Theoretical Study of Carrier Capture into
Semiconductor Quantum Wells

PhD Thesis

Karol KALNA
Department of Theory of Semiconductor Microstructures
Institute of Electrical Engineering, Slovak Academy of Sciences
Dubravsla cesta 9, 842 39 Bratislava, Slovakia

Supervisor: RNDr. Martin MGKO, CSc.

Bratislava, October 1997






To Viki and Kajo






Contents

1 Introduction 1
1.1 SemiconductorLasers .... . . . . . . . e e e e e e e 1
1.2 Measurements of Carrier Capture Time . ..... .. ............. b
1.3 GoalsofDoctoral Thesis . . . . . . . . . . . . . . . . . .. 9

2 Classical and Quantum-Mechanical Models of Carrier Capture into Quantum Well 11

2.1 Semiclassical Model of Hole Capture . . . . . . ... ... ... ....... 12
2.2 Quantum-Mechanical Model of Electron Capture via Interaction with Optical
Phonons . .. . . . . . . . 15
3 Interpretation of Experiment 17

4 Quantum-Mechanical Model of Electron Capture via Electron-Electron and Electron-

Hole Scattering 21

4.1 Carrier-Carrier ScatteringRate . . . . . . . . ... .. ... .. ...... 21
4.2 Electron-Hole Pair ScatteringRate . . . . . .. .. .. ... ... ....... 22
4.3 Electron-Electron Pair ScatteringRate . . . . . . .. ... ... .. ...... 23

4.4 Electron-Electron Pair Scattering Rate with Degeneracy and Exchange . 24

5 Electron Capture Time in Conditions of the Lasing Quantum Well 27
5.1 Electron-Electron and Electron-Hole Capture Times . . . . . . . ... ... .. 27
5.2 Electron-Polar Optical Phonon Capture Time. . . . . . ... ... ..... 30
5.3 Dependence of Electron Capture Time on Quantum Well Depth. . . . . . . .. 33
5.4 Total Carrier Capture Time . . . . ... . . . o o o v i it 35

Table 5.1: Material parameters for SCHQW used in the calculations. . . . 37

6 Summary 39

A Carrier-Carrier Interaction with Multisubband Static Screening 41
A.1 Screened Coulomb Potential . . . .. ... ... ... ... ........ 41
A.2 Coulomb MatrixElement . . . . . . ... .. ... .. .. ... .. ... 43

List of Symbols 47



Bibliography

49



Preface

Miniaturization of electronic devices was fast progressing during the last twenty years. Very
small devices not only work faster and consume less energy but also provide new functions and
show new physical effects. Information revolution is in progress and a semiconductor laser is
one of the leading components in information technologies.

To improve semiconductor lasers, a detailed knowledge of carrier dynamics is necessary.
The purpose of this work is to theoretically investigate the carrier capture into semiconductor
guantum wells, since this physical process plays an important role in so-called semiconductor
guantum well lasers and is a subject of basic experimental studies via the time-resolved optical
measurements. We would like to address the question how a detailed knowledge of the carrier
capture mechanism may help to optimize G@Asquantum well laser performance. Further-
more, we present a theoretical interpretation of previous time-resolved optical measurements of
the carrier capture time.

The text is organized as follows: In Chapter 1, basic principles of semiconductor quantum
well lasers are reviewed in order to point out the importance of the capture process in these
devices. Previous time-resolved measurements of the capture process are briefly reviewed and
experimental results open for theoretical interpretation are presented. Here also the goals of the
thesis are specified. In Chapter 2, the author gives a semiclassical model of the hole capture
time and a quantum-mechanical model for the electron capture time via the electron-polar op-
tical phonon interaction. In Chapter 3 an ambipolar model which includes both these models
interprets the experimental data. Most of the author’s original contribution to the field is de-
scribed in Chapter 4, where a quantum-mechanical model of the electron capture is presented in
detail for the electron-electron (e-e) interaction without and with degeneracy and/or exchange
effect, and for the electron-hole (e-h) interaction. The original author’s contributions include:
(i) derivation of the thermionic semiclassical hole capture time, (ii) incorporation of the de-
generacy and exchange effect into the e-e capture time, (iii) derivation of the static screening
function for the intersubband e-e interaction, and (iv) derivation of the intersubband e-h inter-
action where the static screening function contains a screening not only from electrons but also
from holes. Numerical results and comments are given in Chapter 5. Finally, conclusions are
presented in the Chapter 6.
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Chapter 1

Introduction

1.1 Semiconductor Lasers

In this chapter we review basic

L . ) Before After

principles of semiconductor lasers in
order to point out the importance of
the carrier capture process in so-cal- E,
led semiconductor quantum well (QW)  fiw,, ~A~~> Absorption I
lasers. E,—2—

We can imagine the semiconduc-
tor laser as a two level system (see (a)
Fig. 1.1). If a photon with energy £ °
fiw irradiates a two level system, a 2 Spontaneous b
carrier from the lower energy level emission 1
can pass into the upper one during E,

the photon absorption. Then the car- (b)

rier immediately falls back down into

the lower energy level emitting a pho-

ton via the spontaneous emission. E,—t— Stimulated - Fw

The principle of the laser activity is Fwgy AN emission :I A~~~ i

continuous photon emission which E, (in phase)

is called thestimulated emissiarThe )

stimulated emission in the semicon-

ductor lasers is achieved via creation

of population inversiomt ap-njunc- Figure 1.1: The basic optical processes in a direct-gap

tion [2] under a forward bias (seesemiconductor: (a) absorption, (b) spontaneous emis-

Fig. 1.2). sion, and (c) stimulated emission of a photon. After
The population inversion takesKelly [1].

place when a major part of electrons

is at the upper energy level of tipen junction and a minor part at the lower one. At the lower

energy level, there is a major part of holes while the upper energy level contains only a minor

1
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Figure 1.2: Band diagram of &-n junction semiconductor laser with (a) zero bias and (b)
forward bias. After Svetlo [2].

part [3]. An electron in the upper energy level is stimulated to fall to the lower one and to emit a
photon in a much shorter time than its mean spontaneous decay time. The junction area where
this behavior happens is called timgersion region The population inversion must be retained
during the whole laser activity in order to maintain a continuous stimulated emission in the
inversion region (Another condition for the laser activity is the existence of a resonant optical
cavity in which the emitted photons can be accumulated).

The population inversion at then junction can be described with the help of quasi-Fermi
levels. The population inversion exists usually between the bottom of the conductioidand
and the top of the valence baig} as it is drawn in Fig. 1.2. The proper transition levels are
then in the conduction band up to the lefeland in the valence band up to the letl The
carrier passing in the stimulated emission process from the conduction band into the valence
band emits a photon with energy. For the energyv the population inversion exists when

Fc—FR >hv>Ec—Ey. (1.1)
The condition for the stimulated emission of a photon is given by [4]
Ec—Ev =Eg=hv, (1.2)

whereEg is the semiconductor bandgap. Dominant transitions for laser activity are determined
by the resonant cavity and strong recombination heat Fc — R,. The inequality (1.1) defines
a range of the emitted photons and then even a laser spectrum.

The wavelengti of the emitted photon is determined by the resonant cavity lelngih

_2nL
N m

A (1.3)
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Figure 1.3: Light intensity vs. photon energw for the p-n junction laser. (a) incoherent
emission below threshold, (b) laser modes at threshold, and (c) dominant laser mode above
threshold. The intensity scales are greatly compressed from (a) to (b) to (c). After Streetman [5].
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wherem is an integer number andis the refraction index.

Figure 1.3 illustrates the characteristic curves of emission intensity versus the photon energy
for semiconductor lasers. At lower current levels (Fig. 1.3a) only the spontaneous emission
occurs in the energetic range given by (1.1). With the current increased to the point where sig-
nificant population inversion exists, stimulated emission begins together with the spontaneous
emission which occurs at frequencies corresponding to cavity modes as shown in Fig. 1.3b.

If the current level is high enough, the most

preferred mode is dominating in the spec- GaAs 5

tral output (Fig. 1.3c). This very intense D

mode represents the main laser output of A\ J/

the device. e AGeate
The laser device with onp-n junction W

mentioned previously is a homojunction laser. ’ ’

More effective lasers can be obtained by us- @77//77—///}»”””

ing several layers in a laser structure. One

of the layers in these heterojunction lasers e

is narrow enough to confine injected carri- }5%

ers and in this way creates the population R L

inversion at lower threshold currents. £2 a
The inversion region iGaAslasers ap- 3;

pears primarily on thp-side of the junction

due to a higher efficiency of the electron in-_ _ _
jection than the hole injection. In a normafigure 1.4: Schematic sketch and band diagram

p-n junction the injected electrons diffuse?f @ double-heterojunction semiconductor laser.

into thep material such that the populatiorAfter Sze [6].

inversion occurs only for a part of the elec-

tron distribution near the junction. However, if tppematerial is narrow and terminated in a
barrier, the injected electrons can be confined near the junction as can be seen in Fig. 1.4. As

Refractive
index

ctive region—idl—
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Figure 1.5:The threshold current density GAsbased lasers. After Weisbuch and Nagle [8].

a result, the laser action begins at a substantially lower current that for gmamglenctions. In
addition to the effects of the carrier confinement, the change of refractive index at the hetero-
junction provides a waveguide effect for the optical confinement of photons.

Further improvement can be achieved by sandwiching the aGtaAslayer between two
AlGaAslayers. This double-heterojunction structure further confines the injected carriers to
the active region, and the change in refractive index athds AlGaAsboundaries helps to
confine the generated photons. The double-heterojunction laser is especially well suited to fiber
optic communication systems [7].

Nowadays, the aim is to make increasingly efficient lasers and to reduce the level of current
at the threshold of a laser operation [8]. Figure 1.5 points out the development of the threshold
current density folGaAslasers over last 20 years as new design principles have been incorpo-
rated.

The semiconductor QW laser is essentially a double-heterojunction semiconductor laser
mentioned above, however, with a very narr@aAslayer in order to achieve the quantum
confinement of carriers. The QW laser has the kinetic energy of the carriers quantized into
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discrete energy levels similar to the quantum mechanical problem of the 1D potential well. The
QW laser has the possibility to change the emission wavelength by varying the QW width.
Confined carriers must have a
high enough density in the QW,
so that the recombination can pro- electrons

C(_aed continuously in the active re- - .~y - —IlAlAS
gion. The supplement of carri- - -

ers in the QW is facilitated from ~ oo

cladding layers during the so-called A

capture processThe time of the 1 |ALGa 4As
carrier transition from the state above -

the barrier into a bound state in I | photon
the QW is acapture time The recombination_—__—"»
shorter the capture time the faster *GaAs

the creation of the population in- Eé_l

version, and the laser works at a O O 00O o o o

lower threshold current and/or with holes

better high-speed modulation char- =

acteristics [9]. , . .
. Figure 1.6: Carrier capture processes from the conduction
Figure 1.6 shows the QW la- . P P

. .. nd valence bands are depicted schematically in a separate
ser structure which has additiona P y P

. confinement heterostructure quantum well.
barriers. The purpose of these bar- q

riers is to collect the carriers near the QW in order to increase their capture efficiency into the
QW. Then the QW laser can achieve the population inversion in the QW at a lower threshold
current. Note here that thtid Ascladding layers create also optical confinement [10]. Through-
out this work the capture time in the structure shown in Fig. 1.6 will be analyzed.

1.2 Measurements of Carrier Capture Time

Measurements of carrier capture dynamics in the semiconductor QW laser structures (Fig. 1.6)
are provided by time-resolved optical experiments [11, 12]. From experimental point of view,
there are two regions, the barrier and well, each with a distinct bandgap which serve as two
different optical markers [13]. The time evolution of these two spectra provides information
about the electron and hole capture into the QW.

The following experimental methods are usedufizonversion spectroscopyd (ii) pump-
probe spectroscopyror both experimental techniques the time resolution is limited only by the
duration of a laser pulse [12].

In the upconversion technique [14] the capture times are determined from differences in the
rise time of the QW luminescence after direct (belowAth&aAsbarrier band gap) and indirect
(above theAlGaAsbarrier band gap) excitation with a subpicosecond laser pulse (see Fig. 1.7),
in order to eliminate the effect of carrier relaxation in the QW. The difference of these two
excitation energies, direct and indirect, is equal to the LO-phonon energy. To have the same
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Figure 1.7:Experimental determination of the carrier capture time using the upconversion tech-
nique. After Blom [11,12].

cooling inside the QW for direct and indirect excitation, the number of carriers inside the well
is kept constant in both cases.

In the pump-probe technique the capture time is determined from the decay of a barrier
population in two-pulse correlation measurements [15]. A strong excitation pulse creates elec-
trons and holes in th&lGaAsbatrrier states (see Fig. 1.6) and thus reduces the absorption of the
second laser pulse with the same photon energy. If the delay between the laser pulses exceeds
the carrier capture time, then the absorption of the second laser pulse is no longer reduced. The
barrier correlated luminescence is expected to increase with increasing time delay between the
laser pulses until the carriers of the first laser pulse are captured in the QW (see Fig 1.8a). In
Fig. 1.8b is shown a further possibility which looks at the correlated luminescence Ghhe
buffer layers. This luminescence decreases with increasing time delay until the carriers are
captured.

Figure 1.9 shows the carrier capture time versus the QW width, extracted from the upcon-
version and pump-probe experiments [11,12]. The measured carrier capture time oscillates as
a function of the QW width and these oscillations are reproduced by the calculated ambipolar
capture time. The origin of the oscillations will be discussed in detail in Chap. 5, here only a
basic information is given in order to define open problems. The ambipolar capture time is the
average of the electron and hole capture rates [Eq. (2.2) in Chap. 2]. The calculations of the
ambipolar capture time in Fig. 1.9 include the quantum-mechanical calculation of the electron
capture due to the polar optical phonon emission and the classical diffusion model of the hole
capture which gives a constant (QW-width independent) hole capture time. The oscillations
are thus due to the electron capture and their origin is purely qguantum-mechanical. They were
predicted for the first time in Refs. 16 and 17, where it was pointed out that the overlap of the
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Figure 1.8:Experimental determination of the carrier capture time using the pump-probe tech-
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theGaAsbuffer layer, which is located below the QW structure, is also plotted as a function of
the delay. After Blom [11,12].
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Figure 1.9: Observation of an oscillating carrier capture time is compared with the calcu-
lated ambipolar capture time. The experimental data were obtained from the upconversion
measurement (open circles), the two-pulse correlation measurements (full triangles), and the
“transmission-like” correlation experiments. After Blom [11,12].
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electron envelope functions of the energy levels above and belowlaAsbarrier, which
determines the strength of the capture, oscillates as a function of the QW width.

Despite the good quantitative agreement of the measured and calculated capture times in
Fig. 1.9, there is a number of open problems in the carrier capture theory. Those addressed in
this work can be summarized as follows:

1. As will be shown later on (Chap. 3), the hole capture cannot be viewed as a classical
diffusion process and using of the constant hole capture time in the calculations of Fig. 1.9
is not justified. In the light of this finding the agreement between the calculation and
experiment in Fig. 1.9 is fortuitous and obscures the open problem of the hole capture
treatment beyond the diffusion model.

2. The above discussed measurements give the same capture time results in a broad range
of photoexcited carrier densities 210°cm—3 — 10’cm~2), which strongly suggests
that the carrier-carrier (c-c) scattering induced capture plays a minor role compared to the
considered optic phonon emission induced capture. However, in laser applications, much
higher carrier densities than 4@m 2 are injected into the QW structure of Fig. 1.6 and
the c-c scattering might be important. Therefore, a detailed analysis of the c-c scattering
induced capture is needed in conditions which are characteristic for the laser action.

3. In Ref. 18 it was theoretically predicted that the electron-electron (e-e) scattering induced
capture is even more efficient than the phonon emission induced capture. This prediction
contradicts the experiment, because the carrier densities considered in the calculations
of Ref. 18 are close to the densities in the (above discussed) measurements confirming
a minor role of the c-c scattering. Thus, another motivation for the analysis of the c-c
scattering induced capture is to remove this contradiction.
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1.3 Goals of Doctoral Thesis

With regards to the open problems discussed in previous sections we formulate the following
thesis goals:

1. To estimate the hole capture time into GaAsQW from a proper semiclassical model.

2. To calculate the electron-polar optical phonon (e-pop) interaction induced capture time
into theGaAsQW.

3. To calculate the ambipolar capture time and to compare our theoretical results with the
capture times measured in time-resolved optical experiments [11].

4. To understand the role of the e-e scattering in the electron capture process for various QW
parameters (QW width, carrier density, etc.).

5. To incorporate the degeneracy and exchange effect (particle indistinguishability) into the
e-e capture in order to make the analysis more reliable.

6. To assess the time for the electron capture via the electron-heavy hole (e-h) scattering (the
capture process mostly ignored).

7. Finally, to point out how the QW laser structure can be optimized on the basis of the
calculated carrier capture times.
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Chapter 2

Classical and Quantum-Mechanical
Models of Carrier Capture into Quantum
Well
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Figure 2.1:Potential shape of the separate confinement heterostructure quantum well.

The separate confinement heterostructure quantum well (SCHQW) is an experimental struc-
ture for an investigation of the capture processes in the QW laser. The analyzed SCHQW con-
sists of theGaAsQW with width which varies from 10 to 124, embedded between the two
500A AlyGa;_yAsbarriers. Whole structure is covered by semiinfidit@slayers as shown in
Fig. 2.1. The QW width is denoted asand the barrier width al3/2. The temperature of 8 K
is considered. The same structure was investigated in previous work [11,18-21], since it is of
interest for the optical measurements of the capture time as well as for the laser applications.

There are two main approaches how to characterize theoretically the carrier capture pro-
cess: (i) the classical fluid model and (ii) the quantum-mechanical model. The validity of the
quantum-mechanical model based onfeemi Golden Ruleepends on a coherence length of
carriers and the coherence length is limited with inelastic scattering processes. If the coherence
length of the carriers is less than the total width of the structorew, see Fig. 2.1), then the
carriers are not able to create a coherent wave function and should be described as a classical
fluid.

11
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The most general approach which takes into account the loss of the phase coherence in
the carrier wave functions due to the strong inelastic scattering is the simulation of the carrier
capture in the QW through the so-called Szhnger equation Monte Carlo method [22-24].

Because the electron coherence le-
ngth exceeds the width of the struc-
ture but the hole coherence length is
smaller [11], we intend to calculate
the electron capture time using the
guantum-mechanical model, and the

500A ~50A  500A

A
Y
Y
A
Y

\ hole capture time by using the semi-
\ classical model. Figure 2.2 depicts a
\ capture transition of an electron from

an energy level on the barrier into a

bound state in the QW.

Figure 2.2:Schematic view of the capture process into At low excess energies holes are

the QW in SCHQW. captured first due to their greater ef-
fective mass. After the hole capture

into the QW, the holes electrostatically attract electrons into the QW and so increase the elec-

tron capture rate. The remaining holes in the barrier will be electrostatically repulsed from the

QW and thus decrease the hole capture rate. The net result is the ambipolar capture process with

a capture rate between the capture rates of the electrons and holes. To account for the ambipolar

process in a simple form, the electron capture togand the hole capture tinwg are usually

set into a rate equation model [12]

e _ e 1(mone)

dt Te 2 Th Te
dm, N 1/nh Ne
Lt L (o LB 2.1
dt Th+2<'[h Te/’ (21)

and the electron density in the barrieg, is assumed to be equal to the hole density in the
barrier,n,. Then the ambipolar capture timg can be defined as [19, 25]

1 1/1 1
w2 lmte) 22
2.1 Semiclassical Model of Hole Capture

In the following we develop a semiclassical model of the heavy hole capture time. Under the
collision-free hole transport conditions, the thermionic emission current fills the QW [26]. Then
one can estimate the thermionic capture time for a hole using the Bethe relation [6] as

b /T 2 ed
Ttherm:é(fﬁ) exD(kB—T)’ (2.3)
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wheremﬁ’ is the heavy hole effective mass alﬁﬁi is the hole energy, both in thld GaAsbarrier.

ed in Eqg. (2.3) represents the potential wall for the hole in #&i&aAs created by the
space charge. This potential can be estimated from the Poisson equation assuming the spatially
independent densities for electrons and holes otlEaAsbarriers. One gets

®= %B(ne—nh)(g) 27 (2.4)

wherek® is the static permittivity of thé\lGaAsbarrier.

Now we wish to argue that in the experiments of interest the badiavas negligibly small.
Experimental measurements [11] show that there is no dependence of the capture time on an
excitation density in the range fromx310'° to 2x 10*’cm~2. These results were obtained for
undoped SCHQW structures as well as for the SCHQW structureswdtped andg-doped
QWs. The absence of density dependence of the carrier capture time in such a broad range of
carrier densities strongly suggests that e/ (ksT)] ~ 1. We can then estimate from (2.4)
that the space charge density in #&SaAsbarrier, ne — Ny, is smaller than 5 x 10Mcm=3.

This can be qualitatively understood as follows: Certain number of holes remains in the barrier
because they are electrostatically repulsed by holes captured in the QW. In the same time, the
electron density decreases owing to the electron attraction by the holes captured in the QW. As
a consequence of this ambipolar process, the electron and hole densities in the barrier tend to
remain the same. Thus Eq. (2.3) can be reduced to a simple relation

b B\ 1/2
Ttherm= > (%) . (2.5)

If the hole mean free path due to the polar optical phonon emiséjos greater than the
GaAsQW widthw, the hole capture rate should be reduced by the probafilityexp(—w/ /)]
that the hole emits optical phonon when crossing the QW:

1 1 w
i (1—e*7). (2.6)
Th  Ttherm

If we assume that the hole is moving in the barrier as a classical particle, then the phonon
emission probability in the QW is

~l=

_ w
l1-¢€ :1—exp<—m>, (2.7)

Wherev\k"" is the z-component of the hole velocity above the QW.

The hole scattering time due to the optical phonon (h-p) emission reads

1 _ 1
Th-p(En)  Th—pop(En)  Th-nop(En)’

(2.8)

where Me
En= Eexcesm +VVU7 (2.9)
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is the kinetic energy of the hole crossing the (B¥cessiS the laser excess energy; is the
depth of the QW in the valence band, angandm, are the electron and heavy hole effective
masses in the QW, respectively.

The first term on the right-hand side of Eq. (2.8) is the emission rate via the heavy hole-polar
optical phonon (h-pop) interaction which has the form [27, 28]

Ko K

1 B ezwl_0<1 1> 1 VEr+vVEn—iwo
7Th—pop(Eh) \/mn/ZTm \/E_hln B VB oo (2.10)

wherew o is the frequency of longitudinal optical phonomsandk. are the static and high

frequency permittivities, respectively, in the QW. The second term represents the heavy hole-
nonpolar optical phonon (h-nop) emission rate in the form [29]

1 (2mp)®/2D3
= v/ En— hoy, 2.11
Th-nop(En)  41Mi3p oy " (2.11)

whereDg is the nonpolar optic deformation potentiglis the mass density, is the velocity
of sound, andwyg is the nonpolar optic phonon frequency (see Table 5.1, p 38 for material
parameters used in the calculations).

In Eq. (2.7) the z-component of the hole velocity can be found from the laser excess energy
as

W h
V, = — | =E +V, .
h \/ ( 3 exces% W)

The model (2.5)-(2.7) can be further improved if we take into account that the carrier can
be quantum-mechanically reflected at the edges of the QW (at peimt® andw/2; Fig. 2.1).
Then

/2
1 2] 2Eexcess mg} ! [ ( W )}
B P Y 1— - , 2.12
Th b {BH(mE + III|B,1) IlllB,] BW exp Th—p (Eh) V\k/]v Tw—B ( )

where the transmission coefficient from thEGaAsbarrier into the QW is defined as [30]

4y /mPmy(En — Vi) En
Teow (En— Vi) = \/ 5

(/MR (En— V) + vMEn)

the transmission coefficient from the QW into thkaAsbarrier as
Tw-8 (En) = Taw (En—Vif), (2.13)

andmg is the electron effective mass in the barrier.
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2.2 Quantum-Mechanical Model of Electron Capture via In-
teraction with Optical Phonons
In the following we deal with the e-pop interaction induced capture rate. If an electron with

wave vectoks is scattered on the polar optical phonon then the e-pop scattering rate from the
subband to the subbandhfor a spontaneous phonon emission reads [31, 32]

woom /1 1 Fee (q)
epop — = iimm
)\Im (kl) 8T[hz <Koo K> /O de qae(q) ) (214)

wheree®(q) is the static two-dimensional screening function given by

ef(@ = 1+ (95/a)FT1a(9), (2.15)
1/2

1/2
q = 2k§+2;'e 2k1(k Zg’eES> cos@] , (2.16)

with o€ = &me/(21kA2) f8(ko = 0) andEE = E® — E&, — L o.
A key role in the formula (2.14) plays the form factor

Fiimm(d) = /_ _dz /_ _dz X2(z) XP(z2) € 952 X8 (21) X&(22), (2.17)

where the electron wave functio(@ in the subbang (y =i, m) is obtained assuming the
dependent electron effective mass and thelflaand with parabolic energy dispersion, both
properly interpolated betwednaAsandAlAs[33].

The electron capture time via the e-pop interaction for an optical experiment is a sum of the
averaged individual capture transitions:

epop(kl)
Te—pop Z fe k]_ 9 (218)

where the summation ovefm) includes only the electron subbands above (belowpMiGaAs
barrier.
The optical matrix element in the absorption coefficient is proportional to [34, 35]

~1 if i=],
/ dz Xl Zl))( (Zl){ ~0 :f : 7& i (2.19)

This selection rule implies that
NE=N®=N"=ND,

e.g., electronl\(lfj) and hole (\I{‘j) sheet densities are equal in each subband. It also implies that
the same number of electron and hole subbands is occupied after the excitation.
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The form of the electron distribution function in the barrier (initial states) does not affect
the electron capture time if the laser excess energy is larger than the polar optical phonon en-
ergy. When we assume that the carriers in the barrier are thermalized after an excitation by a
short laser pulse then the distribution functitfitk1) can be taken as a Boltzmann distribution
function in the form

e(ky)
EXPrgTe
ff(k) = ' 2.2
| ( 1) kBT|e ’ ( O)
where the electron temperatuf€ can be found from the relation
My
keT;°® (Eexcess— E° — Eih)- (2.21)

Mg+

In the relation (2.21)E® andE! are the initial electron and hole energies in the subkband
respectively.

On the other hand, we can assume that the carriers have not enough time to thermalize in
the barrier before they are captured. Then, instead of the function (2.20), we can used the delta

function distribution
kg e

To determine whether the carriers are thermalized or not, the calculated capture time will be
compared with the measured one as a function of the laser excess energy (see Chap. 3).



Chapter 3

Interpretation of Experiment

The time-resolved optical measurements of the carrier capture time in the SCHQWS were de-
scribed in Sec. 1.2. The carrier capture is an ambipolar process, which means that the measured
capture time has to be compared with the ambipolar capture time (2.2). As already discussed
in Sec. 2.2, the electron capture time entering the ambipolar expression (2.2) can be evaluated
from the formulae (2.14-2.18) with a properly chosen electron distribution fungfidn). The
problem is how to evaluate the hole capture tirpe

In Ref. 111, was estimated from the diffusion model as

4b? kgT
- Dh= —Hh 3.1
@Dy’ h= " Hm 3.1)

whereDy, is the hole diffusion coefficieny, is the hole mobility in theAlGaAs andb/2 is the
width of theAlGaAsbarrier (Fig. 2.1). The hole mobility was taken [11] from the measurements
in p-dopedAlGaAsbulk samples, which give, = 4.7 x 103cm?V ~1s~1. Equation (3.1) then
givesDy, = 3.24cnfs 1 andt, = 12,5 ps [11].

The ambipolar capture time calculated usipg= 12.5 ps is shown by full circles in Fig. 3.1.
Here we used the electron capture time (2.14)-(2.18) with a monoenergetic distribt(tan
[Eq. (2.22)], but we stress that the results in Fig. 3.1 show only a minor changefyitian is
taken as a thermalized distribution [Eq. (2.20)]. The most important result in Fig. 3.1 is a good
agreement of the calculated ambipolar capture time with the measured one. Observing such
agreement, the authors of Ref. 11 concluded that their diffusion model for holes [Eq. (3.1)] is
reliable and the quantitative understanding of their measurements is essentially complete. We
wish to show that this agreement is fortuitous and in fact obscures a much more complicated
nature of the hole capture process.

First, the diffusion model (3.1) is applicable only if the hole mean free path iAlBaAs
barrier,/, is much smaller than the barrier widthy,2. We estimaté as

0= vﬁ”‘i““ (3.2)

Th

Wherevﬁs is the typical hole velocity on thalGaAsbarrier given by

VB — g Eexcess%
"V 3 me+my my

17




18 CHAPTER 3. INTERPRETATION OF EXPERIMENT

60 T T T T T T T T T T T
+
.
—_ m-B
3 n I]!E+
= / o
w 40F /7w, -
£ -/ 0o '+
o — /I O \\‘ ++
l_ ;T | ++
q) /I // +++++
Iy N
— | |
= = '.ED& +++++++++++++
o 20/ .C,.. O
8 i”.. o, 'H’I’@E\.‘ L.
i '!\' -d‘“q..
L ( {
Eﬁg Dngﬁﬂﬂ‘ :
0 1 " 1 N 1 " 1 " 1 " 1
20 40 60 80 100 120

Quantum Well Thickness [A]

Figure 3.1: Ambipolar capture times as a function of the QW width. The open circles show
the experimental result of Ref. 11. The full circles show the ambipolar capture time calculated
assuming the constant hole capture time=¢ 12.5 ps [11]). The full squares show the same
result, but withl/ty, multiplied by the phonon emission probability in the QW (2.6). The open
squares and crosses show the electron and hole capture time separately.

We obtain/ = 464 A which is less tha/2 = 500A. This strongly suggests that the diffusion
model si not applicable. In fact, the value of 484ven underestimates the realistjbecause
Uh = 4.7 x 10%cm?V ~1s~1 was measured [11] ip-doped bulkAlGaAssamples. In undoped
AlGaAsbarriers one can expect an order of magnitude lapger.e., /> b/2. We conclude
that the hole motion on th&élGaAsbatrrier is collisionless, not diffusive.

Second, even if we accept that the holes travers&t@@aAsbarrier within the timer, =
125 ps [11], we still have to multiplygl by the probability that the hole emits optical phonon
when crossing the QW (otherwise the hole is not captured and leaves the QW on the other side).
As demonstrated in Fig. 3.1, the ambipolar capture time with this correction (full squares) no
longer agrees with experiment because the corrected hole capture time (crosses) is much longer
than 125 ps.

Now we would like to demonstrate that the detailed semiclassical model of the hole cap-
ture developed in this work (formula 2.12, Sec. 2.1) helps to reproduce the experiment. In
Fig. 3.2 the resulting ambipolar capture time (full squares) is compared with experimental data
(open circles). The agreement between the theory and experiment can be considered surpris-
ingly good, if one takes into account that the fitting constay= 12.5 ps was replaced by
a relatively complicated semiclassical model (2.12) without fitting parameters. In summary,
the agreement supports the hole capture model, in which the photoexcited holes move across
the AlGaAsbarrier without collisions (no impurity scattering, no phonon scattering), undergo
quantum reflections or transmissions on Al&aAg GaAsinterfaces, and eventually cascade
down into theGaAsQW by emitting optical phonons. Furthermore, this intuitively-acceptable
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Figure 3.2:Ambipolar capture time as a function of the QW width. The open circles show the
experimental result of Ref. 11. The full squares show the ambipolar capture time calculated
assuming the semiclassical capture for holes (formula 2.12). The hole capture time is shown by
crosses, the electron capture time by open squares.
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Figure 3.3:Ambipolar capture times as a function of the laser excess energy f60tAcOW

width. The experimental results of Ref. 11 (open circles) are compared with calculated ambipo-
lar capture times. The full squares were obtained assuming a monoenayggttapéd) electron
distribution above th&lGaAsbarrier, the full circles assuming a thermalized (Boltzmann) elec-
tron distribution. The hole capture (crosses) was treated within the semiclassical capture model
(formula 2.12).
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picture is consistent with the above mentioned arguments for the collisionless (non-diffusive)
hole motion on thélGaAsbarriers. Only at small QW widths the theory deviates from the ex-
periment, which likely means that at small QW widths the hole motion in the QW is no longer
semiclassical.

Finally, in Fig. 3.3 the ambipolar capture time as a function of the laser excess energy is
shown for the 504 width. The experimental results of Ref. 11 (open circles) are compared
with the ambipolar capture time calculated assuming two different electron distributions above
the AlGaAsbarrier. The calculation performed with teshaped electron distribution (2.22)
reasonably reproduces the abrupt change of the capture time observed at the excess energy of
~ 36 meV, while the calculation performed with a thermalized electron distribution (2.20) is in
a strong disagreement with experiment (it shows no abrupt change at 36 meV). These results
strongly suggest that the photoexcited electron distribution abovaltBaAsbarrier remains
monoenergetic (i.e., determined by the quasi-monoenergetic laser pulse) up to the time when
the capture takes place.

The abrupt change of the electron capture time can be understood as follows: #he 50-
GaAsQW has the second bound state very close to the top of the QW. Thus, the electrons on
the AlGaAsbarrier can be captured into the second bound state only if their excess energy is
larger than the optic phonon energy 86 meV). Otherwise they can only be captured into the
ground QW subband, which has a much lower capture efficiency. Therefore, for the laser excess
energy less tharr 36 meV one expects a sharp increase of the capture time, which is indeed
observed. Now it is easy to understand why the abrupt change of the measured capture time
in Fig. 3.3 is not reproduced by the theory which assumes a thermalized electron distribution
on theAlGaAsbarrier. Such distribution has a high-energy tail with energie€d6 meV even
for the excess energies much lower than 36 meV and the electrons from that tail can still be
captured into the second bound state by optic phonon emission.



Chapter 4

Quantum-Mechanical Model of Electron
Capture via Electron-Electron and
Electron-Hole Scattering

The previous chapter was mainly focused on the optical phonon emission induced capture in
the time-resolved optical measurements. We ignored the c-c scattering induced capture, because
this process was negligible in the experiments of interest (we recall that the measured carrier
capture time was independent on the photoexcited carrier density in a broad density range, while
the c-c scattering is expected to be a density dependent process). However, in QW lasers the
injected carrier densities can be much larger than the photoexcited densities in the time-resolved
experiments, and the c-c scattering can be no longer negligible.

4.1 Carrier-Carrier Scattering Rate

The c-c scattering rate in the structure is treated in Born approximation according to Ref. 36.
Let the carriexx occupy the subbandvith wave vectok; and the carriep occupy the subband

j with wave vectok,. Due to the mutual Coulomb interaction the caraes scattered into the
subbandm with wave vectork} and the partner carrid} is scattered into the subbandwith

wave vectork’2. The c-c scattering rate of a carrier with wave vedtpfrom the subbandto

the subbandn can be obtained as

1
)\flx’TI]B(kl) = @ ) ij(kz) )‘ﬂﬁm(g)y a, B =€ h7 (41)
J,N,K2

whereg is a relative vector. The summation overis assumed to include both spin orienta-
tions, the summation ovegr n involves the subbands below tAéGaAsbarrier. Ns is electron

sheet density in the quantum welljs the normalization areeth(kz) Is the Fermi distribution

function of the carrier§ in the subbandg, andAﬂ%n(g) is the c-c pair scattering rate.
The electron capture time for a model laser regime is reciprocal mean value of the electron

21
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capture rates

en
o T KON )

ZI,kl i (kl) ’
where the summation ove(m) includes only the electron subbands above (belowpMiGaAs
barrier andff(k1) is the proper electron distribution in the subban@his barrier distribution
function is taken for the laser regime as a constant distribution up to the polar optical phonon en-
ergy above thé&lGaAsbarrier, which roughly models the injected carriers after a rapid phonon
cooling [16].

4.2 Electron-Hole Pair Scattering Rate

The e-h pair scattering rate is calculated considering the screening by electrons and holes occu-
pying the lowest energy subband (see Appendix A). It reads

Nsm, e*
h . S
2
a8

{Fl?rrr]m(q) — qagihs(q) Fiim (@) G1jin(a) + Q) FSha(@Hzjin(a)| a2, (4.3)

where the e-h static screening funct&sfi(q) is given by

eNa) = (1+ZSF1111(Q)> <1+?;F1111(Q)> Zs 1111(@15':1111((1) (4.4)

Gijin(a) = Fl]ln(q) [1+ C::]sFllll(q)] zs':mn(Q)Flnl(Q)

Hijin(Q) = Fl]ln(q) [1+ZSF1111(Q)] qSFljln(q)Fllll(q)

q
12
1 4 4 12
q 5 Zgz+h—n2}E§h—Zg(g +h—n2}E ) cose] : (4.5)

andEg"= Ef+E!'—Ef,—Ep. In the above formulae the reduced effective nrass: 2memy,/(me+
my,), the relative vectog = my (k2/m, — k1/me), and the electron and hole subband energies are
denoted a&$ (y=i,m) andE] (3= j,n), respectively. Finally)? = emy/(2mr2) (k2 = 0).

The form factors in EqQ. (4.3) are defined as

Fi?rﬁn(Q) = /mdzl /oodzz Xi' (z1) X?(Zz) edazlyd(z)xk(z), a,B=eh (4.6
where the wave functioxng of the carrier in the subbang (y=1, j,m,n) is obtained assuming

thex-dependent carrier effective mass and theflaand with parabolic energy dispersion, both
properly interpolated betwedbaAsandAlIAs[33].
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4.3 Electron-Electron Pair Scattering Rate

The e-e pair scattering rate is found in a similar way (see Appendix A) as the e-h pair scattering
rate. Taking into account only the screening by electrons in the lowest subband, one gets

N8me94 2n qe 2 L
Monl0) = peez [ 8 [Fifa(0) -~ o R @RS @] a2 @)

where the static screening functief{q) reads

e%(q) = 1+ (as/a)FT11(a), (4.8)
1 2 4me e 2 4me e 12 Yz
q = > 29 +?ES—2g g +?ES cosH , 4.9

the relative vectog = k1 —kz|, andEg = EP+ Ef — ER,— Ef. In Eq. (4.8) the static screening by
the holes is omitted assuming that the holes are too slow (due to their large effective masses) to
follow the fast changes of electron positions [37]. This is a so-called quasi-dynamic screening
model.

It is worth mentioning that the screening [i.e. the term containing the screening func-
tion €° (q)] disappears in Eq. (4.7) for those transitions in wH§, (q) =0 and/orFlejeln(q) =
0. This happens whexf(z;) is symmetric (antisymmetric) ang,(z1) is antisymmetric (Sym-
metric), and/or when the same holds f§(z;) andxy(z).

For example, when the QW contains two energy subbands, the screening effect disappears
for the transitions$, 1 — 1,2 (i = 3,5,...). Then the e-e pair scattering rate reads

Namee? 27 [Fe8.(q)]°
112(9) = ﬁm{;@/o doe % (4.10)

Note that the same effect appears also in the e-h pair scattering rate (4.3).
After simple manipulations, the integrand in Eq. (4.7) can be simplified assuming

Fee (QFES ()

~ (4.11)
Fim (@ F5E ()
into the form [36] ,
Nemee* 2T [FSan(a)]
ﬁ?nn(g) - 16T[77,3K2/0 02 €8(q)2 (4.12)

To justify the approximation (4.11), the e-e capture times calculated for various screening
functions are compared in Fig. 4.1. In this calculation the electron distribution funtiém)
in the formula (4.2) was taken as a constant distribution up to the polar optical phonon energy
above theAlGaAsbarrier. The capture time obtained from the pair scattering rate (4.12) with the
screening function (4.8) is almost the same as the capture time obtained from the pair scattering
rate (4.7). If (following Ref. 38) we use Eq. (4.12) wili;1(0) = 1 in the screening function
(4.8), the calculated capture time overestimates both capture times more than by 20%.
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Figure 4.1:e-e capture time as a function of the QW width for various static screening models.
The capture time calculated using the e-e scattering rate (4.7) [open triangles] is compared
with the capture times calculated using the e-e scattering rate (4.12) screened by the screening
function (4.8) with realistié111(q) [full circles] and withF1111(q) = 1 [full squares].

4.4 Electron-Electron Pair Scattering Rate with Degeneracy
and Exchange

To include the Pauli exclusion principle in the e-e scattering rate (4.7) we can start from the
equation

(@) = I [ i 1 15k + ko~ k)] [1- 180
« [Fl?r%n(q )]2 5[ 12

2 2 2 2
Feq) Olam K Tk kK S|, (4.19)

in whichkj = k1 + k2 — k5. Equation (4.13) may be transformed to polar axes as
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Nsmee (2T
Afmn(9) = W/o de/o di;  ko{l— fx

2
X (%[kﬂ K3+ K% — 2kyko COSP— 2K1K) COSD + 2ok, cOS(0 — )] + EE, — EF>}

2

2 [F.fr%n(oh)]

1— f8(-—K’+ES—E }7
X{ "(omy @ T En ) are(ar)?

2 1
X 6(%[k1k§ cosd — Ky — kiko Cosp+ kiky o8 — )] + §E§> , (4.14)

The delta function simplifies the integration okgiin Eq. (4.14) and the e-e pair scattering rate
with degeneracy is then given by

2
ee
Nsmee4 2” (Fljmn )
Nim(® = gz 2, 9075 g 1 RIS e (419
where
2., 1,2 1/2
a = [p?+k—2kpcog0—q)]"", |=1,2
n = [kf+k§+p|—2k1kzcosq)—2k1p|cose+2k2p|cos(9—(p)]1/2,
_ 15 1fpe. Ame 12
pp = §D+2{D +h2 —4k1kzcoap} ;
1 1[ ., 4m 12
= ID-Z ES— 4k;k
P2 2D Z[D +h2 12009(9] )

D = kjcosB+kycog0—0).

The angled and@ in the above expressions are between the wave velciok% andkq,ko;
respectively.

Electrons are indistinguishable particles. Therefore, the scattering rate (4.7) should include
the exchange effect [37]. According to Ref. 36 the exchange can be incorporated into the
intersubband e-e scattering rate (4.15) using the replacement

(@) | 1 IRE@)F | FRn()” _ Ffin@)F)
qlzﬁe(q ) =5 2 qlzge(ql) ql (ql)2 q Se(ql)ql Ee(Ch) ) (4.16)

where 2
q = [p2+K—2kpcogd)]’", 1=12
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Chapter 5

Electron Capture Time in Conditions of
the Lasing Quantum Well

5.1 Electron-Electron and Electron-Hole Capture
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Figure 5.1: e-e capture timee_e vs. the QW thickness fd¥s = 10'cm~2. In the inset these
results are compared with the data (crosses) from Ref. 18.

Full circles in Fig. 5.1 show the e-e interaction induced capture ti;e, versus the QW
width. The distributionfi(k1) in the formula (4.2) was taken as a constant distribution up to
36.8 meV above thé&lGaAsbarrier, which roughly models the injected "barrier” distribution
after a rapid phonon cooling in the lasing QW [16, 18]. Another characteristic feature of the
lasing QW structure is a high carrier density in the QW & 10cm 2 considered in Fig. 5.1

27
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Figure 5.2: (a) Square of the e-e scattering form fadtgmn(q) as a function of wave vectoy
for a QW with thicknessv = 49 A. The indices, ] andm,n label the initial and final subband
states, respectively. Stateé are bound in the QW, stat&s4,---,9 have subband energies
above thedlGaAsbarrier. Except for the transitidil — 11 all other transitions are the e-e cap-
ture transitions. (b,c) e-e scattering rafgn vs the relative wave vector sige (b) Calculation
with Fjmn = 1. (c) Calculation with form factors from Fig. 5.2a.

is the lower limit).

In the inset our calculation is compared with the results (crosses) of Ref. 18. 1Bgth
curves oscillate with the QW width and reach the resonant minimum, whenever a new bound
state merges into the QW. The shift of our resonance minima to slightly lower QW widths
is due to different effective masses @aAs AlGaAsand AlAs which we considered when
we calculated the electron wave functions [21]. However, @ug is two-to-three orders of
magnitude larger. The difference of a factor of 4 is due to the missing factof4frilthe
e-e scattering rate of Ref. 18 (see Ref. 36 for details). Whenghevalues from Ref. 18 are
multiplied by a factor of 4, oute_¢ is still ~ 100 times larger. We would like to give arguments
in the following that our results are correct.

The electron capture rate in the QW actually represents the transition of an electron from
the quasi-2D state over a barrier into a quasi-2D bound state in the well. The transition rate is
governed by the respective form factor [see formulae (4.1), (4.12) and (4.6)] which is determin-
ing the order of the electron capture rate. The maximum contributions of the form factors to the
electron capture rate can be identified in Fig. 5.2a wiggvez 1. The same holds for the e-e
interaction induced capture time and for the e-pop interaction induced capture time [20].

In order to provide insight let us consider the QW with width= 49 A. To demonstrate
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Figure 5.3:Electron capture time vs the QW width for the e-pop interaction (full circles), the
e-h interaction (open triangles), the e-e interaction without exchange effect (open circles), and
the e-e interaction with exchange effect (crosses).

how the form factor affects the e-e scattering rate, we compare in FigAj#¢g) as obtained
usingF{,,(0), shown in Fig. 5.2a, withijmn(g) obtained withF{, = 1. The latter is typically
between~ 10'%s 1 and~ 4 x 10'%s 1 for all capture transitions and its dependencé, ¢rm, n
is simply manifested througles. Figure 5.2c shows a quite different behavior and the relative
importance of the individual capture transitions is determined by the behavior of the form fac-
tors (Fig. 5.2a). The individual capture times are at least two orders of magnitude larger than the
subpicosecond capture times shown in Fig. 5.2c. The subpicosecond e-e scattering is charac-
teristic for intrasubband transitions as illustrated in Fig. 5.2\i@f1(g) [A1111(9) in Fig. 5.2b
is rather inaccurate becauBg11 = 1, but it still agrees reasonably with similar calculations
of Refs. 39 and 40]. We cannot explain why Ref. 18 predicts much smaller e-e capture times
within essentially the same model (we could only reproduce the published form factors [18]).
Figure 5.3 shows the electron capture time versus the QW width for the e-e, e-h, and e-
pop interactions where, in case of the e-e interaction, the results obtained with and without
exchange effect are distinguished. In these calculations the furftikn) in the formula (4.2)
is also taken as a constant distribution up to the polar optical phonon energy ab&& d#es
barrier. At small QW widths, when the QW contains only one bound state, the e-h and e-e
capture times increase with an increasing QW width. At QW widths at which the second bound
state merges into the QWv(BOA for holes, 46A for electrons), the e-h and e-e capture times
decrease suddenly by several orders of magnitude. With a further increase of the QW width the
oscillatory behavior persists, but the oscillations become smooth.
To understand this feature in Fig. 5.4a we split the total e-e capture time from Fig. 5.3 into
the e-e capture time to stated Xfull squares) and the e-e capture time to stat2sahd 21 (full
triangles). A smooth decrease of the total capture time from its maximum vae-at3 A
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Figure 5.4: (a) e-e capture time vs the QW width. The total e-e capture time from Fig. 5.3
(open circles) is split into the e-e capture time to siale(full squares) and into the e-e capture
time to stated,2 and?2,1 (full triangles). (b) Squares of the e-e form factbys 2 andF 121 vs

the QW width forq = 3 x 10°m~1. (c) Squares of the e-e form factdks11 vs the QW width
forq=3x10°m1

is due to the decrease of the capture time to statesvith w. This decrease is caused by the
increase of relevant form factors (Fig. 5.4c) with At the same time the capture time to state
1,2 and 21 increases withw due to the decrease of relevant form factors (Fig. 5.4b) with
Similar conclusions can be also done for the e-h capture.

5.2 Electron-Polar Optical Phonon Capture Time

Figure 5.5 compares the e-pop interaction induced capture ting,p, with Te_e Where again

the constant distributio (k1) was taken. Thee_pop data shown by empty circles are calcu-
lated using the same static screenifg) as for the e-e scattering, empty squares sh@wop

for €(g) = 1. A more accurate calculation with dynamic screening will give results between
these two extreme cases. We can concludethatis one-to-three orders larger thag pop
except for QW widths near the resonance minima. This conclusion differs from the previous
analysis [18] which predicts nearly the same oscillation amplitude in both cases. Ref. 18 also
predicts that in the SCHQW lasers with a QW width belowiithe e-e capture causes signifi-
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Figure 5.5: e-pop capture timee_pop and e-e capture time._e vs the QW thickness for
Ns = 10cm™2. Open circles showe_ pop for the statically screened e-pop interaction, open
squares showe pop for the unscreened e-pop interaction and full circles aretthe data
from Fig. 5.1. Crosses, asterisks and pluse$3a and46 A show thete ¢ data forNg =

2.8 x 10Mem 2,5 x 10t em—2 and10cm 2, respectively.

cant excess carrier heating in the QW. Figure 5.5 does not support this conclusion, because the
e-e capture is negligible.

The Te_pop curve in Fig. 5.5 does not show any resonant drop for QW widths ok 46
and 88A, because the barrier electrons occupy the states below the threshold for polar optical
phonon emission and cannot be scattered into the subband which is in resonance with the top
of the QW. A further increase of the QW width shifts the resonant subband deeper into the QW
and the e-pop scattering into this subband smoothly increases. The exception is a monoener-
getic distribution with energy close to the polar optical phonon energy. In such case the e-pop
scattering into the resonance subband is not prohibited and a resonant decrease of the e-pop
capture time takes place [41].

To show the role of form factors, Figs. 5.6b and 5.6c compare the unscreened e-pop scat-
tering rates obtained usirgmm from Fig. 5.6a with the rates obtained wiBjnn = 1. The
individual e-pop capture rates in Fig. 5.6¢c are governed by relevant form factors, while for
Fimm = 1 (Fig. 5.6b) one only finds a simple dependencé&ofompared to the e-e scattering
rates in Fig. 5.2c, the corresponding rates in Fig. 5.6¢c are systematically higher because the
e-pop capture rate (2.14) dependsFHpnm linearly while the e-e scattering rate (4.12) depends
on Fijmn quadratically. This fact naturally makes the e-e capture less effective than the e-pop
capture except for high electron densities.

Similarly to the e-e interaction case, in Fig. 5.7a we split the total e-pop capture time from
Fig. 5.5 into the e-pop capture time to state$ (open squares) and the e-pop capture time to
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ison. (b,c) e-pop scattering ratg, vs the wave vectdk for the QW with widthw = 49 A. (b)
Calculation withFimm = 1. (c) Calculation with form factors from Fig. 5.6a.
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Figure 5.7: (a) e-pop capture time vs the QW width. The total e-pop capture time (full circles)
from Fig. 5.5 is split into the e-pop capture time to sthte (open squares) and into the e-pop
capture time to stat& 2 (open triangles). (b) The e-pop form factéts, vs the QW width for
q=3x10°m™L. (c) The e-pop form factorS;1, vs the QW width forg= 3 x 10°m1.
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states 22 (open triangles). The transitions to the highest subband in the QW always play a
more important role than transitions to lower subbands. This fact is explained by the behavior
of relevant form factors in Figs. 5.7b and 5.7c.

It is easy to assess the dependence of the capture times on the electron Mensityr
Ns > 10*cm~2 and temperature 8 K the static screenag) is independent ols, because
f1(0) ~ 1. Therefore, thee_pop values in Fig. 5.5 would be the same also for higheand the
Te e Values would decrease approximately IN§ for each QW width. In Fig. 5.5 we show
Te ¢ for Ns = 2.8 x 10tem2,5 x 10tcm=2 and 162cm2 only at QW widths of 434 and
46 A. At 43 A, Te—e |s much larger thame_pop even forNs = 10%cm=2 due to the absence
of resonance. At 48\, when the first excited subband merges into the @QWe resonantly
decreases by about 500 times and becomes smallerdhggp whenNs ~ 5 x 10em—2. When
Ns = 10*2cm 2, the total capture timee_eTe pop/ (Te_e + Te_pop) iS 3.8 ps for unscreened e-
pop capturete_pop = 11 ps) and 8 ps for screened e-pop capturg (pop = 18 ps). Thus,
compared to the casg X, = 0 the capture efficiency of the QW with the optimized (resonant)
width can be improved with a factor®—4.2 by increasindNs to 10t%cm~2. At higher densities,
which are investigated later, the capture time is expected to increasbBlywtnthe basis of the
results of Refs. 41 and 42. Fiis > 10%%cm~2 it is no longer justified to treat the e-e and e-pop
scattering separately [41,42], because the electrons interact with a coupled system of electrons
and phonons.

5.3 Dependence of Electron Capture Time on Quantum Well
Depth

To directly detect the e-e capture time it is necessary to suppress the e-pop interaction [21].
A proper structure for the e-pop interaction suppression is the structure with the QW depth
smaller than the polar optical phonon energy. If in the time-resolved optical experiment [11]
such structure was irradiated by a short laser pulse, the excited carriers above the barrier would
thermalize to the Boltzmann distribution with the electron temperafumithin several pi-
coseconds [11, 43] and after that they would be captured via the e-e interaction into the QW.
Figure 5.8 shows the electron capture time versus the QW depth for the QW width equal to
46 A. Here we assume that the QW depth varies with the aluminium cortaatording to
the relationV,, = (0.9456¢+ 0.1288¢) eV [33]. In this calculation the distribution function
f€(k1) in the capture time formula (4.2) is taken as the Boltzmann distribution function at the
electron temperatur& = 70 K. This choice corresponds to the assumption that the electrons
are optically excited only a few meV above tABGaAsbarrier. Figure 5.8 also shows that the
e-e capture dominates if the QW depth is less th@d 8V. Degeneracy and exchange affect the
e-e capture time substantially at small QW depth. At the QW depth at which the second bound
state of the hole merges into the QW Q.11 eV), the e-h capture time is smaller than the e-e
capture time (except near the resonance) but still greater than the e-pop capture time. Therefore,
the effect of the e-h capture time can be neglected even in the resonance minimum.

The electron capture times from Fig. 5.9 illustrate the inclusion and exclusion of the degen-
eracy and exchange effect in the e-e interaction with the increasing electron density for a shallow
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QW (Vi = 0.05 eV,w = 46 A). In such structures, recently also considered in Ref. 44, the e-e
capture time is of similar importance as the e-pop capture time for higher electron densities
although it was calculated including the degeneracy and exchange effect in the e-e interaction
which increases the capture time by about two times.

Outside the resonance, the exchange increases the e-e capture time by about two times
due to the following reasons: In case that both electrons are scattered into the same subband
(m=n), all three terms in the substitution (4.16) have almost the same magnitude (which we
verify numerically) because the valuesgpdindg' are very close. In case that both electrons are
scattered into different subbandas# n), it is necessary to take into account that the substitution
(4.16) is summed in the formulae (4.1) and (4.2) over the final statesln. The sum the terms
with final statesn, n andn, m can be rewritten as

1 |F|jmn(Q)|2 |F|jnm(Q)|2 1 ||:|jnm(q/)|2 ||:|jmn(q/)|2

2 QZE(Q)Z QZS(Q)Z 2 ql28(ql)2 ql28(q/)2

_1— {Fljmn(Q)Fljnm(ql) Fljnm(CI)Fljmn(ql)
2| qe(a)ae(d) qe(a)a'e(d)

All three terms in Eg. (5.1) have almost the same magnitude which we verify numerically.
Consequently, the presence of the third (interference) term decreases the value of the expression
(5.1) two times in comparison with the case when the exchange effect (i. e., the interference
term) is neglected. Finally, in the resonance the exchange increases the capture time only by
10%. This is due to the fact that in the resonance the valugsnfig’ strongly differ and the
interference term becomes much smaller than direct terms.

The effect of degeneracy on the capture time is negligible when the difference between the
lowest energy subband above the barrier and the highest energy subband in the QW is large
compared to the quasi-Fermi energy of the electrons in the QW. In such case most of final states
in the QW are unoccupied and the e-e capture times with and without degeneracy are quite
close. Near the resonance, when the highest energy subband in the QW is close to the lowest
subband above the barrier, the degeneracy strongly reduces the number of available final states
despite the fact that the highest subband is essentially unoccupied. This is due to the fact that
an electron captured in the highest subband of the QW can exchange only a small amount of
energy with a scattering partner in the lowest subband of the QW. The available final states of
the scattering partner are therefore blocked by the 8-K Fermi distribution in the QW.

(5.1)

5.4 Total Carrier Capture Time

The total electron capture timg, which includes the e-e, e-h and e-pop capture times, can be

obtained as 1 1 1 1
= + + ) (5.2)

E ~ Tee Tenh Te—pop
In Fig. 5.10 the e-pop capture time (open squares) is compared with the total electron capture
time (full circles) obtained using the e-e capture time with exchange and the e-h capture time
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Figure 5.10: Total electron capture time vs the QW width for the electron deri$fycm 2
(full circles) is compared with the e-pop capture time (open squares). Electron capture times
via the e-e interaction with the exchange effect (open circles) and via the e-h interaction (open
up triangles) are also shown for the same electron density.
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Figure 5.11: The same material as in the Fig. 5.10 but for the electron deh@ifgm=2.

for the carrier densitjNs = 10'cm~=2 in the formula (5.2). The same material but fdg =
10%cm~2is in Fig. 5.11.
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Symbol Value Ref

Static permittivity K 13.0 [45]
High-frequency permittivity Koo 10.9 [46]
Mass densityGaA9 P 53176 kgm 3  [46]
Energy of the polar optical phonon hwo 36.8meV [47]
Energy of the nonpolar optic phonon hoy 3534 meV [45]
Related to electron

Potential between the QW and barrier Vi 0.3eVv [11]
Potential between the barrier and cladding layerV 1.07 eV [33]
Effective mass in the QWGaA9 Me 0.0665 [33]
Effective mass in the barrieAlp 3Gag.7A9 mE  0.0984 [33]
Effective mass in the cladding layeklAs) m§  0.1808 [33]
Related to heavy hole

Potential between the QW and barrier v 0.135eV [33]
Potential between the barrier and cladding Iayervg‘ 0.5057 eV [33]
Effective mass in the QWQJaAg My 0.44 [34]
Effective mass in the barrieAlp 3Gag 7A9) me  0.489 [45]
Effective mass in the cladding layekl@As) m‘h3 0.72 [45]

Non-polar optic phonon deformation potential Dg 8.9x 100 eV/A [47]

Table 5.1: Material parameters for SCHQW used in the calculations
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Chapter 6

Summary

1. Following the goals 1, 2 and 3 (Sec. 1.3) we have calculated (Chaps. 2 and 3) the ambipo-
lar carrier capture time in a SCHQW excited by a short laser pulse. This ambipolar cap-
ture time incorporates the semiclassical hole capture time and the quantum-mechanical
electron capture time. The latter one, calculated for the e-pop interaction, oscillates as a
function of the QW width. The calculated ambipolar capture time reasonably agrees with
the measured capture time, which suggests that our semiclassical thermionic model of the
hole capture is reasonable. Furthermore, our analysis of the electron distribution function
in the SCHQW barrier shows that the photoexcited electrons are nonthermal before they
are captured in the QW.

2. Following the goals 4 and 6 (Sec. 1.3) we have calculated (Chaps. 4 and 5) the electron
capture times due to the e-e, e-h and e-pop interactions for a model laser regime. The
calculated capture times oscillate as a function of the QW width with the same period,
but with quite different amplitudes. For the electron density df&® 2 in the QW, the
e-e capture time is one to three orders larger and the e-h capture time two to four orders
larger than the e-pop capture time. The exceptions are the QW widths near resonance
minima, where the e-e capture time is only-3 times larger. With increasing density
the e-e capture time decreases and for a high enough densitgrft#) becomes smaller
than the e-pop capture time. Therefore, in simulations of the QW lasers the e-e interaction
should be taken into account at resonance for any densii-‘cm—2.

3. In accord with the goal 5, we have taken into account (Chap. 4) the effects of exchange
and degeneracy on the e-e capture. The exchange effect increases the e-e capture time
approximately two times while the degeneracy does not change the capture time except
for the QW depths and widths near the resonance.

4. We have shown (Secs. 5.1 and 5.2) that the oscillatory behaviour of the e-e and e-pop
capture time has a different physical origin.

5. About the goal 7 (Sec. 1.3). The oscillation minima of the calculated capture times occur
at the QW widths o~ 50 A and ~ 90 A, which therefore represent the optimum QW

39
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width for the GaAsquantum-well-based lasers. Furthermore, we have found that the e-
e capture process improves the carrier capture efficiency, when the carrier density in the
QW is close to 1&cm 2. Above that density the electron capture time near the resonance
minima is almost entirely governed by the e-e interaction.



Appendix A

Carrier-Carrier Interaction with
Multisubband Static Screening

Let two carriers with vectors; andr interact via a Coulomb potenti&l(r; —r2). The 3D
vectorsri andrp can be decomposed tocomponents and 2D vectoR; andR;, asrj =
(Ri,z); i = 1,2. Using the decomposition, a Fourier transform of the poteliah — r2)
is [32]

V(Q,21,2) = /dR e QRV(R,z1-2), R=Ri—Ra.

The carrier with the vector, evokes the screened potentiélr; —r) in the point with the
vectorr1 which is given by the Poisson equation [48]

—% [95(R1— R2) 8(z1—22) +p&° (r1) + PR (r1) |, (A.1)
wherep andp{"® are the induced charge densities created after the redistribution of the elec-
trons and holes, respectively. Charge densities of the electrons and holes are assumed to be
primarily homogeneous in space. Respective induced potentials are superposed to the original
Coulomb potential in the point with the vectos to create a screening of the Coulomb po-
tential. If we assume that the screened Coulomb center does not move!thandpi"® are
time-independent. It means that the screening is static. However, since the carriers move, the
static screening implies that the redistribution of the carrier density in space occurs immedi-
ately [49, 50].

AV(ri—rp) =

A.1 Screened Coulomb Potential

The Fourier transform of Eq. (A.1) is

d? e 17 :
<@ - Q2> VQa.z)=— da-2)- [p:snd(Q,Zl) +pn(Q.z1)| . (A.2)
where the Fourier transform of the induced space charge density is
Q2= [ ReORIRZ) ,  a=eh (3)
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We takeR; = 0 in the Fourier transform (A.2) for simplicity. A formal solution of Eq. (A.2)
for pid(Q, z1) = 0 is a Green functiofs(zy, z2), which can be found as a Fourier integral in the
form

G(a72) = 5 [ _dqe i =lg(). (A4

If the formal solution (A.4) and the relation

210(z1 — 22) = / dq e'9(a-2)

are substituted into Eq. (A.2) then the functig(u) = — (g% + Qz)fl. When this function is set
back into Eq. (A.4) and an integration in the complex plain is performed, the Green function
(A4)is
G(z1,20) = Ele—Q\Zl—Zz\ (A.5)
1,22) = 50 0 : .

A general solution of Eq. (A.4) has the form

V(Q2,2) =Gz z) +3 [ d26?) [HUQ.2) + QD] +N@)  (A6)

where the functiorYy is the solution of Eq. (A.4) without the right-hand side. The funciign
can be chosen for physical reasons as zero. Substituting Eq. (A.5) into Eq. (A.6) the Coulomb
potential is obtained as

1 11 s : :
V(Q,21,22) = Z—i@eQ'ZIZZ' %5 | _dZeQnzpdQ. ) +ppQ.)]. (A7)

The first term on the right-hand side of Eq. (A.7) is the Fourier transform of the unscreened
Coulomb center and the second one represents the screening. The next step is to find the induced
space charge densitip§? andpin.

We can consider a region in a sufficient distance from an electron where the potéRtia)
is a slowly varying function oveR [48,51]. The potential energyeV(R,z) can be taken as a
small perturbation in the equation for the electron wave funafigm). The perturbation does
not change the electron wave functigf(z) in the first order of the perturbation theory but
changes the eigenenergyby

Ag (R) = —e/dZ(ﬂe(Z)V(R,Z— 22)(96(2), l=1,2,---,L, (A.8)

wherelL is the number of electron subbands. Consequently, the sheet electron tirisitie
I-th subband depends d¢hand in case of the isotropic nonequilibrium distribution it can be
written as . 1242
%/O e fi(etetaa(R).  e=g.
where fi (e + g) is the nonequilibrium energy distribution in theh subband for\g (R) = 0.
If the approximation

NE(R) =2 (A.9)

fi (e+& +0&(R)) ~ fi (s+a|)+%f| (e+e&)he(R)
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is assumed in EqQ. (A.9), the expression for the sheet electron density is obtained in the form

© 9
NF(R):|\||9+22—:[}_L'6‘2/0 de — fi(E+£)e (R) = NF - zzng(ojua)Aa(R). (A.10)

The induced electron charge density is given by
pe(R,2) )=e3 dh(NT—NI(R) (2. (A.11)

When Egs. (A.8) and (A.10) are substituted into the relation (A.11) then the electron induced
charge density reads

pM(R, 2 —2Wezz 126 (k = o/ a2 [f2)VRZ-2)  (Al2)

wheref,(k = 0) is the abbreviation fof,(0+ €,). The summation ovdrmeans the summation
of contributions from the electrons in all subbands to the induced charge. The Fourier transform
of the induced charge density is

oNd(Q,2) = Zmzezz 126 (k = o/ dZ [f2)]NV(Q.Z-2).  (Al13)

The same procedure can be used for the holes. The result is the Fourier transform of the
induced hole density,

P(Q.2) = —250 e Z o z] fi(k = 0)/:dz’ [cpE(i)]ZV(Q,i—Zz), (A.14)

whereK is the number of hole subbands.

A.2 Coulomb Matrix Element

Equations (A.13) and (A.14) can be substituted into Eq. (A.7) to give a final equation for the
Coulomb potential [32,51]

e
V(Q,21,2) = 5—e a2l

2kQ

L e
S T 47 (2% Qa2 [T a7 [e(2)]? -
2.Q |42 [af()) | _dZ [V Q.72

—;%E _Zdz” [cd‘(i’)]ze—Qzl—f’l /_ Zdz’ [cnh(z)]ZV(Q,z,zz). (A.15)
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The first term on the right-hand side of (A.15) is the bar Coulomb interaction, the second and
third terms describe the screening by electrons and holes, respectively, and

€me h_ e2mn

€ —

Q=

are the 2D electron and hole screening constants it-theslectron and-th hole subbands,

respectively.
If the Coulomb potential (A.15) is multiplied by the electron wave functiginfor | =

1,2,---,L and by the hole wave functioqﬂ for k=1,2,---,K, and then integrated ove,
the following two sets of mutually coupled equations are found

L

(1+Ag)xe+ Cp|e><e+ZCpkxk , p=1,2,---,L,
Li#p
- h)h < hhyh _ ph
3 C e+<1+Ar,)xr+ }R =Bl | r=1,2. K, (A.16)
I=1 k=TKAr
where
X! = / dZ [ AV (Q,Z,2),
f ,
An:Q_'/ dZ [( /dz” g QZ-7'|
Q/
no_ € [7 24QZ-2z| . _
B ZKQ/mdz [¢1(2)) % . n=eh,
LIRS
cy = %/ dZ [gf'( /dz" (2] e . n5-eh
The solutions of the linear equation system (A.16) are
xi:% for i=12,---,L,L+1,--- L+K. (A.17)

The determinanD in the above solutions has the form

1+A5, Cf§ ... Ccff c¢ o cps .. Cf
Ci 1+A5, -+ CF ch cps - Che
Ci1 C - Cyf 1+A; G5 - Cy

h h h hh hh h
Gl e oG]l Cki Gz - 1+A



A.2. COULOMB MATRIX ELEMENT 45

The determinantB); arise from the determinaft when the-column ofD is replaced with the
right-hand side of (A.16) so that

D; =
1+A5, Cf .- Cf°, B§ Cff, - CFC oo O

Css  1+A5, - C5°, BS G55, -~ C5F  Cf - CBE

Ci1 C, - Ci, By Cy, -+ Cf  1+A, - Cy

h h h h h h hh h
i G - Cilr BR CRyr - CRL Ck1 - 1+A

The solutions (A.17) can be substituted into Eq. (A.15) to express the Coulomb potential as

_ e gomal_y X[ gp ey leons D@
K h
Qi [ 12 07| DksL(Z2)
-5 X[ dZ |¢f(2)| e 927 2 (p18)
K=1 Q —o00 [ :| 1+Z&EK)7105

whereQg are terms not equal to the unity term. It means that the unity term always appears
in the determinanD. It is in an agreement with the well-known form of the static screening
function. The Coulomb matrix element

[ da [ dza@e@V(Q a2 em@mne) (A.19)

is then easy to evaluate.

The e-h scattering rate (4.3) and the e-e scattering rate (4.7) are obtained using the Coulomb
matrix element (A.19) fo. = K =1 and forL = 1,K = 0, respectively. Taking = 0 in the
e-e interaction we neglect the screening by the holes. This corresponds to a so-called quasi-
dynamic approximation [36], in which heavy holes are not able to follow fast changes of elec-
tron positions. Finally, as in the previous papers [18, 41], we restrict ourselves to the screening
by quasi-equilibrium carriers in the QW. In our conditions (the density of the carriers equal
to 10'cn2 or 10%cmi2, the lattice temperature 8 K) the quasi-equilibrium carriers occupy
mainly the lowest subband of the QW. Therefore, we nedlexntdK greater than 1.
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APPENDIX A. CARRIER-CARRIER INTERACTION WITH SCREENING



List of Symbols

Normalization area

Barrier width

Diffusion constant

Non-polar deformation potential

Electron charge

Energy

Electron distribution function in the subbaind

Hole distribution function in the subbarnd

Fermi energy, Form factor

Dirac constant or Planck constant over 2

Carrier wavevector

Boltzmann constant

Mean free path of the hole

Electron effective mass in the quantum well

Hole effective mass in the quantum well

Electron effective mass in the barrier

Hole effective mass in the barrier

Carrier density in the barrier

Carrier sheet density in the quantum well

Carrier real-space vector

Temperature

Transmission coefficient from to B

Time

Hole velocity in the quantum well

Coulomb potential

Vi Potential difference in the conduction band between the quantum
well and barrier

VA Potential difference in the valence band between the quantum
well and barrier

Vb Potential difference in the conduction band between the barrier
and cladding layer

w Quantum well width

Energy

mo ggoT >
S

—h
(]

— =
—

Aks s &7 T

4=~ =5
D =
(V)

vy]

m
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Static permittivity in the quantum well
Static permittivity in the barrier
High-frequency permittivity in the quantum well
Angle

Wavelenght, Scattering rate

Frequency

Electron space charge

Hole space charge

Relaxation time, Capture time

Angle

Electron wavefunction in the subband
Hole wavefunction in the subbard
Frequency of non-polar optical phonons
Frequency of longitudinal optical phonons

LIST OF SYMBOLS
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