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Edge emission spectra of GaAs/Aly2GagsAs and Ing,GagsAs/GaAs single quantum
well and multiple quantum well were investigated by optically-pumped technique using
argon laser (5140 A). The structures were grown by the molecular beam epitaxial
technique. Multiple quantum wells fabricated from both material systems show the
possibility of stimulated emission which is the fundamental of laser action. In
Alp2Gap sAs/GaAs case, rapid increase of edge emission from 10 multiple quantum well
and 5 multiple quantum well with waveguide structures were observed when the pumping
intensity reached a threshold values of ~ 4 kW/cm® and 2.5 kW/cny, respectively. The
spectra from Ing,GagsAs/GaAs 3 and 5 multiple quantum well structures showed the
superlinear increase; however, the threshold pumping intensity was not clearly observed as

aresult of losses in the active region of these structures.
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CHAPTER 1

Introduction

1.1 Background

The principle of semiconductor laser is like any solid state lasers, which need a
population inversion condition and an optical feedback mechanism to produce laser
emission. However, the laser action in semiconductor is different from 2 or 3 level system
because lasing in semiconductor occurs in the band system. Therefore, the concept of
population inversion in semiconductor should first be understood.

When electrons are injected into the active region, they would recombine
spontaneously with holes in the valence band and emit photons with energy ~v> E,, where
h is the Planck constant, vis the photon frequency, and E; is the energy gap of the
semiconductor which makes up the active region. Photons travelling along the active layer
would have two types of interactions within the material. First, if the photon energy is
greater than the band gap, electrons in the valence band absorb the photons and then are
transferred to the conduction band. The second interaction is the reverse process of the
first: the photons would initiate excess electrons from the conduction band to the valence
band and produce the emission of another identical photon. The latter process is called
stimulated emission. If the stimulated emission process occurs with a higher rate than the
combination of the absorption and the spontaneous emission processes, the optical gain is
positive value. To achieve the optical gain, the population inversion should be induced
first. The basic condition for population inversion is that the probability of finding
electrons in the upper energy level is greater than the probability of finding them in

the lower energy level. This condition can be expressed by the inequality:
By B (1.1)

where Eg, and Eyp, are the quasi-Fermi (Imref) levels of the conduction and the valence
band respectively, and Eg is the energy gap of the material. When this condition is satisfied,
such as in the Fabry-Perot cavity, selective amplification is occurred.

The first experimental prove for this principle was carried out in GaAs material in
1962 [1]. The device, based on GaAs, was consisted of a p-n junction (called

homojunction) for carrier injection and polished-facets, to provide the optical feedback.



However, this early structure yielded a large threshold current density ( Ju, > S0 kA/cm?) at
room temperature and its reliability was uncertain [2]. Thus, these laser diodes could not

operate at room temperature.
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Fig. 1.1 State-of-art GaAs laser diode threshold current density during first to years (1965-
1975) [2]

To improve the efficiency of semiconductor lasers, a double heterojunction, (one
semiconductor material sandwiched between two higher energy gap cladding layers) was
proposed and a pulsed-mode lasing operation at room temperature was reported in 1969
[1]. Since then, the value of threshold current density was continuously improved and the
GaAs/AlGaAs laser with Jy, ~ 1.6 kA/cm® was demonstrated in 1970 [1]. The reasons for
the reduction of threshold current density of the heterostructure laser (see Fig. 1.1) are
twofold. First, the cladding layers, which have a large band gap, improve the confinements
of electrons and holes in the active layer so they can recombine more efficiently. Second,
the higher energy gap materials usually have a high refractive index, which can confine the
photons in the active region; the internal loss is thus reduced [1-2]. The electrical and
optical confinements result in the greater optical gain.

In the same decades, there was an invention of the precise fabrication technique
called Molecular Beam Epitaxy (MBE) [3], which requires and ultra-high vacuum

environment. Layers are grown via the reaction between molecular beam and the substrate



surface whose temperature is maintained during growth. Because of the slow growth rate
of the MBE process (typically 1 pm/hour), the thickness of the growth layer can be
controlled precisely and the surface migration of impinging species on the substrate surface

is ensured. Thus, the surface of the film after growth film is atomically smooth.

Fig. 1.2 RIBER 32P MBE system at Chulalongkorn University

Owing to the MBE technique, the active layer of the double heterojunction can be
reduced from 0.1-0.2 pum to 50-100 A and causes the confinement of the carriers, in the
direction normal to the growth direction. As a result, the kinetic energy of the carriers is
quantized into discrete levels. Lasers having this quantum structure as an active region are
called quantum well lasers (QW laser). The quantum-sized effect gives QW laser many
benefits over the conventional laser with bulk active layer such as the ability to tune the
photon wavelength by changing the well width [1,4], the resultant lower threshold current
density caused by a higher optical gain [1,4], the smaller temperature dependence [5], and
the narrower spectrum linewidth caused by lower internal loss and smaller refractive index
change under high excitation [4].

At the beginning state of development, most QW lasers were made from GaAs and
AlGaAs, which are lattice matched. Both materials have the same lattice constant so the
growth layer normally has few dislocations. Later on, the growth of lattice-mismatched
system, such as InGaAs/GaAs, was achieved. The epilayers are pseudomorphic and,
despite the strain, are defect-free. Strained QW lasers give a better control over the optical

polarization. Furthermore, the strain in the QW causes the reduction of the effective hole



mass, so the carrier density needed for population inversion is lower. Therefore, strained
QW iaser yield lower threshold current [6].

In this chapter, the developments and the benefits of various semiconductor lasers
are reviewed. Most semiconductor lasers were operated by current injection. Besides
which, there are two other methods of excitation [7-8]:

1. Electroluminescence
2. Photoluminescence or optically pumped.

The optically pumped method is the convenient way to study lasing action in
semiconductor lasers [7-15] because it does not require the p-n junction. Laser source is
especially useful as the optical pump source owing to the high intensity and the finely
focused beam [7-8]. However the problem in the optically pumped method is that the
penetration depth of a direct gap material is shallow (< 1 um). Despite this limitation, the

optically pumped method is still useful for studying lasing action in semiconductor.

1.2 Objective

‘The quantum well structures, as the active layer of the laser in our experiment, are
grown by the MBE system at Chulalongkorn University (Fig. 1.2). The optically pumped
method, as opposed to the current injection technique, is selected in order to eliminate the
preparation of p-n junctions. The variations of the maximum output intensity from these
structures with pumping power are studied. The data obtained are useful for designing

active layers of the laser diodes.

1.3 Overview

This thesis is divided into 4 parts: basic theory, experimental technique, results and
discussions and conclusions. The basic theory part consists of 2 chapters: basic theory of
quantum well structure in chapter 2 and optical gain in quantum well structure in chapter 3.
In the theoretical part, the calculations of quantized states are only in approximation. The
experiment part is presented in chapter 4.which gives the details of the fabrication and the
measurement set up. The experiment results are reported and discussed in chapter 5.

Finally, conclusions are given in chapter 6.
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CHAPTER 2

Basic of Quantum Well Structure

2.1 Introduction

When the size of semiconductor is reduced to < 150 A (comparable to de Brogile
wavelength), quantum size effects become important and alter electric and optical
properties of material. Of particular interest are quantum wells (QW), formed by a
sandwich structure of two heterojunction with a very thin active region in between. Due to
quantum confinements, the kinetic energy of carriers in the direction normal to the
heterointerface is quantized while it is like that of “free” carriers in the in-plane direction,

This chapter provides the basis for the understanding of carrier behaviors in
quantum well structures in order to understand the electronic and optidél properties of the
heterostructures. This chapters also shows the calculations of the quantized energy levels
and corresponding emitted photon wavelength of GaAs/AlGaAs and InGaAs/GaAs

quantum well structures.

2.2 Wavefunction in quantum wells

To understand carrier (electron and hole) behaviors in quantum well structures, the
wavefunction, y(r), should be examined by solving the Schrédinger equation which

equation relates the Hamiltonian Hy of the crystal lattice to the energy E of the carriers as

stated in eq. (2.1)

Hyw(r) = [» f—mpz + V(r)}v(r) - Ey(®)

; 2.1

- [— 2w V(r)]w(r) - By(r)
2m

h . . . . i .
where % = Py h is Planck’s constant, m is the carrier mass and V(r) is the lattice potential
i

energy.
The exact solution for the wavefunction wy(r) of carriers in the potential well is
inconvenient to work with. Fortunately, a simplified model called the envelope function

approximation has been developed[16]. This model decomposes the crystal potential into



2 parts: periodic atomic-scale potential which is related to the crystal lattice, and
macroscopic potential with barrier height determined from the types of semiconductors

forming the heterojunctions. The approximation is illustrated in Fig. 2.1.

. macroscopic
atomic-scale potential
potential
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0000000000000 0CGOGBOGOGEG®RSES

Fig. 2.1 Illustration of a quantum-well potential and the corresponding lowest energy

carrier wavefuction [16]

Therefore, the carrier wavefunction can be written as the product of:
y(r) =y(r) - u(r) 2.2)

y(r) and u(r) are referred to the envelope and Bloch functions, respectively; they
satisfy the Schrédinger equation with macroscopic potential and atomic scale potential
boundary conditions.

For a non-degenerate band (excluding spin) such as a conduction band, we can
realize the carrier behavior by calculating only the envelope function and include the effect
of the periodic atomic potential by using the effective mass (m") instead of the free carrier
mass (m). For the valence band of a typical III-V compound semiconductor, which is a
degenerate system, there is a split between the light hole and the heavy hole bands due to
the spin-orbit coupling effect [17]. The envelope functions of the heavy and light holes
can be separately determined by using different effective masses at k= 0, m;h and m,*h .

The solution for electron wavefunction in the potential well can thus be calculated

as the ‘particle in a box’ problem in general quantum mechanic textbooks e.g. ref. [18-19].



Due to electron confinements in the direction normal to the interface, the z
direction, the energy levels in this direction are quantized. In the other x and y directions,
however, the E-k relation is parabolic, see Fig. 2.2. By using the separation of variables

technique, the carrier wavefunction can be written in the following form:

Ecn
f

N4

e 7
e

Fig. 2.2 E-k relation in x-y direction of quantum well structure [20]

y(r) =y (x)y(y)y(z) (2.3)

and the solutions for carrier wavefunctions in the x and y directions are

w(x)=Ce™*, y(y)=C " (2.4)

which are travelling plane wave as in bulk semiconductors. The wavefunction in the z

direction y(z) can be evaluated by solving thel dimension Schrédinger equation as written

below

*

n* 9’
[_ i V(z)]l//(z) = Ey(2) 2.5)

where V(z) is the band discontinuity potential as shown in Fig. 2.3. The solutions of the

lowest energy level wavefunction of the equation above is

ool ;<L
Bexp 2(z+—2—) 2
w,(2) = AcosK,z |2 < % (2.6)
L
Bexp[— Kz(z—E)} z >§




where

’ « E ’ *iV -—Ei
Kl = meh—;, KZ = 2’71[7%,

* * - . . .
m,, and m, are the electron effective masses in the quantum well and the barrier regions,

respectively.
V(z) A
* A
Vo
E,
o Y >z
RPN
2 2
Fig. 2.3 The potential for wavefunction calculation
; Ih L .
From the continuity condition, ,(z) and —*m must be continuous at the
m L
interface. We get
KL}y K
K,‘ tan[—'—] =—2 Q2.7
mw 2 ml)

This equation can be solved numerically or graphically and the solution gives
information about the lowest quantized state E; which governs the optical properties of the
quantum well structures.

If the number of wells are increased and the barriers between adjoining wells are
thick enough (> 50 A) [21], individual wells are largely uncoupled and the properties of
multiple quantum well (MQW) and single quantum well (SQW) are quite similar.

2.3 2-D density of states

Another important parameter of quantum well structures is the carrier density of

states (DOS). Owing to the one dimension confinement of carrier motion, the 2-D density



of states is independent of energy while the bulk density of states increases with JE , see

Table 2.1 and Fig.2.4. The calculation for density of states can be found in several solid

state textbooks [17,19,21-22].

Table 2.1 Electronic density of States for bulk (3D} and quantum Well (2D) materials

m Dimension Vi v, p(k) p(E)*
dk
4 ’ A
3D Sak appe B NE[2m]
3 z* 272 B2
k(1 m {1
2D 2wk =|—| 3|+
Tk w IE[LZ] ﬂhz[Lz]

? Assuming parabolic bands

2] =
(D] -
= -
; BN T
e Pip e
o 3D 4 -
2 =
2! 7’
5 e . 3m’ | h?
A 2m' | nh?
g Il | m" | mh?
E, E, Es E4
Energy

Fig. 2.4 Density of states in quantum well and in bulk (dashed line)

In a multiple quantum well structure, the density of states can be modified from the

single quantum well density of states according to:

Puow (E) = npsow (E) (2.8)

where » is the number of wells in the multiple quantum wells structure.
Due to the step-like nature of 2-D density of states, the efficiency of radiative

recombination is improved and is important to laser operation.
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2.4 Strained quantum well

Due to advances in fabrication techniques, the growth of lattice-mismatched
semiconductors with low levels of defects is possible. The growth of lattice-mismatched
layer results in the strain in the epi-layer provided that the thickness of the epitaxial layer is

below the critical thickness (see Fig.2.5).

Lattice Mismatch
0.01 0.02 0.03 0.04
BT | | N
i Matthews
(lpou\le Kipl
20

—

1 L 3 i 11

)
\ ,k**;n}
\ \

i \ '\

[ \ Pepple &Bedn
10

<
N
M 1thfﬂ \ A
atthews
5 " (Single Kink) \\ N \

Layer Thickness { nm )

\\ ]
\M\J

"-‘_—-‘-

i LA K .1 1 [ W .

0 e et SN =kl

0 0.1 0.2 03 0.4 0.5 0.6
Nominal Indium Concentration ( x )

Fig 2.5 The critical thickness of In,Ga;.,As on GaAs system [6]

epilayer

substrate

(a) (b) (c)

Fig. 2.6 The epilayer (a) under tensile strain, (c¢) under compressive strain and (b) the

lattice-matched to the substrate
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If the lattice constant of the growth layer is larger than that of the substrate, e.g.
InGa;.,As on InP with x < 0.53 and In,Ga,..As on GaAs, compressive strain is introduced
in the growth layer. Conversely, if the lattice constant of the substrate is larger, e.g.
In,Ga;..As on InP with x > 0.53, tensile strain is presented in the growth layer. These two

cases are depicted in Fig.2.6.

Tensile Unstrained Compressive

ky ky ki ¥ ki
E,
7 N
LH

(2) (b)

Y
TN
é\LHHH

Fig. 2.7 Schematic band representation in strained layers under tensile (a) and compressive

(c) strain along with the unstrained case (b), [6]

Energy bands depend on the lattice structure, when strains are presented. They
modified the band structures. The effect of strains on the conduction band of III-V
compound semiconductor can be neglected because the band is non-degenerate and
spherical in nature [17, 20]. On the other hand, strain distorts the degenerate valence band
and splits the light hole band from the heavy hole band as shown in Fig. 2.7. The strained
band gap for compressive strain, £, i, jined compressive » €40 be written as

E g,strained ,compressive =E g.unstrained + 581-1 x 58: (29)

where E, ,craineq 15 the unstrained band gap, e, is the shift resulted from the hydrostatic

component of the strain (positive for compressive and negative for tensile strain), and
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+ O¢, is the shift originated from the shear component of the strain (for compressive strain,
the positive sign is for £, (LH) and the negative sign is for £,(HH)).

In a strained quantum well, the energy band especially the valence band is affected
not only by quantum effects but also by strains. As mentioned earlier, quantum effects
cause the heavy hole and light hole band splitting. When strains are presented, the two
bands would move closer (apart) under the tensile (compressive) strain. The light hole and
heavy hole would see the different well depth. In compressive strain, the well dept for the
light hole is increased (the details of the calculation for light hole band are shown in ref.
[20].) and the all LH quantized energy levels further up in the well. In this thesis, we are
interested only in the first heavy hole band in In,Ga,;xAs/GaAs because it is the lowest
energy level in the quantum well and is, therefore, highly responsible for radiative
transition.

The splitting of the valence bands results in reduced effective hole mass and greatly
improves the matching of the valence and conduction band density of states. Due to this
characteristic, strained quantum wells utilize lower threshold carrier density to induce the
population inversion condition. Hence, the performance of semiconductor lasers is
improved by using a strained quantum well as an active layer.

Another important thing as discussed in several solid state textbooks e.g. ref. [6, 20]
is that the light hole and heavy hole bands are responsible for optical polarization.

Therefore, proper designs of strain layer can control the polarization of lasers.

2.5 Calculation results of quantized energy level in GaAs/Al Ga;As quantum wells

From the procedures outlined in section 2.2, quantized energy levels and thus the
corresponding wavelength emitted from GaAs/AlGa;,As quantum well structures are
approximated. The details of the parameters used in the calculations and a fitting function
are summarized in appendix A.

The temperatures used for these caiculations are 0 K, 77 K, and 300 K with
approximately equal to cryogenic closed circuit helium, liquid nitrogen, and room
temperatures respectively. The Al contents are selected to be 0.1, 0.2, 0.3, and 0.4 and the
well width is continuously varied from 5 — 150 A. However, the strained effect is totally
neglected in this structure because of the negligible lattice mismatch (smaller than 1%).

Fig.2.8 — Fig.2.11 demonstrate the calculation results of energy levels in GaAs/Al,Ga, <As

quantum well, 0.1 <x < 4.
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2.6 Calculation results of quantized energy level in In,Ga;.As/GaAs strained

quantum well

The quantized energy levels of In,Ga;.,As/GaAs strained quantum well structure
systems can also be calculated from the procedures given in section 2.2 but the effects of
strain which was introduced in section 2.4 should be included. Deformation potential
theory is applied in this calculation: the presence of strain shifts the energy levels in the
strained layer at k. = k, = 0. The energy shifting parameters due to the strain, derived from
this theory [17], are given in appendix A.

The specific temperatures used in the calculation are 0 K, 77 K, and 300 K as the
previous section. The indium contents of 0.05, 0.10, 0.15, and 0.20 are selected; the well
width is continuously varied from 5 — 150 A. The calculation results of InGaAs/GaAs

strained quantum well are shown in Fig. 2.12 — 2.15.

1055 T L I i T 4 T Y T K T % T T T ¥ 800
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Fig. 2.12 Effective energy gap in the Ing ¢sGagosAs/GaAs strained quantum well
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Fig. 2.15 Effective energy gap in the Ing,0Gag goAs/GaAs strained quantum well

Conclusion

This chapter provides the approximated calculations of effective energy gap for
GaAs/AliGa;«As and InyGa;xAs/GaAs system as a function of well width, well depth

which is varied with Al and In contents, and temperature.



CHAPTER 3
Optical Gain in Quantum Well Structure

3.1 Introduction

As discussed in Chapter 1, the efficiency of semiconductor lasers was improved
from a homojunction structure to a heterojunction structure as a result of optical and
electronic confinement properties. When the dimensionality of the active layer of the
double heterojunction is reduced from 3D to 2D, its density of states change to be step-like
which is a factor in reducing a threshold current.

In this chapter, the fundamental of optical gain which provides the understanding of
laser actions in semiconductors is introduced. The details can be divided into 2 parts. The
first part is related to a slab waveguide, a basic structure essential in the understanding of
waveguide characteristics. The second part is about the optical gain in 3D and 2D systems,

detailing the difference between quantum well and double heterostructure laser.

3.2 Slab waveguide

A double-heterojunction is a structure with one semiconductor material sandwiched
between two higher energy gap cladding layers. The refractive index discontinuity
between the two materials gives the guiding property to this structure. In this section, a

basic structure called slab waveguide (see Fig. 3.1) is discussed in detail [23-24].

Az
Waveguide Layer n
d
.A / B z
950 G //.:’////é L n T
Waveguide Layer m y

Fig. 3.1 The one dimension slab waveguide [16-17]
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Generally, guiding in the transverse direction is referred to as an index guiding
mechanism which results from the refractive index discontinuities between the active and
the cladding layers. The active layer has the highest refractive index (n;>n; and ny> n3)
and if n, # ny, the structure is called an asymmetric slab guide whereas it is called a

symmetric slab guide in case of n, = n3_In this chapter, the solution only for a transverse
electric field (the optical wave is polarized parallel to layers) is investigated.
First, we start with the time-independent wave equation assuming that the

propagation is in the y direction:

VzExi(yaZ)+ni2kgExi(y>Z):0 (31)

where the subscript i refers to the i layer, E,; is the transverse electric field in each layer,

n; is the refractive index of the i layer, k, is a propagation constant, the y and the z axes

are the direction parallel and perpendicular to the heterointerface respectively (see

Fig. (3.1) for notation). The solution to eq. (3.1) can be written in the form

E.;(y,2) = E;(z)exp(—j ) (3.2)

where £ is a constant to determine later. _
From egs. (3.2) and eq. (3.1), the electric field in each layer E;(z) is given by

d’E,
o 22 - p2JE, =0 (3.3)

or n, is an effective refractive index and 8% = k. n .

d’E,

2 +n2k3 ~k2n2JE, =0 G4)

The solutions for the optical wave confined in each layer are

E(z) = Acos(xz) + Bsin(xz) 0<z<d
E,(z) =Ce™” + De” z>d (3.5)

Ei(z)=Fe™” + Ge” z<0
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1 1
where y = k,(n5 — n2)? and x =k, (n} —n)?,and 4,B,C,D,F, and G are constants

The boundary conditions impose the following requirements: Firstly, the electric

field at infinity is zero ( E(xw0) — 0). Secondly, the electric field (£;) and its gradient

dE,
( dz

) at the interfaces are continuous. From the first boundary condition, we obtain

D = F =0. From the second, we have

2ky

P

tan(xd) = 3.6)

n, can be obtained from eq. (3.6) by graphically or numerically calculation.

The efficiency of waveguide is characterized by I', the optical confinement factor

given by

d

ﬂE(z)l2 dz
r=2-——— 3.7)
ﬂE(z)\zdz

which depends strongly on a waveguide structure and highly effects to the efficiency of
semiconductor laser.

For a single quantum well structure, the confinement factor can be easily obtained
by the method discussed above. However, for multiple quantum wells structure, the
calculation is more complicated due to the presence of the active multi-layer. We can

simplify the problem by approximating the refractive index of the multi-layer by [21].

2 2
2 _ N,y (m\vd\v+mbdb)
o

_ : 3.8
(n?vmbdb & nlgmwdw) ( )

where n,, is the effective transverse refractive index, ny and n, are the refractive index of
the well and the barrier layer, d,, dp, m.,, and my; are the well thickness, the barrier
thickness the well number, and the barrier number, respectively.

From egs. (3.5)-(3.7), the confinement factor of GaAs/Aly,GagsAs double
heterostructure is obtained and shown in Fig. 3.2. The confinement factor of 50-150 A

active region of single quantum well is around 0-0.2. Thus, single quantum wells are not
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suitable as a waveguide structure even though both the well (GaAs) and the barrier

(AlGaAs) have suitable refractive indices.
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Fig. 3.2 The calculated confinement factor for the GaAs/Aly2GaggsAs double

heterostructure. The inset shows the expand view in the quantum sized region.
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To improve the guiding property, the multiple quantum well is referred. Guiding is
seem to be improved with the increasing number of wells as seen in Fig. 3.3. The
calculated confinement factor of multiple quantum wells is referred to eqs. (3.5)-(3.8) and
the refractive indices used in the calculation are in ref. [25].

For InGaAs/GaAs systems, guiding is poor due to inappropriate refractive indices
of the two materials. An alternative solution to improve the confining efficiency is to add

a wave-guiding layer with suitable refractive index to the active layer.

3.3 Optical gain

The optical gain in semiconductor can be induced by external excitations such as
photon excitation, electron excitation and current injection.

When carriers are injected to semiconductor, the electrons in valence band are
excited to the conduction band. The probabilities of finding and electron or a hole at a

particular energy level (£) are

JfAE)=—F—F— for electrons in the conduction band  (3.9)

Jn(E) = =T for holes in the valence band (3.10)

where F, and F;, are the quasi-Fermi level for electrons and holes respectively, kg is the
Boltzmann's constant and T is the temperature. After sometimes, excited electrons in the
conduction band recombine with holes in the valence band and release photon
spontaneously, in case of a direct gap material.

Under high carrier injection, the conduction band (valence band) is partially filled
with electrons (holes) which means that the probability of finding electrons in conduction
band is larger than that in valence band. This is called a population inversion condition.
From the definition of the population inversion and the carrier distribution in non

equilibrium state from eq. (3.9)-eq. (3.10), we obtain

f(E)>1— fH(E)
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1 1

- > j—
Ey1-Fp Fp—Ey2
kpgT

e +1 e *BT 41

F,—F,>Ey, - Ey, (3.11)

where Ey1 is the energy of the state y; in the conduction band and Ey2 is the energy of the

state ¥, in the valence band. As the minimum difference between these states is the band

gap energy, E,, we get
By = Ry (3.12)

Under this condition, the electron-hole pairs could recombine and emitte more photons

than could be absorbed. The optical gain can be derived from
gain = emission — absorption (3.13)

' The gain is proportional to the probability of finding electrons in the conduction

band and holes in the valence band as given by [17, 21-22, 26]:
g(B) e Noy(E = Ep ) f(E°) =~ (1= f(E")] (3.14)

where E is the exciting photon energy, E; is the effective energy gap, N, is the reduced

density of states. The superscript e and 4 are for electron and hole respectively.

For bulk materials: E,sp=E -E, (3.15)
i 1
2m, |2 7
NSP:EI;{ 7’;] (E-E,)? (3.16)
For quantum wells: E,op=E g +E; +Ey, 3.17)
N2 = 7';’2 (3.18)

The energies E°and E" are related to the photon energy as follows:
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e ’nr !
E =E,+2(E-£) (3.19)
m,
o
E"=p, -2 (E-E) (3.20)
my,
1 1 1 £« . .
where —=—+— and m,, m,, and m, are the reduced effective mass, the electron
m, m, m,

effective mass and the hole effective mass respectively.
From eq. (3.14)-(3.20), the build wuwp of gain in GaAs bulk

.
(E—E;,)Z(fe(Ee)-kfh(Eh)—l) is plotted as a function of £ at 77 K and 300 K in Figs.

3.4-3.5. The gain in bulk material increases from zero to the maximum value and then

decreases to zero again at E = F, —F, which means that photons energy larger than

F, — F, would be absorbed.
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Fig. 3.4 The function (E—Eg)z(f(E")+f(Eh)—1) of bulk GaAs at 77 K for bulk

carrier densities 4 x 1018, 6x 10'8, and 8x 10" ¢cm™
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Fig. 3.6 The function f(E°)+ f(E")—1 of GaAs/Aly2GagsAs quantum well with 100 A

well width at 300 K for sheet carrier densities 4x 10'%, 6x 10'2, and 8x 10'? cm™
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Figures 3.6 and 3.7 show the plot fe(Ee)+fh(Eh)—l as a function of E of
GaAs/Alg2GapsAs quantum well with 100 A well width at 77 K and 300 K respectively.
Since the density of states of quantum wells is constant, there are a group of electrons and
a group of holes at nearly the same energy in the conduction and the valence band
available to recombine. This results in an efficient carrier injection into the quantum well
because the added carriers contribute to the peak gain. On the other hand, in bulk
materials, the maximum gain stays away from the bandedge which makes all carriers at an
energy below that of gnax useless.

In a strained quantum well, as discussed in Chapter 2, the lower effective hole

mass reduces the carrier density needed for population inversion. Figures 3.8 and .3.9

show the plots of f(E®)+ f(E")—1 as a function of E of Ing>GagsAs/GaAs quantum
well. It is clear that the gain region of this structure is larger than that of GaAs/Aly,GaggAs
quantum well with the same carrier densities.

From Figs. 3.4-3.9, we can clearly understand that the carrier injection efficiency of

quantum well is higher than that of bulk and it can be further improved, if strains are

introduced into the systems.
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Fig. 3.9 The function f(E®)+ f(E h)—l of Ing,GaggAs/GaAs quantum well with 75 A

well width at 300 K for sheet carrier densities 4 x 1012, 6% 1012, and 8x10'? cm™
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The relation between g« and carrier densities [27] is as follows:

Emax & fe,c(n)—fe,v(n) (321)

where . .(n) and f. ,(n) are the electron distribution at the conduction and the valence band,
respectively. Charge neutrality is assumed in eq. (3.21). Therefore, the Fermi function can
be related to the electron and hole densities by a simple approximation (only g, of

quantum well is discussed):
For the number of electrons in the conduction band:
n= [N,,p(E)f, (EME (3.22)
Ec

For the number of holes in the valence band:

E,
p= [N,1p(E)fy,(EXE (3.23)

where 7 (p) is the electron (hole) densities, f} ,(£) is the hole distribution in the valence

band, N_,p(E)= e [—I—J is the conduction band density of states, and
7

w2\ L

i

N,,p(E)= my [ 1 is the valence band density of states. Thus, we obtain
v,2D h2 i

7T 2z

n

foo(E)=1-¢ Ye2p (3.24)

P p

foy =1=fu, (B)=1=(1—¢ 2P )=¢ 2P (3.25)

From eqgs. (3.21) and eq. (3.24) — (3.25), the increases in the maximum gain with
injected carrier densities are plotted in Figs. 3.10 and 3.11 for GaAs/Alg,GaggAs single
quantum well and Iny,Gag gAs/GaAs strained single quantum well. From these figures, the
transparency carrier density, the carrier density required at which g..,= 0, can be
obtained. The transparency carrier density in Ing,GaggAs/GaAs strained quantum well is
lower than that of GaAs/Alg,GagsAs unstrained case, which implies that the threshold

current density of strained quantum well lasers would be smaller.
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Fig. 3.10 The maximum gain shape, f, (n)—f,,(n), of GaAs/Alg,GaggAs single

quantum well with 100 A well width as a function of carrier density (»).

1.0}

0.8
3 0.6 -
& ~0.13 x 10" em™
g 0.4 ~2.5x 10" em™ 5
5 I
g 02 T=300K|
'_§ 0.0

0.2 .

~9.73 x 10" em™
-0.4 - .
0 2 6 8§ 10 12 14 16 18 20

Carrier density ( x 10”cm'2)

Fig. 3.11 The maximum gain shape, f,.(n) - f, (1), of Ing2Gap gAs/GaAs strained single

quantum well with 75 A well width as a function of carrier density (r).
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The modal gain

The threshold current density of a semiconductor laser depends on the optical gain of
the material and the laser structure. The modal gain (G), which includes the confinement
factor and the material gain, eq. (3.26), is a parameter used in the evaluation of the

efficiency of lasers.

G =T Zomax (3.26)

0.15

0.10

Modal gain (a.u.)
>
x

Jh e,
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carrier density ( x 10") em™

Fig. 3.10 The modal gain shape, I'-(f, . (n)— f,,(n)), of GaAs/Alo,GagsAs quantum

wells with 100 A well width as a function of carrier density (1)

The modal gains of GaAs/Aly,GaggAs quantum well with 1, 3, 5, and 10 wells are
plotted as a function of carrier density in Fig. 3.12. Due to larger confinement factor, the
higher the number of quantum wells, the higher the modal gains. However, the large
density of states of multiple quantum well is responsible for the high transparency carrier
density. As a consequence, we have to optimize between the gain needed to overcome the

loss and the transparency carrier density, which is the minimum requirement for inducing

gain.



'CHAPTER 4

Fabrication and Measurement Technique

In this chapter, the details of fabrication process and measurement setup are
presented. The fabrication processes are divided into 4 sections i.e. substrate preparation,
flux calibration, growth, and optical cavity fabrication. The second part, the measurement
setup consists of 2 sections i.e. photoluminescence and the optically pumped measurement

technique.

4.1 Fabrication process

4.1.1 Substrate preparation

The growth of III-V compound semiconductors are mostly performed on (100)
oriented GaAs substrates by MBE. Generally, the (100) GaAs wafer (before loading into
MBE system) is chemically cleaned [3, 28-30]. The wafer is successively boiled in
trichloroethylene, acetone and then rinsed with de-ionized water. After being boiled in
hydrochloric acid, the substrate is etched in the solution H,SO4: HyO,: HO 3:1:1 [28].
Finally, the substrate is rinsed with de-ionized water and blown dry with nitrogen gas
before mounting on molybdenum block with or without indium glue. The molybdenum
block with GaAs substrate is then loaded into the preparation chamber and preheated at the
temperature within the congruent evaporation region of GaAs. The preheating process in
vacuum removes HyO, O,, C and other surface contaminants [28-30].

In this experiment, the (100) oriented n-type GaAs substrates are epi-ready type and
kept in a dust-free condition so the chemical cleaning process is, thus, not necessary. After
mounting on the molybdenum block with indium glue, the GaAs substrate is preheated at

450 °C for 2 hours in the preparation chamber.

4.1.2 Flux calibration

The major parameter used for controlling the growth rate is the constituent element
flux pressure of the fabricated layer. Reference [28] determines that the growth rate of 1.3
pum/hr for a GaAs layer is obtained with a gallium flux which gives a partial pressure about

7% 107 torr. However, to ensure that the growth rate of the fabricated layer is as required,
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the structure shown in Fig. 4.1 was fabricated and then selectively etched to measure the

growth rate.

GaAs 2 pm

Alolea()‘SAS/ 0.5 um

GaAs buffer 0.25 pm

(100) n-type GaAs substrate

Fig. 4.1 The structure designed to calibrate growth rate with the gallium flux

The flux pressure for the desired thickness and growth rate of Fig 4.1 was
calculated from [19] as shown in Table 4.1.

Table 4.1 The flux pressure with corresponding calculated growth rate

Growth rate Calculated | Measured
Element | Flux pressure ) ) ) :
(calculation from ref [28]) thickness thickness
Ga. 4x 10 torr GaAs 0.75 pm/hr 2 pm 1.6 um
Al 2.2x107 torr Al sGag sAs 1.5 um/hr 1 pm 1 pm

* As-riched conditions

After the growth, AlysGagsAs layer was selectively etched by KI: I,: H20
(12 g: 3 g: 10 ml) for 5 —10 second. The color of the etched layer would be different from
the other layers.' The GaAs thickness could then be measured by the optical microscope.
The calibrated growth rate for GaAs layer is 1.05 pm/hr with the gallium flux pressure is
7x107 torr. This is the condition adapted throughout.

4.1.3 Growth process

e In-situ measurement

The in-situ thickness monitoring in the growth chamber is called RHEED
(Reflection High Energy Electron Diffraction) monitoring. This method assumes that the
penetration of the electron beam restricted to the outermost layer of the crystal surface.
Thus, only the first layer contributes to the diffraction pattern [3, 29-30]. The pattern
contains the information from the topmost layer of the deposited material which can be

related to the surface crystallography, proper growth condition and growth kinetics in the
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MBE system. Atomic configuration at the outermost surface is different from bulk crystal
structure for the lowest energy configuration and the most stable structure of (100) GaAs is
the (2 x 4) structure. _

To observe the RHEED pattern, the substrate is heated up to a proper growth
temperature in an As-stabilized atmosphere (to prevent congruent element evaporated from
the substrate surface). At low temperatures, RHEED pattern is spotty as a result of the
oxide on the surface. When the temperature increases to 550°C-580°C [3, 28-29, 31-33],
the surface oxide is thermally desorbed from the substrate surface and the spotty pattern
evolves in to a streaky pattern, indicative of an atomically clean surface ready for further
growth. Examples of RHEED patterns and the corresponding surface morphology are
shown in Fig. 4.2.

(©)

Fig. 4.2 Examples of RHEED patterns (left) of GaAs substrate and surface morphology
(right) [31]
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e Growth technique

After the preheat treatments in the preparation chamber, the substrate is transferred
to the growth chamber. The substrate temperature is heated under an As-stabilized
condition, to prevent As desorbed from GaAs surface during growth [29, 31], until a
streaky RHEED pattern is observed. The substrate is then held at that temperature for a
few minutes after which a 1 pm GaAs buffer layer is grown to ensure that the surface is
smooth and clean. The substrate is then adjusted to the desired temperature.

A major factor affecting the epitaxial layer quality is the growth temperature. A
common problem encountered in the substrate temperature control is the accuracy of the
true temperature measurement during growth. The conventional technique using a contact
thermocouple at the manipulator (as adopted in the MBE Riber32P system at
Chulalongkorn University) gives varying results in different systems. Thus, the growth
temperatures reported from many groups are difficult to compare. One useful way to
evaluate the growth temperature is to approximate the temperature which results in the
streaky RHEED pattern (Trugep) about 580 °C (so this temperature is used for calibrating
in our fabrication.).

The quantum well structures considered can be classified into 2 systems:. the
lattice matched (GaAs/AlyGa;xAs) and lattice mismatched (In,Ga; xAs/GaAs) systems.
InyGa;.xAs layers should be grown at a lower temperature than GaAs (around 500-550 °C
[3, 31, 34 -37]). This comes from the fact that In atoms desorb from InGaAs surface
considerably faster than Ga atoms. (In sticking coefficient is lower than that of Ga).
Higher growth temperature causes more In desorption and then causes the undesired In
content of the growth layer.

AlxGaj.xAs layers, on the other hand, should be grown at a higher temperature than
GaAs and InyGa;4As layers [3, 31]. Although the higher temperature results in the higher
quality of the epitaxial layer, the upper limit should be restricted by the As arrival rate

which prevents the element evaporating from the GaAs surface [31].

e Growth structure

The structures grown for the optically pumped experiment are shown in Fig. 4.3 —

Fig. 4.4. The growth conditions for these samples are stated below:
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GaAs/ALGa; As system

Gads/Alp:Gayggds SOW (Fig. 4.3(a))
After depositing the 0.6 pm GaAs buffer layer on n-type GaAs (100) oriented
substrate, a SQW consisting of a 1.25 um Alg,GaggAs barrier, 100 A of GaAs well, and

0.25 pwm upper barrier is grown. The growth temperature is 630 °C.

Gads/Aly,Gaggds 10 MOW (Fig. 4.3(b))

The 0.5 um GaAs buffer was deposited at 630°C and then immediately followed by
the deposition of 300 A of Aly2GaggAs barrier and 100 A of GaAs well, repeated 10 times.
The topmost layer is a 100 A GaAs cap layer.

Gads/Aly2GagsAs 5 MOW with waveguide structure* (Fig. 4.3(¢))

The 0.1 um GaAs buffer and 1 um Al 4GagsAs was deposited at 730°C followed
by the 400 A of Aly2GaggAs barrier. Then, the deposition of 100 A Alp»Gag gAs barrier
and 75 A GaAs well is repeéted for 5 times. Finally, 400 A of Aly2GaggAs, 1000 A of
Alg4Gag¢As and 100 A GaAs cap layer were grown.

GaAs Cap 100 A
GaAs Cap 100 A GaAs Cap 100 A Alp 4Gag 6As Barrier 1000 A
Aly,GaosAs Barrier 0.25 um | | Alg,GaosAs Barrier 300 A« - Alo;GaggAs Barrier S00 A
GaAsWell 100A | | GaAs Well 100 A Aly2GagsAs Barrier 100 A
Alp2GaogAs Barrier 1.25 um * Aly;GagsAs barrier 300 A x10 . GaAs Well 75.A
GaAs Buffer 0.6 pm GaAé Bluffer 0.5 'pm Aly>Gag sAs Barrier 500 A
(100) n-type GaAs substrate (100) n-type GaAs substrate Aly4GaggAs Buffer | pm
(100) n-type GaAs substrate
@ ® o

Fig.4.3 GaAs/Aly2GaggAs quantum well samples represented for lattice matched system
(a) GaAs/Aly,GaggAs SQW, (b) GaAs/Aly,GaggAs 10 MQW, and (c)
GaAs/Aly,GaggAs 5 MQW with waveguide structure

* Fabricated by Dr. Karl Eberl, MBE Group in Max-Planck Institute, Stuttgart, Germany.
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In,Ga; As/GaAs systems

The growth conditions for InGaAs systems are quite different from the previous
AlGaAs systems. In each sample in this experiment, the GaAs buffer layer is grown at

Trueep and then the temperature is decreased below Trygep; InGaAs layer is then grown.

Ing ,GagsAs/GaAs SOQW (Fig.4.4 (a))

The 0.5 um GaAs buffer and the 0.125 pm GaAs barrier are deposited at 595 °C on
the substrate. Then 75 A of Ing2GaggAs well followed by 0.125 um of GaAs barrier are
grown at 545 °C.

Iny ;GapgAs/Gads 3 MOW (Fig.4.4 (b))

The 0.5 um GaAs buffer and the 0.125 pm GaAs barrier are deposited at 570 °C on
the substrate. After that, 3 sets of Ing2GagsAs well and 400 A of GaAs barrier are grown
at 530 °C.

Ing :GaygAs/Gads 5 MOW (Fig.4.4 (c))

The 0.5 um GaAs buffer and the 0.125 pm GaAs barrier are deposited at 570 °C on
the substrate. After that, 5 sets of Ing,GaggAs well and 400 A of GaAs barrier are grown at
530 °C.

GaAs Barrier 0.125 um GaAs Barrier 0.125 pm GaAs Barrier 0.125 pm
Ing;GapgAs Well 75 & | | IngsGagsAs Well 75 A Ing,GapeAs Well 753
GaAs Barrier 0.1‘25 pm GéAs Barrier 0.125 pm - GaAs Barrier 0.125 pm .
GaAs Buffer 0.5 um GaAs Buffer 0.5 pm GaAs Buffer 0.5 um
(100) n-type GaAs substrate | | (100) n-type GaAs substrate (100) n-type GaAs substrate

(a) (b) (c)

Fig. 4.4 Ing2GaggAs/GaAs quantum well samples represented for lattice mismatched
system (a) Ing,GagsAs/GaAs SQW, (b) Ing,GagsAs/GaAs 3 MQW, and (c¢)
Ino_zGa().gAS/Ga‘AS 5 MQW
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4.1.4 Optical cavity fabrication

After MBE process, the optical cavity was fabricated into qualified sample which
were passed the photoluminescence measurement as described in section 4.2. To produce
the high quality cleaved facets, operate as mirrors of the optical cavity, the substrate was

thinned by lapping process. The process flow is shown in Fig. 4.5.

Cover the sample surface with wax

gt

Etch indium from the backside of the sample with HCI

=

Rinse with DI water

=

Mechanical Lap with SiC powder

-

Measure the substrate thickness

=

The sample with desired thickness

=

Cleave the sample to make the facet

gt

Optically pumped process

Fig. 4.5 Optical cavity fabrication process

At first, the sample is mounted on the molybdenum block with indium glue so the
backside of the sample should be etched by hydrochioric acid (HC1) before the mechanical
lapping process. In the etching process, the sample surface is covered with wax, to prevent
it from the etchant (the quantum well, InGaAs and AlGaAs, are etched by HCI), and
mounted on the substrate holder. The holder with sample attached is then dipped into HCI

until indium is removed. Then, the sample is lapped with SiC powder to decrease its
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thickness. Practically, the lower limit of the reduced thickness is around 150-200 pm to
prevent the substrate from cracking when holding. When the lapping process is finished,
the wax on the sample surface is cleaned by boiling in trychroloethylene, rinsing in acetone

and de-ionized water. The sample is cleaved into 200-1000 pum cavity length.

4.2 Measurement setup

4.2.1 Photoluminescence measurement

Photoluminescence is one of the most sensitive and nondestructive ways to
characterize semiconductor materials. The information of material is collected from the
light spectrum emitted from the material which results from external light excitation.

When samples are exposed to the exciting photons, the photons are absorbed and
excess electron-hole pairs are generated. The highest carrier concentration region is near
the illuminated surface. Hence, in order to return to thermal equilibrium state. these
carriers would have to diffuse from that region and recombine, radiatively or non-
radiatively. The spectrum contains the information of the material such as energy gap, and
impurity levels, both donor and acceptor, etc. For quantum well and superlattice
structures, interface roughness is also characterized by photoluminescence spectrum.

In this experiment, the photoluminescence method is used as a tool to gauge the
quality of the quantum well structures grown before the fabrication of the optical cavity.
The measurement setup is shown in Fig. 4.7.

The external light source, an argon laser with a wavelength of 4880 A, is passed
through a light chopper and focused onto the sample which is mounted to sample holder in
a cryostat with a temperature-controlled feature. In order to receive the large amount
information of radiative recombination, the sample is necessary to be cooled to the
cryogenic temperature.

The photoluminescence spectra are collected by lens and then optionally passed
through the monochromater and detected by the photomultiplier. The measured signal
from photomultiplier is sent to the lock-in amplifier that receives the reference signal from

the light chopper. Noise from the measured signal is minimized.
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system PMT
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Ref.
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Light Chopper
Controller
Ar' Laser : Computer
Mirror

Fig. 4.6 Photoluminescence measurement setup

4.2.2 Optically pumped measurement

The optically pumped method is the simplest way to create a population inversion
condition (see details in Chapter 3) in a material which can result in stimulated emission,
the basic phenomena of laser operation. The cleaved facets at the edge of the sample are
expected to be the mirrors of the Fabry-Perot cavity providing the selective amplification.

Generally, the optically pumped measurement setup is the same as the
photoluminescence process but require a higher power excitation source. However,
because of the high measured signal and for practical measurement setup, the lock-in
amplifier can be removed from the system without the effect on the desired information.

The argon laser with a wavelength of 5140 A is focused onto the surface of the
cleaved samples which is being cooled to 77 K by liquid nitrogen. The focus spot radius is
approximately 50-100 um. The front and side view spectra are collected by the optical
power meter optionally passing through the monochromater. In this experiment, the 1-nm

resolution was used. The experiment setup is shown in Fig. 4.7.



40

Sample in

cryogenic

Liquid N,
(77K)

Lens
[\ Monochro Optical
1 > -mater
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Fig. 4.7 Size view edge emission optically pumped measurement

4.3 Conclusion

This chapter details the growth, the fabrication, and the measurement setup. Figure

4.8 below concludes the processes involved in the experiment.

Quantum well grown by MBE

g

Photoluminescence measurement

I

Optical cavity fabrication

g

Optically pumped measurement

Fig. 4.8 The process in this experiment



CHAPTER 5

Results and Discussion

5.1 Introduction

This chapter is reserved for the result reported from optically pumped technique,
which is a modification of photoluminescence measurement as discussed in chapter 4. The
spectrum shape and the varying maximum peak with the pumping power from the
In,Ga; As/GaAs and GaAs/AlyGajxAs SQW and MQW are demonstrated and discussed

in details.

5.2 Photoluminescence

As described in Chapter 4, the photoluminescence measurement is a useful method
to evaluate the quantum structures fabricated in this thesis. The important parameter used
to represent the quality of fabricated quantum structure is the spectrum broadening, which
is demonstrated by the full width at half maximum (FWHM).

The broadening generally comes from two mechanisms: homogeneous and
inhomogeneous broadening mechanism [28]. The former is due to phonon interaction
linearly depending on temperature (in case of acoustic phonon) while the latter arises from
localized strain, impurity density variations, alloy clustering, interface roughness in
heterostructure and quantum wells. As a result of step-like density of states in quantum
well, the spectrum from quantum wells would be narrower than that from bulk
semiconductors. However, the interface roughness and other factors would broaden the
spectrum from quantum wells. Thus, we can evaluate the interface quality of the quantum
well structures fabricated in this thesis from the photoluminescence method.

Fig. 5.1 shows the photoluminescence spectra from the samples, which have the
same designed structure. The broad spectrum indicates that the layers are fabricated under
undesired conditions which cause interface roughness. We expect that two maximum
intensity of this broad spectrum are resulted from unequal thickness of the quantum well
layer. However; only the result from photoluminescence measurement can not give us all
characterizations of grown layers. The other important measurement, which represents the

quality, the thickness, the defect characterization, and etc. is transmission electron

microscopy (TEM).
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Fig. 5.1 Photoluminescence spectra from Ing>GaggAs/GaAs 3 MQW with 75 A well width
at 77K

o GaAs/AlLGa;,As quantum well structure
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Fig. 5.2 Photoluminescence spectra from GaAs/AlGa;xAs quantum well structures at 70

and 77 K
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The photoluminescence spectra from GaAs/Alg,Gag2As quantum well structures as
presented in Chapter 4 are shown in Fig. 5.2. The spectra shape determined by FWHM are
stated in Table 5.1 compared with GaAs bulk. The narrow spectrum shape is as a

consequence of the step-like density of states of quantum well.

Table 5.1 The FWHM of photoluminescence spectrum from GaAs/Alg2GagsAs quantum

well structure at 77 K

Well widih (A) FWHM (nm)
100 (SQW) 104
100 (MQW) 8.00
75 (MQW) 9.00
GaAs Bulk 40.0
" Measured at 70 K

The calculation results compared with the experiment result are indicated in
Table 5.2. As discussed in Chapter 2, quantum wells that have the same well depth, one
with narrower well width would emit shorter wavelength (higher the effective energy gap).
However, in the experiment, quantum well with 75A well width emits rather longer
wavelength (lower effective energy gap) than that with 100 A well width. This deviation
comes from the fact that GaAs/AlGaAs samples are fabricated from various groups as
stated in Chapter 4. Thus, the dissimilar conditions used in fabrication processes effect to
the grown layer. Although the experiment results diverge from the theory, they are still in

an acceptable range.

Table 5.2 Comparison between calculation and experiment result of Aly,GaggAs/

GaAs SQW and MQW at 77 K and 70 K.

Wil Calculation Experiment % correction
e
) Energy | Wavelength | Energy | Wavelength | Energy

width Wavelength
level (eV) (nm) level (eV) (nm) level

100 A . ok *k *ok *%k
1.54344 803.399 1.537 807 0.42% 0.45%

(SQW)

“Measured at 70 K
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Table 5.2 (continued) Comparison between calculation and experiment results of GaAs/

Alg,GaggAs SQW and MQW at 77 K and 70 K.

Calculation Experiment % Correction
Well
. Ener Wavelength Ener Wavelength | Energy
width & & & ¢ € Wavelength
level (eV) (nm) level (eV) (nm) level
*100 A
1.54177 804.27 1.604 773 4.04% 3.89%
(10MQW) '
*75 A
1.55838 795.70 1.544 803 0.92% 0.92%
(5MQW)
GaAs
1.50749 822.56 1.483 836 1.62% 1.63%
Bulk

*The barrier thickness in MOW is wide enough to prevent coupling between each well.

e In,Ga;4As/GaAs quantum well structure

The Ing,GaggAs/GaAs quantum well structures fabricated in this experiment are
SQW, 3 MQW, and 5 MQW. The details of the structure are demonstrated in chapter 4.
The photoluminescence spectra from the system in Fig. 4.6 are shown in Fig. 5.2.

As discussed in Chapter 2 that, if the barrier separating each well is greater that
50 A, the individual well is largely uncoupled and the property of MQW and SQW are
quite similar. This theory can be proved by the spectrum shown in Fig. 5.2 from SQW, 3
MQW and 5 MQW with 75 A well width (400 A barrier for MQW). These spectra are
slightly different in shape, determined by FWHM (Table 5.1), and in wavelengths,
providing the maximum intensity (Table 5.2).

For 30 A well width SQW, the wavelength which is equal to 876 nm gives the
maximum intensity. This wavelength which is quite shorter than that of 75 A well width
(the higher effective energy gap) is resulted from the smaller indium content and narrower
well width. The former provides the higher energy gap of the well layer and the latter
pushes the first quantized state up to the higher energy level.
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Fig. 5.3 Photoluminescence spectrum from Ing,GagsAs/GaAs quantum well structures at

77K

Table 5.3 The FWHM of photoluminescence spectra from Ing,GagsAs/GaAs quantum

well structure at 77 K

Well width (&) FWIIM (nm)
30 (SQW) 8.2
75 (SQW) 8.5

75 (3 MQW) 11.0

75 (5 MQW) 8.0

The wavelengths at maximum intensity emitted from quantum well are lower than
the approximated values from Chapter 2 (the effective energy gap is higher). The

comparisons are demonstrated in Table 5.4.
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Table 5.4 Comparison between calculation and experiment result of Ing,GaggAs/GaAs

SQW and MQW at 77 K.

I Calculation Experiment % correction
We
i Ener Wavelength Energy Wavelength | Energy
width & & Wavelength
level (eV) (nm) level (eV) (nm) level
30 A
1.33169 931.15 1.415 876 6.25% 5.92%
(SQW)
75 A
1.23193 1006.55 1.330 932 7.96% 7.41%
(SQW)
*75 A :
1.23193 1006.55 1.321 939 7.23% 6.71%
(BMQW)
*75 A
1.23193 1006.55 1.326 935 7.64% 7.11%
(5MQW)

* Assume the barrier thickness in MQOW is enough to prevent coupling between each well.

The differences between calculation and measurement come from the inappropriate
approximation for strain effect in quantum well structure and the fabrication errors. A
general model used for strained degenerate band case is derived by Luttinger and Kohn
[20]. This model modifies the effective mass equation to include the strain interaction
between degenerate band as detail in ref. [20].

The InGaAs fabrication problems are resulted from the indium content and layer
thickness control. From the photoluminescence measurement, the indium content from
fabricated samples seems to be smaller than expected owing to the indium desorption. The
excessively high growth temperature is responsible for this case. As a consequence of
indium desorption, a fewer number atoms adsorb to substrate surface then cause the thinner
grown layer which effect the quantized state of quantum well structures.

To know exactly what happen to the fabricated layer, the TEM measurement
should be performed. When thickness and the wavelength giving maximum intensity are
known, the indium content can be easily predicted (the degree of the correctness depend

on the approximating model.).
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5.3 Optically pump

The qualified samples are put into Fabry-Perot cavity by the preparation process in
Chapter 4. The edge emission spectra from side view of the samples and the maximum
intensity varied with pumping power are detected by the measurement system shown in

Chapter 4. and demonstrated in two sections below.

5.3.1 GaAs/ Aly2GagsAs quantum well structures

o Gads/Aly,GansAs SOW with 100 A well width (Fig. 5.4)

As shown in Fig. 5.4 (a), the maximum intensity which locates at 804 nm at 77 K, is
linearly increasing with pumping power and the spectrum shapes at different pumping
power in Fig. 5.4 (b) are the same. Thus, we can interpret that the optical gain is smaller

than the losses in this structure.
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Fig. 5.4 GaAs/Aly,GaggAs SQW (a) The variation of the maximum intensity with various
pumping power. (b) The side view spectra at 2.6 and 7.6 kW/cm®.
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Fig. 5.5 GaAs/Alp2GaggAs 10MQW (a) The variation of the maximum intensity with

various pumping power. (b) The side view spectra at 2.6 and 7.6 kW/cm?

o Gads/Aly,GaysAs 10 MOW with 100 4 well width (Fig. 5.5)

Fig. 5.5 (a) shows that the maximum intensity of edge emission spectra grow
superlinearly with the pumping power. The change of increasing rate at 4 kW/cm? arises
from that the increasing optical gain exceeds the existing loss. From Fig 5.5 (b) the
spectrum shape at 7.6 kW/cm® (above threshold) is slightly narrower than that of 2.6
kW/cm?® (below threshold). Due to the limit resolution, the exact spectra shape can not be
collected. If the high-resolution monochromater is used, the selective amplification is
expected to be observed. However, we can conclude that this result is the onset of the
stimulated emission.

In this experiment, the maximum intensity was investigated only at 770 nm. As
shown in Fig 5.5 (b), the intensity at some pumping power above 4 kW/cm?® drops. This is
because the wavelength at maximum intensity was not kept at fixed value but slightly

varied with pumping power.
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o Gads/Aly,GayggAs 5 MOW with 100 A well width and cladding layer(Fig. 5.6)

| RN N R NN RN IR N AAARS RALE MU IS MMM RIS RN I
1ol - _ Lol ——5.1 kW/em’ |
——1.3kW/em’
0.8} . 0.8 .
CR -
. . )
z 0.6 . 1 & 06f .
- E
§ 0.4 o 4 5 04} .
02k - ] 02l i
.I
il T=7TK | i /\ T=77K |
0'0 .- IR I NI I R (S T | 0.0 ENEENTE T RN TE RN EYL NI N U T AU TS S DT
0 1 2 3 4 5 6 7 8 770 780 790 800 810 820 830 840 8
Pumping Power (KW / cnr’) Wavelength (nm)
(@) (b)

Fig. 5.6 GaAs/Alg,GaggAs 5 MQW with waveguide (a) The variation of the maximum
intensity with various pumping power. (b) The side view spectra at 1.3 and 5.1

KW/cm?

Although the identical spectra shapes are collected at 5.1 kW/cm? and 1.3 kW/cm?
(Fig. 5.6 (b)), the maximum intensity shows superlinearly increasing with pumping power
and the increasing rate alters at 2.5 kW/cm? as shown in Fig. 5.6 (a).

Among these three structures in the experiment, the GaAs/Alg2GaggAs 5 MQW
with waveguide is expected to be the highest efficiency active layer of semiconductor
lasers. Although the 10 MQW structure shows the lasing probability, the threshold carrier
density is larger than GaAs/Aly2GaggAs 5 MQW with waveguide because of the
combination of the higher confinement factor value and the lower transparency carrier
density of GaAs/Aly,GaggAs S MQW. On the other hand, there is no gain possibility in
GaAs/Aly2GaggAs SQW. The reason is that although a fewer number of wells in MQW
result in a lower transparency carrier density, the active thickness is also responsible for
the optical gain. Thus, the gain of GaAs/Aly2GagsAs SQW is lower and can not exceed

the existing loss.
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5.3.2 Ing,GaggAs/GaAs quantum well structures
o IngyGaggAs/Gads SQW with 75 A well width (Fig. 5.7)

For Ing,Gag sAs/GaAs 75 A SQW case, in Fig. 5.7 (a) shows the possibility that the
maximum intensity would superlinearly increase if the pumping power were higher. The

spectrum shape is obviously similar with various pumping powers.
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Fig. 5.7 Ing,GaggAs/GaAs SQW (a) The variation of the maximum intensity with various
pumping power. (b) The side view spectra at 1.3 and 7.6 kW/cm®

o [Ing,GapsAs/Gads 3 MOW with 75 A well width (Fig. 5.8)

The intensity variation of Ing,GaggAs/GaAs 3 MQW demonstrated in Fig. 5.7 (a) is
unlike GaAs/Aly,GagsAs MQW case. As a result of the unsuitable Ing,Gag gAs and GaAs
refractive index for the optical confinement, the optical loss is expected to occur in an
active region. However, thanks to the thickness of active layer, the possib'ility of
stimulated emission can be noticed.

The spectra shape at 7.6 kW/cm?® shown Fig. 5.7 (b) is supposed to be inaccurately

collected owing to the limit resolution.
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Fig. 5.8 Ing,GapgAs/GaAs 3 MQW (a) The variation of the maximum intensity with

various pumping power. (b) The side view spectra at 1.3 and 7.6 kW/ cm?®.
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Fig. 5.9 In2GagsAs/GaAs 5 MQW (a) The variation of the maximum intensity with

various pumping power. (b) The side view spectra at 1.3 and 7.6 kW/cm?
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o Ing,Gapsds/Gads 5 MOW with 75 A well width (Fig. 5.9)

The wvariation intensity from Ing2GaggAs/GaAs 5 MQW is quite similar to
GaAs/Ing2GaggAs 3 MQW (shown in Fig. 5.9 (a)) that there is the possibility of stimulated

emission whether there is some optical loss in active layer.
5.3.2 Comparison for 2 systems: GaAs/Aly2GaggAs and Ing2GapsAs/GaAs

For SQW case, the GaAs/Aly2GaggAs 100 A well width and the Ing,GaggAs/GaAs
75 A well width were investigated. The same side view spectra shape and the linearly
increasing of maximum intensity with the pumping power reveal that the gain occurring in
the SQW structure can not exceed the losses. Owing to the thin active layer of SQW,
which can not effectively confine the optical wave in active region, the threshold pumping
power of this structure would increase. Another reason is that the gain in SQW is low;
thus, the optical gain in SQW can not overcome the loss and no stimulated emission
occurs.

On the other hand, MQW structures, both GaAs/Aly2GagsAs and Ing,GaggAs/GaAs
systerﬁ, demonstrate the possibility of stimulated emission, which is the fundamental
mechanism in laser operation. The increasing of maximum intensity with the pumping
power of Ing,GaggAs/GaAs 3 MQW and 5 MQW reveal that there is the optical leakage in
these structures as a result of unsuitable waveguide (discussed in Chapter 3).

Though the SQW confinement factor is quite poor, Ing,GaggAs/GaAs SQW emits
high intensity because the lattice mismatch between Ing,GaggAs and GaAs results in the
strain in the grown layer. This causes the reducing hole effective mass which gives the
better efficiency of the recombination (see Chapter 2).

To produce the high radiative recombination and to improve the optical confinement,

the waveguide with suitable refractive index should be included to quantum structures.
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CHAPTER ¢

Conclusion

The optical spectra emitted from quantum structures were investigated. The side
view spectra of MQW structures, both GaAs/Aly,GaggAs and Ing,GaggAs/GaAs, are
superlinearly increasing with the pumping power. In the GaAs/Aly,GaggAs MQW
structure, the threshold pumping power can be clearly observed opposing to
Ing,Gag gAs/GaAs case. Moreover, the waveguide layers result in the reduction of the
threshold pumping power. On the other hand, as a consequence of thin active layer, this
phenomenon in SQW can not be noticed in this thesis because the low optical gain can not

exceed the existing loss.
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APPENDIX A

Calculation Parameters for Quantum Well Structure

All parameters in this appendix are from ref. [25], [38] and reference there in.
o AlGa;.4As/GaAs system

1. Energy Gap

4 - 2 & TZ
E, Gass = 1.424 + Xgass *(300) _ QGaus eV
o Beass +300 T + Beuss

-(300)% T2
E g, giGans = | | (1.424+1.247x) + % piGats - 300) J_ @ MiGads oV
B 41Gass +300 T + B 41Gads

Where aGaAs = 55 '10_4 K—lﬁ ﬂGaA.t =225 K: aAIGaAy =6.58 10_4 K—ls IBAIGaAA‘ = 248K

AE. 60
AE, 40

2. Effective mass
My 41 Ga,. 45 = (0.067 + 0.083x) - m,

1

—m,
(71 —27,)

M, a1, Gay_As =
my, =9.109-107" kg
Y141Gaas =685 (1=x)+3.45-x

 VoaGaas =2-10-(1—x)+0.68-x

¢ InyGa;xAs /GaAs system

1. Energy Gap
E, Gass 88 10 GaAs/Al,Ga)xAs

’ T? 2 |
Eg,lnGan :{152_M}+[042_0‘M+_152+M -x
T + ﬂ Gads T + ﬂ Inds T + ﬂGaAs ev

-0.475-x-(1-x)



Where @, =10.6-10" K™, B,... =671K, a,, =2.76-10* K™, B, ~=83K
AE. 60
AE, 40

2. Energy Shifting Parameter

lattice constant :  ag,,, =5.6533A, a,, 5, ,, =(5.6533+0.405-x)A

. . a,. .
lattice mismatch : £=—0

a I Ga,_,As

Valence band energy shifting [17] : 6 =0.5-5.966-¢ eV

3. Effective mass
me,ln,('ja,_,A.s- = (0067 = 004X) < mo

1
mhh,ln,Gal_xA.\' = ( “m,

71— 27,)
my =9.109-107" kg
}/l,IHXGal_XAx = 685 i (1 an x) = 1967 X

yZ,lnxGal_xA.y =2.10- (1 s x) +8.37-x
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