed section will thus be transparent to the light generated
f;;.ﬂ the laser formed from the unmlxee layers. Inter dszusmn coefficient —
'."propar‘mnaﬂ to interdiffusion rate of group-Iil and group-V' species- can be
charactenze by Photolummescence and absorption measurement technique as
g weH as 51mula‘tzon Residual damage in the semiconductor material monitors
by nme-resolved photolw&mescence (TRPL) techmque This will discuss in

:chapaer 3 and chaptezr 4




| CMTER It

THEORY

The basic ideas and voncepts for drscussmn of experrmental resu}ts are -

inrroduced m this’ chapter In sectxon 2.1, band structure. 13 previously - )

mtrod;uced to understand struc ure of QW. To characterize propemes of.

semlconductor Wave funct*on and energy elgenvalue of ma‘terral for infinite

square’ well, ﬁmte square well and arbitrary well potential are subsequently |

B -soived n sectlon 2.2. Then we discuss rcCUmbmatron Irfetrme of direct and-

‘-:""._:“...‘L']dlrebt oandgap semrcenductors in section 2.3. Drscussron of effect of non-

?":i;-'.radrahve center is also included in this section. Finally, the QWI szmuiauon |
=i sqﬁware used at National research Council of Canada is described in the last |

,.jii.:_;fsrép_tion of this chapter.
ﬁfiLlBamdSHWQHW@

- High quairry ultrathin heterustrumufe materlals can be produced by
":_‘i_means of epitaxial techniques such as molecular beam eprtaxy (MBE)
,_;i_"chemical b«eam epitaxy (CBE) or metal organic chemical vapor deposmon

" :_'__(MOCVD) : Th—ese techniques can be employed to grow quamwn—confmed-

- semrconductor materials such as Quantum Weil (QW) Quamum Wire (QWr)

and Quaﬁtum Dot (QD) s*racmres In this study we will concentrate err QW )
structures Whrch are essentraﬂy wmposed of a thm low- energygap materrai

":;surrounded by a thrcker hi gh«energygap mareﬁal Both layers are grown on a

substrate as sbown in figure 2.1 (a). Norrnaﬂy, rhe thrckness of the barrier

layer rs iarger than that. of the QW that 15 less rhan 100 nm. If several
=repet1trons of the QW and barrier layer have been denosrted on a substrate this -

wouid be call ed a multzp‘e QW (MQW) semlconductor structure as shown m'
:=ﬁg21(b) | |
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F ig 2 E Schematic of band structure in real spaces of (a) smgle quantum Well )
‘ and (b) multnpie QW

N’odels to obtam reausnc band structures of the above aEmICGKdUCtOI L

.,},;jstructures can be seaarated in two main categories:

1 Methods which descnbc the entire vaience and conduction bands.

: 2. ’\/Iethods which are restricted to the ban dedge near k.= 0.

f-;:-l*or the ﬁrst category, techmques such as the tight binding met’nod the |
pseudopotentzal method and Grthogonahzed plane wave met‘ﬁod have ‘beep used
te evaluate the band structure. Those techniques are widely used for descrlbmg
o real semlconductor hOWEV@I tecnmques in" the second category such .as.
pertuba‘txon techmquee are sumpler if one 1s only. mterested in phenomena near

V:the""’b.ar!dedge. The r_eaaer' can find more .dctaﬂs ~about those types. of

1l




L caiCulat_ior.l'sf in physics of semiconductors written by Jasprit Singh f22]. -
- Effective mass theory, which is a valid description-of stateé near theband edge,
‘is employed to'study QW. states in this work [27].  According to. Bloch’

e theorem the electp:on wavefunctmn ina periodlc potentlal 18 given by

Fo)=uey (21)

o where u(7) is a funchon with the peﬂOdlCltY of the cry staﬁ latice, nd ¢(7) s

L ,_the envelope function determined by the boundary- condmops Using effec‘uve, .

- "mass theory near the band edge, the Schrodinger equ_atzon for qo( ) can ve

‘ wntten as:

= _ a _ b : o .
[_ v v +V(';>’J‘!r’7i {f) =E$i (?‘} ' g (22)

2m o

: V"'}'Where m "o is electron effective mass in the c;rystax i denote either electron or

h le. E is the energy eigenvalue of wave > function, ¢(7), and i@ ) is permdwr .

| if:—_-f-{potenhal if the eiec‘rons move freely in 3-dimension of crys tal that contamed N |
_:,-_-'--'peﬂods in a total length ( (Na} ) where a is lattice constant. The‘

éOiﬁ*ion 1o this equatien is given by equatioz& (2.3) when the simplest potential -
13 apphed We assume - (r) is a small value and regard ﬂus term as a

' perturbatlon by comparison with the kinetic energy term.

. @3y

where {. ahd N are integer. This analysis can by applied .eithér to electrons in
' :stffié"':'cénductioﬁ- ’o'and or to holes in the valence 'band pmvi@ed ﬁha{ thé
-correspondmg effective masses are used. From the above energy. spectrum,
@ne can: see that the energy dispersion relatlonshxp near t‘ﬂe band edge (k = O}
is quadrauc for both conductzon and valence band. Th1s 18 ﬂlustrated in ﬁg 22

(a)‘ w1th the valence band dlsnerswn inverted as: compared to that of the

e-ondiuctmn band, in agreement with the definition of holes in a semiconductor.

férgy ;diffe:eﬁc_e‘ between the lowest point in the conduction band, which '

12



- : is called the conduction ‘band edge, and the highest point. m. the valence'rbz‘md

o ~ which is called ﬂ'lf: valence band edge 1s termed the energy gap. Conducmon

- and valence band energy (E } are plotted as-a function of momentum (k) in

L ﬁgure 2.2 (a). Band diagram in ﬁgure 2.2(a) is plotted energy as a function of

L _ growth direction {in z-direction) in ﬂgure 2.2(b). In case of single QW active R

:;1_-QW layer (material A) sandwmhed in ben?veen bamer iayer (matenal B) is o |

'  piotted in band dzagram as shown in figure 2.2(c).

TE

condnction band

l 2 et o, COTActiON Dand”
©anergy papl Emi .

wvalenrcs band

3 mergy zapﬂi‘ii

walence bang’

(N i=nfe

" :fi’lg 2 2 Conduction and valence band energy plotted as a function of

momentum in figure (). and as a function of energy in figure (b). .

For single QW, active QW layer (material A) sandwiched in’

between barrier layer (material B) is plotted a functlon of energy m‘_ o

ﬁgure (c)

Band dlagram in fig 2.2{(c) is one type ahgnment of semlconduc‘tor o

matemaﬁ Genera.iiy alignment. type. of se:mxconductor matenal is classified mto -
type I and type—II alignments . as shown in Flg 2.3, Electrons in the. conductlon,__"

-band and holes in the valence bamd Gf type I aiignmem maaerial in ﬁg 23 (a)

13



are con‘ined in QW region because the lowest energy point of the conducnon S

::-'band and the highest energy pmnt of the valence band are in the QW reglon : R

;‘ So recombmatlon process will mostly occur in this region.. - On the other hand,’ - - o

- - electrons in the conduc‘uon band of type I aiignment as shown | in Flg 2. 3(b) are

-:»7_-'1:3’,,_V_Conﬁned m QW region whlle holes in the va}ence band are conﬁned m the .

bamer region. This spatial separation has consequences for the ecﬁczency of

'rf:_camb_mation because electrons in the conduction Vbando_@f QW region are ~ -

'd:;fﬁcult to recombine radiatively with holes in the valence band, which are not

~inthe same reglon ~This leads to two charabtenshc feamres Fzrst charactenstic‘ R

'13 that the energy of the emitted photon is shifted to Iower energles compared-

w:ith abserptlon photon energy by quantity, , |

o v AE = AE, S es

. :;S:c.cohd, chéracterist_ic ié_thai decay time of type II aﬁgmﬁemﬁ_is generally lohger .
than that of type-I alignment 'becaﬁse electrons in QW-ccnductibn band tried to-

: ‘recombine with holes in the barrier-valence band.

B, A B B ' AEF E
T = e
[ | &
!mz@ - ; i

B
R S | = - Ee
I - i :%
1 ) j ﬂqEv Fa

@ o

" “‘3’--Flg 23 Schematxc {(a) type 1 ahgnmeﬂ‘t and (b). type I ahgnment of
LA semlcnnéuctor QW materlal . '

Band foset of type- E’ and tn:e-ll alignment' in semiconductor QW material as
: i.shown m ﬁg 2 3 can be explicitly deﬁned in table 2.1. Normaﬂy, alignmem, . :
_ 'type of material can be classified by 0 value that s ratio of energy dfference

b :between QW and barrier iayer for conduction (AE, Vto valence band (AR, ) as

f.?f;l!ustrated n equaﬂon {2. 5) For the type-I ahgnmenh, .,nergy difference :

14




bapd So O value is positive.

o ’_' between QW and bamer regmn is positive in copductmn band but negaf
valence band. So ¢ value in the deﬁmﬂop of equation - (2 5) is negatw as.{
o shown in table 2.1. On the other hand, energy dxfference between QW aﬁd’

' bamer region in type- -II ahgnment is negatlve for both conducnon and va ence

Type I alignment

Typell aiignment

EVAj _E\"S o AEV > G

E!-E] =AE, <0

. EA-EP =AE, <0

Sl AR B " . B
E-E =AE_ <0

AE, ,AE, <E;
i tnll) md B A
AEV"AEC <t’g ”f‘g AE\,,AEC >Eg "*Eg_

Q = negative

- B (Vg
C2m’e

15

Q= positive

"7‘:_-"_11,2? Quanmm well energy level

- Schrodinger equation m quantum mecmamc is emp}ayed in order tQ‘:_:‘.'
ﬁ'ff:'{charactenze properties of semiconductor material. To treat QW potenhai some
: -J'”:ideas will be ﬂrsny presented in the simpler cases such as mfmﬁe» and ﬁmte;]"_'-.
Then arbitrary potential will be la*t descrﬂ)ed
. '_'::;COHSIdei’Bd semiconductor is consvsfed of single quantum well with thm:
: .1h1ckness (L) Electmns and holes are conﬁned in grown direction (z- ax1s)-1_f

A and meve freely in x-y plane. Aceordmg to Shrodmger equatmn m equatlon

_,(2 2) subscnpt 1 wﬂi be dropped as shown in equaﬂon (2.2),

+_V(r‘>}a(ff) = Bp(7)




e Equation (2.6) excludes the effect of electron-hole coulomb interaction and

o assumed that the corresponding energy biandris' parabolic and ncn_—dégene_r_até. .

11.2.1 ﬁnfmite squaré Wéll potential. |

For Infinite Sqﬁare"weii model as shown in fig 2.4, potential is:

i
AR
-L L
2% 5%

Fig 2.4 Schematic of infinite square well potential

2

V{z):( 0 for #iaz <i:2% ‘ (27.7);"
j\ o for |z|>%~

.‘ ‘Wave function and periodic potential Schrodingeruequatidﬁ: in egn. (2.6)

~ represents in Cartesian space.

2 1 :
['— he v2 *5';/(3{5}/32}—-%(/7(5{,}7,2):E¢(x,y,2) (28)

2m ¢

- '-:_:}:']‘:'f.‘-'Waye.ﬁmctien, @(x,y,z), could be separated into ¢ (x, y)v‘and‘ ¢z} 0

_ "fi}.'di_-f;scri’oe the motion of t_he‘ parﬁcﬁe in the plams of the film, and, to describe the
: _,:f-}.‘:z:r‘_'l_otion' of particle in the grown direction, - | . - _ _ l
| oy, =cle v )ole) 29)
-:.f;t‘j,__i_:‘;},'?rom mathematics, V*in Cartesian space is\rep;esem‘e'd; ' .
- v? :Vi +V2 - o 10y
where : - o | | | |
| V2i=V2aV | @Iy
 Take equation (2.7), (2.9) and (2.10) into equation (2.8) then divide by ¢fx,y)

0 ’gﬁ(z ) As 2 result of this, new equation can be separated into _two.equ'ations,:
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m oo

| {f VG aﬂJé G =ELGEY) @Iy

o

[— Vi) @) =B @1y

e Equation (2.12) and (2.13) represen‘té ﬁlectron. movement ‘in the X—y'n;.)llrancr and

. perpendzcular dxrecncm respecnveiy New energy exgenvalue (E ) is deﬁned to? . o ’:f‘f"

o E, and E Accorc’%mg to-the structure of QW semxcondumor e1ther electrons; o

e .-_or holes are only confined in grown direction (z—direction), and moved freely i

x-y plane. Wave function and energy eigenvalue m the x—y plane can bei-_,’"-‘

if:]lwritten as illustrated in equation (2.14) and cquanon (2 15), respectweiy R

- Potentiai of electron in grown direction is correspond to potemia} m equatlon f

- en

é’{x,y }=Cexp[i(er +zcyy)}‘ _‘ (27‘1_-4) -

E k)= +k} @21y
LN ) Zm 2 x ¥y ) 7 ‘ | ( g )
A n r ; = L | o
S owhere k. = 7 and k, = 3 Schrodinger equation in egn. (2.13) together

i_ri“w&th”periodic potential in eqn. (2.7) is operated to obtain wavfe,function and
i:;fenerg’y eigenvame in confinement direction, -
#(z)=Asink z +B cosk,z | @219)
',..:___:‘?where A and B are constant. Because the potentlal well is. mﬁrue ‘i:he pamcie
':-‘ca”l not move out of the well and the wave function out31de the well vamshes
'-"_'f‘:*Smce wave ﬁmcﬁon has to confcmue everywnere ¢(Z) must appmach zero at |

"_'the boundary | ‘ -
' LY - LY IR .
gb[z 2} : «;15[2 2) U | .\. )

'¢EZ =_£J":¢(Z:_£:_]+:o - (2.18):‘.
| 2) U2

;A?@cdrdﬁng to continuity of current density at interface area, derivative of the -

1 3¢(z)

m o Oz

wave function is required but it is not very important in this type of

17



pOiennal weﬂ due to non- deﬁned wave functlon outsxde the QW Slﬂce thlS

‘*5-""‘:'-';‘1nf‘m1te potential WBH 1s symmetry. Wave functlon is. satlsﬁed Symmetrlc__-':-f"fi-’f‘.'f‘:;’"

condlnons (a,s shown in equatmn (2 19), equation (2 20)).

sle)=c-z) . forthe even siate @y
| ‘Q(Z)?";‘—Q(—Z)' o fb_rthe odd state o " (2_20),‘_@! L

e Takmg symmetrlc ‘condition and continuity of current density at bounddry o

equatzon (2 16) Wavc function and eigenvalue are:

'For even state,

- . f' ) , K -
¢+(Z.}"<chos Mv =123,

@1

= = Z 5 Ju
jfz ‘
- v 2 7 .
4(/‘ —/} a’h .
v ¢ 2 i . :
E \ ; . =1,23,... 2.22
S : oL Jemh23 | 2 )‘
S For odd .staté. :
ERR 5 (i ) 3 S |
gé"(z):‘/f% sin Vel , Fo=1,2,3,... L {(2.23)
% L |
E7 4(’) Jo=L23,.. -

2m L2 .
-As an a‘oove result the lowcst energy and state is at _]L, "1 gven state. The next

“hlgher e*ergy state is at JO =1 iodd Sldie) J .= eveﬁ bt&tw) ]0 =2 {odd state) -

3 and so on. These wave functﬁons of each state are shown in ﬁgure 2.5.

18




- F ig 2.5 Wave function and state in infinite square well

: Summing up the contributions in the x-y plane (equatidni(Z.lS)) aﬁdrrt};e“zf-‘:_’-

- d_if@@tion (equation (2.22), equation (2.24)), the total energy becomes:

E=——D |t —+klsk?| , =123, (225 ¢

7 SO | 2di ) = o)
olx,y,2)=Cexolik(k,x +k,)} /LZCOS M"‘ * \(}?sin@?—)z}
- w i jeand j, =1,2.3,...  (2.26)

- sz finite square well potential

 For the time being, mﬁmt&square well potential, the simplest potentzal
' ?;l”:'well ‘was calculated. Now a ‘brt imore complicate potenuai well wﬂ} ‘be
‘_ff:consndered Fmi‘ic-s@ua’re well potential, close to real structure of
"-:,';semzcond ictor material, is the interesting one. To tréat this probiém
.‘;semzconduct(}r hcterostmcture is conszstmg of a smgie layer of material A

;sandwwhed in between two. 1ayers of material B, which has a iaxger band gap

energy than that of matenal AL The potenna!. well have a depth of ,,alongz .

: dzrechon Eiectron or hole can move freely n X-y pla:ne but is confmed inz

2 dlI‘ECUOn as mﬁmte square—wcll potential in sectmn 22.1. To simplify the

19



Lo problem, non-degenerate state is considered. The square wel} poten&ai of ﬁmte i" _3 .

et 'depth display in ﬁgure 2.6 and the potentlaﬂ define

| V.{‘z}— -

!

Ag:‘ B A

f ,Flg 2.6 A finite-square well pmemal of width *+ and depthv

e

<
(&)
IA

-

@2

13
vV
(%) INL"" () I'F"‘

. To solve wave function and energy eigenvalue of finite square-well, the motion™
g of elther electrons or hmes 18 uescrmem by a Schrodinger equation, equanon
(2 2).

2 3\ |
[~ v ) k)= o)  e®

2m

'*3‘??'.-where myg* is electron or hole effective mass and V (7 ) is periodic potential.

i Also the electron ard hole wave function take approxuhatexy the form

o(F) = £(x ) 2(z) 29
: j-*where z 18 the grow%n direction. &(x, y) is wave functwn inxandy dlrecnon |

*;Lfand enveiope wave functwn and x (z)xs wave ﬁmctmn in z dlrectlon .

e _:Substxtute equation {2.29) into equahon {2 28):

o w IRV ) o 5
[zmA V2 +V(?‘)J§(.x Iy =ES(x,y)x(zy - (2.30)
Tet | | B
e - 2 2
vaviy d g 9 O

oz & oy

231y

20



E=E, +E,

o Substitute equation {2.31) and equation (2.32) into equation (2.30},

5 ,
FVIE(x,y)=E,&(x.y)
iy ‘ L .

2m

| [L o +V(z)}z<z) E.26)
oz’ : .

232)

@33)

e

L AS' a matter of fact motion of carriers in equation (2. 33) is similar to those of =

3 equatlon (2.12). Accordmg to our previous mention electrons or holes are

" confined in the grown direction, z-direction, equation (2. 34) is consmered .

.'5'_'::’_?1‘4,.1?r0m fig 2.6 potential is considered in each region. Depth of potenﬂal in regi_on |

I' and I are : , while depth of potential in region II is zéro.' Schrodirﬁgez{w

- .equation may be written in each region as:

o In region 1,
S o 2m &,

. 0z
. The motion of carrier in region II is described:
¥u(z)=Asink,z +Bcosk, z

hz

- Inregionliandl,

o 2m o _ :
fa?—lZIJJJ(Z)fﬁ—zg/o _Ez}ZII!,((Z)zQ ‘

” c2m
K} =30 -E,)
- substitute equation (2.39) into equation (2.38),
Ap _ o | -
5 Xm J.(Z_)"‘Kz Aur i (Z 1=0
LDz , o ,

— (z)+ T;—%ZH (z) =0

(2.35)

236)

@37)

238)
(239)

(2:40)

.;]_‘;l Iri__our,_ case, wave function inside the quantum well is mainly considered from

';‘V'-"'_-'l'l_e_cl{uati‘on (2.37). To solve this, wavefunction should be finite for |z| = a. Also |

. the solution in region I and region III are;

21



- Region I,

" RegionlL

7 () =C exp(~K.z)

X {(z) —D exp( K, z}

- To mvestlgate A B, CD parametﬁrs we require,

241

(2.42').

e ) Symmetry of the wave functsons because the potential is s_ymmemc. o

- Even states,

z%)wz&f)

Also C=D and A—O Even wave function is

(C exp[ mK:z]
27(z) = z[ B cos[ k. z]
|C exp[ +K "z ]

S 0dd states, |

x(z)=-x(-z)

. also C=D and B=0. Odd wave function is,

- [cexpl-K 2] 2>
¥ (z)=<¢ Asin[k, z] - |
. _ aZ i <
'LC expl+K "z ]
. zZ <

(ii) Continuity of the wave function.

-1 . -L
Xm(z = _2__) =xuz = _i;)

-L 0

c .y e #A
i 'é”z—}t’m (z = 5 )-:'G';Z{((Z =

g

[ H"“

Xﬁ(z =>_) = Z; (Z =

o Lz_a—‘_g_-;
’é;lu (Z"“‘?) = 5Z'ZI‘(ZZH 5 T

For the even state:

22
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= b l.F_ﬂ A

243)

(2.44)

(2.45)

(2.46)

(247)
(2.48)

(2.49)

@s0)

i



i-rom(247) L 'Cexp[K;[% Hm BCO{__ k[%_ H .

Irfé‘xﬁr‘(z.ais)i_‘_ K e_xp[K;L;} Bk sm[ki %J e

(252) | o ) LY o
o k{-—i“’: *. {2.33) =

' Thq_%;?,f,amc re_,sult‘ can- be used boundary conditiof;' iixequatisn, (2'.49) "andr. Rt

equat10n(250) Substitute k, and KZ in equation (2.53);

o . L [2m ,;] [2m R
- - )

EE+ . B _pr) | IR
tan{«i;z.,x;n;El ‘:\/%E;EH | | .(2.54.) S

= |

__V_ﬁThe 1o} u’iion of this equation can not determine algeblaicaily graphzcaﬁ

- "solunen wﬂ} use to investi gate, as shown in Fig 2.7.

Fﬁg 2.7 Graphical solutxors of equation (2 54) giving the allowed even bound- .
S state energies. Dot line is represented the right handside of equation -
(2.54) and sol lid line is :epresented the left handside of eq;z.atmn (2.54)

“The mtersectlon of two curves is the even bomd state in the quantum ,
_{fi;_'weil in the ﬁgure 2 7 is shown that two even bound states ex1st The lowes‘t‘

o _bQund—_state energy is labeled E, and the higher energy is labeled E}. If the

23



2xtRE

po_temialferiergy' ,i_s decreased below. ———, then_'numbe_r of bou_ndj state is - L

m

Z.

o '7 ex1s*ed only one: On the other hand the Vo is mcreased number of ’bound state .

el is more EXISted

- 0dd state_é o

' Substitute equation (2.47), (2.48), (2.49) and (2.50) into equation (2.46)

Asm{{k x, )] C exp i.(—K;)(_—.%)] @Sy

Ak [ cos {(k;}{l,z)-! —CK , _ J . (2.36)

Cpsey Ll k- _' B
(255)’ 8 TR 1' 'Z_j K - . o (257) h

i Take k. K, place i_n equation 2.57),

- cot l- -I \j% j (258)

Lz 27:2

.:_.'VTO solve equa‘;mn (2 58) graphical method is apphed ms‘&ead of a.lge,bra
?  method, which is illustrated in Fig 2.8 |

...”.=..‘._-..‘..._;_{..—_-:h:‘—~

Fig 2. 8 graphwal soluﬁon of equatwri (2 58) giving the aﬂowed Qdd bound—
s state energies. The dash line represents solution of right handside of
- equation (2.58) and the solid ime is represeni 1eft handsme of -
equatlon 2. 58) - ‘ .

24



* Figure 2.7 and figure 2.8 reveal the number of statethat £, <E] <E} < E -

‘ From the above, t‘ae number of state is depended on VO

H 2.3 Arbmmry Well peten‘hal

Now we get some idea how to get wave functzon and. energy. state of

| - carrier by algebra and graphicai method For the arbitrary well as shown in -

T "_'.ﬁgure 2.9 (a) is difficult to ob(am wave funcmm and energy state of carrier R

“such as holes and electrons by algebra method So simulating method wﬂlf:-

i perform this kmd' of well potential. In this thesis will use stimulation ereated- o

B by mstltute of microstructural science (IMS) at 'umonal research councd of

T Canada (I\H{C) This simulation is based on self-atom exchange For example,

Ga in QW -group- -IIT atoms- will exehange only with In in barrier -group-1II

~ atoms- and As -group-V atoms- exchange with P in barrier —group- -V atoms~

- for InGajAs/inP semiconductor material as shown in figure 29(b)

o Mathematicai detaﬁs will be described in greater details in section 2.5.2.

srystalize semiconductor
i

EeEBS.000000 @ N
@888 000000 08® & -
'F'R X HoReJoet X N X

3 1 K 2 MeReNeNell & N N 4 4 SR :
2ERS 000068 HS \ 8
299000000 8@ S B
3R Tol X HeJoX Yo JoX X | e
BeBO 080068 0@ o
BE K ¥ XoIt Jef T HoRo¥ Reo -
8000680800 0@ ' S

BE JoX Yoif YoX L HeX B R ;

2208 08080680 :

performed Intermixing process

@ - (b

F 1g 2, 9 Closed and opened circles represent atoms in the QW and barrier -
- region of crystalline semiconductor as shown above figure (a). After.
intermixing process is performed; those atoms exchange between

 interface area as shown below figure (b). This causes gradually. -

change shape of QW potential as shown in ﬁgure (b), whxeh is one
- example of arbltrary QW potential. ‘
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IL3. Dlreci- and mdu‘ect- gap Semlwﬂduﬁm‘

Two main groups of semnconductors are dH'eCt- and mdxrect—gap

~ - semiconductor materials. When the conductlon band mmzmum of; o

semiconductor occurs at the same point in k space as the valence band =

- maximum as shown in Fig 2.10 (a), thi_s type of material is called direct-gap -

e semiconductors. If the minimum of the conduction band occurs at a different

- point in k space that the maximum of the valence band as ﬂlustrate in Fig 2.11

* (b), this material is called indirect-gap sem‘condu"tors

h 0 -phonen
w = pheten

- F ig 2.10 Schematic of (a) dxrec*—gap and (b) indirect-gap semzconductors in £

- space.

<~ Conservation of momentum and energy is important rule for absorption or -

o emissions of photons in direct- and indirect- gap semiconductor material.

Du‘ect -gap semiconductor needs Gnly p! hoton in a‘bsorptxon or em13510n process.

On the other haﬂd mdgrectugap semzconductor requires phonon m conserve

momem and energy. It is illustrated in table 2. 2

o T?‘blae 2.2 Conservation of energy and momentum of direct and- indirect

“transition.
Direct trransition - | Indirect transition .
E.:nergy‘conservation E, +Ea, ~E, - E, St ho+hO = E /.'
- Momentum conservation Ki+q =ky _ Cky =k, +K
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~where i and f are referred to initial and final state. g and K are wave vector of - |

. photon and phonon, respectively E and E, are the initiai and final energies:

of the electron k and k j’ are the initial and ﬁnal wave factor of the electron o

respectlvely ho and hQ are then energy of pbo?an and phonon respectwely o

Ef the excitation enexgy of hght s Iess than the QW energygap, itis absorbed as. -

».htﬂp as to QW layer., Only vemca.l tran31t10n between valence and conducnon !

‘band is allowed However, it is possible to have direct transmon in mdlrect;- o

gap semlconductor at higher photon energles than the indirect transztxons

I1.4.Recombination

The operation of almost all opto-electronic devices is based on the
‘creation_agnd;annihilatioa of electron-hole pairs. The _simplcst; way to create

‘elec‘tron—hole pair is fo mawafe the semiconductor. compoumd with photon

i - having sufficient energy. Energy of photon should be greater than energy gap

o between conduction and valence band. The photon W111 impart 1ts energy to the

RS carrier in the valence band (electron) and raise them to the conductlon band.

| This process is called ‘Absorption’. The reversed processg that of electron-

- and hole- recombination, is associated with the pair giving up its excess energy.

~ This process is called ‘recombination process’. Recombination process can

"+ classify to radiative and non-radiative recombination.  Radiative recombination

- is oceurred because photons are emitted during recombination process. On the

other hand, non-radiative recombination process doesn’t emit photons. In this . -
- section, results of recombination in direct and indirect band-to-band
recombination as previously illustrated in section IL4.1 and subsequently -

examined effect of non-radiative centers on the lifetime in section 11.4.2..
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- IL.4.1 Recombination process

- In equilibrium semiconductor without any incident photon or injection :
~ of electron, the carrier densities can be calculated from equilibrium fermi level. ~
o When excess carriers are created, non-equilibrium. conditions are. generated.

One can deﬁne non-equilibrium distribution function for electrons (f ( ))and

Lo _"for holes (f ) by using fermi-direct distribution as, -

260y

1
fp'(E): (E ‘%\l |
1+ eXpi ";)';B? }l

. -These distribution functions define E, and E, are the quasi-fermi levels. for

" electrons -and ‘holes, respectively.  k,is Boifzman' constant 'and Tf'

. temperature. Whlie €XCess carriers are created those carriers are recombmed_ i

,‘-,i‘:-'}_r;_-_"and photon ig emxtfu,d New equilibrium is generated and quasi- ferm1 levels-j

-'-‘."gan be rcpr_esented as E,=E,=E,. The difference (Eﬁ—_ L) 18 a2
o T ey s g E-E, |
- measurement of the derivation from equilibrium. = If exp 7—&}% T and

. _ | _ e de L. Fa

E-E, 1 ' L e L
S exp k—TPJ are extremely greater than one, fermi-direc distribution function

“ will b,

| ] LT8R o i S
b (E}; exp F_.kgT_ :l | (2.61)
el e

- "and the non-equilibrium carrier concentrations of electrons {n ) and holes (p) |

:ra;';e given by,
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=N, DXp[—f—wﬁ —E. R (2.63}» .
P kT IR

E, -E S S -

p=iV,expt—%Ej;ﬁi. S (264

- Since the concepts of quasi-fermi EeveE provide a means to take into -

"'_\‘account changes of camer concem'ratxon as. a - function of DOSHIOH in a

' semlcondhctor For examp%e it is assumed that an n-type ser:uconductor with

an equﬂibrlum electron den51ty o is umformly irradiated with 1ntrmszc

. photoexcﬂatlon (abave band gap hghts) ‘Soas to produce electron- hole pa1rs -

R (An ) w1th a generation rate, G . The non-equilibrium eiectron (n)and hole (p )

e g_on‘centra&ons‘ are given by,

n=An +n, (.'-2;.‘65}

. . . |

p =Ahn +— : (2.66)
My . ‘ E

. The density of excess carriers created in a semiconductor is eventually

recombmed until reach equilibrium or steady state. Condition of equlhbrmm
: sta.te is that recombma ion rate(R ) equal to the generation rate,
G =R o , (2 6’7)

' Generauoﬁ and recembmm‘-on processes involved t ansﬁmn of carrier across

fithe energy bandoap can be referred to obtain carrier-lifetime of either dlrect or

mdlrect bandgap semiconductors. In order to simply examine recombination
fand carrier lifetime, band~t0-band recombination structure is considered here.
~ Direct band-to-band recombination is firstly illustrated in section I1.4.1.1 and

Vsub'sequenﬂy indirect band-te-band receh_bmamon in section I1.4.1.2..
 11.4.1.1 Direct band-to-band recombination. |
Recombmatmn of eieutmmhoie pairs in  direct semiconductor 1s‘

: "j.ijfhappened at the valence band maximum and the COFdllCUOn band minimum -

: fﬁoccur in the zone center (k =0) and does not reqmre a change in momentum or
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the 1nv01vement of a phonon as shown in figure 2 . In order to obtann |

recombmaﬂon rate and camer hfetune the one-eiectmﬂ apprommation and

E - k re_latlon in both the conduction and val-vnqe bands 18 rcquzre,d. Wave

L Fig 2. 11 mustratwn of band-to band of absorption and recombmanon proceas -

) m dlrect-gap semmonductor

1 function in equation (2.1) can be rewritten in matrix from,

wiF) = ﬂif‘}w(—h\” £)

e _where n mdmate to wave furctlon in either conduction or valence band Inthe

e _present case, the upper state |2) belongs to the conduction ‘band. Writing }ck—2 )

for \2) and noting that the state functions are described by one particle block -

functmns appropriate for the CG“duChOﬂ RaRS,

]2) ¢,k ) U )exp[zk aF | (2. 68) :

Slmdarly, the wave function for the lower state |1} is that for a va.lence band,

""hole.‘ | ‘ , R
y=p.6)=0,ewli, 7] @69
A'-)'V'Where U,{)and: U, () are the cell-periodic parts of the wave functions -
-""'_ha.vmg, respectnzeiy2 P-like and S-like atomic character it is assumed that a
‘-_}valence band electron of wave Vector k, is taken to a condncﬂon band state of
-lrrzri'x.vave vector k, via the absorpﬂon of a photon of wave vector k,. The

;_:Z_spontaneous emission rate for transition be*ween two states |2) and ll)

. expressed,
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-+ we can obtain

mtegration over the 1nd1v1duai unit ceﬂs The contribution from cach cell 15’:]

estimated by noting the nature of wave function as shown in Fig 2. 12 A,.-"‘-‘

| R, (h_a))z

s 3 >“”>‘ *fww-— }_ o

1
oW Ry - L R
ere 4, = 3 o, omy s electron mass in free spa.ce.r e is electron
¥ gonva} : o R , . ST T

 charge. 77 is refract;ve, index of semiconductor material and  is volume. -

3

| G(i? co) Is optical density 'Qf states ,G (h“ a)): o

wicih

-7 én <c1c /exp(zk er}s °p /wr,,j e
IU ( r‘)gxp[ ik, oF exp[ srjgl e pU, (kh, )exp[zk }1773;7 (271)

erystal

‘,J‘The mtegratmn cver the wt hole crystal volume is- first d;vlded into. pamai}f

",""“‘.,s,chematxc representation of the electronic wave function in one d1men_s_1on. 15,':','-‘}1 ;
| shown in Fig2.12 (b) while the periodic potential is shown in fig 2.12(a). The "-;'.‘"‘
‘_fj'7-“'_._,eigcnstate' is the product of the cell-periodic part U, shown in Fig 2.12(9)_31}1(15 ‘

- of aplanc wave explif # 7| as in Fig 2.12(d). The cell-periodic part is rapidly

Varymg and has appreciable values only near the core of the atom. - On the

:f:‘:‘;'_._contrary,, the plane waves are slowly varying many unit cells since & i_s sma’n;’f. o
;’ Thué in evaluating the intégra.f expressed by equation (2.72) over-the #" _ilnit". 5
b ,ceii the exponential function are replaced by exp[;k *R, ] whe*é R,is fhe g
??'j.posﬂmn vector of the " cell, and are taken outside the mtegral Equatlon:"
{2 71) can be rewritten as, | R
 ras AR AR U 7 ey ool SIE AR N
ce : €
L | @ 72}
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-.\/\f\/\/\/\/

oo la) Wiry

By, (e}

PR EVIER

- Flg 2. 12; Schematlc representation of Bloch functions. in semzcondnctors {a)
B - periodic potential, (b) full wave function, (c) cell~per10dlc part U
. -and (d) plane wave part.

i3 ~ The last s?qm:in' equation (2.72) is non-zero when

k, +k, —k, =NK_ SN =012, (273}'

m

o - Where N isan mterger a:zd K isa reczp*ocm zamce vac%or Smce both k and .

- k he in the first Brﬂioum zom, the conditions for coraservaﬁon of wave

,-numbez (or momemum} for the electrons represents,

k. =k, +k, _ 278

- . According to the wave vector. k, associated; with the photon is small compared |

Equatian (2.72) can be re‘mmﬁ a5,

. -toboth k, and k, . 'fherefore, to a gooa apprommatlon we may write ky=0

’ and express the conservation as .

k, =k, | (2.75)

P X N LR A L A
‘ cell S | | -
'.= [DchffEx'k PCV} | N UYL,
,‘:li_ ,Wﬁe:‘ce k -conservation has‘been assumed to bé: valid. Now, the oﬁh_{)gmalﬁy B

© of U, and U, at k =0 makes the second term in equation (2.76) equal to zero.
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... “forbidden” transxtwns Under the usual c&rcumstances the allowed transmons =

P =6 5l =5 gy( ;}:‘ 5T, (1;11 ~}1§;‘ (277)

an In equatmn (2 76), the superscr;pts a and frefer, respecnvely to ¢ aliowed” é'md_"fg

out Weigh the forbidden ones. However, When due to symmetry, the'ff“j

o 1 condmons pﬂ vamsh the Second term determmes the transmon probabnhty R

..S‘mce the wave _ﬁmctmns\ c_arrespondmg,to_ i;ght_ hole and sght—off,vaience_‘__‘_’ -

'bands contain admixture S-like wave functions for E=0, there is thus ,a,yno'n,-flfl el

o zero contribution to the optical matrix element that is proportional to k . The. = .

spontaneous emlssmn rate in equation (2.70) can be express for aﬂowedf,-;'

transition as '

Rw 2;[8/10] Z kh<§pw| “G(hwf &Y, &, )é’gﬁ;\ ) E, ( ,,)—h—w]_.:

- and the light wave assume to have random polarization. f, . (]?, ) is the empty

@78)

> term is the average value of the squared momentum matrix element

- state. The distribution functions 7, and f, is, in general, expressed by fermi -

o distributions, with respcctiVe quasi-fermi levels. In the_foﬂowing,._ we shall

~assume that the quasi-fermi levels for electrons and holes are away from the

E respective band‘adg@s by more than k,T , so that they may be expressed by

. B()ltzman dlstnbutmns as follows,

| f.(&, \_exp[ [M1 o - (2.79)
fh 3 f,:exp{ﬂu} ey

k,T
Wrumg AF F, —F, and noting that E \kk) ‘ ( ) @, We may ob‘train‘ |
: (;;,,y,;(m:m{ %f—}x{ } emy

substztute equation (2. 81) into equamon (2.78)

R, w):‘f_?»(hwsi’“}exp{ e - )}(ﬂm) (hw £ )ESXP{ @:—Eg—)] ‘

kT k,T
(2.82)
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. where y,, indicates the reduced mass involving cqnduc’;ibn (c) band and hh-

- andp, respectively. -

o ‘The production of » and p,

- valence band effective masses. .

¢ (h a‘)‘,T}= 27:34:-3m<18 5‘2 [;1:{} T (283)

According to quasi-fermi levels are related to the gicctroli and hole de.n's'_‘i‘tie:s, n :

" =2|( L ) exp— 2 Fe} - (2.84)
\ 271’,’3 = J kBT i . .
F k.7 Y2 -F | \
(Ml gl 5 2.55)
, gty '

: A A .F E, - AF

g ”P_?-‘-{z—;kfz‘] ’?’le/szé exp“{*ﬁgf} ,
.mm~£ £ W: 5 - (2.86)
L e R % % |

R : o {\2772) m. m,,
. Substitute equation (2.86) to equation (2.82);
i r = . — ‘
L 2r =i ] PY ol 1 heo —E ‘1
RSH(A @)= ———it(hw:T}”PE#} (h@—Eg, EXP{—(—_k—fg—) |
(e, T)? | LM i | o7

o : (2.87)
- Where ‘

_ C{];—w,?’}: elnhya)_ [2752\}3(&?”‘2) (2_83)' )

2mc mleght | kT |

N ,The total- spontaneous ernission rate is obtained by integrating R, (h_ a;) over all

~ photon energies. For this pur_posé C(h_ w,T) is assumed to be sufficiently siow

‘varying to be approximated by a constant over the region where
U = : ho—E Il . Ly . . . :
Gl (hw—E g)fexp{—-g—f‘;—}——d}zs appreciable. The required integral is of the
' ; ‘ st | S ‘ . o
- form Ix 2e dx =\/j. Thus,
R, = R, (oo
. 0 )
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mcor(t | ewm

m, +n,,

. Now we are already known band-to-band recombination rate in case of excess -

- camers from equation (2.89).

Next questmn in our.mind is how recombination rate can be referred to"_

carrier lifetime. Here we wﬂi prevmus y shown this at equilibrium state by‘ i

o .usmg equation (2.67) and subsequenﬂy observe lifetime of excess carriers. At ,.

‘Equilibriur State, the generating rate (G ) equals to the recombination rate o

0 (RY) is proportional to the product of thermal equilibrium value of electron -
~ (R}) is prope p _ brium value of electron

~ and bole density (7, ):
| o= =B e
L wheré B s proporﬁonahty bonstant When eXCess carriers decay the 3

mstantaneous eiectmn demlty obeys the rate equation

v ;wrltmg n =n, +5n p=ps +§p and noting that & = 5p we obtain

idn =—B,(n0 +p0-é—5n)5n =—-w¢w5n (2.92)
dt -
- The solution. is, _
| | F \ -
on (t) An expL— —~—J . o ;(2.93)-‘_

- where An is the initi al eXCcess eaectron concen%rahon and 7, is the hfetm;e of

- excess electron given by

"= E.Br (nro +py+dn )]H ‘ (2;94}

T Atlow injection levels, ér may be negﬁected, so that the lifetime is given by

| o =Blotr 299
- Equation (2.90) can rewrite by dropping the “0” index, |
R,
B == o . (2.96)
o ' . |
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. - and

According to equation (2.8‘9};'and (2.96), radiative excess-carrier Iifetime of

band-to-band recombination is,

B =22 C(ha;:r{—' L jz'
. : np ' /1) +mhf

_”Zaz: :ol::h (Zﬂh } vav' >(m +m,,J2-. | .' s | (297>

>[mf &

To sum up, we found that an electron raised to the LOHG‘EJCUOII band by photon

I N\ elnhe 2h
— =l ;?L )\[”“

‘ T
T |2mc "m g,

"absorptmn in direct bandgap semiconductor material dwell there for a very: "
- short time and recombine again with holes in the valence band to emit light of
- energy equal 0. bandgap So the probability of radiative recembmatlon is very o

_high in direct-gap semiconductor material.

11.4.1.2 Indirect band-to-band recombination. -

‘(2,7981)?_' S

Absorption a“s.d recom’bmaumn in mdirect-gap semmonductors are qmte" S

' dlfferent from those process in direct-gap semwonductors ‘because the‘

conductmn band minima or valence band maxima are not at k=0 as shown in

fig 2. 13 and requ ire a change in momentum or the involvement of a phonon.

iE
oae g
Fw=g L & ‘ L E

E-P i Eg 'l A -
"”'6’:"”;_ _E—‘ i Ef Ep
//\\hh :

A DU '

AR gl

- Fig 2. 13 [lustration of band-to band of absorpnon and recembmataon precess
in mdirectngap semxconductor
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~ Thus an electron dwellmg in the condactlon band mlmmum at & E3Y can not

| d1rect1y fecombme with a hole at k=0 untﬂ a phonon with the right energy and‘

7 momem:um is available. So recombination of electron and hole in an mdmrect

. gap semiconductor is. compose of two-step— process. First-step process is that

photon required is for co**;versation of energy inthe £ - k diagram. Secondm o

step process is that phonon req‘uﬁre for conservation of momentum and- elegtron, -

- to land in the mdxrect conduction band Therefore, the" transition forﬁ

_.recombmatxon of electron-hole pair 15 given by second~0rd€r perturbation

- theory as shown

( 2 P '

¥

where H is the perturbation term of photon (A, ) and phonon (H, ) in

scbxodingef equation, H =H,., + H, . |i)|f)and |n) are initial, final and

" intermediate state, respectively  According to equation (2.78) and (2.99),

" spontaneuous . emission rate at photon energy (}?@) in an. indirect gap -

- semiconductor occurred between one the equivalent conduction band minima

o at kyand the valence band maximum at k¥ =0 via phonon participation 18,

R, (i) =2 (ha}Z|H| ” i, +1)e {M}aﬁg _E, +hw+k.9) |

kT _
~E —AF _ oy |
in, ex{_@%)}g@v ~E, +hwwk88)}pc (£. ). (5, YE.4E, (2.100)
‘_where A= exp[- E__I;E”Fﬂ} and the second-order mafrix element

mvolvmg the’ radxatmn field and the phonon ﬁeid as pertuxbatmn Details of
| - this examination can see in book written by P. K Basu{25] This equatlen is )
~included a summahon over the intermediate states.. p, (E ) is densxty-of—states‘ :

functions for the conduction band,
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mﬂ Zm@n} 2fe-er  am

- where N_ is the number of equlvalent- minima,n and m, is isotropic

effective mass in _cénduction'band, 2, (E.) is valence band density-of-states

- function,

. o B o | ;
2m, V. N ,
Py (Ev_}/m Z { }?zv] (Ev )2 P o (2102)
) . v =h,€ ‘
- where m, = isotropic effective mass in valence band
| 9. 4 -
Gl @‘) \ (2.103)
/ .
!‘ ¥ 2 . BZE 3 %2\ i : . ‘ | |
;ﬁiﬁ F 2em gg) <|pcv | !f’ _ (2.104) |

o <Ln fv} > is the product of,

.. 1. the averaged momentum matrix element for optical transitions between
k =0 states.

2. The matrix element for transitions from ick}} states to Imk})sﬁa}t@s by
phonon or other agents. P .

3. The inverse of the energy difference between intermediate (m) states and

initial (i) states.

 Substitute equation (2.101), (2.102), (2.103), (2.104) into equation (2.100),

o) 3 ”)f”“’{c\zm w<|pz">mn H)m{ oozl

x5& ~E_ +ha;+k 9+n exp[ :l&(E E +hw+k 6)
Coeymiimy( 2 ¥ ( J RdEdE, - (2105)
SRR ol C o (T )

- _using this relation,



e ‘and

2 expl:ES’ — J: : r_IpT 3 (2106)

c=1 (2;7,[)2-‘ h v b (27:‘) kyl “(iffa )
. j‘ Jexp[-— (Ec -k, - AF):|(E{ -E, )%Ev,‘i75(Ev N Ec + ;,;-a) N kBG)iiEv.cfE‘;}g"e

=20 +k,0-E, [ exp) - (h TR AF) (2 107)'{_..7 S

e 2o ]

L47r£0th| he’m?

o+ k,0-E,) Gro+k,0-E) lo-k0-E) T@w-kﬁe—-gg}}'

=6 o

1
4

(2 108) L

~ The total spontaneous emission rate R, may be thamed by mtegral R,

in equation (2.108) over all photon energies. Similarly, carrier lifetime of .

s _' _ i_ﬁdirect band-to-band reeembinatiom can be ebtaine_d by using equation (2.95) |
" (2.96) and (2.108) as shown, |

*‘i'ce

Ly +p0+§n0{e—J< 2| >hm——
T

} +1 ,
2.109)
27E,h e oLke ( ) |
exp} —

id

r_.,
Nl

o As ‘a resuit of carrier Iifetime of direct and indirect band to'band"

B recomblnation it is. evxdenee that radiatwe hfetlme in ‘the dlrect band to- band_ ] :

L _ recombmation is shorter tban that of the mdlreet band to- band recornbmatzon,"_r -

because phonons is requlred in indirect Dand—to band recombmatmn in order to o

_keep conservatmn of momentam. Furthermore the possibility of radiatlve -

* recombination is very high in direct semiconductors. The competing non- =
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radiative pmcess reduces the probabnmy of radiative recombmatzon in mdlrectj_‘

semlconductors
- T14.2 Effeet of non-radiative eemerson the lifetime.

“ Generally defects can be naturally introduced in semiconductor materiai during .

- the growth process or- possibly mtrodaced after growth These mtroduced_ .

',_’,dfefeets;ean be_impur;;y_a;;toms, vacancy. lattice, substztu‘tlonal and i ‘nterstltlal" -

impurity atoms, ‘a-mi-s:ite’ atoms and other imperfections. Defeets naturally.
Created’ duﬁng grewth. prdcess possibly combine together and become neutra;l_”. ,
atoms.  For- exmp*e, interstitial atoms fall into Vacancy':' site.. If defects
e inf;educed; a_fte_;r g_rowtn process have enough kinetic energy, it will recombine
non-radiatively with exciton. Intermediate energy 1eve£ in ﬁgure 2.14‘ can be -

trap or non-recombination-center state.

N level .
‘ & T nr E

1 3 N Tovel

pumping

'3

Fig 2.14 Band diagram of impurity semiconductor material, which intermediate
state represents either non-radiative recombination center or trap state
with the number of defects as N ). The number of carriers in the

conduction band is denoted by N ( )

In ﬁgure 2. L4 eiectrons in conductmn band possibly :eeombme w1th hole in

‘valence band in two ehanneis First eﬂannel is that electrons are dlreclly

b reeombmed wﬂh holes in valence band by radzatwe hfetlme T, Second

' " channe% 1s that electrons are recombmed with hoies in vaience band through
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intermediate _staté, N, (¢) . This recombination process will involve both non- -
radiative (z,, ) and radiative (7, ). So evolution of N {¢) as a function of time is

performed to obtain radiative and non-radiative lifetime,

dN@) _ N@) N@)
a T T

f

2.110)

nr

This equation is assumed that excess carriers are generated N, at the beginning

time { =0). To solve number of excess carriers in conduction band,
integration is operated to both size,

aNg) (1.1
e e @111

.

Take initial condit_ion, N{ =0)=N,,t0(2.112)

N(:):Noexp{—[1.+rl. }l | (2.113)
Aécording to relation of intensity, .
@) = “ZF’) (2.114)
50,
1¢e) = Mo exp {~»( LI ]r} O @2.115)
Ty, T Tw

Intensity in equation (2.115) is plotted as a function of time as shown in figure

2_.15'. Number of excess carrier (N,) is assumed to 1x10** atoms/cm® at

beginning time {f = 0). Slope of graph indicates the combination of both

~ radiative and non-radiative recombination rate as shown in equation (2.116).

1
2

1

(2.116)

1 1
_— = —t
Tw T,
E .
where 7z, is measured lifetime. This lifetime can observed from slope of

graph. r? and r,, are radiative and non-radiative lifetime (refer to lifetime in
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figure 2.14). According toeqna‘tion (2 116}, radiative lifetiz;qe is much lor'lger; ’
than non-radlative lifetime, measured hfet;.me will be short Opposzfely 1f non-

o radiative hfetlme is dommam, measured hfeﬁme is long

P 5 . 1 — L
® g )
® 9
L -1 . : -
S eag g
L e ? g
o 8 &

®
@

8 [~ .w-'-g'""@@

Intensity (Arbitrary Unit)

o Redlive ifetime is longer then non-radiative lfetime. - © ¢
8 RButh radiaive and nenradiative Fetime zre equal. g
o Radidive ifetime Is shorter then nonradiative ffetie, : g
T ¥ T v T i T B N T

2 30 40 o
Time (ns}.

o Fig 2.15 Schematic of mtensf’y as a func’tﬂon of txme Number of carriers at
beg1m1ng t’ime is 1x10* atoms/cm’.

~ This kind of recombination can be found from two independent populationsf
. that corresponds to three conditions: 1-two populations of carriers isolated from
 each other, 2- each carrier population emits at the same energy, and 3- each

| carrier population has a different lifetime. Per‘egample,‘ two QWs are grown

' on the same sample but first and second QW have different composition and

well width. Those two QWs are emitted photon at the same energy and
dxfferent lifetime. | |
Furthermore, Concentra‘:lons @f carriers (N (t)) in intermediate state in

ﬁgure 2.14 states can be determined by relation in equatlon 2. 317) accurs from

N defects in the crysta!ime semiconductors is exammed

N VO N
g o T

V.Eh" i"z

(2.117)

~Toobtain N,(¢), we will assume,
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o (2117,

N (1) =C exp [— - }+f ¢) L@y
‘where C is constant

Derivative of equation (2.118), o

N (t) _C
Cdt

- Substitute equation (2.118) and derivation of cQu_a;ﬁ;i;in- (2.118) into eq_uatidn' S

Bt e e R

" nr nr |

If we set the right of equation is zero,

0

‘ exp i[- ‘—? 1 ' ' =
4 F i NS, | ) (2120

On the left of equation is,

dO) ., fO_,
dr T

L&)

f)=c exp [_ : } N ¢S V3
j;_ 2",2,

According to initial condition, N{t = 0)=N,. Take this initial condition 1‘0‘
equation (2.118), | '
e NG =0)=C+ff =0) i)
 f(t) at t=0 is taken to equation (2.121),‘ “Ya1 e
.  f=0)=C

also o o

Wi =0)=crc =0

- —Lexp i:-r m] o
T, T, , ‘
N =0)=——— —=+C =0 R CA



—eXp | - — : .
C = vor | Fnd ' (2_.124)_

L1
eﬂso. - '_ o | - B - o
A - N t ot bt -
N Ni(f);z _ 0 —exp —— |+ exXp| —— ~ — (2.125)
E 1 1 —1 T | T, __Tr! o e
: T . [ o .
. _- T’*.’f. T"z o . g

Congcentrations of carriers’ in intermediate stafe can be obtained‘as :
shown in equation (2.125). This concentrations of carriers is combmamon of

‘rising and decay exponential decay.

| ILS. Qumwm ‘Well Intermixing simulation |

A diffusion phenomenﬂn is imﬁortam role to" introduce s;muiated
| progra*n Other’ people have performed interdiffusion sm:u%at}on modeﬁ in |
HI-V semiconductor compouna.' For example, K. M. Mukai, .M. Sugawara‘and: o
S. Yamazaki [29] have derived a formula that describé interdifﬁlsiéﬁ proﬁléé of
quantum wells and shown how the formula accurately model interdiffusion in.
' qua.nturri wells of lattice-matched In,Ga . As,Piy and ALGa; As aﬂoj
| _s_emiconductors Their formula expiams how quantum energy shlfts due m ;
interdiffusion vary wi ith annealing time and annealmg empera&ure in various
- wide well layers of both InGa;.,As,Py/InP and GaAs/Alea;.gAs quamum“-
wells - OrB. Y Weiss, Y. chan and co-workers [30] have‘presen’te&‘a model for
‘the optical properties of interdiffused InGaAs/InP ;quantum well structures“f.“
~ investigated ina two-phase group V imerdifﬁlsion._‘_Thi‘s isrcharacterizedjby E
three parameters: the interdiffusion coefficient in the barrier laﬁzer’, the well
.iayé,f, and the concentration ratio of diffused sp'ecies_-‘ at the well/barrier
interface. Simulated model used in this thesis is produced by Dr. Goef Ares at o
_Naﬁonai‘-Re‘search Coum;il“ of Canada (NRC), Canada. Atomé in thé barrie‘r" ‘-

region will diffuse to QW region and some atoms may diffuse from the QW to -
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barrier region also. ThlS can cause change of composmon in QW and bamer

" region. lefuszton is a resuzt to. atomlc hoppmg in combmatlon “with- a'

L concentration gradient, Simuiatlon software written at NRC is assumed that. ]

- ,exchange atom is happened on its specxes For example, group- -I11 atoms are

' exchange with group-IH atoms. Group~V atoms will ,smnlarly interchange only . -

- _lw1th other gr@up—V atoms. - Detail of simuiaﬁezi is given in section 5.2 and 5.3.

foa We ﬁrsﬂy m‘f'roduce ka’s law, Whlch is the important role in diffusion ©

. process, in secmm 5.1. Fick’s law describes that the ﬂux of atoms will be

towards the region with the lower concentration.
" I1.5.1 diffusion phenomena.

| A’tomiéf diffusion influences many non-equilibrium, particularly
expof_siﬁg to high temperatures. Diffusion of defects is e__:fﬁc_ient ffom-”a source
‘d'epositcd on the'_’s-urface such as implantation procf;s's.'," .-Subseque;nﬂy; the
- defects aré activated by a thermal treatment.  Diffusion _process heals the
B implantation damage and p‘laces the implanted atom in substimtioﬁﬁ_ sites.
‘However, sericus pmb]ém’ can arise because diffusion broadens theimpfia;_med'_
pmﬁl‘c.- It follows that diffusion of the defects must be controlled in order t'o:r
@b*aqn the junction depth and profile. Generally Native point defects are
. mvolﬁed in virtually every process duringr which an atom incorporated' in the
lattice of & se&‘_Aconduétor moves to another lattice site.- Some example  of
diffusion patrs in an elemental crystal ié introduced such as diffusion
interstitial, dlffusmg vacancy, concerted exchange of dopant, m*ersmlal kick-

out and etc. Itis illustrated in Fig 2.16 .
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bairier region also. This can cause change of composmorz m QW and bamer

" re,glon Diffusmn is a resuit to - atomic hoppmg in combmatlon Wlth a.

concentration gradient Slmulatzon software written at NRC s.s assumed that: AT

exchange atom is happened on its spec1es For example groupﬂﬂ atoms are.
exchange Wlth groupJH atoms, Group 34 atorns will Slmliarly mtcrchange only
‘with other g,__roup-_V atoms.  Detail of 31mulaixon is glven in section 5 2and 53, :
We firstly introduce Fib’-’ }aw which is- the xmportam role in- diffusion
. proccss, in sectié_n 5.1. Fick’s law describes that the flux of atoms wﬁi be'_

- towards the region with the lower concentration.
IL5.1 diffusion phenomena,

Atomic - diffusion influences many non-equilibrium, parﬁéuiarljf .
exposing to higﬁ temperatures. Diffusion of defects is eﬁiéient’from 2 source’-':
_dep@sitéd on the surface such as implantation ?z‘ocess, ' 'Subs,eque‘nﬂy,f the
defects are activated fby’ a thermal treatment. Diffusion process heals the
implantation damage and places the implanted atom in substitutional‘_siteé.
o Hjoweve:r,‘ serious problem can arise because diffusion broadens the impl_anted‘
profile. It follows that diffusion of the defects must be controlled in order to
obtain the junction depth and profile. Generally Native point defects are . |
| involved in virtually every process during which an atom incorporated in ihe'
lattice of a semiconductor moves to another lattice site.. Some example of
diffusion pa_ths in an elemental crystal is introduced such- as diffusiorii
' interstiti‘al,r difﬁlsmglvacancy, concerted exchange of dopant, interstitial kick-

out and ete. It is illustrated in Fig 2.16
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Fig 2.16 Diffusion path in an element crystal is introduced (a) diffusion

' interstitial, (b) diffusing vacancy, (¢} concerted exchange of dopant,
{d} interstitial kick-out and (¢) interstitial kmk-m Opened c:trcie is.-
host atom and closed circle is d;efec* -

Thas dlffusmn mediated by point defect is responsible for a number of o

) 1mportant effects, for instance, _these encountered during fabncaﬂon_ of
- mmroelactromc device. | | | N " 7
Diffusion of atoms occupying lattice site in a éemicoductor is grqvern‘e_:d‘ |
. by chemistry tsmperatuﬁe, Fermi level (charge states), electric fields, ‘prcs‘sure,
| strain fields, supersaturation of point defects ( the ratio between their actual and
~ equilibrium concentratioras) and reaction rate between point defects (pairiﬁg,'

| ‘anmhﬂatmn, clustering) as well as between pomt and extended defects ( surface
' .recombmatlon precnpltatmn} |

Let C (F) stand for space distribution of concentration of 1dentlca§

parmcﬁes for examp‘e mterstztml vacaﬂcms, or subsumtmnal d{}@mg atoms

dassolveo in a bulk crystal Assume that the partlcies can’ move  in |

ii.'-_“homogenem.s crystal. The equ*hbmum dzstmbutmn is thus

: C(F):C ' = const ). Inhom.ogenentlus in C{r) cause d1ffusmn ﬁuxes J 3 )

44“"'.Ei".--th€ pamcies move against the coacemrataon gradlem grad <, so that the

system event‘ually homogemzes

2o Fick’s law:

Rejpctmg h1gher terms in the Tayior expanszon of JlC¢ )] | we get the

JF)=-Dvel) | o (2.126) -
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or if the_-'concentragtion: gradient is always directed along axis x (one

dimensional case)

| _J(f):——D

Q. 127)

where D is dlffu51on COefﬁmcnt whlch descrlbes the abﬂrty of a partlcie to -

move: an average particle with diffusion coefficient (D) is displaced durm_g

o k tinie t-by 1Dt . Another example of diffusion coefficient are,

. 1. When the particle migrates with no energy barrier, as in gas,

p=Lt¥e - ey

where (v ) is the thermal velocity and (¢) is the mean free path of the particle
2. When there is an energy barrier for diffusion, as-in a crystal, irt‘is__
~ more appropriate to write D as | |

D=

2 r - ’ o
a, - G : _ .
SR N R I
= ;ﬂeexpL k}’}' - o ( SN

" where 4 is a characteristic length (of the magnitude of the lattice spacing a,)

~and  which isan effective jump rate. The relation between the jump distance

A and a, depends on the crystal lattice and on atomistic details of the diffusion.

process. The jump rate  is proportional to a\chgractrisﬁc_“attempt frequency”

o is activated with the migration enthalpy ¥4, =E, +pV,, where E, and

ne

; -are the changes in the internal energy and crystai volume mvoked by moving

- the particle from the stable site to the barrier site on the migration path. - The

Gibbs free energy of migration is G, =H, -TS, ; the migration @ntropy S,

= accounts for equava%en,t jump paths and for entropy changes on the path.

The Fick’s law m equatxon (2. i26) Ieads in a namral way to the

diffusion equatlon which descnbes the time evoiutxoﬁ of C Seccmd Fick s

" law can be written. since the change in number of the mobﬂe p amcies i the

volume av equa]; to dCdV is brought by the socal mcommg and outcommg
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partlcle fluxes J during time dt , ~we can apply the iaw of mass action

| {continuity equation) to obtain: ' |
 =V(-DYC)+g-a (2130)

where g and a are rate thh whmh the particles are locally generated and‘.

anmhﬂated {(for example Frenkel pair generation and recombmatmn).

Equation (2.130) can be written in one-dimension:. |

S e [ aC

= ——=Hi=pr=y (2.131) -

at—g 6x_/

If the system is truly homogeneous, D is constant and,

%§-= (vic)rg-a S @132)
V(in one dim@nsi;on)@, e & E;f =D gxg +g-a

;:” _ When generatxon and recombmatwn reaction are in equlhorlum [g =a =const ] |
or at least Iocaﬂy {g (r) ( )] and then |

c _oc .
T L N AL

This equation'is' Fick’s second law. The relaﬁonship can also, of course, be

1.“;j:".-‘expressed in terms of cylindrical or sphemca.ﬁ comordmates In order to solve

‘Fxck’s second iaw in egﬁaﬁ@n (2 133) boundary condxnon determined by the

-‘_‘_‘:‘:‘-7: ‘_ physma} oondxtg{ms is Kef‘ SO p@ys;cal condltmns of the experiment in

i mI‘GEihSth semmonductor such as HI-V semlconductor ‘using at NRC contr1bute

"o,

1. The thickness of material is much greater than (Dt )é .
2. The diffusion coefficient is not a constant value, but as a function of
concentration.. For exampie D is onEy' depeﬁg:‘;ed on concentration

when the dzfﬁxsmn takes place at a single temperature, D -D(c).

: _i-fisguaiﬂon 2. 134)
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R

e where h..is half the w1dth of the layer and erf is the error funct;on an’

'mdeﬁmte mtegral which comes - ab()ut from the sum Of several Ga,ussmns: R

e ~ (occurring by summmg the thin film gaussmns) as deﬁned by::

'. erf;(/»t};:/-:fexp(-rfbn' o "-(2.1355 .

. The second physical condition is counted to solve diffusion rate as non-

fickian law. Information of D(C) is required. Tt is hard to analyze directly

" non-fickain equation, especially in. case of III-V semicsaducto'rs'.",smce the.

~ compositional profile in most quantum well interdiffusion  studies is" not

directly accessible. It is standard to assume that the interdiffusion iS‘Fickian,w |

which CQH{I‘%HYG‘_‘{['O' ﬁrs_t.physicai condition. Work done by Fujii' and 'CQ—;' _
"_Wprke,rs [31] [32] is one example of using Fick’s second law and first physical
t:o_ndiﬁqn_; " They obtained difﬁjsi%_:& of IﬁGaAs-I_nP semiconductors. Their‘

assumption based on the diffusion of the Dhospherus"atoms iﬁ’the barrier and

- wells by Fick’s second iaw. The diffusion coefficients in the barrier and well |

assumed to be scparate and different. The limitation of their assumpuen was :
the difﬁl_sion of phosphorus across the interface so flux of phosphorus atoms
crossing the boundary between the barrier and the well is necéssa_ry ‘io'deﬁnc.'
7 Thishwas ‘explained in terms of the addition potential energy, owing to.the'
increaéc in strain, when an arsenic atom diffuses from the well into the barrier

- or a phosphorus atom from the barrier into the well [33] [34] [35].
1L.5.2 Simulation for I1I-V semiconductors.

- Al program written by Dz. Goef Aers of NRC becomes a standard tool”
for our g_rqlip while studying QWI It allows us to determine the compositional

- profiles bf the interdiffused QW based on the difféi‘ent interdifﬁasimi modeis-

. and to calculate the transition energies for the és¥grown‘and interdiffused QW.
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This program is a very important tools in QWI studies because it pmvide_s link” 1‘{'

between physical changes to the QW and the resultant optical changes

- Square Weﬂ error function and statistical function model are. usmg to

‘simulate and to get physical meaning. in the semiconductor material. A!I.Qf ) ;

models are assumed that group. 3 and 5 sublattices intermix separately. -'Squafer-'

~well model retains mdependent square well composmonm profﬂes . This

requires the inte rmixing.on each sublattice to be strongly dependent on the

composition on the sublattice with a much larger diffusion constant in ithe; QW; R

| well than the barrier material. Error function model has. independent' error

- function compositional profiles. This model is a bit more complicated and more i

parameters is included to give more control. The defaults should work well“igi; /

‘most cases, The error function “intermixing length” defines the intermixing:

Hawever, statistical function model yicld a composition profile that is flat with e

- the original well, has a discontinuity at the original boundary and falls off

according to a diffusion length in the barrier.

This program is friendly to user. User may fill these parameters. Filling

parameters separate in3 parts. First part is defined the as-grown system. In this S

part need t{) fill 4 parameters such as structure, substraté'; QW and barrierf

composztmn and QW and barrier width. Structure can choose as QW or

superlattice. Substrate is either InP or GaAs. QW and barrier composition can .

be_ﬁi!ed, as either by percent of Ga and As or by strain (not in pie:rc:enf‘:).‘ Second i

part gives general parameter, which are independent of the intermixing model '

. chosen. In this l part requires number of intermixing steps, exciton binding

energy, temperature and the number of intermixing steps. Numbers of

intermixing steps is how many pomts for the caicula‘non of phetolummescence'

(PL) shift as a ﬁmcuen, of intermixing. if it is set as zero, it will only o

correspond to a calculation for as—grown QW. Exciton binding energy is set a.

few meV at. 4K in order to precme this energy. Temperaturc can be chosen -

either at 4 K or at 3@{) K. Since the matenals are warm at 300 K excxtc}n

- Dbinding energy has setto zero. The number of i mtemmmg steps is point for_the - 8

calculation of Photoluminescence (PL) shift as a function of intermixing.. The

50



default is zero correspondmg toa calculation for the as-grown QW only Third
~ part fills the interdiffusion length step su:es for the group I and group A% '_
-sublamces for chosen model. _
After submission, t_he information is sent to a unix sérver}- and . the .
.calpulations.“are. performed. A new web page is then prgsented to you with é
short summary of the results iqcluding as-grown strué.turé infoz%ma.tibnr anci'
: heavy/iight]hoie txansiﬁens; followed. by a;r,short—f_orm. output. for each |
intermixing step.j Note tha‘t'e_ﬁergy unit and well Wiééhuﬁit_érf:‘ in.-me:\:f) and L
angstroms. Electron and hole confinement energies are Witﬁ respect to. the’
Vband‘cdgé, at the center of the QW. - g | |

Simulation ylelds barrier gap, electron energy With respect to QW o

B .center hh energy with respect to QW center hh;, hh energy with respect to QWi .
center hh, hh energy with respect to QW center hh;, st;,artmg hiy transmon
~ ~ energy, e-well QW_center. barrier height, hh-well QW cénter barrier height and
, .stérzing hh QW center energy gap as shown in fig 2.17. - | |

g}1'3
1- barnergap with respecito. N
2- eiectron energy with respectio QW center.

3- hh energy with respectic QW center hhj.

‘5~ hh energy with respaci o QW genter hha.
B- starting hh transition energy

7- e4well QI center barrier height

8- hh-well Q¥ center barrier hsight

g- starting hh QW center energy gap

I
@ ‘
% — 4- hh energy with respectio QWY center hhz.
i
M—

Fig 2.17 Band diagram of given parameter in program written by Dr. goef
Ares at Natmnal Rese:arch Councﬂ of Canada (NRC)

Slmulatlon is strongly conmdered mterdifﬁismn coefﬁcwm and Qtram

~effoct in order to lead us reaching physically realistic semiconductor material.
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N Interdi:fﬁllsion_cogfﬁcient; 7-

It is generally accepted that with regards to diffusion, each subiattice of |
' HI A% semiconductor structure operates mdependeﬂtly For example InGaAs

QW based on InP barrier mzerface As and P, which. in group V' species,

. * exchange together Wh;lc. Exc‘r;ange of Ga and In will be similar in group Il

S species. This mean if we know diffusion rate of specie of the same group

specie, we will know the diffusion. rate of other one. So itis useﬁu to deﬁne the

o ratio of the 1nterdszuswrz length of each sublattice by

k= Ay, for error function model (2.136)”. |
. A,:(m} ' _ by T o
k =—2) for square well model 2137
AL(IIJ) ‘ . oo

, where A i and A, are Lh.e interdiffusion ieng‘rhs of each sublattme,.”

Equahon (2.136) and equation (2.137) gwe physwa} deﬁmtwn in group

HI-V semiconductors. For example, & value i is- limited to mﬁmt_y. Group- ‘V'

species'mlove freely while group-III species is not moving. S.W. Ryu and co-

worker’r[?,ﬁ]' investigated interdiffusion behaviors with and without SiC,:P

. capping in InGaAs based on InP superlattice. . On the other .‘ead of the

- spectrum, k. value is limited to zero. Group-V species is not moving while

N group-1II species is moving freely. D.G. Deppe and N. “Hoionyakﬁ 7] bave

" found that interdiffusion of only group-III atoms on Al,GayAs based on GaAs

e guantum well hc‘t;emstructures was dominant. If k value is specific value (for

- example, k =10), group-V atom species will move faster than group Hf'ato‘m -

specieé ten times. For example, Wai-chee Shiu and_'_J.-‘, Michallef [38] have

~ presented and discussed the result of error function distribution modeling the

i : eifects of diffcrem interdiffusion rates on the group-11I and group-V sublattices .

on the confinement pmﬁie and the. subband edge structure. The effects of -'

B ‘stram and dlsOrdermg composxnonai profile were con51dered t0 moving of"

. those group- -I11 and g"oup -V atoms. Also H. Chen and co-worker [39] have -
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' ‘been reported that 51gmﬁcant stram de‘veiopmcnt observed across the -

InGaAs/InP QW structure is atmbutod to a group V to g:roup»«HI 1ntord1fﬁ1310n ‘
length ratlo of about 1.7.

| 2 Strain

- In essence it is relafed to the growth of an epitaxial layer with a siight
degree of lattice mismatch from and on a thick substrate. The lattice milsmatch |
7 ‘produc.es. a strain on the grown overlayer and alters li‘he physical properti'es._r‘
However, under controlled growth the crystallinity and long-range order are |
maintained over the whole structure including the epilayer. = Since the crystal

- morphology is mainrained throughout, the growth is known as pseudom_orphio

growth. If an epitaxial layer, whose lattice. constant is close to but not equal to
: the iatnce constant of the substrate, is grown carefuﬂiy, then the growth may. '

' glve rise 1o coherr‘nt stram as opposed to incoherent growth of po!ycrystalhne o

o oor amorphous layers There exists a eritical thickness of the epﬂayer below

R which the fﬂm is thermodynamically stable and no rmsﬁt d1slocatron oxrsrs in

 the m;t,erfaco. Romoval of the close lattice constant matcmng constramt greatly - |
‘ oxtonds the number of superlattice material systems that c_an' be considered.
| _Tho first benefit is that materials with a wide range of baﬁdgaps oan be grorwn.
‘In_‘ addition, the strain "a.ris_ijng__out' of lattice oonsta.nt mismatch may cause
mteresting changes in physica.i properties through deformation potential -
effects. Strain changes the bandga@s of the o.orréﬁruont materials and removes

rhe_ degeneracy of heavy and light hole Valenc_é bandsat k& =0
. Epitoxial fayer is grown over a substrate as shown in figure 2.18. Along

 the boundary plane, a common 2D cell structure is maintained in such growth.-

53



[ mmecel (agd
[_| suthsirate cell (as”)j o

Fig 2 118 Growth ofan cpﬂayer ona perfectly }aﬁlce—matched substm‘te

' The case 01p growth of a film thh Eafmce constant (aF ) on a substrate of
lattlce constant (a } is now of concern. The situation is shown schematlcaﬂy

inFig2.19. The stram between two materlais is defined as

; (@138)
If one 15 to grow a monolayer of the film on the substrate and to keep the‘ .

lattice constant una}tered then, as shown in Fig. 2.19(b),_ after every — bonds‘\

. SRR A & ' S e T e

either a bond is missing or an extra bond appears as indicated. Ajtho,ugh;thé‘
‘picture is shown in one dimension, it should occur in a plane. We thus get ‘a-'
" rowof rmssmg or.extra bonds in the form of edge dislocations. The growth of -

Tensile strain  Compressive strain

ap < a, ) ag> A |
i e ERENY FETT ferney Bl I .

_®

| @ |
Fzg 2. 19 Schemat;c dlagram depwtmg growth of a lamce~mlsmatched ep11ayer
: ' on a substrate. (a) Epilayer and substrate shown' isolated; (b) extra

bonds appearing or. bonds missing to keep the lattice con_stant n

“unaltered; (c) growth of strained layer with in-plane coherent strain.
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 an ‘epiiayer may occur in a different way as shown in Fig 2.23(c). Here all the 7

atoms -in the interface between: the substrate and the epilayer are perfectly 1
matched. This is accomplished if the overlayer is subject to compressive in_r-‘-
plane stresses-along the x- and y—;di.recti'cms, when a, >a, and to tensils in- 7
‘_;plane biaxial strains when '_a s <a,. |

From the Iabove description of strain, equation (2:138) is occurred in
) each‘ | layérr- bf éemicond_uctcf material. H'Qwelver,‘ in- reaiisiic’ QW
~ semiconductor material is éomp{)sed of several layer, mean strain is éeﬁﬁed,

g;z[slwl+£2w2+g3w3,+...J : | ' o (2-139}

N W tw, Wt

where g,,6,,85,... is strain in different layer and  w, +w, +w, + .. is weight
: - strain in different layer. N is a mount of layer.. Mean strain is also probed by
| X-féy- meas&iement, This way is pm‘bcd all layers near Vthe-: surface .of the |
sample. So it is passible‘ that X-ray measurement doesn’t reach active QWJ
- layer if this layer is too deep. Stmin used in the simulation seﬁware package at
at NRC takes into account the strain in each §ayer separately
 For k >1, compresswe spikes will develop at the QW/barrier mwrfaces

with tensile strain deveiopmg in the W@H center. The opposite strain proﬁle :

. ‘occurfs for £ <1. Even a QW intermixed using square well approximantion will

have strain‘ development if k #1. ”115 is besause the square of the group-ill

SRr sublamce will have a different Wldth than the square profile of the gmup -V

. sublattice, resuiting in interface layers oi a mixed composition.

For the InP system, ‘there are no definitive studies illuminating diffusion

- mechanisms. Additionally, InP-based interdiffy Jsmm studies are in general

“more difficult to analyze. The reason can explain that there is the possibility of

interdiffusion on both sub%atticés ' For” InP—based- stmctures most of the
: technologlcaliy mtercstmg s*tructmes have dlfferences in both the gmup-IH and
the group-V constituents at the QW/bamer mterface thus mterd1ffu51on rates |
of both sublattices are rea_mred. And, there are only small range of lnGa_AsP

compositions which are lattice matched to InP, thus, even if an structure _starts'
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- off lattice matched, the quatemary alloys that develop, depending on the &

- value might not be lattice matched.

P . H.;S.‘.S -The;oriﬁcai backgrotmd ,for simulation.

The program generally assumes a single QW surrounded by infinitely
'WIdC bamers and for all structures studied in this thesis, this IS a reasonab}e
- assumpnon If the bamers are narrow and/or szgmﬁcant amounts of dlfﬁ]Slon
occur, suchtha‘i commumcatlon” between nexghbormg QWs in a QW stack is
expected, the equivalent calculations using a superlattice structure are .also.i

~available in the program.
- 11.5.3.1 Compeositional profiles

The composmonal profiles for the group-‘fﬂ su‘b;attme and group—V'
sublattice are calculated ﬁdepenﬁenﬂy For the square Well model the
~ approach is rather different but also straightforward. ~ Again, the cquation. is

“calculated independently for the group-1Il and group-V sublé;ttices'. Foragiven

o . change in thé group-IIi and group-V well widths, given by l{/—\!uﬁ‘i)a Ay vy} the

" concentration within the QW is simply determined by rnaintaining a constant

~ amount of diffusant (i.e. the pmduct Of concen tra‘non times well width is kept

) constant) as given by:

(CQWHIJ/W - CB(IH/V))
Lz +Arn vy

C(IJI/V) =Cranm + - Q.140)

‘where Cuw now mdicates the final Ga or As concvntmnon in the well. Ay gy

S mdlcates the change in width of the gr()hp-—lﬂ or group-V square profile, and' o

CQW(HW) and CB(HW) indicate the startmg concentrataons of Ga and As in the ‘
well and barrier, respec‘tlvely B '

~ For Fickian diffusion or the error function model equatzon (2.134) is
S operated The group-III solution i is expressed in terms of concentration of Ga as

a function of z position, and is calculated for each required Ay step. -
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Similarly, the group-V solution is expressed in terms of concentration of As as

a function of z position, and is calculated for each required Ay, step.

vy T BT 2 Ho
Coriry(® =Coar iy * - —lerf 2Aa(uw) +erf] mz A JJ
) | 2.141)

. Here Cyyy indicates the Ga or As concentration at a given position Z, and A

5 awv) indicates the group-IlI or group V interdiffusion length, and Cowquv, and "

" and Cav) are the as-grown concentrations of Ga or As in the well and barrier,

i | ) respectively.

- .  I1.5.3.2 Quantum Lsta‘tes‘ for a lattice-matched square QW.

~ Now that we have composition as a function of z position, we will make

! use of band structure parameters of the various compositions in order tg)

o determme the r_esultant trapsition energies. In this subsection we will start with

- areview of the problem of a simpie unstrained squaré QW, before atiding the

complexities of strain and arbitrarily shaped QWs. ““Figure 2.20 gives 2

. _schematic represen‘tation of the problem. An important simplification that is.

- used throughout these calculations is that only the I point of the Brillouin zone

-~ is considered ( k =0), where there is no mixing between the valence bands.

- Ten band structure parameters of the materials must be known; 7
Ca) baﬁdgép of the unstrained bulk material for both the QW and barrier, Egqw)
 andEye | - | | |
b} effective mass for each carrier in the QW and barrier, m*;qw; and m*j(E);

S where J represent & (electren), hh (heavy hole Yorlh (hght hoie)
‘ C} the absolute vaiencc band energies of the QW and bm“ler matenals EV(QW)

o ‘j and EV(B) (m order to know the band offset betwsen the two materials)

In the program, these ten parametcrs are dctermmed fora quatemary :

: ‘ m;_xGaxAs P, of any 0<x,y<1 by mterpolatzon between empmcal va}ues for
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 Fig2.20 SqU’are guantum well energy levels

& the four binaries InAs, InP, GaAs, emd GaP. Details of the values agd‘thé‘ '

g interpolation scheme are desurabed in the appendix A.  The confinement -

potential in the z direction for the ccmductmn, V¢, and valence bands, Vy, are

«:f»determined from- the differences in band energies of the we\ll: V.and barrier

-materlals as foﬁows

_fEc(B) Faon =Ep * Eam)— 0‘—«<QW>+Eg(QW>) ‘0f|4>L/2
0 ‘for\zid_ /2

(2.142)
EVIQW) B forlgzly/ |
-0 fodzjd_ 12

We now have the basic Setup for particles confined to square potential wells in

- the z direction. In general, the wave function of the particle must satisfy the

. Schridinger’s equation:

__w———mmwj(z)l Q;,=E;,D;, (2.143)

-{“wh_ere j and n denote layer index and ené:rgy level index; respectively. For
:_the‘.simp‘;c square Wn:il Vi(z) has two constant values (QW and barrier) for cach
. carrier. . Within the QW the soiutipﬁ for equation (2.143) is a sum of forward

- and backward travelling plane waves, while in the barriers, in the case of -
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. Eju<Vj, the general solution is a sum of exponential (with appropriate

coefficients set to zero in order to have physically correct solution on each side
- ofthe QW): |

j n(B) =0y-e. k” +G.2 'e—k”z

f,n(QW)"Bi ¢*ar? +i3 ot | . Q144

R N o ‘2
where kg ;\] ™ j(B) (V ~E;,) and koy = \/f_l(zﬁ@
' h, ; : . h

o The quantiza’tion or ezgen energies (E;,) for this particle in a box

“j.n

:_;-‘;;problem will be obtamed by applying appropriate boundary conditions to = -
::_:'_equatlon (2. 144) that is, the contmurty of wave functions and of the flux are
":&lfffflcontmuous at the Weﬁ%amer mt;r*"ace More details is in book Ws.tten by :
. ."j;;_“Gerald Bastard [40]. This yields three transcendental equation (one for each

,_?f?-éamer) of the form f(E i m¥, E, V) —0 which can be solved graphically or

o ].‘:_numemcally (analytlc solution is only poss{bie in the case of V, —oo) Note that

4 -—V for the electmn prablem and Vw‘Vv ior both heavy and ilont hoie.“
- problems hut due to the two different masses of the holes the final quan‘rum
"_:energles of ‘ﬁeavy and light holes states will be different (for a gwen n the
: ;heavy hole quantization energies are smaller). ' 7 |
The effec‘t of the quantum confinement is to increases the ca.ndgap |
| f:l“energy In the X and ¥ dnrectlons the partlcles are free, and thus the total
_ enevgy of each pamcle Wﬂl b@ : |

E=Ey+E;
322052y '
=h (ky 7+ky )+E- {2._145)
2m; " |

thrg: k x-‘ and k, are the wave vector in the x-y piane of the QW.

1L5.3.3 Effects of strain.

aattlce straln ‘may be _grown mto a heterostructure or may develop

durmg mterdsffusxon Strain occurs whenever the bulk lamce constant of the
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InGaAsP alloy is differcnﬁ than that of InP. Since the quaternary layer is thin,
it-will conform to the InP substrate in the x and y directions, lbut undergo 2 _
tetragonal deformation in the z_directio_r;. These changes to the lﬁttice stl"ucttlfe ‘
result in changes to the energy of the electronic bondsr and thus tdl the- band'_ “
energies of the thin layer in companson to the bulk vahles for the same aﬂoy '
The changes are s:lgmﬁcant, and must be ta,ken mto accaunt An addmonai six

rnateual parameters are required for the ca]cuiatlon of’ thp stramed band‘

- energies, £y, from the unstrained band energy, E;:

- . a_) the bulk lattice constant of the quaternary, a

b} the elastic coefficients, Cyy and Cy, of the quaternary
¢)-the hydrostatic and shear deformation potentials, Ac, Ay, and B of the.
quaternary | |
These six parameters are also calculated for a quaternary In;.GaAs, Py

 of any 0<x,y<l using an interpolation scheme (included in the appendix A).

o The stress in the layer is biaxial in the xy plane, which can also be considered

tobea hydrostaﬁc stress minus a uniaxial stress in the z direCtiéri A tensile i
(negative) Ly drostauc siress affect all carrier bands, rammg the conducuon.

~ band and lowering both valence bands about the I point by an amounts P¢ and -
Py respelctiifely.. The uniaxial portion of the stress shifts the two valence (hole) |
bands in opposite directions and by different amounts, thereby lifting_' the
deggneracy of the heavy hole and light hole in a bulk layer.  This will result in

:"f»fj different’ confinement potentials V; for each of the three carriers in the z

direction, again found using equation (2.143) but using the feiécwing equations

. for the stramed bands By’ instead of the unstrained bands F; (these equations are

~only v_ahd for the I" point and for growth on [001] _substmtes) :
Epl=Eo - P | B
Ep'=Ey +P -0 \ B - (2.146)

E[h—Ey+Py+ (Q A -i-‘V/ﬂ +2AOQ+9Q]

where A, is the spin orbit splitting energy.  The dependence of the By’ on A,

- g - occeurs becé.use‘of the .coupling between these two valence bands in biaxial}y
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strained material, The hydrostatic- deformation potentials, Py and Pc, and the |
-shear deformation potential, Q, are determined from: - |
' | .-PC=AC(axx+eyy+szz)ﬂ , o
By =—4,(Exx T8y +85) (2.147)

B
Q =—5(€xx +8yy —‘28_21)

- where the strains in each of the three directions are defined by -

a, —a C S o
: i S

: whe;re a, 1s the substrate Eaﬁise constant. These calculations treat the s{rain asa

small pertubatidn,- thus they are only valid for small strains (up:to 7«2%)-, A
. good reference for the effect of strain on semiconductor bands is by Chao and
 Chuang[41]. :

11.5.3.4 Quantum states for an arbitrarily shaped Qw. -

In an interdiffused QW, the composition and resultant E;’ vary

continuously as a function of z-direction in the interdiffused QW for the error
. function model, and are multi-valued in the case of the square well model. .In

the program, the final quantization energies are determined using a transfer .

matrix approach (in fact, the earlier as-grown square well is also solved using
* the same algorithm, although it could be solved using the particle in a box
soiuﬁon). ~ The potential profile is divided up into p thin regions where the ‘Vj
" and m*; is assumed to be constant within each region. I the eacg p region the
wave function solution to the Schrédinger equation can be‘wﬁt&ezﬁ_ as a sum of

two opposite travelling plane waves: -

: 2 y
o? "—_‘—ﬁf'eﬂk Z+B£’3 i’z

FE

| N ST — (2.149)
‘ wﬁere k"zy‘jh—é(Ej’nwVf} ‘ ‘

© The use of complex arithmetic allows the general treatment of the case where

E >V {plane wave) and Ej_,n<Vj” {decaying function). | By applyiﬂg thé‘ tWo
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o of the system (p 0 and p—P) by:

boundary condltlons at the interface between each regloa the coefficient B.°, =

_{3 Pin each region can be related to those in a adjacent regxon by a 2x2 matrix.

These matrices are multiplied together to relate the wave functlons at each end

O;Mli Mo o2 |
E+ B_]}'—[le Mzz]liﬁp} : '(2.150)

where the matrm elements depend on the £ s (and thus on EJ n} One of the'

' two equahons one g»ts from muitip lying out the matrices of eqn. 2 150 is’

| BS = My;B] +M,p" D 1)
' Smce the wave functions at each end (at p=0 and p=P) must decay for a
i physxcal solutxon one can set BF B+ °=0. Then, since ﬁ+ must have a ﬁmte
value equatmn (2 151) will only be valid if M;;=0. The shootmg me‘:hod is
apphed to ffqd valid choices of Ejn that will sa‘tlsfy Mn—{) Thzs is |

‘accemphshed by u&ng a linear gmd of trial values for tgn, (chosen as many

. equally spaced values between the range of 0 and V;). Each trial value of Ej, is

used_ 10 .caiicuiate Mj;. Wherever a change in the sign of My, ;occ_urs foﬁowmg a
,sfepwise increase in E;,, a valid choice of E;, exists. Further trial values of
Eji’s falling within that step are evaluated using a bisection method, repeated

- until a satisfactory accuracy is accomplished.
an 1L5.3.5 Optical transition energies.

The optical emission energies can now be determined by addiﬁg. thf:
appmpﬁaie quantization energies, Ey,, to {he cakulaied bandgap. For example,
- the energies of the first electron to heavy hole transition; and first electron to |
J hght hole transition are | |

: e1>hh1 = E’yqw + Eat + Byt - Ex (2.152)
: el=hl=F g(Qw)+Eel+Egh1 -Ex. _

: where E, is the binding energy of the exciton in the QW, typically a few meV S

and E’yqw) is the bandgab at the center of the mterd;fﬁlsed QW. E has beenr

2';‘ -:;ﬁxe‘d_ to E,=7 meV for 4K calculations and E,=0 for 300K caiculations inthis |
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. thesis. ;‘-Va_ria‘t.i‘o‘ns.eof Ex due to its dependence on well width and composition
L are expected to be small (the order of a few meV) for the magnitude of changes

| ‘to width or compositions occurring during intermixing.
.+ IL5.3.6 Use of the results for QWI studies.

The entlre ealculanon of the eigen energles is repeated several tlmes for-_, _

a range of mterdxfﬁzsxon steps One can then derive mfomamon such biueshlft
. AE, of the lowest transztmn (e g. ei——)hhl) as a function of mterd1ffusmn Eength
for a given mterdlfﬁlsmn model and k value. By repeatmg the process
~ calculations for severa} different k values one can look for the best match to

. expenmental vaiues. However, mtemszusmn length is not usuaily”

.experimentally accessible parameter, thus additional experimentg;l information

© must instead be used s‘t)ughé if a model is to be determined. KnGWledge of a

: > secend Optieal parameter (e.g. shift of the el—lhl ) or direet mformaﬂon as to

the composition are necessary in “order to reduce the number of unknowns.
These approaches are used in the thesis to _determine  valid models.

.1ternative_ly, if a model and % value are assumed, one can extract a A; or AL

- value from a measured AE. Another approach that can be useful is to compare

- the shifts in different structures which have nommaﬁy been intermixed the

X _same ameunt (thus assummg the same A/AL fer all the QWs). This would be

ey _useful for studymg the effects of composxtlon or strain on the mtenmxmg

process, but the challenge is being eonﬁdent *that the mterdﬁ’fusmn leﬁg‘ths are

. the same in all .he QWs.
o I1.5.3.7 Accuracy of the medelihg.

- The eaicuiations ef the compos;txonai proﬁles for both error ﬁmcnon is

o . exaet, and thus is as accurate as them: underiylng assumptlons As was

dlSCUSSCd prevmusly, the assumptlon of Fickmn behavmur is unproven and is

© ' somewhat doubtful, and this is why two different mterd;ffusxon models are
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.considered here. .. Calculations of the material parameters Eg, A,, m*;; a, Cyy,

" K 977 Ay Ag, B, all reiy' on empirical polynomial fits, as described in t_he{ appendix‘ _

B. The expected errors on E, is only a few meV, or +0.2%, and on lattice

éonstérﬁ a it is + 0.0005 A or 0. 01%, whil@ the error on the other parameters

(which are more di fﬁcui&t to measure) could be as h1gh as + 10%. The absolute' '
: , valence band energy (re“atxve to an average crystal Dotennal) and thus the band
joffsets between dlfferent matenals is a more dlfﬁcult parameter to measure
:experlmentaﬂy and mus there is an expected error mlght be more i the range _
| f +20% However the caxcalated quantzzauon energies are not very sensﬁwe

. to dlfferences in the o‘cfsets especially in the case when the Value for the offset “

in the 'bands 13 s ~0.4 to 0 6 x AEg, as is-the case for ms matenals under study' .

hem As a whole ~we expect that 1hese calculatmns prov&de trans1t1on

S energl_es whlc’h are accurate to within aaﬂsut 5 meV for a ngen H‘terdﬂffusmn; .

5 assumptlon Expers:nentaﬁy, we observe variations across samples of up to 5

"~ meV. Thus, the accuracy of the calculations are s _-‘cgem for our studles as

‘ Eong as we cons1der blueshlft sf the order of 10 meV or greater.

A n‘ajor Szmphﬁcatlon of these caiculatlons is that we assume the‘

(o bandsiructure is du“ect and only the zone-center (K.~0) transathons are

caﬁcuia‘ted. 'As tensile sirain develops, off-zone-center maxima in the “hght

hole” band can become the highest energy point. iigh‘t‘ hole is put in

;f:, ‘quotations here because it would actually be a mixed-hole band when not' at thé

- zone-center.  The actual transxtlon energy in such material comd havc an

mduect &aracﬁer and a lower traasmon energy than that calcuia‘ted by the

5 'program However, the dzs-vrcpancy in terms of cnergies will likely be smaﬂ

. .since this off-zone-center maxima is caleulated to be. only ~10 meV different

',than ‘the zone—center maxma for the materlals studied here Bu‘t optlcai |
properties, which depend on carrier overlap, such as carrier hfetlmes, could be
;?-;::';'__dramatlcany altered. This addxtxonal cemphcation must be. reahzed when
"'ﬁj“:"“‘signiﬁcant tensile strains (of the order ‘1-2%)- in the QW center occur, in

i_’-particular when examining large blueshift and k>>1. This scenario may occur
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in a few of the samples in this thesis (InGaAs/InP structures where AE is the

order of 150 meV or larger).
- IL.5.3.8 Comments on as-grown QWs.

Epltaxml growth is fanﬂy well centrolled process, gwmg accwracy in the -

QW width of 0.5 nm, and composmmns within £1%. Predicted transition
energies from th@ nominal structure can be compared .Wlth PL measurements.

’ Dlscrepancms between the calculation and experlmem are used to reﬁne the

- values for the QW width and composition. - Additional characanzatlon is also-

beneficial to further confirm the exact structure. High-resolution txa_nsmsswﬁ
L ¢lectron mic;roscopy-r(TEM) can determine QW thickness to + 0.5 nm, while
a ‘high resolution X—rajf diffraction (XRD) Vcaﬁ also be helpful to assess structure -
pefiodicity and mean strains. Results are also fed back to the growers in order
;d maintain predictable growths. As-grown QWs are not perfectly Squa:s, as
there are usually one to three monoiayez‘s‘ {0.29-0.87 ‘nm),’"Qf mixed allbylﬁ
material at' the interfaces between the QW and barrier.  Their prssence will -
: Aa_ccount"for minor discrepancies between the results of '_I‘EM,I. PL and X-ray
- diffraction and calculations based on a perfect square well. In fa;ctg,X—ray is an
: . excellent téchn.ique for determining the exact nature of the interfaceé f42]. But
| most importtént}y for this thesis, their presence can be mostly ignored when
considering interdiffusion. This is because they are 10 to 20 times narrower-
- than the QW, and thus even when short interdiffusion lengths are considered, -
they have ﬁegligiﬁle effects, as confirmed by more ldetailed calculations.
However these interface layers may have a great impart on the time-resolved
“”';-‘"photolummescence properties if some type-II alignment or mdzrect gap nature -

develops as a result of the presence of these layers. -
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CHAPTERIII
" EXPERIMENTAL TECHNIQUES
: HI 1C hamcierizéﬁoh_techniqu;es; N

Optical Sinectrbscopy- of semiconductors is a useful iool to ‘study the =
propertius of -V semiconductors. It has helped to shape the concepts of
energy gaps 1mpur1ty states and resonant states among others In both mtrmszc

" lwmne;scan_ce and near-gap absorption, the main features of the spectrum can :
- be associated with the magnitude of the energygap. So in thirs,chapter\ ‘ther |

details of the following techniques will be revealed: ph@toluminescencg_(PL); s
t_ifn,e-resolvcd photoluminescence . (TRPL) and absorption measurement,
General ideas of those set-up measurements can be found in the book written
by D K Scrode {43} and G.W. Ewing [44]. Those techniqﬁéé have Béen setup at
naﬁonal research councﬂ of Canada (NRC). Rapld thermai azmealmg (RTA}
process. is a powerfui techmque to enhance the bandgap shsfss in InGaAs/InP |

he‘te:ostijuc@ture with created excess defects. Thus RTA will a]aso be descrlbed

o Furthermore a description of the simulation software called transport of ion in

Matter (TRIM) used for mvestlgatmg smtable implantation energy wzli also be
included in ‘thxs chapter

II1.1.1 Photoluminescence (PL).

Generaﬁy PL is the optlcal ramatlon emltted by 2 matenal resultmg from“ _

its ﬂon—equmbnum state caused by an extemai hght excnatmn PL prowdes a

- ~ non-destructive techmque for de‘termmatlon of certain 1mpur1tzes in

| senuconductcrs and for detectmn ef shallow~1evel 1mpt,r1tnes ‘But lt can also

o bg applied to certain deep-level impurities. However in- ﬁllS thes1s PL 15""



mainly employed to measure the change of energygap in' InGaAs/InP
heterostructure after intermixing. » |

| A typical PL measurement system consists of an excitation source, a
variable-temperature cryostat with a.samplc- holder assembly, a high—resolu;[ion.

scanning- spectrometer, .and . a. detection system. Low-temperature

 measurements are necessary to obtain the fullest spectroscopic information by

- minimizing thermally-activated non-radiative recombination processes and

T ~ thermal line broadening.. The thermal distribution of carriers excited into a -

band contributes a width of approximately '%1—(4.8 meVat =42K) to an o

- emission line originating from that band. This makes it necessary to cool the
-sample to reduce the width. The sample is excited with an optical source,

typically a lasef with ko >E_, generating electron-hole paiiﬁs. (ehp’s). that

- recombine by one of several mechanisms. For a radiative recombination

process, a pho_ton' with kv~ E_, will be emitied. The emitted light from the -

© sample is analyzed by a spectrometer and detected by a photo-detector.

Spectra may be recorded dirécﬁy as either a single point PL or a mapping PL -
(X-Y recorder). We will illustrate a ng% point PL as WeH as a mappmg PL '
setup at IMS, NRC in Canada in the following section. ‘ |

I¥L.1.1.1 Single point PL system.

- According to fig 3..1(3), saraple is mounted on a copper block using two |
- strips of teflon tape in 2 manner which does not strain the samples. Then this
" copper block is put in the sample chamber of a liquid Helium cryostat. During

the experiment, liguid helium is siowly m;,ected in the sample space below the

sample and evaporates near the sample in such a way that the sample is

normally in contact with He heat exchange' gas at 4.2 K. The temperature of

' the sampie can be varied usmg a heater mounted on the copper block holdmg

ﬂthe sampie and the temperature can be m@mtored via a sensor also placed on’

the,.COpper biock, Thus the sample temperature can be varied from 4.2 X to
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300 K The excitation source consists of a steady-state laser whlch is focused

onto the surface of the sample using a focusmg iens as shown in the black bold
line of fig 3. l(a\ The laser excitation sources available for thls system are,

- Arf gas laser - mainly usmg wavelength at 514 nm - is able to-

| prowde high powers, which can be up to 12 W. The laser beam is -

typxcally focused to a 50 micron diameter spot on the sample surface. '

Ar" laser provides light in blue-green range.. At those wavelengths,

light is. absorbed in our InP-based sample within the ﬁrst few 100 |

nanometers from the surface. '

- He—Ne gas laser which emits at 632.8-nm with 3 mW of power.
Neui‘rai density ﬁgter may be used to diminish the mi:ensﬂ} of excrted source if
‘the power of excﬁe(i source is too strong. Generally the focusmg Lens used :
had a small numemcal aperture which provided a spot size of 50-100 micrens
on the sampiersurface. Electron-hole pairs are generated in the samp};e‘afjterr thc
excitation soﬁrce hits the sample as illustrated in fig 3. 100)--' Electrbhs’ and
holes recombine radiatively and photons are emitted in a half sphere as shown:
in Fig 3 1(a). A coﬂecnon Lens is used to collimate the light emfted from the
sample and this beam is steered in free space ,ewards a specirometer. Photon
- signal was demcted and analysed by a Bomen MB-160 FTIR spectrometer [43]

[46] [47]. Subsequently this signal was sent to computer in order to plot

i intensity as a function of either energy or wavelength. A long-wave pass. filter

is.used in front of spectrometer in order to block any laser light from entermg
the port. Neutral density filters may be used again in this path to reduce the

signal intensity at the spectrometer port.-
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“In ﬁgure 3.2, PL specira shift to iowerl energy.while témperature‘ is
* rising. The explanation is that temperamre shifts the energy state in QW reglon |

Moreever the PL spectra is broaden at higher temperature becausc exc1ton s

‘ kmeﬁc energy.
Photoluminescence of CBE 88172- As grown
-84 o 465K 842
« 210K 3
< 270K o
]
.-E:‘ N -3
£ o
) o
5 204 A
£ A
& “

Fig 3.2 Photolummescem:e of an non—mtcrrmxed ?nGaAS/InP QW sample at
Varymg temperature. ‘ '

o PL mapping is similar experiment set-up to single PL. system but PL
mapping can monitor uniformity of semiconductor. PL. mapping will show in

the following section.

HI1.1.2 Ma_ppinfg PL syg@temw

"To mvestlgats the umf’orm ity of the samples czﬂd get better veraging of
the effect of the mtemuxmg process asmss the sample surface an . automated‘
‘PL mappmg system was buxlt where the sampie is piaeed on x—y stage It is
logxstzcaliy dlfﬁcult to use a cryostat m thzs set~up, $0 samples Were uncooied
- (temperature about 30{) K) The Sample sﬁs face—up on a x-y stage. controlied
by custom Wrr’cte;u software as shown in ﬁgure 3 3. The apncal exmtatxon

source used typically comzsts of 980 nm semlconductor laser diode operatmg

70



from O—SOlrmW. In this thesis, 980-nm laser 'diodc with 20 mW was normally

applied as excitation laser source in the mapping PL system. The light from

4 ) . ) — fixed mirrer
: Si#‘view : © Nautral density filter ’ ‘

| 74

fong-wave pass fliler

eanw Buppons

- | heam spliter

focusing fens’ B callimating lens

¥ spectrometer|

Fig 3.3 Schematic .Q:f'mapping PL system at NRC.

the laser diédjé_:_fii;s‘ »éolﬁmated and directed to the sample through a focusing lens.
The spet size ismless than 250 microns. Similar to ,singEePL- systém, ;ﬁhoto;zs
are emitted from the sample, and collected through collimating I-éns. The
collected PL is directed to the entrance port of a Bomen MiB-160 FTIR
spectrometer [50][51][52] equipped with a TE cooied mG&aAs detector
sensitive in the spectral range of 800-1650 nm. The spectral resalutlon was -
usually set at 32 cm’ (4 meV) but it could be as low as 2 cm’ (0 25 meV).
. After the ‘“'srst PL 3pectrum 1s recerded a step in x or y is performed by the -
translation stages and a new PL spcctmm is recorded at that p@mt Typmaﬂy
the step sizes in x and v dxrection is set at 500 mlcr_ons.' After rep_eamng this
process over a prede‘tcﬁnined area, a complete PL spectrum similar to ’that.
presented in figure 3.2 is obtained for each measurement point on the surface. -
Data processing is then performed so that the computer will display either PL
peak intensity or PL peak enefgy as a function of x—y position." F 1g 3.4 shows
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an example of a PL mapping experiment performed on 6 pieces of 5x5 mm
InGaAs multiple QW samples. In fig 3.4 (a) PL peak energy (wavelength) is
displayed as a function of x-y position. According to the color code displayed
on the right hand side, in the center of most of the samples the main peak is
centered around 1410 nm, which shows that very good uniformity of the
optical properties is obtained across these 6 samples. A second PL peak is
detected at the edge of the samples centered around 1563 nm. Fig 3.4(b) shows
the intensity of the detected peak as a function of position. It can be seen that
there is a bit of variability between the different samples with some regions
emitting almost twice as much as some others. Typically, a small sample can
be mapped in about one hour, while 2 inches wafer takes overnight.

(a) EE |

...
=]
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o

¥ Position (mm)
~
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00~ . ; . oo
00 25 50 75 100 125 150 175 200 225
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0.0- ) ) ) ) ' \ | |
00 25 50 75 16.0 12,5 15.0 17.5 200 22
X Position (rmm)

Fig 3.4 spectral data is displayed (a) intensity as a function of x-y position and
(b) emitted photon energy (wavelength) as a function of x-y position.
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II1.1.2 Time-resolved Photoluminescence (TRPL).

The PL techniques discussed so far are time-averaged techniques in
which the sample excitation is continuous and the signal detection apparatus
averages the signal over periods of time much longer than the natural time
scales of the system being probed. By using short laser pulses instead of
continuous excitation coupled with time-sensitive light detection equipment
one can obtain information about the temporal evolution of the light emission
in the sample. This evolution is in turn related to the carrier dynamics in the
sample probed. For example, these time-resolved measurements can be of use
to probed the energy relaxation of quasi-particles such as excitons in QWs [53]
[54][55][56] to probe hot phonon distributions and the lifetime of electron-hole
liquids and plasmas[57], and to measure trapping times of carriers by
impurities or other crystalline defects. There exist a great variety of time-
resolved PL measurements, and the technique that was used for this work is
referred to as time-correlated single photon counting. In the following section
this technique is described along with the experimental set-up used to

implement it and perform the measurements.

System set-up and functioning

Figure 3.5 shows a diagram representing the time-resolved PL system
that was used to perform the time-resolved experiments in the range of 1.3-1.7
microns. In contrast to the steady-state PL experiments, for TRPL experiments
the laser source must be pulsed. The pulsed laser system used with the TRPL
system consisted of a 12 W CW AR+ ion laser pumping a mode-locked
Titanium doped Sapphire (TI:Saph) laser providing pulse widths of less than 2
ps at a repetition rate of 82 MHz. This repetition rate must be reduce to 4
MHz or less by a pulse picking system (Pockel cell and synchronous
countdown) because repetition rate at 82 MHz is too fast for the finite reset

time of the electronic components in the system (TAC, CFD etc.) During the
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Fig 3.8 (a) Schematic of Laser setup for the TRPL technigues. (b} A set-up
time-resolved photoluminescence at the wavelength of 0.4 -1.7
microns used at national research council of Canada.
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~ experimerit, an autocorrelator is used as shown in fig 3.5 (a) in order to monitor’ .

the shape and width of the laser pulses. Proper traceslsn‘the' autocorrrelator .-

indicate that the mode-locked laser system operates properiy

To perform the actual experiment, the laser pulse train obtained from the_'_ o

laser system is sent onto the sample which is placed in a liquid 'Hehum c;ryostat‘" o

and immersed in a He heat- exchange gas maintained at 4.2 K or higher o

temperature as shown in figure 3.5. -Typicauy &boufl W of wveraged }-aser‘ 5_ S

- powers is used. - When a pulse impinges on the surface of the sample a carrier

population {excitons) is instantaneously created in me QW which prov1des the o

initial population as described in chapter II section I1.4.2. This population wili
decay with a lifetime dictated by the conditions present in the sample during

the eXperiment.._ As the population decays, so is the signal emitted from thef

sample and as one thus obtains a light pulse from the sample with a lifetime - S

dictated by the carrier lifetime inside the sample. The goal of this experiment

‘is to obtain the temporal shape of the light pulse emitted frgom the sample. |
N To achieve this result, the TRPL measurement [58] is based on a time to

amplitude converter {TAC) which provides the time correléﬁon between the PL '

emission and the excitation laser pulse. The laser pulses are focused on the

sample surface using a focusing lens as in the steady-state PL system. The

sample signal 18 couected by a collimating lens and steered towaras a detection - 8

- system consisting Of a Chezny-Turner double gratmg spectrometer wnh an

InGaAs photomultiplier tube (Ph T) placed at the exit shts of the spectrometer -  ] 

The Hamamatsu InGaAs PMT can detect photons in the range 4%0 nm — 1700 o

am, Because of the low bandgaﬂ of the InGaAs, the ;shomcathode was cooled
down to ~80 C using. 11qu1d nftrogen m order to minimize thermal noise. The

detection system typically consists of a monochromator (spectrometer) ané,a

. single or multi-channel detector. Photomuitiplier tubes, pn-junctiondiodesi'

and  charge- coupled devaces (CCDs) are popular detector types for__‘"' L

luminescence spectroscopy Before reachmg the detection system the PL can' -

be attenuated with neutral density filters, ,and the laser light scattered from the

surface of the sample is blocked using a long-wave pass filter. A focusing lens
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‘with numerical aperture matched to that of the épectmmeter focuscé tﬁe infra-
red emission from the sample onto the entrance slits of the spectrometer. . The 2
spectrai resolution of the detecﬁon system depends on thé slif. width se?éectad
and can be at least as good as 1.0 nm. Usuaily, the detection wayé_length is
selected to coincide with the PL peak emission- of the QW sample being
measured. For each photon detacted on the surfa.cc Of its photocathode, the:
InGaAs PMT generates an electrical pulse with a‘ rise timg of 3 ns. This pulse
‘iS»ampliﬁed and sent tdra constant fraction diécriminam: (E;CFD):» to. select a
réferenpe p@imioa the electrical pulse to: increase the time fesoiution of the
system beyend,ﬂié 3-ns rise time of the generated pulse.. Th,e-_ou{put ‘of the
CFD consists in a square electrical pulse of set duration (a fe_w,micxo-sac_éads) ‘
with a very sharp leading edge. This leading edge is used as.an input tc a tim-e-:

to-amplitude converter (TAC). When the TAC becomes available, electrical”

H ﬂ i ?huﬁu“ﬂumpé er $# ; é ;
I 1
] : L‘aser ! % i %
= : : @? | % o
E L time 1 1 L
H vl Fn@tomuﬁﬁ;ﬂﬁar L# ! I i‘ :
[ W | 2 ! |
o :
“ i : Lassr 3; ! I
frt e & |
N — time ——p—f—1 B g
' n T Photemultipliar L ] I
T Pk
“? i \ Laser @Is i : % : :
$—rt 1
! H i S B
‘ | Bl e —H——E———‘mw’ ¢
| Photomultiplier [] o #l | :
T i 3 - i i [‘
v i Lasar i @ |
—t Pl
oy L e 96
50 100 180 . '

Graduz! buiit-up
of the terapaoral decay

. 1
&0 100 180

‘Fig 3.6 Principle of operation of a single-photon correlation. The temporal-
decay is gradually built up by making successive conversions of the |
time elapsed bctween the mcndent la.ser pulse and the detected
iummescence phaoton, : S s

76



‘ pulse coming from the. InGaAs PMT is mterpreted as a START mgna} and a- |
- capacitor is charged linearly as a funetmn of time from a constant current |
source until qTOP pulse is. detected 'The stop pulse is derived from a fraction
of the mcommg laser puise whmh is sent toa photodlode (see’ ﬁgure 3. Sa) to
- derive. an electrleal pulse from the iaser pulse. This pulse is. amphfied and sent |
-"through an adjustable delay ime to account for the optical path and detector*
reaction time in the other arm of the detection system., This pulse is fed to a'
- CFD and then to the TAC as a stop pulse, and the time differenee:bemeen the
START and STOP pulses determines the aecumulated charge on the capacitor,
and the TAC ‘generates an analog voltage in the range of 0 — 10 V propertlonal 4
o the charge stored in the capacitor. The ramping time to charge the capacitor -
from 0— 10V can be selected to be as low as 20 ns and ‘a8 larg.e as several
milliseconds, The output voltage generated by the TAC is digitized and stered
- in a multi-channel anmyzer (MCA) where the channel number corresponds to
7 the amplitude of the TAC voltage output, hence to the elapsed time. Before the
next event can be recorded, "ﬂ:here is a time delay for discharging the eaeaentor _‘:
and resettmg the TAC Dumg this time period the TAC can not aceept any
START signals. T_he next PL photon starts the TAC and laser pulse stops it |
. resuﬁiﬁg_in an additional count in a channel of the MCA. This su‘eces‘s;.ve
' sequenee of events being recorded is illustrated in figure 3.6. By repealing this
process, the deeay spectrum Wﬂi slowly built up. . _
.- - The system response for the TRPL set-up can be obtained by usmg an
. ultra—-sort {8-function like) light pulse mto the start arm of the expenmental set-
up.. This pulse must be correlated Wzth.the laser pulse and the easiest way to
~derive a light pulse with these properties is to make use of the. jl_ase;:‘ light
- scattered frem the s_u.‘rfaee,o:f t'he..sampieo By removing the- long-wave pass"
N rﬁl‘ter and setting the defeetien Wavelength of the spectremete‘r to be equal to, the -
iaser Wavelength one creates the above conditions. After mstallatlon of the :
inGaAs PMT, thxs test was perfome& to characterize the 3‘emporal response of

the system. These results will be presented in chapter ] IV
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- IIL1.3 Absorption measurements.

- In order to gain information on the'energy position of both the heavy-
and light-hole n=1 transitions, abse.rptnon techmque are empioyed The sphtnng :
between ‘heavy-. and izght—hoie transition togeth.er with s1mu1atmn program, |

~which details in section I1.5 of chapter II, can be spec;ﬁc_:ally used to determine

- a k—valué. Generally lightr traversing a semiconductor“decze.ases in inten‘sity‘

along the propagation direction due to abserptfon processes. ‘Lét us consider a B

simpie e}iamxﬁlé. thé,t‘a' light.beam propagating along the z-direction. which

‘ ent-elrél an absorbirig semiconductor at z=0. The light intensiltyk can then be

written as

il

g =£0.@Xp.[+wj

where « is the absorp*{ on coefﬁczem and /,is the E!gh*l 1ntens1ty at z~—0 E

Different physical pmcesses give rise to dlffcrcnt absorption coefficients for
th¢ ‘absorption of .photoh in semiconductors. As a_‘resziit.s' of this, Vour
experimental set-up at national research council of ‘-Caﬂada (NRC) requested
two times measurement in order to produce the absorption spectra. Figure 3.7 -
' shéws séher;natics of the transmission Set-rurp‘usad: to perform the experiments.‘
A broad band white light source of the Bom‘en’é_‘ FTIR spectrometer produced
light m thc range from 500 nm (2.4797 eV) to 1.7 microns {0.729'€V}. ‘This
white light is ‘coilimate‘d‘, 3‘£tenua1:ed by passing through a 200-micron 'pinhol‘e?
N and passed into a Michelson Interferometer. The recombined light bcam at the
output of the interferometer is shone through the sample mounted in a
continuous ﬂow‘ vfariable temperature cryostat. Sample were cieaved ina

H square 5x5 mm and wrapped in Teflon tape to hold the pzeces on a copper
- block with holes so that the bmad band white light can pass through and reach
- the detector. Then this copper biock will place in _cqid fmgcr gry-ostat‘ so that
the samples can be kept at temperatures of 5 -6 K duringfthe experifnent, as

measured from a temperature sensor place on the copper block. Small amounts
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of therma! compound were used to improve the t,hermai conductivity between- )
the sample and the copper. After going through the sample, the -light is sent- !

onto a TE cooled InGaAs detectdr and the ﬁghf_ intensity d';ete.cted: is reéorded_.
as a function of position of the moving mirror (see fig 3.7). This produces an
mterfnrogram on which a fast Fourier transform is performed to obtam the -

- spectrum asa functmn of wavelength (or energy). Smce the QW is very thin -

Outer wall |

| inner wall

' liquid He tube .|

E_Heiium Flow Cryus't:ni.J
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Fig 3.7 Setup absorption measurement { chmque na.tmnai researc’ﬂ council
' - of Canada (NRC}.

g compared to the substrate QW 1o substmte thickness ratio is in the order of
10, the absorptmn of the substrate in the sa;mpie compiete y dominates the

resulting spectrum Flgure 38 a) compares the resuit obtained for an InGaAs

- QW sample grown on an IBP substrate, with the result obtained for a virgin InP

substrate. The effectrof the pre‘s;ence‘ of the QW cannot be resolved just by B
~ comparing these two spectra. However, when dividing the signal obtained from

. the QW sampﬁé by that of the substrate-only sample, one effectively removes
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the absorption background due to the substrate and absorption features from the e

QW can be resolved as shown in fig. 3.8 b). Below 950 meV, there is _.veryr

little light absorbed in the QW since the photon energy is below the eﬁergygép o
of the QW layers. At slightly higher energles the abserptlon increases until it
“ reaches a peak: W'ﬁcn the photon energ‘y is resonant with the first heavywhole |
| QW transition at around 970 meV. The absorpthn decreases if the photon

energy is increased passed the hh resonance, and a second peak is observed at‘.‘
fhe light-hole resonance around 1020 meV. The next :esonan'ce. around 1150

meV may originate from higher confined states of the QW e
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I1L.2 Rapid Thermal Amﬂealing method (RTA)

Quantum well mtermlxmg of IlI- V serruconductor compounds has beenr
\studled for several years.. Annealmg method plays a very 1mportant role to get.
a th? mfgnnatmjx; NQ_W we would mtroduce,some- angcahng met_hod _and'
r‘spc:cify the most regularly used. anneaiiﬁg,,iﬁll" this thesis. There are ;sev%rai -
Widely’ ___a.nngaling methods for III%-V semiconductors such as encapsulating the
sample with a ‘di‘eiéctr;?cr,r As overpressure, ﬁitra#-—faél_:j _.hcating._.and 'cépi_;-:‘ssr
: meth_(.)d.‘ In Encapsuiarfng the sample with a dielectric cqp technigue [61] [62],
the encapsulation is performed to prevent degradation of the surface of the
sample. This _me{hod requires the furnace to be large 1o accommodate the - '
lentir‘e_‘ p_iumbing‘_requirement._ However, disadvantage of this .me‘;hod”aré_ (1)
‘i_nlt_iuc_ed; stresses during th_6 annealing thermal expansioﬁ mis‘mgﬁch,‘ (rrii)‘_}ong
heating time beca‘use of iérge thermal mass of the fumaée,_ and. (1it) siow turn
around because of the necd to completely flush the P- contamng gas after the
_ anneal and before removing the wafcr Moreover, punty of gas and s:;iean gas |
line is requlred in order to minimize contammatxon on ﬂ*e surface of sample.
- Other techmque is As—averpressure [63] This tcchmque is requ&red to introduce '.
alkyl _cqmpound_ such as PH; or AsHj into heating chamber or to transport '7
phosphorus vapor into chamber in order to suppress P or As.los:,s_, from the InP
or GaAs, respectively. This method allows for controlied variation in the _
gmup}v oyerpressmﬁ, but logistically it is usually oaly. available for anneals“
performcd within the growth chamber. Ultra-Fast heating technique is anothef |
way to anneal the sample. Eithei }:Easer} or e-beam with pulsie‘ width fess 1 0’5 sec
is dsed to anneal the InP for a very éhort_gsriod;_ Only the sample surface is
heated while thé rest of the @afer is essentially at robm témpérature ' ThiS
method has proven ﬂapproprzate for - V semiconductors for three basic
reasons. Flrst reason is that there can be 51gmﬁcant evaporatlon of the surface
even durlng_.,thgse ‘Sh(_)i'_ft, pulse_wa@t_hs._ Th;:_m_eit depth is typically about 1
mi@rdns,- and th;eirregro;wth is by iiquid‘ pﬁa_sé epitaxy. Se‘CQl’,izd‘ reé;_séi; is that

‘post-laser annealing thermal cycling leads to large reductions- in implanted
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dopant carrier concentration. This is a result of the release of a high density. of

“quenched'in-”'dcfects created during quench from the melt 'temperature,”- The .~

mstablhty of the carrier. concentratlon to subsequen.t low temperature (about .

400 C) annealing precludes the use 0f pulsed laser annealmg for devxce _'
‘applications. Another practical drawback of pulse heating method such as laser

or e-beam annealing is that complete wafers can not be annealed without a

- cumbersome step and repeat process since the spot size are generally only a

few nm in diameter. Capless technigue [64] is a technique i in which the ta.rget_'

- wafer is-placed fa.ce-taezace with another uncapped wafer and the ensemble is

rapldiy heated up in a short time. pmmmﬁy can be non- reacmve material szch
as Si ‘substrate or III-V semiconductors such as InP or GaAs substrate.
- Susceptor is also used in this case, especi.aﬂy for large wafer (~1-2 inch

diameter). InP wafer is one of the most commonly used for research studies in

HI—V semiconductors. Usiﬁg I1I-V semiconductors as a proximity cap provides o |

- a better group-V overpressure than using Si as a proximity cap. " This. is
especially important for annf:azs above about 650 C but th__e,ﬁ_l-_._V capp_mg
substrates degrade with-use and need to be replaced on a regular basis. GaAs

proximity caps can be used for 5-10 anneals, while InP proximity caps could be

‘used 2-5 times before a degradation of the surface. In this thems we will

:emphasme on usmg HI-V comp@und waFers as a p“emmlty cap We will
deeply detail the rapid thermaE aﬁneahng (RTA) setup system and the samp‘ie
preparatéon procedare for RTA in tbe following scct;m B

Rapld thermal armea;gng With In? or GaAs pr0x1m1ty cap is one Gf the _
We;i known methods to allow defects m diffuse from the damaged reglon
thmugh the QWS Oven is mainly use for anneahng saz?ple The oven made by
AG associates is a small oven that hea’{s the samples from the light given off by -
| ,hi'ghevoltage fuﬁgstcn halogen 1a:_m:ps¢ A schematic is given in ﬁg 3.9. There :
| are two banks of lax'nps. one abovewr and below fhe sample' cham%er Thé
chamber walls are made of high pumy quartz and the sample is heid in the_

- center of the chamber usmg a quartz tray Several small samples can be placed

- at the same time on a carr 1er wafer that is supported by the tra,y The oven
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specifications claim linear ramp-ups in temperature from 10 C/s to 300 C/s, and
hold a steady state value to within' £ 1 C. Ideally a RTA will heat—up and |

| quench s'ample,é very rapidiy such that the,re is no influence of the ramp-up and

- down txmes on physxcai processes. Howev«sr very rapid heatmg and cooimg' |

may induce thermal stresses on large diameter wafers due to the

Al ovamz o
et | ISOLATION

 LAMPS

Fig 3.9 Inside view of a commercially available RTA furnace. The wafer is
inserted into the quartz isolation tube and heated by infrared and
visible radiation from the lamps arranged on each side of the isoiation
tube, :
differences 'rn the heat loss at the edges of the sample compared with the center.
lthough the samples in this thesis were much smaller (size of our sample is
5x5 mm) and thus these stresses should not be an issue; relatively slow raiés
ere employed such that the results woﬁid bé transferable to fuull wafers. Thﬁs :
values of the Order of 20 C/s were employed for 'rémPfup, while the ramp-
@oﬂ%m., which is quite non;iinear, also averaged about 20 C/sec duriﬁg the first
. 1{)07 C rdrépa This fypicak_ﬁme—temperah;re profile of a sample during RTA is
illustrated in Fig 3. 10. | | | | , | |
’E‘hermo couples (TC) wﬁh embedded junctzon (usmg appropnate
cement) exposed to the chamber gas are use& as shown in fig 3.1L These TCs
give accurate measurements. for iemperatures below about 1050 C The bare‘

wires are protected using soft weave ceramic
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ths 3.10 "i"yplcal tune-temperature proﬁle 0'? a sample dunng ra.padiy memal
annealing {(RTA) which using in this thesis. '

tubing The two ends are connected to chromel and alumel Ieads integrated :
- within the oven door. The voltage across thesc is Vomzerted to a tempera;mre-'

by c:ircum'y in thermal to the oven.
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Fig 3.11 Them@coupze using m this thesis.

‘ Pre-cond:txonmg the oven was an unportant step to take before samples-
were }oadmg into the oven in order to confirm that operatmg corrccﬂy werk
~and to greaﬂy increase. 'the- reprodumbihty Durmg the annealing process'
- ovens are purged with a non- reactive gas (VLSI grade Ny was. used) Qutside

‘ Ehe chamber water and air cooling systems keep the rest of the unit cooﬁ
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- In order tb. further reduce thermal gradients across small- sampiejs,' as
well as prevent loss of group-V speci_és at the sample’s edges, additional_i IAII-,V |
~sacrificial material was used to surround the samplesrdur%ng anneals. With u'se"ﬁ |
of a border, the uniformity. of a shifted sample was typically governed by non-
' uniformiw in the starting material. Although t_he. compositibn of the border was
not important, its thickﬂess-was found to be ara important parameter If the |

‘border is thmner than the sample, the proximity cap will be supported by the

sample. Any variations in the distance between the mo- nominally contacting |

surfaces (such as that caused by a dirt particle) could cause a hot spot and/or tilt
the proximity cap, resulting in a non-uniform blueshift. It is illustrated in Fig )
3.2

InP or Gafs

Fig 3.12 Schematic of placing sample.

According to our experience, we found that surface degradation can be a

' real problem, especially as temperature increases. Since group-V species easily

- volatile on InP and GaAs substrate, it is essential to protect the surface of

sample by minimizing loss of P or As atoms. Since the vapor pres,sure of P is
several times larger thaﬁ that of As, it may be preferable to f:ermmate an InP
- epitaxial structure w1th InGaAs An upper InGaAs cap is common in device
structures due to 1ts good p-type dopmg capabﬂmes Loglcaily, one weuid capl |
InGaAs w1th a GaAs pm&mrty cap, and EnP W1th an InP nrommlty cap,
' althougn Pearton {65] suggests that As overpressure could be used. to protect

: _InP An 1nvest1gat10n was performed by 5 oan H. Haysom to determme whetherr-

a 51gmﬁcant d1ffcrence ex1sted betw..en usmg an InP or GaAs proxmnty cap‘
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when the stru;ctureis InP terminated. This was of particul-ar‘ interest becauéc
: GaAs substrates are significantly cheaper than InP substrate !

- Obtaining clean samples is an essential set in the RTA process. A
simple three solvent clean foﬁowed by de-ionized water rinse was used for the
samples. after any possible. contammat:on such as mountmg for 4K PL and
implantation. Three solvents _used are Tn_chioroethlync, Acetone, and

- Isopropyl. Those soiventé are used in order because previous solvent is _solubié |
in the neXt liquid. Clcaﬁing process is illustrated in table ‘3,i§ It starts ﬁom the

first line to the end of the table.

Table 3.1 Cleaniﬁg pmcess for RTA.

- Solution  Time | Conditions
' (mins) |

‘1. Trichloroethylene (T.C.E.) 5

rinse the sample with de-ionized water for 2-3 mins

2. Acetone . 5

* rinse the sample with de-ionized water for 2-3 mins’

3. Isopropyrene 5

rinse the sample with de-ionized water for 2-3 mins

4. de-ionized water 5

EH.& Empﬁama@img

~Ion 1mp§emtahon iechmque foilowed by anneahng process is one method

_to cnhance blueshitt in the QWI semiconductors; however, 1mplanted method '
- cause 1ncreased ;mewztdtns of PL and reduced optlcal efﬁmency This techmque
mtroduces excess defec‘ts such as mterstmai antisites, vacancies, and Vanous
defect complexes into the aelccted region of wafer. . Rapld thermal annealmg

(RTA) process reﬁe_asé mobile defects, which cause QWI. Impiantation |

simulation is a powerful tool to predict how deep the implanted ion can go |
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through the wafer during implantation. Transport of ion in matter (TRIM_) is

simulation that we use in this thesis. Some physical implantation is reviewed. o

in section 3.3.1. Detail of this program is in section 3.3.2.

- I11.3.1 Principle of ion impiantati@n.

Implantatlon depth in semlcondubtor matenal can be separated m‘to |

_ shallow and deep lmplanted level. If defects are created above the QW reglon :

it 18 n,a_me{i shaliow_ implantation. If the defect go deeper th@n above -;c;ondl‘h_on,“
it s galled, d_ecp_ implantation. The created damages cause mcﬁr\é‘ intsrmixihg.
Ih order to keep the end-of-range damage spatially separé.ted frbm the QWs and -
' thereby mmimizmg and reduction in their optical efﬂc&ency, it is preferabie o
choose 1mplantat10n energy having an end- of-range above the QWs. |

| Since 1mplantea ion is accelerated in electric field and 1mplanted into a
sohd penetratmn of zmplm ted ion ihrough the solid depends on acceleratmg
' .voltage tnu mass of ions, atomic mass of smid After these ion travels in a
mf;dium for a W‘mle,‘the slowing down of ions occurs mainly due to electronic
- and nuclear slowing dfo_wﬁ, Efecz‘ronié stopping pbﬁer that mainly effects _to_-
moving of implaﬁf;ed ion in medium is inelastic collisions between eleétrons ‘
“and the ion moving through it. Generally electronic stopping power i_s‘ defined
as a function of energy which is an average taken over all energy loss proccssés
for different damage states. On the other hand, nuclear stopping power that .
depends on repulsive potential between two atoms is elastic collisions. When
the ions afe_siowing dowh su_fﬁci;entiy; the collision with the nuclei beco:ﬁe_
more probable. Then t_his type of stopping power is dominant. If atoms of the
target géin signiﬁcant_ recoil ené%gy, they will leavé their Eattice: positions and
produce a cascade of further colhsmn in the lattice. -

The amount of damage and the implanted depth depend on type of ions,

planted energy, 1mpla.nted dose targst tempera‘ure and angle of mmdcnce
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-Energy of implanted ion

- The moré energy is, the deeper implanted ion can go through. Energy of s
implanted- ion is varying between 100 eV and 700 MeV, depend on {ypg of - .
material and several fact_ors:.. ' | | |

Implanted dose

Dose is the main means of adjusting the number of defects created and
magnitude of blueshift. One expects there to be a minimum threshold dose
below which no measurable blueshift occurs due to lack of -damage,"and é'
maximum dose, abch.which the microstructure in the implanted material has .
become $0 'aitsre;i that it inhibits the release of the mobile defects cau_éing,
intermixing These minimum and mammum dose are somewhat dependent on
material, implant energy, and anneal conditions, but generally are m range of
10“ cm and 10" cm™, respectively.

Temnerature of f material dur;ng mnﬁantatmn process

" The temperature of the sample during implantation is a critical
parameter for the successful application of the P implantation technique. The
NRC/UWO group found tha\: room temperature implants resuli in very little
| blueshift_iﬁgs while raising the sample temperature in the 50 to 200 C résu!;;,in
increases in the blueshift. Two possibilities can be, ' '
| (a)‘ The higher temperature allows the def@cts to diffuse furthér away

 from the center of implant’ damage track, where they mlght"

- otherwise be locked up.

(b) The temperature alters the relative conqe;mratiomls of dif_fe;r_ént |
defects, with more of :ths mobile %ntermixing-causing defect being
formed at higher temperatures. Implanting at 200 C has also shown
-to be beneficial poor electron mobility and carrier concsntraﬁ_cns for.
doping implantatioﬁ. : |

Angle of incident beam

Ton trajectory can effect to the ﬁlrtber penetrated depth of nnplanted ion |

if implanted channel is parallel to a lattice plane of crystal. ‘To‘avmd_t_hls_‘
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probl_erh,_we implanted ions are implanted in a non-channeling angel rinto;_a -

medium.
| m.3.2,lmp§antaﬁen Simulation .

_ According to our background knowledge of implantation in th?e' a‘bbve' '
discussion, T would now introduce simulation using in this thesis, the S_tOppiﬁg
and Range of Ion in Matter (SRIM) and the Transport of ion in Matter (TRIM)
[66](67](68]. SRIM and TRIM are based on Monte Carlo method. This
4 simulaﬁon‘bén.calculate ion interactions with multimlayerkcomijlextargets:by N
using quantum' mechanical treatment of icn-atom coiiisioﬁ. ~ TRIM shnuiation:
) a:ccwepts;complex targets made of compoamd materials with up.:tof fei_ghtirlayers,_
each of different materials. 3D distribution of the ions and 'also all kiﬁctic -
‘prhenom_ena associated- with the ion’s eﬁexgy loss (-fargjet damagé, spuﬁeri_hg'; ,
lonization, and phonon production) is also available in TRIM. ' i
" | These simulations consist of four main parts. First part focuses on Sémp‘
the ion-and target.  Run the calculation is in the second part Third Vp'artiis_- '
concentratédl in interrupt the calculation to look at pldts of distribution. Final |

part is save data files of all the detail.

- Assumptions of TRIM and SRIM are based on, (1) Target material is‘ o |

amorphous with atoms in random position -and (2) Ignore the directional
properties of the crystal. ' |
- These simulations are composed of 6-mode calculation. First‘ mode xs
fon distributioh and quick calculation of damage. This Voptéon‘ should b;c‘us.ed' if |
the user -does not care about details of target damage or sputtering. The
damage calcuiated with this option would be the quick ‘st‘aﬁs_ticai' estimates
~ based on the Kinchin-Pease formalism. Second mode is calculation with fall
‘damage cascades. This option follows all of recoil until its energy drops belrow
the lowest displacement energy of any targetatiom, Hence all collision damage
1o the,farget is analyzed. Third mode is calculation of surface sputtering. These -

allow you to analyze the effect of small variatibns on the surface binding
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energy on the sputteriﬁg‘yie}d This parameter is at the heart of sputtering, and
its value is sometimes difficuit to estxmate Fourth mode 1 concentrated on
neutron/electron/photon cascades Thls option is used to calculate. only the

damage cascades in a target. Geneg‘atcd of calculates the energy transfer to
target atoms by neutrons electrons or photens TRIM takes this mformatxon :
and calculates the damage done to the target from;reco;l cascades, Fifth mode - ;

is various ion energy/angle/positions. This optioﬁ' allows TRIM with ions
starting at Qarious énﬁrgies, or with varying traje.ctery ahg}es to- the targét'
surface, or starting at various depths in the targets. Typical calculations of ions

ér_e from diffuse plasma, or from target with a receding surface due to rapid |

sputtering,” or. reactor radiation damage to metals. The last mode is special

multi—iayer bioiogical targets. In this thesis will using the last mode to simulate = -

1mplanfed data _ |
The dxsp&acemer%i energy, suface mndmg energy, _and the lamce bmdmg
‘energy are important. parameters in SRIM and TRIM mmula&on - The
displacement energy is that recoil needs to overcome. the lattice forces and o -
move more than one-atomic spacing away from its original site.- If the
recoiling atom dbes not move more than one lattice spacing, it is assumed that
it will hop back into its original site and give up its recoil energy into phonons.
Typical vaiues are about 15 €V for semiconductors. To give a pmture in our
mind, Good example is given here. Assume an incident atom has atomic
number Z, and energy E. It has a collision within the target with an atom of
atomic number Z,. After the CGSE‘SIOR the incident ion has energy E; and the
struck atom has energy By Eq and E, are the displacement energy and the
‘binding energy of a latlice atom 1o its site, respectively. E¢is the final energy of
moving atoms; If Ey>Ey (the hi%: atom 1S gﬁvgn‘ enough energy to leave the site),. 7
a displacement occurs. If both E>Ey and E,>Eq '(both atoms have eino’z,igh_:- )
energy to.leave _the sife), a vabancyis happened.' If E,<Eq, then the V_Stmck atom
does not have enoughf:energy and it Wi,ll_vibratérback fo its originai-‘site;-
‘reieasing Ez'_ as phonons. If E;<E4 and Ey>Eq and Z,=7;, then the incoming

atom will remain at the site and the collision is called a replacement collision
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.with‘E;_‘reieased as phonons. . The at_orh in the lattice site remains the same
atom by.exchange. This type of collision is common in single elemént targcts |
with large recoil cascades. If E;<Eq4 and_E2>.Ed and Z; x Z,, then Z, lwi]l' :
becomes a stopped. interstitial azam. Finally, : if Ej<E4 and- Ez‘<.Ed,‘ _then--Zi
becomgs an interstitial and E+E; is released as phonons. If a target has several -
diifemnt elements in i;t,‘and each has different _displacement. energy,-then .,Ed‘ -
will change for each atom of the cascade hitting different target atoms.
‘Sputtering on the surface is main effect of surface binding energy.- Surface" |
binding energy is not only the traditionally chemical binding energy for surface
atoms but also all surface namlineariﬁy energy effect such as those produced by
radiation damage, surface relaxation, surface roughness. Sputtering energy is :
the energy that target atoms (sputter atom) can overcome to leave the surface of |
| the target. Sputtering is the removal of near-surface atoms from the target.
When a cascade gives target atom energy greater than thé “surface binding:‘
energy” of that target, the atom may be sputtered. To actually be sputtered, the
atom’.s‘ energy normal o the surface must still be above the surface. binding
energy when Vit crosses the plane of the surface. The sputtering of ﬁ surface is
described by a “Sputtering Yield”, which is defined as the mean number of
sputtered targ'et atoms per incident ion. If the target 1s made of several
elements, there is a separate sputtering yield for each element. The sputtering.
yield is very sensitive to the surface binding éne_rgy, which you input to the
éa’lculation.' Be aware that for real surfaces, this changes under hombardmént
‘due to surface roughness, and also due to.changes in the surface for
compounds. F urthermore, sputtering involves mostly the upper monolayers of
the target. The lattice binding energy is the energy that every ;r.ec,éiiing target
atoms loses when it Ieﬁves its lattice site and recoils in the target.. - Typically 1t
. isabout'1-3 eV, but values are not known for most compounds. ,_"j[his_ energy is-
assumed to go into phonons. The lattice bmdmg wnergy 18, unfortunately, rather |
sxgmﬁcant in calculating sputtermg yield. _

Darmg the collisions, the ion and atom have a scrcencd Couiomb

collision, including exchange and correlation interactions between the
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overlapping electron shells. The Chargel. State of the ion within the target is N
. »'d.escribed uciég the cohcept of effective charge, which includés a velocity
dependent charge sta.te and [ong range screenmg due to the collectwe lectron

- Sea of the ta,rget TRIM does not 1nclude the necessary den51ty correctlons to;r ..

“allow accurate evaluaﬁon of stopping powers and not mclude any nuclear -

IS&C'CIOH analysis. So that ions with energies above 5 MeV/amu may. have. |

inelastic energy losses which are not included.

- IL.3.3 Parameter of simulation

- When we start the SRIM or TRIM, below c?*améters is needed to fill,
1. Ton Name, ion mass, ion energy. Unit of ion mass and ion enyrgy is.

commonly in amu and keV, respectively.

2. Layez~ depths, layer density, layer name. Umt 0f layer depth is in |

- angstroms. We may also used unit of microns, millimeters, meters or I

kllometers by usmg the indicated abbreviations. Unit of } Aayer density is in
| glem’. _ o

Main structure studied in this thesis is based on InP and InGaAs. Atomic
mass and density of those compounds are illustrated in Table 3.2. '
_ After we computer finished calculation by using above value, data in
Range.txt and Vacancy.txt was needed fo be plotted the number of implanted |
ion or vacancies aé a function of implanted dose in order to obtain suitable
. implanted dose. Finally, the implanted energy is extracted by using a rule of
thumb that is used by the group. Ion implanted dose should drop by 16° from ;
the peaii concentration at a distan-ce‘of about 0.5 above the ‘QWS.‘ Good
recovery of PL intensity following processing has been observed fgﬂgwing this g

- rule. We found that tilted by 7 and twisted by 20 could ‘minimize channehng '

effects Our samples we*e unplan‘ted with a 1.7-MeV Tandetron acceleratcr by : a

our collaborators, M I. Tomson, at University of Westcm Ontano
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Table 3.2 Density and atomic mass, mass number of atom and compound
“using this thesis.

 Atoms |- Z Mass (amu)

In | 49 [ 11482
“Ga | 31 ""‘59.72 |
As 33 74922
P 5 30.974
Compound Density
~TnGaAs 55

- InP 4,72

InGaAsP 5.499
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'CHAPTER IV
EXPERIMENTAL RESULTS

- In this chapter, results are presented pttrsuant to the goals that were fixed -
in chapter one, namely: I-Té quantify the _interdifﬁiséon_iength experie_:ncéd by ,
group-II and group-V atoms in In,Gay. As;P1,_/inP QW hctemstructufeé' of
‘different barrier/well composition after discrdeﬂng; | 2~Invesﬁg_ate"means- to
assess residual damage in intermixed InxGa,_xAsyPl_y/iﬁP QW hetéroswécture. k
Thus in section 4.1 an  Interdiffusion model is used to ‘compare '.with-“ 7
, experimental .resultq and evaluate the ratio of diffusion length of group-11I and -
| ‘tha’t of group~V atomic species in In,Ga,As/P,,/InP QW heterostructures.
Several techniques are able to introduce defects into the semlconduc?or
material in order to enhance intermixing process in interface area beﬁfveen QW
- and barrier: impurity- mduced disordering [69][70], Iaser-lnduced dlsordermg
[71], impurity-free Vafamy dlsordermg [721{73], 1mp1amed ‘nduced
~disordering [74] and low-temperature growth induced disordering, In this,
study, the defects have been created in the material usiﬁg two differe_nt‘
methods: ion: implantation and grown-in defects. In section 4.2, we initial |
carrier lifetime studies of intermixed In,Ga. As,P;/InP QW heterostructures.
Sut:h measur6ments | technﬁques were applied successfully in the past for
GaAs/AlGaAs QW heterostmctures ‘The possxbxhty Of appiymg this method o
InGaAsP/InP QW swuctmres mvesmgated 2 i

iV.1 Determination of the interdiffusion constants.

In this section, the interdiffusion constant is measured for lattice-
~ matched and tensile strained InGaAs/InP multiple QW structures. “The samples.
~ used are first introduced, then the msuits of PL measurements are introduced to |

quantlfy thc amount of mterrmxmg undergone by each: sample and ﬁnally



transmission measurements are presented and the resuits are compared with

calculations to obtain interdiffusion constants.
- EV.L.1 structure of Samples.-

Threc 2- mch Wai’ers were grown by Chemlcm Beam Epﬁaxy (CBE) on :

InP substrate in order to carry on study in- ‘thls thesus Two of them, namelyr
CBE99-172 and CBE99-064 were lattice matched MQW samples;, and CBEOO{’
120 .was a': ‘tensile straine.d MQWrSample All sampl.es' haé" similar lziyer .
structures with fmm substrate to top an InP buffer layer foliowed by the
‘ InGaAs MQW layers with InP bamers followed by a 1.6 mlcrons cladding |
| layer and finally an Ings53Gag;As cap was grown on the top m all wafers in

' -0:@&_;;0 prevent evaporation of group-V atoms from the sur,fa‘c‘:_e‘ during rapid

themiai annealing[75] The 1.5-micron InP Cladding layer of CBE99 172 .

wafers werv grown at standard substrate temperature of 305 C and served asa |

ta:fget layer for i ion mpiamatmn In samples CBE99- 064 and CBEQ00- 120 the

inGafs cap layer

InP cladding layer

s
SR

InGans/inP MIGW
: and bamer ﬁaye*

T

- ;:::INP huﬁm Eﬁﬁ' :

1P ,ﬁuhsfrate

-+ Fig 4.1 Schematic representing the sample in cross-section. Those three wafers

have similar cross-section structure but different in Ga composition in
QW layer and the width of each layer as listed in table 4.1
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Table 4.1 structure of sample. |

CBE99172 CBE99064  CBEOOIZE

Description ; Depth ' descripﬁm”‘. depth'.' 7 description depthr' 7

onGrosAs  200A | IngsGaosAs 300A | leowGaowAs - 300A
e | W sweow| we  eweers | w o r6mieons
Inp 53Gag.47As —1-[;(; ; ------
| Buffertayer | W 204 | wp 2s0a | W s0A
| Barrier | WP 10x190A | e o 1704 | WP Sxi60A
------ QW | InoxOtonAs  10KSOA | InosGaamAs  10x50A | InewsCuosshs  8S0A
| Buffertages WP 3000A | 1 i | s 0004 | WP 3000a
Substrate W A A W w

cﬂaddmg layer was. grown at 470 C to introduce grown in defects, thus -
erovmg 'the necess “y of implantation to introduce defects Result using both ‘
types of mtermlxed iayers wz§§ be compared. The cross—sectlon structure of

thes_e,wafe;s; are 1ﬁustrated in fig 4.1 and details of each ‘wafers is showrs in
table 4.1. '

A In ord@r to evaizafe the thermal stability of our samples eﬂy rapﬂ.d
thermal am}.eallng process was performed at high temperature.. First, we
present ihe‘ kneegcurves for our samples. Then perform iQn impiantatioﬁ:studied
on the sémpie that did not have groW—in-ésfe_cts, the results will be discussed.
later in order to promote interdiffusion. _

As @ first step in the process of imtennixing'QW samples, it is good
practice to perfoma a series of RTA on as-grow pieces of the wafer i in order to
evaluate the thermal stabzh‘ty of the structurse This is useful to determine a
temperature range with RTA procﬁss before implantation is performed on
CBE99-172 in order to maximize the selectivity of the sh1ﬁs between the
i unplanted and non amplanted regwns mf ihe sample Amleaimg temperature
must be hot enough to allow these defects to diffuse from the damaged region

through the QWSs, and also repair the implantation damage. However, if it is
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too hot, a large equilibrium generation of lattice defects occurs in non-
implanted region, resulting in unwanted intermixing [76][77](78]. The
different wafers were thus cleaved into several pieces approximately 5x5 mm
in size. Each piece was identified by a scribe mark and then annealed
separately at different temperatures for a controlled amount of time. The

temperature evolution during the annealing was monitored using a chart
recorder to insure temperature stability better than 5 degrees Celsius. PL
measurements were performed on each piece before and after the annealing.
The difference in PL peak position induced by the RTA process is thus
obtained to measure the amount of interdiffusion induced in the sample. For
example, figure 4.2 shows the PL map performed on non-annealing (a) and

(@)

i c
.I g Hh ||!
700C

%0 750 C

14934.6-

|
1430.6 -

1426.6

—

! 14226

—
1418.6- 4
1<414.6-
149410.6
14906.6
1402.6-7

o] 10
Percent

Fig 4.2 schematic of PL map performed on non-annealing (on left handside)
and annealed (right handside) at different temperature in range 625 C
to 750 C for 60 sec-total-time of Sample CBE99-172.
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9.00

8001 -~ RTAfor 30 sec-totaktime
-ro0d '
co0l & RTAfor BG—s_ec-totalftinfe
500
4.00 -

300 4

EnerQy Shift {meV)

1.00 -

000 - : : . : : —
' 600 620 840 860 8§80 700 720 740 760
‘ RTA temmperature (C) ‘

Fxg 4. 3 Evolution’s CBES9-172 sample of energy Shift from PL mapping in

figure 4.2 plotted as function of armeahng ‘{emperature in step mC 25 @
C for 60 sec-total time. :

annea.led (b) pleces of sample CBE99-172. Tns sample was an:aealed for 6{}
sec—tcetai-ume by Varymg temperature. PL spectra of non- anﬁeahng pzeces are
unlfoz'm but are less unzferm after annealing process is perfomed The
resultmg PL shifts obtamed at different annealing temperatures from these
maps are plotted in figure 4.3. These curves are commonly referred to as “knee
curves” due to the fact that one often observes a critical temperature marking
the onset of the,rmterdiffusion process. Indeed, one can .see that below a
temperature ‘ofi about 725 C, the PL shift obtained from anmealing is negligible,
while above that temperature a measurable shift is obtained, indicating the
onset of the thermai interdiffusion process. The shifts obtained are overall |
reasonably small (~ 8 meV). To enhance the energy shift, implantation process
followed by RTA was performed on this ‘_sam;.)le. When performing the
annealing on the implanted sample, it will be important to keep the annealing'
temperature belowlthe knee temperature to prevent thermal interdiffusion. In
tﬁis way we work in a regime that maximizes trhe contrast of bandgap shifts
between lmplan‘ied and non-zmpl& ted reglons of the sampie. . Sd the

reasonable annealed temperature is in range of 625 °C and 725 °C. Annealed
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temperature- should be hot enough to aliow defects move to achve QW layer

and not too hot. Thus ‘we found the well smtab!e thermal stablhty temperaturef

ofthls sainple is 700 C.

The shifts obtained from growth-in-defect . samplcs (CBE99 064 and 3;1""“':- -
CBEG0-120) as shown in- ﬁg 4.4 and 4.5 are 1arger than those obtamed *‘orm_ '_"'7':-' s

CBES9-172 (fig 4.3). This result confirms our ability to miroduce defucts m :'

the sample during the growth process. Themfore no 1mp1antatlon process 1s

needed to enhance intermixing in the growth-in-defect samples Detects e

created by growth-in-defect method evidenced the exact location of the defects e

(uniformly distribution in the cladding layer) so we can model .thelr mgt;qn, to

the QW. In figure 4.4, blueshift of CBE99-064 sample -the differencé’offi'ﬁ £

transition energy between non-intermixed sample and 1nterm1xed samples—"""*

obtamed from single-point PL spectra at 4.2 K is plot’ted as a ﬁmcnon of :

amlealmg time, increasing in step of 25 C for 360 sec. It is reflected that the ¥

higher blueshift was obtained with longer rapid thermal ‘armeahng- and b}ueshjft

is ~183 meV for the highest annealed temperature.  This reveais that the -

enhancement of the intermixing during the early stages of annealing occurs. =

200
180
160 -

120 -

Blueshift (meV)
S

640 S ew 40

. Annealing time (sec)

Flg 4 4 Energysﬁlfi evolution of CBE99-064 samples plotted as a functmn of - o
. annealing iemperature in step of 25 °C for 360 sec-total hme ’
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' In figure 4.5, two PL peaks of.CBEOﬁ»l_ZO. samples annealed fof 30 sec
were appea.red after single PL was performed at both 4.2 K and 300 K_."‘. Wehad‘f l_
' identiﬁed that the lower-energy peak was emitted from 100 A Ing 53Ga0 7AS
(below cladding layer) but the hlgher-energy peak was ermtted from aetwe QW
Iayer -So blueshift of annealed samples was obtained from the mgher-energy |
pea;k Biueshift from PL spectra in figure 4.5 is plotted as a ﬁmcmom of o

annealmg temperature in step of 25 °C as shown in figure 4 6.

@ e j\ 2 =N

[\ “3x1 0" lons/ cm’]

| [\ | "ﬁJ \\" mo lonslcmz—; .

g
E w““'” 2x16" ious/om™ ]
- X ions/cm’
=
,E ,
£ _,J
g ‘ == SXM ﬂ@ns/em
)J 2
il Zxﬂr TionsTeE

. ) 7 \““61(10“ fons/em™ "]
—J\—»—AWH@W—' : ,_J \ Mwﬂtemuedsman 1

Mo ——— .
g & @0 #0016 10 10 20
ST o0 50 :10;_:0 s © ’ ewioe "

Ewerw(m\i}

.Flg 4. 5 PL speetra perf’omed at (as 42 K and (b) 300 K for CBE(}O 120
' - samples anneaeed in step of 25 °C for 30 sec. :

The result from those fwo sampies (CBE%‘ 864 and CBEGO 120) is

'f{::ﬁ- ~confirmed that ,defee‘&s is mfe:edueed to QW 1ayer because ef nsmg blueshngt'; N

with inereasing annealed temperature -Other pOSSlblh’thS may. be occwrred in

these two sampies is whether temﬂe sirem ;s mtmduced in the QW I‘eglOn |
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compressive strain will occur between interface area between QW and barrier

region. This is iliustrated in section I[1.5.2. -

8

- —8—RLaIDK
| —9—FLad2K

Blueshift (meV)
5 B 8 & @

ey

Y
o .

60 &0 80 &0 60 T TH T T
, RiAtepedue (G

* Fig 4.6 Evolution of blueshift of CBE00-120 PL spectra in figure 4.5: opened

circle for PL spectra at 4.2 K and closed cnrcie for PL spectm at.300
K.)

As the result of CBE99-172 sample in figure 4.3, a little blueshifi is

obmmed with rising onl y annealmg temp@ra‘ure so defects is need fo create e

abovc active Qw layer by using ion mplamafmn technique in Orde* to. enhance RN

r N the mterdlfﬁlsmn process. Smce our sampies are In,GajAs based on InP, P*

* ionis used as implanted ions. To predlct the dep hof lmpianted ion penetrated |

mto the samples simulation ( SRIM} descnbed in section L3 is used.

e Implanted energy for 'thxs sample is varying in range of 550 meV and 1@00 |

: ch in.order to mtroduce a number of vacancies and 1mp1amed mn above” -

A -active. QW iayer In ﬁgure 4, 7 den31ty of impﬁanted jons plo‘t‘ted as a functmn.

: T of depths in semi 10g scaie at dlfferent implanted ener gy The well suntabie"“

| Impianted energy is obtamed by rule of thumb used in our group. Our ru}e of _ -

| ~ thumb is that densnty. of 1mpla.nted ions should drop by 10° from the paak”:
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' concentration at a distance: of about 0.5 microns above. the Q‘Ws The resu‘t

ﬁom simulation said that the well suitable implanted energy is ~550 meV.s-a,.- ‘

i

o5 -

g — B30 keV
;:.._ T g 550 E(E\iﬁ
;: —0— 750 keV
g —&— 800 keV

— 1 T — T
g0 02 04 08 08 10 12

depth (microns)

Fig 4.7 Density of implanted ions for CBE99-172 Sampie plotted as a function
- of penetrated depth from the surface by using SRIM simulation

Then CBE99-172 wafer was cE@aved into 5x5 mm in size, _F_ions were
implanted in each piece at difféésnt implantéd dose in range' 6f .éxli)“ i_ons/crn2
~ and 1x10'* ionsfem®. Our ccllaborators at the University of Westefn Ontério,
' usmg a 1.7 MeV Tandctmn accelerator perfﬂmled nnplantation process TG’
| diffuse those defec‘ts created in claddmg down to active QW layer RTA
process is required. As our previous discussion of thermal sta.bihty
temperature in- figure 4. 3 the well suitable armeaémg temperature is about

7060 °C. So lmplanted pieces were annealed at this temperature for 150 sec-sec
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i total time. - Evolution of single point PL spcct;ra'performe:d..at 42K forth;s

sample is plotted as a function of implantation dose in range of 6x10 H iO_ﬁSf’Cm; N

> 'and IXIOM ions/cm” as shown in figure 4.8. . The result said that énergy shiﬁed}_ = B

a -to higher WIth increasing implantation dose and non—mtermmed PL spectra spht o

| ~ to double peak with introduction of unplantatlon process together with RTA
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MWWJA\ .
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Sl 13 . ]
n N Sx10 7 ions/cm

v\

wwww*/ /\ —2x10" ions/ em? ] |
i 8 \ i
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u

e SRR O e

o \

= —_— "WSXNQ ions/ cmzm
—— k. iz 2

T ——— A 2X10 ioms/Tm

_.JL

6x10" ions/em
i Tl o J/\inon-mtcrmu:ed sample 4

800 850 800 950 4050 - 1400 1150 1200
3 Energy(ma‘l)

Flg 4.8 Evolution of smgie point photoluminescence spectra of CBE99~172 '
sample- implanted and  annealed for 150 sec—total tlme PL was
performed at 4.2 ﬁ o

- To 1dent1fy those two peaks carrier popuiauon is excited by 490-nm Ar laser
and 980-nm laser diode as shown in figure 4.9. 490-nm Ar+ laser ex01tes

electron-hole pairs in the barrier band. Then those electron-hole pair thermalize
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to the bottom of barrier band and feiax to the lowest state in the acti\'f.'e‘ QW
- layer though" band-edge in the barrier and active QW | Ev‘entuaiiy,“’fho‘se arej "
recombined and emitted radiative photens However, photon energy of 980-nm l-
laser diode is below InP bandgap 50 electron-hoie pazrs generate in the QW |
layer.  In figure 4.9, one can see that .’jnhe higher energy‘pea.k pr_actxcally
disappears when the sample is exbited'at 980 nm at photon energies'bélow the |
InP bandgap. This suggest to us that‘ higher énergy peak Qcéﬁfs 'beéaué.e_ o
carriers created oﬁtsid‘c the QW region and lower*eneigy peak'is‘rfrom '

recombination of carrier in the QW region.

80~As-grwm , SR o 9B0-nmexdtation
60 e 23 40-rmexdtdion
a0 sib |
. o o
20 i 75

80 fi: 2
1610 ions/em

Prbitrzry Intersity
o3

7 2><101

Fig 4.9 Intensity of CBE99-172 samples plotted as a function of energy. This
sample is excited by 450-nm Ar-laser and 980-nm laser dmde The
above, middle, and bottom figure are from As grown, 6x10 fons/cm?

- implanted dose, and. 2x1 013 ions/em” 1mp§amed dose sa.mpl '
respectweiy : :
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PL mapping performed on CBE99-172 sample at 300 K as shown in figure
4.10. The result shows that non-uniform is introduced with increasing
implantation dose in the intermixed sample. Blueshift obtained from PL
spectra obtained at 4.2 K (in figure 4.8) and 300 K (in figure 4.10) is plotted as
function of implantation dose as shown in figure 4.11. In figure 4.11, energy
shift to higher with increasing implantation dose and the highest energy shift is
~70 meV for PL performed at 4.2 K and ~90 for PL performed at 300 K. This
result confirms us that defects created by implantation technique diffuse down
to active QW layer.

- . L0

non-intermixed 5 x10 ' 2lons/en? 110" ionsen? 1060

1380
-~
:
1310
%1352‘0-
. B %m-m-
) " 2 >
131
010" ionyen? 21013 ionen2  3x 107 lons/en® 160

12980

2x10"ions/em®  §x 10'° lons/en?

Fig 4.10 Cross-section of wavelength PL spectra of CBE99-172 sample
plotted as a function of distance with our PL mapping system. PL
mapping is performed at 300 K.
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F ig 4.11 Evolution of blueshift as a function of implanted dose for CBES9-172
QW sampies annealed at 700 C for 150-sec total time.

IV.1.2 Absorption data

Photoluminescence: results in the previous section are ‘only used to
obtain energy s.hift:of samples created defects by two meﬂ;odsf implantation
QWI technique and‘growﬁhdn-defect QWI techniques. It confirms. that defects
move down to ai:ﬁ_ve‘ QW layer in three samples. = Now '-Va.bsm-ption
- measurement together with interdiffusion simulatioﬁ‘ {icxperifﬁﬁentai set-up in

chapter IIT) is performed on those sammes in order to obtain interdifﬁlsion of

- group-il and group-V species a,mms Sphmng be‘tween ﬁrst heavy fhp} and '

o first izg:*t- hoie (Ih) transition obmms from absorptmn measurement.

- Absorption measurement was perfomned at 42 X on thrﬁv sampies:
CBE% 1’72 CBE99 064 and CBE()()JQ() For CBE99 1‘72 A‘osorptmn.'

spectra for non-mtermmed and 1mp‘1anted samples by Vaxymg 1mp¥anted dose o

are p‘mtted as a ﬁmctmn of ene\:g‘y as shown in figure 4.12. The results smd o |

 that the energy difference between the hh and lh transition (the hh-Th splittmg) :
~ has decreased in the shghtly mtermmed sample (a-¢) to the pomt where the hh

and Ih overlap Tn the more. hlghiy ion 1mp1anted dose sample (c to g) the‘  ' o
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slope of {the; band edge has changed, leading us to believe that Ih may now be. |
the lowest transition. - Eventually lh transition is now become higher energy.
.thani‘, hh transition:  The hh-lh spl mng was - mcreasmg again while. ion-
implanted dose of intermixed unpianted»samples (d-g) was gathered.” It may
| suggest that tensile strain devclops m quantum well region amd then, 0ff—=zone-
~ center maxmla in the ‘light hole’ band can become the hlghest energy pomt
~ The actual transition energy in this material could have an indirect character as

described in section IL.5.

o
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_gfag 4.12 Normalized absorbance spectra from CBE99-172 QW sample’
nnpiamed at {b) éxw ions/ent’, (¢) 2x10" fons/em?, (d) 5x10"2
ions/cm?, (e) 2X1\'} ions/cm’, f) 5x10" jons/em® a?d (g) and
1x10“ mns/c:n but (a) non—mtermmed sampie

Normalized absorbance specira for growthﬁin;defect samples {(CBE99-
064 and CBE00-120) are plotted as a function of energy as shown in ﬁgure
4.13 and 4 14. Sph‘itmg be‘tween ﬁrst hh and th QW transition was gradually.
decreased with rising RTA temperature up to 725 °C for CBEQC-120. samp;es
and up to 675 °C for CBE99-064 Sample At slightly hlgh RTA temperature
: _those first hh~lh splitting is become overlap and then siope of the band ;edge has'
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c_hanged% leading us to believe that the lh-transition may now be the iowesgi

‘transition energy. ~ The explanation may be that strain rises in ,QW;,Withr'"

- increasing RTA temperature as illustrated in section IL.5.3. Moreove:f ‘overlap
| between first hh- and Ih-transition of CBEOQ0-120 sample occurs at hig?:’ er RTA
temperature, compare to that of CBE99-064 sample beca&se _?&579064’

sample is annealed for long total time than CBE00-120

_Hﬂeﬂsﬁy(aiL)

900 950 1000 1050 1100 1150 12b0‘_
Energy (meV)

Fig 4.13 Normalized absorbance spectra of growth-in-defect CBE00-120 -
- sample annealed at different temperature for 30 sec. Each piece was
annealed (B) at 625 C, (C)at 650 C, (D) at 675 C, (E) at 700 C (F)

' at 725 C, and ( t 750 C but (A) nan—mtenmxed piece.
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Fig 4 i4 Normahzed absorbance spectra of growth-in-defect CBE99 064 '
sample annealed at different temperature for 30 sec. Each piece
was annealed (ii) at 625 C, (iii) at 650 C, (iv) at 675 C, (v) at 700
C, (vi} at 725 C, and (vii) at 750 C but (i) non-intermixed piece.

It must be.admitted that guide eye for first hh- and lh- transition for all

above sample is hard to indicate the exact first hh- and 1h- transition When'rapid

thermai annealed temperature is mcreased So error bar shown in the foiiswmg o

section tells us how much accumuiated error has bcen
H_V,E_S,Sﬁmuiaﬁm data and point to ﬁnd K value.

' El_rr’or}_ﬁm‘:tign m.odei -~ detail in section IL5.2 - has been ﬁs_ing __to |
simulate hh-th splitting and hh transition energy shift - the energy _dif}ferexjcelef o
| first hh—iransi‘tibn' between non-intermixed and intermixed ;samplé. - Error
function model _is baséd on two hypotheses. First hjppth;esis is that self-species

atoms are exchanged; For example group-IlI species in the QW will exchange' o
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with group-llI species: in the barrier. Second hypothesis is that‘,excha_nge‘ ”

process will occurred between approachmg atoms. Simulation software

together with. *csult from PL, TEM and: x-ray. measuremenf of each sample -

‘have been used to fit the base value of composztzonal Ga and QW width. We' o

found that the best—ﬁt Vaiﬁe for those samp’es is illustrated m table 4. 2 Thls :

result told us that slightly tensﬂe stram was introduced to QW after mterrmxmg

process was performs.

Table 4.2 The best ﬁttmg value of composition Ga and QW width by usmg' -
- error function model compare to the ideal one. o

o Best-fit value from error
Sample Ideal Value ‘
- function model
_ ‘ %Ga ,LQW strain ,%Gé" | , LQW ' strain
CBE99-172 | - 047 -50 00 | 052 | 55.56 | 0.36
CBE99-064 047 50 0.0 0.51 | 50 | 0.30
- CBE00-120 | 0.545 50 | 0.5 | 0545 155741 0.50

From figure 4.15 to figure 4.17, solid line represents simui_atioﬁ‘ data
plotted hh-lh splitting as function of hh-transition energy shift by varying &
value - a ratic of the group-V to group-IlI diffusion lengths. Closed circles

represent experimental data by using absorption measurement (previous

section). Generally how far group-I1I and group-V speciesb atom can. move
~ described byk value. If %k is not equal to one, local strain developS' as

Hustrated i in section IL5.2. -In figure 4.15, ¥ vaiue tends toward to infinity i is o

best descrlptwn for lmpiamed CBES9-172 QW samples. This result means. the

movement of group-V atoms is dommant aith()ug?:; the value of Ih-hh splitting
is quite far from the simulation data at the hlgher hh- energy. Shlﬁ The |
explanation is that the defects are m‘troducyd to QW layer when hb ene*“gy shift : ’. '
to higher. ‘
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Fig 4.15 Hh-lh splitting plotted as a function of hh energy shift for CBE99-172
QW samples created defects by implantation technique. Closed
circles represent to experimental data from absorption measurement
and solid line represent simulation data by varying & value. ‘

In figure 4,16, % is. between 2 and 4 is best fit value for CBE99-064
sample. Explanation may occur that the tensile strain development at the .
center of the QW is strong enough and off-zone center contributions to the -
trahsition.may need to be considered. = It is also feasible that the k may
represent a combination of intermixing due to non-equilibrium defects as well
as a (smaller) contribution due to equilibrium generation of defects since for
RTA temperatures of 725 C or more (refer to abserption data in the previous

section).
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Fig 4.16 Hh-lh spiitting plotied as a function of hh energy shift for CBE99064
QW samp;es created defected by growth-in-defect QWI technique.
Closed circles represent to experimental data from a‘bsorptxon
measurement and. sohd line represent simulation data by varying &
value

- In figure 4.17, the best k value described for- tensile CBE00-120°

samples is between 4 and infinity. It seems that the movement of group-V

~ atoms is dominant than that of group-lIl atoms. The expﬂanaﬁ@ﬁ malvs be that

_strain ar;smg out of lattice constant mismatch may cause mterestmg cha:ages in

physical properties through deforma‘tlon potential effect Strain changes the

bandgap of the constituent materials and remove the degeneracy of heavy and

light-hole valence ba;nd at k =0. This lllusirated in sectlon H 52.
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Fig 4.17 Hh-lh splitting plotted as a function of hh energy shift for CBE00120

’ ' tensile QW samples created defected by growth-in-defect QWI
technique. Closed circles represent to experimental data  from
absorption measurement and solid line represent simulation data by
varying k value. ‘

As above results, & value in between 4 and tend to .infinity seems to be
similar so the diffusion of group-III and group-V species atoms proceed in the
same way for those three samples created defects by two techniqﬁeé: growth-
in-defect QWI and implantation QWI technique. The results from those three
samp:}e.said that the movement of group-V atoms in InGaAs/InP QW samples
Was:dominant.- To give a clear picture of interdiffusion of group-1II and group-
V atoms, phase space graph is s}‘aown‘in fig 4.18. The Vertica§ and horizontal
axis represent the varying composition of group-V atoms and that of group-IiI
atoms, respectively. Binary compound present at the corner of the graph: InP,
i-nAs,,GaAs and GaP. Ternary and quaternary compounds represent at the edge
liné orf and ,insi_de graph, r,espeﬂctlively.,, Red dash line represents lattice-match

strain compound. Above red dash line (green dash line) represent samples with
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Fig 4.18. Phase space of In,Ga,;As,P,., gaps at 4 K shown the relation of
interdiffusion of group-III and group-V atoms.

compressive strain but the below one present sample with tensile strain. Solid
line inside the graph represents energygap of samples measured at 4.2 K. Our
three samples are represented by closed circle at the top horizontal edge line.
For implanted sample, £ tends toward infinity so the movement of group-V
atoms is dominant. This is illustrated as the dot line with arrow in the vertical
axis. . As seen in the graph, the direction of arrow indicates that tensile strain is
introduced into QW layer. For growth-in-defect sample, £ equals to 4 that
indicate by dash line with arrow in diagonal direction. So compressive strain
seems to introduce. This fulfills one of our goals. It is also important to
evaluate the quality of the layers in photonic devices. Thus time-resolved
photoluminescence is performed to investigate residual damage and evaluate
the optical quality of the layer before and after intermixing.
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- IV.2 TRPL used as a tool to investigate QW damag@;i o

TRPL is also 1mp0rtant for the demgn and fabrication of optoelectromc RSt

' dev1ces such as LED’s, Easer diodes, and modulator Furthermore, the usabﬂxty.

of mterzmxmg for photomc mtegrated cucults (PICS) depends on the amount oF -

da,mage intreduced in QW by mterdlffusmn process and thls poxc become a

popular subject in last five years Carrier hfetlme is one of parameters to"‘

' determme the devu:e perfonna.n . Generally resxdual damage of mtenmxed"_f:_r o

sample depends on the magmtude of the obtamed eﬁefgy shnft Pwa and co- "'.:f |

- workers [79] ha.ve developed a method to characterize reszdual damage by

using time rcsoived nhotolummcscpmce technique. Thls demonstration was-:’_f S

done for sa;mples of GaAs/AlGaAs emitting at ~ 0.8 I‘“lIC"OHS In this sectaon,

the possibility of extending this technique to In,Gay,AsPiy/InP layers

“emitting at 1.5 microns is investigated, with the objective to extract information o

on residual damage ‘To the best of our know;edge no such mvestlgatmns ‘have

been perfnrme,d by time-resolved phomlummescence for . mterm1xed InxGai S

XASyPg-y based on InP heterostructures. ’Ehe first probiem we need to address_ls .

the need _tﬂ”develop a time-resolved photoluminescence tool for this

investigation. Indeed, it is difficult to find a sensitive detector at'1.5 micmnsf';{} o

with good time resolution', better than one nanosecond. This will be discﬁssed .
in the next section. o
| So tms section w111 focus on K (i) pmvision of better TRPL system td -

monitor. decay time in the regmn of 13 ~ 16 microns, and (i) bettcr

“understanding of the Iny xGaﬁAs based on InP MQW matemal frorri

mves’ugatmn of carrier hfetxmes in the mtermxxed QWs. These measurements_ I‘:g' S

will be performed ona series of samples with exXcess defects created by shailow
ion unplantatmn and grown- -in-defect in the ciadamg layer. o

~ While recombmation dynamlcs in iattlce-matched EnGaAs/InP quantum |

Wells has been subjec‘a‘, to- extenswc mvestigataons both experlmemai and

theoretical, only little is known about the recombination dynamics. in Iny. g

(Ga,As,P;/InP QW structures. Other authors have performed lifetime
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measurements . in InGaAs/InP - QW structures on a different p_hysjc_ail o
phenomenon. For example, -U.’Cebu}ia,, G. Bacher and. et.al. {80}_haveh:'
investigated the lifetime of InGaAs/InP QW as a ﬁmcti@n of _QW:‘wi‘dth‘in
range from 1 nm to § nm. They obtained that the thinner well widih, the longer
lifetime (~ 1 ns) is. introduced' It was evidence that a rcduced transiﬁion'
prabablhty caused the. penetra‘aon of the @nvelope ‘wave function of the' |
electrons into the barrier material was occurred. Furthermcre ‘Hoffmann a.nd.. 7
co-workers [81] demonstrated that the narrower the well _thickness,; the longer
excitonic recombination lifetimes is. These effects. are-.inﬂu»enqedgrby -the
changes in band offsets as well as in the effective maés. Feldmann and his co-
workers [82] also revealed that the lifetime decreased with decreasing well
width dﬁuc- to the enhanced excitonic binding energy. Rﬂducing the well width
éven, further results in a smaller overlap integral of the electron and hole
envelope wave functions in sonductidn and valence band. For clectrons”
penefrate stronger into the barriers than the holes, whi;cﬁ remain localized
predominantly within the well. The higher the Ga compositidh; the _shallower-
| the potential well for electrons is become. Thus it is effect to increase the
amplitude of the .electren wave function in the barriers. At the same time, the
holes remain localized in their virtually unchanged well, which Ieads to-a
reduction of thé wave function overlap and give rise to longer recombin&tion
hfe‘umes - ‘

Accordmg to dszemni exampies found in the hteratum, hfenme.
measuements can be used to probe many different physical phenemena lh—hh
state, exciton and LO-phonon scattering effect [83] [84], electron-hole overlap,
carrier dynamic 585} [86] [87], orientation of crystal growth [88], interface
state and non-radiative defects. | |

After a brief sununary of the preseﬁted knowledge and a motivaﬁon

from Piva’s work, we will discuss about temporal resolution of our system at .~ =

nationeﬂ research council of Canada in the following section. Then result of two

series samples will describe later. -
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1V.2.1 System response

With the ﬁme-rcsbiv‘cd. photoluminescence system. described_«_izi ‘the
previous chapter, temporal resolution of our system response -at NRC 'is |
del;écted_ by single-photon-counting mode. Pulse-laser signal represents at the
- above corner of graph iﬁ fig 4.15. Ideally-shapé‘of pulse laser is similar to
delta function. The degay side of the spectra at longer time (on th_e right) 1s-
- fitted by a single exponential decay to extract the temporal resolution limit of
the system. We obtain a. decay constant of 270 ps, much longer than the 2 psof
the ‘ias_er*‘pulse thus indicating the laser pulse can indeed be considered like an
infinitely short event compared to the system resolution. This resclution for
charact@rizing the PL decay of InGaAs/InP QW heterostruc‘fur;s, whibh
 generally have lifetime of 300 ps or longer [88]. ‘

14841316
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Fig 4.19 Typical instrumental response from 6.36 nm FWHM input laser
~ puise at a wavelength of 728.5 nm as shown at the above corner.
Temporai resoimion is~270 ps. - '
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IV.2.2 Lifetime of In,Ga; ,As/InP heterostructures. . |

_ _.’Tim,cmr‘eseﬁved" phetoluminescéﬁcs have bée_n performed on ' two
- Ing53Gag. 47As/InP multiple-quantum well -stm;cturé ‘introduced .excess defecﬁs '
- with two techmques unpiantatton QwWiI techmque and grow’th in- ~defect QWI
-techmque | Fu‘st series. m‘troduced excess defects: by 1mp1amat10n QWI
technique was CBE99-172 smple “Second series induced excess defects by
 growth-in-defect QWI technique was CBE99-064. _Ppr‘ _Ehe; _ first series, our |

identification in scction IV.1 said that lower energy peak is emitted from active.

QW iayer Se TRPL measurement was performed at 4.2 K with pulse laser at )

. Tepetition rate of 4 MHz to obtain lifetime. Some TRPL trails of CBE99 172 |
“sample implanted at different dose in range of 6x10" 1\011:3/(‘:m2 and- 1x10™
ions/cmi, as shown in figure 4.20. In order to investigate sumimary gf the
}ifctimé, traces in figure 4.21 deduced from the traces shom iﬁ:ﬁguse 4;2_0 ‘aric '-
plotted. Fm?. doSes beiow 10° em?, the lifetime is constant at ~9 ns. - At slighﬂy,
high 1mplamat10n doses a reduc* on in the lifetime is @bserved Fmaily'
lifetime becames stabie at shorter lifetime (~ 1.5 ns) for implanted doses above
5%x10" em™ However, with this peak assignment, the long lifetimes observed
for the as-grdum' sample are rsot. consistent with results published in the
literature. ~ According to Cebulia and his. co-works wol:k [89], for an
InGaAs/InP QW similar to CBE 99172'sa:npie, one would expect a lifetime in
the range of 1 ns, which is significantly shorter than what is‘ obéérved here.
However, the published results were concemed with samples grown by
MOCVD while the samples for this study were grown by CBE. Also it was
recently shown that many of the QW layers grown by CBE do not have sharp
interfaces (sce more detail in section 11.5.8.3). During the growth, thin (»~3’
_mdnlqlayes) interfaces of InAsP for on.either si'de Qf the_' InGi‘raAs‘ QW. The
_e;ﬁaci composition of this thin layer is difficult to. dmatennirl,e‘la however it is
possible that these layers cause a type—H band aiignment or that they cause the
valeqce band mammum to occur at k;t{) Both cases would cause the hfehmes

to become dramatically longer. As the samples are interdiffused, the temary

118



|

1‘_J' i

Numbers of Photon

. Lower ensrgy oeak (LEP) |

Ry

Fig 4.20 TRPL measurement performed at 4.2 K with pulse laser at repetition Lo
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interface layeré will be washed out and the effect it has on the band structure
'.Vanishc;,s.,A,standard InGaAsP/InP QW is recovered and t.h'érlifetime becomes | ‘
closer to the other values reported in the literature. This may explain the
decrease in lifetime observed for doses of SXIO%S cm? and higher. |

‘ Another possible expianatmn inveivcs' the intreduction of neg/—_radiativei
centers during the intermixing pxdc,css., Indeed, as thé implant dose is ing:réased
more defects-are created in the sample and one might expect t’hat a h‘igher. 7
concentration of non-radiative centers may be present in the sample even after '
,annealing; - According to the theory presented in chapter 2, the measured -
lifetime can be expressed in terms of a radiative 7. and nonfradia;tivé

recombination lifetime as follows:

1 1 1

— = |
H

Tteasured Gad  Tnomrad | |

In general one can expect that the non-radiative recombination lifetime
will become‘ shorter as the concentration of non-radiative defects .m.creases_.
Thus, the :meésured lifetime can become shorter as the amount if intérdifﬁlsjon'
(i.e. implantation dose) increases. However, in this case one would expect the
lifetime to decrease gradually with increasing implantation _dosé', Which is ﬁot'
what is observed in figure. 4.21. |

TRPL also performed at 4.2 K to growth-in-defect CBE99-064 samples .
to observe decay time plotteé as a function of energy shift is shown in fig 4.22.
It can be seen that decay time is become longer when the éne_rgyshiﬁ Vincreascs”. '
This measurement was obtained at 5K ‘under non-resomant excitation
conditions, which excitation wavelength is 710 nm. In the as-grown sample,
the lifetime is quite short {(~2 ns) and this value is comparable to results
obtained by other groups [89] for nominally similar structures. At 3 quer
interdiffusion lengths (Shifts < 50 meV), the decay time increases sEo_wiy. This-‘
o do‘csl not suggest any degradation of the optical quaﬁty.in:the structure since the
introduction of residual damage. (i.e. increasing density of ~non-radiative

centers) would cause a decrease of the measur_@dr lifetime. W. Pickin andJ P
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R Davxd work [90} explamed effect of nen-radlatlve centers were mtroduced
assoelated with the well- barrier interface for. GaAs QW. Their demonstration |

was described the recombm_atlon rate was become significantly higher if the :
coupi'mg between the carrier wave functions and the interface states in quantum
| confined structures is greater than that in bulk matenai Theu' work encourage
explanation. At higher. mterdlffusmn lengths (PL shift 100-120 meV), the |
lifetime ‘suddenly increases 1o 25 ns. This sudden me_rease. is correlated with
‘the point at which the hh and lh transitions become degenerate as caﬁi be seen

from the transmission measurements (fig. 4.14). This crossing of lh and hh

) states causes the Vaience band maximum to be at k#0. The PL transition .

therefore becomes an indirect transition, which has a eonsﬁerably longer
ii_fetime‘than the direct transition. Note that in this sample, only one PL peak

could be observed, so any discussion in terms of interface layers is ignored.
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Fag 4.22 Decay time of low-temperature grown sample (CBE99064) piotted as
~ a function of energy shift measered by PL techmque

IV.23 Lifetinie Vs temperature

- Generally, carriers do not diffuse far enough to reach the defects at low

temperamre {(~4.2K). Until then temperature is increased, diffusion rate of the
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carriers is introduced and the probability of hitting a non-radiative defect‘is‘, o

higher. So perfonningTRPL as a function of temperemre may' give us some. o

mformauon relative to the presence. of non-radiative centers in our samples
Temperature dependent TRPL, was. operated on - non-intermixed - sample “
(CBE99172) intermixed- sample implanted at 2x102 ions/cm and 5){1013 |
ions/em? . Accerdmg to work done by wa and co-workers [/9] theylr "
. performed  temperature dependent TRPL on implanted GaA_s/AiGaAs
heterostructure found the'i intermixed and ﬁon.—interm_ix_ed. wells possess simz'l&r_. o
recombination ’mz‘ee at low temperatures. Lifetime be'gz'nsf"fo'Aincrease‘ wz’tk“
'nsmg temperature for non-intermixed sample but decreases with rising
temperature for higher implanted dose. His expianatlon for thls is that the -
formation of an increasing nurhber of non-radiative recombmaﬂon sites in. the .
intermixed QW structures resulting from the ion bombardment By 1ncreasmg :
the density of d.efects through implantation, the average separatlon between
non-radiative reeom’bmanen sites surviving the RTA is reduced. If the average
free exextons displacement before recembmahe?a is sxgmﬁcanﬂy smaller than
average separatlon between non-radiative recombmatlon sites” at low-
temperaﬂire fewe: eneomters with non~rad:atwe centers result. In this way, it .
is expected tha‘i the lifetime at low temperature will be unaffected by ihe-
intermixing process. At higher temperature, free exc_itons dlfﬁxswl,mes'
increase, and a greater xmmbeif of non-radiative defecji;s rﬁay be encountered
thus reducing the carrier lifetimes. Figufe 4.23 sf%aows temperamre dependent
TRPL on non-intermixed CBE99-172 sampies. Qpened (closed) circle is from
lower energy peak (higher energy peak) at 4.2 K (see figure 4.8). When
‘temperature is raised, those leweeand higher energy peakmeﬁge o a peak as -
shown in figure 4,24, Decay time is slightly stable in range 20 K te 100 K and
then gradually falls down to shorter lifetime at 170 K. ‘. At temperature above
170 K, lifetime become stable at ~ 6 ns. This may means the QW behaves as if
 there were non- radiame centers. To confirm thi.s‘. result, ieg' PL ‘imeneityj Vs
' temperature is perfermed as shown in ﬁgure 4. 25 In,range 42 Kto 10 K,
'mt,ensny in figure 4.26 is constant whﬂe- lifetime in ﬁgure'-4.24‘ IS slightly H
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stable. Actuaﬂya the hfeﬁme is supposed to increase w1th temperature in a puréf S

semlconductor as non-mterm1xed sample [91]. Oniy radiative recombmauon' R

time is considered at lsw temperature, however non«radxatwe txmc is take mto B
account 1f the temperature is introduced. It may probably be explamed our
result for non-mtermixed sampﬁc that elther mterface between QW and bamer" -

or QW a.nd bamer material is not perfectly purc
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Fxg 4. 23 Temperamre dependence TRPL on non—»m‘term_xed CBES9- 172
‘ sample (RTA at 700 C for 150-sec-total-time) by using 710-nm
pulse laser. Dot and solid line are for guide-eye.
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_ Fig 4.24 Intensity PL by varying temperature for non-intermixed CBE99-172

“samples by using 710-nm pulse laser. Dot line is guide-eye for -

merged of lower and higher energy peak by varying temperature.
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Fig 4.25‘_Log integfated intensity PL vs temperature dependence for non;, -
intermixed CBE99-172 samples by using 980-nm laser diode at 1.89
-mW. '
‘Similar technique is applied to intermixed CBE99-I72 samples impianﬁedj at
| 2x10"? ions/em’” to investigate lifetime as a function of temperature as shown in
figure 4.26. Décay time is sharply decreasing with increasing temperature to
80 K and then decay time is more stable (~ 2ns) until temperature reach 300 K.
Note that those lower and higher energy peak merge to;getherl at 80 °C.
Accordinrg to figure 4.27, log Mtggrated_ PL intensity plotted as a ifunc“tion. of
invérsé temperaﬁne shows that integmtéd PL intensity is stable when
temperature is in range 4.2 to 10- K. This may explain as resulfing .fmm the
- temperature dependent distribution of kinetic energy' among excitons in the
QW.' As only free excitons near the Brillui.n-zone. center can recombine, |
increased lattice temperatures decreasé-_the ﬁmtion of them which may réadily |

recombine.
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Decay tima (rns)

Fig 4.26

Fig 4.27

In(Intensity of FL) (a.u.)

100 150
Temperature (K)

Terﬁperature dependent TRPL of intermixed CBE99-172 sample

implanted at 2x10" ions/cm® (RTA at 700 C for 150-sec-total-

time) by 710-nm CW laser. Dot and solid line are for gmdc. eye.
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Log integrated mtmmty PL vs temperature dependcnce for -

- intermixed CBESS9-172 sample implanted at 2x10" tons/cm” (RTA -

at 700 C for 150-sec-total-time) by using 980-nm Easer diode at
1.89 mW. Dot line is for guide-eye. | , ,
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CHAPTER '

SEJMMARIZATE@N & FUTURE WGRK
V.1 Summarimﬁ(m and Suggesti@n.

We found that sligﬁﬂy tensile strain is introdx.ced' to 'all wafers after

, m’tﬁrmlxmg process. is applied, which correspond to observed coefﬁcmntf"ifﬁ_. -

mterdifﬁJsmn rate (k ). Ef k value is greater than 1, the center and the edge of"f:if:;:’: o

the QW were respectively become introduction of tenszle &Eld compresswe

stram It is clear that interdiffusion process is dommated by the motion of the E -

group—V atom in InGaAs based on InP QWs.

The results from both absorption measurement: and tame-resoived'}j”

photoluminescence technique were agreed together tha._t,elthsr non-equlibrium

defects or equilibrium generation of defect is represented in the_mtermixe@

Vlow—_tgmp_e;rature grown samples. However, temperamre' dependent- 'iirﬁe—

resolved photoluminescence is also needed to operate on to obtain the presence - .

of non-radiative defects in the material.

For implanted sample bombard by varying implanted dose, we found:
p I S

that results from absorption measurement and time-resolved: o

photoluminescence technique at low temperature (~4.2 K) tell us.a possibility o

of non-radiative center is introduced with increasing implanted dose. However - e

temperature dependent dose on non-intermixed and some intermixed implanted =~

samples seem to disagree with our hypothesis observed from time-resolved -

photoluminescence and absorpﬁani technique at low temperature {~ 4.2 K).

Decay time for non-intermixed and lower intermixed sample is decreasing with :f‘

rising femperature but increas.ing with fising temperature for the higher -

1mp1anted dose. The reasons is explained for this,

1. no non—radiatave center is presented at higher 1mpianted dose: due tor :

light- and heavy-hole overlap

~

2. Llfe:txme in non-mtemnxed sample is often longer ﬂlan that repomed :

in literature. This indicates that the s-ampie is perhaps not what _Wer"




thougp‘i; 1t was and we may. have to work on the reproducibility of the_
growth process In pamcular it may be that sharper mterfaccs are

- needed (evidence of 2-3 mono-layer of compound material).
V.2 Future work

| _Temperaturé dependent TRPL was also ' néeded' to utiiize} -Voﬁ, low-
temperature. grown samiples because carriers generally do not diffuse far.‘.
enough to reéch the defects at Iow temperature 7é(~ 42 K). Uﬁtﬂ ‘then
' temperature is mcmased d}.ffuswn rate of the carriers is mtroduced and the
- probability of hmmg a non»radlatlve defect is A-zghcr However The duration
time is 1m11ted Lme and we need to concentrate on understandmg the resuit of
TRPL performed at 4.2 K on both samples that we have right now before we.
can go to a more comphcated step. Furthermore, we can extend our wor k to. |

TRPL on quaternary In,GayxAsyP.,/InP.
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- InixGa,As Py, Mpd_e_i Paramet.efs

The parameters used here were fixed primarily by Mark Silvdr dliﬁng'- g  3 :
his visit to Nortel, Canada in 1997/8 Thls parameter is using in a program“*

written by Goef.

Binary Parameter

Parameter GaAs | InAs. | InP GaP
| Lattice constant {angstroms) 5.6533 16.0583 | 5.8687 | 5.4510
Cii(x10" dynescm™) 11.88 [8.329 [1022 1412
C12(x10"" dynes cm™) 5.38 4526 {576 6.253
Dielectric Constant 12.85 1515 | 12.56 | 11.10
Electron effective mass 0.067 10023 0079 (017 |
Heavy hole effective mass 0377 10342 | 0.52 0.50
Light hole effective mass 0.068 0.025 | 0.12 0.14 -
4 K unstrained gap (eV) 1.5192 | 04105 | 14140 | 2.853
300 K unstrained gap (eV) 1.424 0.36 1.350 274
Spin orbit splitting (eV) 0.34 0371 lo0.114 008
Vb hydrostatic def pot (V) .16 1.0 1.27 1.7
Cb hydrostatic def pot (eV) -8.0 4881 |-491 |-175
Uniaxial def pot {eV) «1.7 -1.8 -1.5 -1.5
| Average vb epergy (eV) 684 | -668 |-7.04 | -7.06
Ternary parameters
Parameter GaAs/InAs | InAs/InP | InP/GaP | GaP/GaAs
4k unstrained gap bowing | 0.45 628 i 079 | 021
(V)
300 K unstrained gap 0.475 0.36 0.786 0.166
bowing (eV) ‘
Quaternary gap bowing 1.0
eV}
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B%linear intgrpolﬁaﬁen--

For a material parameter, M, this methbd assumes. a linear Vafiatioﬁ <:)f"
M for a ternary alloy between its two binasz alloys values, and then a bﬂinéa_r
~variation of M for a quatemary In;,GaAs/P, alloy between fhe‘ four i'.
constituent binaries InP, InAs, GaP and GaAs. This approach ispssentiall’y-_ an

expansion  of Vegard’s Law, is commonly used in the literature, and-is -

reasonably aceurate for a large number of different material properties.‘s The-:‘:"" )
equation is as follows: S '
My ussyn, = (=% WMy + (=2 X1~y WMypp +5 Q=3 Mgy + M,
! | ®1)
The following material parameters for a quaternary alloys are calculated =
using the bilinear interpolation method: |
| lattice ‘c_o_nsf‘.ant a -
-effective masses m*; of all three carriers
conduction band hydrostatic deformation potential Ac |
-valence band hydrostatic deformation potcntiai' Ay
‘uniaxial deformation potential B ‘
| eia_stic_ constants Cy; and Cy;

spin orbit splitting A,

Interpolation scheme for the unstrained bmdgap (EY -

A linear in@erpbla_tion scheme in not a;;curate enough for the bandgap of B
ternary and quaternary ailoys. Howéver,‘with, the addition of addiﬁoﬁa} terms,
called the bawing..paramcters, B, the method :agaiﬁ produces reasonable
accuracy tdexperimentai results. For each ternary alloy, there is Qné-bowmg ;
parameter. A quaternary then depends on the interpolation ofj-‘ighé lter:nary
values, with an‘additionaflquétemary bowing te,_rm.' The féuf,temary and one_.' |

quaternary equation are as follows:
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gin,_,Ga, P +x(x — anl LGa P

EGads Py, _yEZGaAs +(1 y)EgGaP +y(y DB Gads, Fn v

gIP
[25) .

l‘rjtfitl‘ltid..

g[nAs vPioy —yEgmAs (1 y)Eglp +y(y _I)BinAs P

g[nl ,Ga,As Pl_

h x (1 _x)E'Egm .Ga As ( y)Eg[n Ggp}+y(l y)EXEgGaAt A +(1 —x)ngnAsr .Fl
| a2 o “x(i x)+y(1 e
‘ bx(l —x).}"'(1 y)Bhr, Ga, 4s P, ,

The bowing parameters have been empirically determined; values are included S

in the table which fplflows.

Imemolatmn scheme f@r m;stmmed vaéeme hand energy (Evl

We use the method of Krijn[ref 18] to int erpolate the absgme valence’ 7

' band energy of quatemarles from the binary values It is similar- to the above

mterpclauen scheme for the Eg, but with bowmg parameters whlch are

apprommately calcula.ted instead of empmcaﬂy determmed | The temary T
_ bowmg terms are dependent on the deformation ?“Qtsnhal and - buik iattlce

“constants of thfc two binaries, as shown ’é)eiow for the temary InGaAs -

(Gfﬁfis Dinds ) izﬁ}

N EI”;-;G"XAS‘:B‘(A‘"GMS ) VInAs)
o,

where 1 the lattice constant of the sabstrate The bowmg parameters fo*f the

other temancs can be determined similarly using the appropriate binary Vaiues _

Any additional bowing for the quaternary matena} has not been determined as -

of_ yet, so the parameter is set to zero, i€ Bigaase=0. The values of E, can thus

be determined by using these ternary and quaternary bowing parameters in an-

""equatlon of the form of eqn [25] This mterpoiatlon method seems to producei ‘.:j

values for rela‘ﬁve offsets between materials that agree reasonably wall w1th"-

those that have been measured expenmymaiiy (binaries and a few temanes)
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