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SYNOPSIS

The optical properties of semiconductors change signi�cantly when the size

in any dimension is reduced below the Bohr radius (typically 15 nm in GaAs).

The resonance (energy) shifts towards the blue due to quantum con�nement and

photoluminescence emission become narrower and stronger. Con�nement in one

dimension leads to structures like quantum wells and superlattices which have sharp,

intense and tunable resonances. The now widely used diode lasers utilize a quantum

well as the active medium. The reduction in dimension has another advantage. It

is seen that the time response of a device based on a nanostructure can be very

fast as the carrier relaxation times of these nanostructures range from few tens

of femtoseconds (thermalisation, scattering, coherent processes), to picoseconds

(intra-band relaxation, scattering, recombination) and nanoseconds (inter-band

recombination). This has led to development of electronic, optoelectronic and

optical devices like fast photodetectors, all-optical switches, fast transistors etc.

An understanding of the di�erent factors a�ecting the ultrafast carrier relaxation

mechanism is essential for development of such devices. In semiconductor quantum

wells, interface states and, in some cases, surface states strongly a�ect the carrier

relaxation process. In this doctoral work we have studied the e�ect of surface

and interface states on the carrier dynamics of III-V quantum wells. Carrier

relaxation mechanism studies in quantum wells have been mostly carried out using

the technique of time-resolved photoluminescence at low temperatures. At room

temperature the photoluminescence intensity reduces markedly due to increased

non radiative relaxation and therefore time resolved measurements with sub-ps

resolution become almost impossible. On the other hand, transient re�ectivity

has no such constraints. However, extracting the carrier dynamics from transient

iii



re�ectivity data has been a challenge. In this work we have opted for femtosecond

laser based pump probe re�ectivity measurements because of its advantages. For this

we have developed new methodologies for extracting carrier dynamics information

from transient re�ectivity measurements. In quantum wells, once the carriers are

excited, the dominant recombination process is radiative recombination which

occurs on time scales ranging from hundreds of picoseconds to a few nanoseconds.

One way to obtain a much faster carrier relaxation is to introduce recombination

centers in the vicinity of the quantum wells where photo-generated carriers can

recombine non-radiatively. In a single quantum well, this can be achieved by

reducing the top barrier layer down to a few nm such that an interaction between

surface and quantum well states becomes possible. This can provide an alternate

path for carrier relaxation. Indeed, it has been shown that, in such near-surface

quantum wells, excited carriers can tunnel towards the surface and relax in few tens

of picoseconds. Recently, ultrafast all-optical switching up to 10 Gbit/s has been

demonstrated using a surface quantum well. In this work we have explored carrier

dynamics in near surface GaAs0.86P0.14/Al0.7Ga0.3As single quantum wells using

pump-probe transient re�ectivity performed at room temperature. GaAsP/AlGaAs

is one of the successful materials used to build high-power emitters in the 800 nm

wavelength range and mode-locked vertical cavity surface emitting lasers. Tunneling

towards surface can lead to interesting coherent phenomena also. There have been

several studies on tunneling of carriers in asymmetric double quantum wells. The

observation of beating in such systems shows that the tunneling process involves

coherent carriers. Although the mechanism of carrier tunneling in near-surface single

quantum wells has been shown to be similar to that in asymmetric double quantum

wells at low temperature, so far coherent interactions have not been reported in

near-surface quantum wells. We have demonstrated tunneling assisted quantum

beats in a GaAsP/AlGaAs near-surface single quantum well and interestingly the
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phenomenon is observable at room temperature. These transient re�ectivity studies

on single quantum well showed that the carrier dynamics was strongly a�ected by the

presence of interfaces. In a quantum well multiple interfaces are present. Therefore,

to study the e�ect of the interface we have used an AlGaAs-GaAs heterostructure

where only one interface exists at the GaAs-AlGaAs junction. In a heterostructure,

the built-in �eld between two layers can result in the formation of a triangular well

at the interface. Photoexcited carriers generated in the GaAs layer drift towards

the triangular well under the in�uence of the built-in electric �eld and relax there.

Ultrafast carrier relaxation studies on AlGaAs-GaAs heterostructures have been

reported at low temperatures again using time-resolved photoluminescence. At room

temperature, some measurements using transient re�ectivity have been reported,

but the isolation of carrier dynamics of the two-dimensional electron gas has been a

challenge since the transient re�ectivity signal contains contributions from various

layers in the multilayer structure. We have developed a technique which allows

unambiguous extraction of individual layer contributions to the transient re�ectivity

signal. To summarize the main results from the above studies we have shown

that in a near-surface GaAsP/AlGaAs single quantum well, the room temperature

relaxation time of the photoexcited carriers in the quantum well reduces to 1ps

due to the proximity of the surface to the quantum well. We have proved that this

fast relaxation time is caused by tunneling of holes from the quantum well towards

the surface which also leads to the observed quenching of photoluminescence. We

have also shown that if two particular hole states are excited simultaneously, a

tunneling assisted quantum beating can be observed at room temperature. This

result is of interest in obtaining coherent control of carriers at room temperature.

We have also shown that the formation of a two dimensional electron or hole gas at

an AlGaAs/GaAs interface not only leads to a faster relaxation of carriers excited

in the GaAs layer but also makes the excitonic recombination dominate over the
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donor-to-acceptor pair recombination as compared to bulk GaAs. These results

have provided a greater understanding of the ultrafast carrier relaxation in III-V

quantum wells. Moreover, the new techniques developed in this thesis are expected

to be very useful for ultrafast carrier dynamics studies in multilayer nanostructures.

Thesis Outline:

The outline of thesis is as follows.

Chapter 1: Introduction

In chapter the optical properties of semiconductor nanostructures are discussed

brie�y. This chapter also includes a brief description of fast optical and opto-

electronic devices based on these structures. The role of ultrafast spectroscopic

studies in developing an understanding of the carrier relaxation mechanisms in these

materials is discussed. The various ultrafast processes and their time scales have

been described. The motivation for choosing the speci�c problems addressed in this

doctoral work are discussed with reference to the information already available in

literature. At the end a chapter wise summary of thesis is given.

Chapter 2: Experimental Techniques

Chapter 2 describes the samples and the experimental techniques used for the

work presented in this thesis. The time-resolved pump probe re�ectivity setup with

a 100 femtosecond (fs) laser is described in detail. Low temperature measurements

were found to be not repeatable at �rst. This problem was investigated and it was

found that a condensate �lm growing on the sample surface was causing modulations

on the true transient re�ectivity signal. This was solved by introducing a metal

shield around the sample. A brief description of the standard photoluminescence

and photore�ectance techniques is also included in this chapter.
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Chapter 3: E�ect of Excited Carriers on Transient Re�ectivity in

GaAs

In chapter 3, various processes which cause a re�ectivity change in GaAs

occurring due to excited charge carriers have been described. These include

band �lling, band gap renormalization and free carrier absorption. The relative

contribution of these processes to the change in the refractive index at di�erent

carrier densities has been evaluated. It is shown that at low intensities the only

signi�cant mechanism is band �lling. Therefore all measurements have been done in

this regime, as the analysis become complicated when multiple processes are present.

Chapter 4: Carrier Dynamics in a Near-Surface Quantum Well

Near-surface quantum wells have a thin top barrier. Consequently, photoexcited

carriers generated in the quantum well can easily tunnel to the top surface. We have

used time-resolved re�ectivity to investigate room temperature carrier dynamics in

a near-surface single GaAsP/AlGaAs quantum well and the results are described in

chapter 4. We have been able to measure and analyze very low magnitude sub-ps

oscillations superimposed on the slower bi-exponential transient re�ectivity decay.

These oscillations are attributed to tunneling assisted coherent beating of quantum

well hole states with the surface states. The observed beating signal has a period

of 120 ± 6 fs. We have also studied the dependence of decay of coherence on the

excited carrier density and have found that the dephasing rate increases nearly

linearly with the increase in the excitation �uence. This demonstration that a

coherent interaction between surface state and quantum well states can exist even

at room temperature could open up the possibility of coherent manipulation of

tunneling carriers in quantum well.
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Chapter 5: Carrier Dynamics in an AlGaAs-GaAs Heterostructure

at Low Temperature

In chapter 5 studies on the role of interface states on the photoexcited carrier

dynamics of a heterostructure at low temperature are described. In the studies done

on quantum wells, described in chapter 4, it was realized that the AlGaAs/GaAs

interface also plays a strong role in the carrier dynamics. Hence, we have selected

an Al0.7Ga0.3As-GaAs heterostructure which is similar to the structure on which

the single-quantum well was grown. In this heterostructure, a triangular well is

formed near the interface due to the built-in electric �eld and a two-dimensional

electron gas (2DEG) forms. By exciting at wavelengths that correspond to di�erent

resonances in GaAs, we have been able to track the carrier drifts and their decay.

We have shown that the drift of carriers towards the interface can be recognized

by modulations in the early part (sub-ps) of the degenerate transient re�ectivity

decay. Exciton formation is observed in this heterostructure despite the presence of

a built-in �eld. This is possibly due to the stronger con�nement of electrons in the

triangular quantum well.

Chapter 6: Dynamics of Carriers in AlGaAs-GaAs Heterostructure

Chapter 6 describes the room temperature degenerate transient re�ectivity

measurements on AlGaAs/GaAs heterostructures. For an n-doped AlGaAs grown

on undoped GaAs, a 2DEG forms at the GaAs side of the interface. However,

since the lowest energy transitions in GaAs and 2DEG are very close, the measured

transient re�ectivity has contributions from excited carriers in both the 2DEG

layer as well as the GaAs layer. So far there was no method available to allow

unambiguous separation of the contributions from the 2DEG and bulk GaAs layers

of the heterostructure. In this work we have developed a new technique which allows

isolation of individual layer contributions to the transient re�ectivity by suitably
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choosing the excitation wavelength. This utilizes the fact that there are certain

wavelengths at which the contributions to the total change in the re�ectivity from

all layers except one cancels out. The applicability of this technique is demonstrated

in two heterostructure samples, one having a two-dimensional electron gas and the

other one with a two-dimensional hole gas (2DHG). It is also shown that the carrier

lifetime in the 2DEG reduces as the triangular quantum well becomes more shallow.

Chapter 7: Conclusion and Future Scope

The concluding chapter, summarizes the main results of this doctoral work. A co-

herent interaction has been demonstrated between surface states and hole states of a

near-surface single GaAs0.86P0.14/Al0.7Ga0.3As quantum well. This opens up an area

to explore coherent manipulation of tunneling carriers. Further, a new method has

been developed to extract the carrier dynamics of two-dimensional electron and hole

gases in AlGaAs/GaAs heterostructures by degenerate transient re�ectivity mea-

surements at appropriate wavelengths. This technique enables determination of the

sign as well as the relative magnitude of individual contributions from various layers

to the total transient re�ectivity signal, which is essential for understanding carrier

dynamics in any multilayer sample.
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Chapter 1

Introduction

Semiconductors start showing a strong change in their optical properties when

their sizes are reduced below tens of nm (∼ Bohr radius) [1�4]. The resonance

(energy) shifts towards the blue due to quantum con�nement. Photoluminescence

emission become narrower and stronger. These properties have led to widespread use

of semiconductor nanostructures in optoelectronic devices [2�5]. For example, con-

�nement in one dimension leads to structures like quantum wells and superlattices.

The now widely used diode lasers have quantum wells as the active medium [6, 7].

Con�nement in two dimensions gives quantum wires which are beginning to be used

in transistors and sensing applications [8, 9]. Con�nement in three dimensions leads

to formation of quantum dots. Quantum dots are currently being investigated for

very interesting applications in cryptography and as quantum bits for quantum com-

puting [10, 11]. The reduction in dimension has another advantage of making the

time response of the material much faster [12�17]. This has led to a number of elec-

tronic, optoelectronic and optical devices [15�19]. Ultrafast optical spectroscopy of

nanostructures provides an insight into the physical processes and carrier dynamics

which is essential for designing structures for fast devices [20,20�22].

1
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Nanostructures of excellent epitaxial quality can be grown with III-V semiconduc-

tor, using techniques like metal-organic chemical vapour deposition(MOCVD) and

molecular beam epitaxy (MBE) [23�25]. Some of the most popular material combi-

nations are AlGaAs/GaAs, InGaAs/GaAs, GaAsP/AlGaAs and InAs/InP [26]. In

this class of materials lattice mismatch is very small which results in a low inter-

face state density [23, 24, 26, 27]. Due to this, devices based on these materials have

higher electron mobility and better current carrying capacity as compared to Si and

Ge based device [28]. Moreover, many of these materials have a direct band gap

and are therefore used as e�cient emitters in the near infrared and short-wavelength

infrared range [29�31].

Photoexcited carriers in III-V materials relax through various processes with

time scales ranging from few tens of femtoseconds (thermalization, scattering, coher-

ent process) to picoseconds (intra-band relaxation, scattering, recombination) and

nanoseconds (inter-band recombination) [21, 22, 32, 33]. This relaxation dynamics

is strongly a�ected by material parameters (e.g doping, crystalline quality, tempera-

ture) as well as the structural properties (e.g. thickness of a quantum well, diameter

of a quantum dot) [22].

In this work we have studied how the surface and interface a�ect the dynamics of

excited carriers generated by ultrafast laser pulses in III-V semiconductor quantum

wells. Two types of quantum wells have been studied, a near surface GaAsP/AlGaAs

single quantum well and a triangular well formed at the interface of an AlGaAs-GaAs

heterostructure.

1.1 Motivation

Quantum wells are created by sandwiching a thin low band gap material layer

between two large band gap layers resulting in two dimensional con�nement of carri-

ers. The quantum well width has to be less than the Bohr radius of the material (∼
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15 nm for GaAs) for quantum con�nement to be e�ective. Due to the con�nement,

photogenerated carriers live longer and emission due to recombination has a narrower

spectrum. This is useful for devices like diode laser [6, 29]. However, the long life-

time limits its use for applications like fast detectors and switches. One way to make

the carrier recombination faster is to reduce the con�nement by making the barrier

on one side very thin resulting in a near-surface or surface (no barrier) quantum

well [34, 35]. If the barrier is thin enough, photogenerated carriers can tunnel out

from the quantum well and recombine through the mid-gap surface states [34, 36].

This process can be much faster than the radiative recombination. Fast switches

based on surface quantum wells has been demonstrated in laboratory [37]. Therefore

it is of interest to have a better understanding of the e�ect of the proximity of surface

states on the carrier relaxation in a quantum well. For this work, we have used a

GaAs0.86P0.14/Al0.7Ga0.3As near-surface single quantum well. GaAsP/AlGaAs quan-

tum wells are widely used for making diode lasers at 800 nm and our motivation was

to investigate the possibility of obtaining ultrafast carrier relaxation in this material.

The GaAs0.86P0.14/Al0.7Ga0.3As quantum well selected for our work had a 5 nm thick

top AlGaAs barrier and its photoluminescence was almost fully quenched.

Our interest was also to look into the possibility of observing coherent e�ects in

this system. Simultaneous excitation of two transitions with a common level can

lead to a coherent interaction like population beating [22, 38]. Ultrashort pulses

have a wide enough spectrum to excite several close-lying transitions in a quantum

well and coherent oscillations have been reported [38�40]. In superlattices, which

are multiple quantum wells with very thin inter-well barrier, coherent interaction

between carriers in neighbouring quantum wells have been reported [22]. To the best

of our knowledge no coherent phenomenon has been observed in surface quantum

wells. Our motive was to investigate what e�ect, if any, the nearness of the surface

can have on any possible coherent process.
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The second type of quantum well studied in this work was a triangular quan-

tum well formed in an Al0.7Ga0.3As(n-doped)-GaAs heterostructure. AlGaAs-GaAs

heterostructures are used in devices like metal-oxide semiconductor �eld e�ect tran-

sistor and high mobility transistors [41, 42]. In the heterostructure, an electric �eld

is developed at the interface due to the di�erence between the band gaps of GaAs

and AlGaAs and the di�erence in doping. This �eld causes a band-bending result-

ing in a triangular well at the interface [2, 43, 44]. Photo-excited carriers generated

in GaAs near the interface of AlGaAs-GaAs will move towards the interface under

the in�uence of this built-in electric �eld and get trapped in the triangular well.

Such systems are called two-dimensional electron gas or two-dimensional hole gas

depending on which type of carriers have been con�ned.

Carrier dynamics study of these two-dimensional system in a heterostructure is

challenging because the two-dimensional electron gas has transition energies in the

same spectral region as the underlying substrate. For example, at low tempera-

tures, photoluminescence from an AlGaAs-GaAs heterostructure will have contribu-

tion from exciton, donor-to-acceptor pair recombination, other defect states in GaAs

as well as recombination from the two-dimensional electron gas (2DEG) [45]. How-

ever, the photoluminescence from the two-dimensional electron gas is much weaker

compared to other peaks. Time-resolved photoluminescence measurements are lim-

ited because of this [45�47]. At room temperature the 2DEG photoluminescence is

practically absent. For any practical application, information on room temperature

dynamics would be very useful, and hence this study on Al0.7Ga0.3As(n-doped)-GaAs

heterostructure was taken up.

As already mentioned, in both the quantum well and 2DEG samples, the pho-

toluminescence gets quenched at room temperature. Moreover the GaAs substrate

in these samples is highly absorbing at the wavelengths of interest. Therefore, the

transient re�ectivity technique was selected for ultrafast carrier dynamics measure-
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ments. This technique has the advantage of giving su�ciently large signals at room

temperature as well as at low temperature. The time resolution is limited only by the

laser pulse width. However, there are some constraints in using this technique for our

samples. At the wavelengths of interest, there is always a large photo-carrier pop-

ulation generated in the GaAs substrate which can interfere in the identi�cation of

dynamics of the carriers in the quantum well or 2DEG. Most of the carrier dynamics

studies on similar quantum wells and heterostructures have used photoluminescence

measurement at low temperature with time resolution limited to ∼ 10 ps [27]. Al-

though, some transient re�ectivity measurements have been reported [46, 48] the

results are not full understood. Therefore, part of this work involved evolving new

methodologies for extracting the required carrier dynamics information for transient

re�ectivity measurements.

1.2 Background

In this section, a brief discussion on optical properties of semiconductor nanos-

tructure and ultrafast processes relevant to the work of the thesis is presented.

GaAs is a direct band gap semiconductor with zinc blende crystal structure

[26]. In the quantum well, the energy levels get quantized due to con�nement.

The general density of states vs. energy diagram for bulk and quantum well is

shown in Fig. 1.1. In real quantum well structures, the barrier potential is �nite

and the wave-functions of the con�ned carriers leak out of the well towards the

barrier (Fig. 1.2) [1]. Moreover, at each heterojunction, the joining of two di�erent

semiconductors results in creation of new energy states near the interface which

lie in the forbidden energy gap of either semiconductor [49�51]. A band bending

occurs near the interface depending on the band gap of the two materials and the

doping level [2, 43, 44]. Figure 1.3 shows the band bending in case of an AlGaAs(n-

doped)-GaAs heterostructure [2, 43]. Because of this electrons excited on the GaAs



Chapter 1. Introduction 6

Figure 1.1: Density of states for bulk (3D) and quantum well (2D) as a function of
energy.

side will move towards the interface and holes will move away. As can be seen a

triangular well is formed in the conduction band near the interface and can con�ne

the electrons [27,52,53]. If the AlGaAs is p-type doped the resulting band bending is

shown in Fig. 1.4 and will result in trapping of holes in the triangular well formed at

the interface. These trapped electron or holes have very high in-plane mobility, which

can be of the order of 106cm2V−1s−1 [43,54]. Devices like Metal Oxide Semiconductor

Field E�ect Transistor (MOSFET) and High Electron Mobility Transistor (HEMT)

have made use of this high mobility for increased e�ciency [41,42].

Surface is de�ned as the place where the bulk material is truncated and the

three-dimensional periodicity of the solid is broken. A two-dimensional periodicity

is observed near the surface [50, 55�57]. The changed periodicity on the surface

and the dangling bonds change the electronic structure of the surface compared to

the bulk three-dimensional material inside. Surface states are formed due to this

changed electronic structure [50, 55, 56]. The wave functions of these surface states

are localized near the surface and decay exponentially into the solid in contrast to the

Bloch waves propagating in the bulk solid. This exponentially decaying wavefunction

gives energy levels in the forbidden gap of the projected bulk band structure. Surface
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Figure 1.2: Tunneling of electron and hole wave-function in case of a �nite and
in�nite quantum well.

Figure 1.3: Band bending near interface in an AlGaAs-GaAs heterostructure. Al-
GaAs is n-doped.
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Figure 1.4: Band bending when the AlGaAs is p-doped in the AlGaAs-GaAs het-
erostructure.

Figure 1.5: Band bending diagram near surface sates in case of n-type doped semi-
conductor. The band bending becomes �at away from the surface.

states at the semiconductor surfaces shows donor or acceptor behaviour. Thus these

states become charged. For surface region as a whole to remain electrically neutral

the charged surface states produce a space-charge layer beneath the surface. This

will result in band bending near the surface depending on whether the surface is

donor like or acceptor like. Figure 1.5 shows the band bending near the surface in

case of n-type doped semiconductor. The band bending is such that any excited or

injected holes will be pushed towards the surface and electrons will move away from

the surface.

In GaAs like semiconductor materials, the depth of surface states is a few nm
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Figure 1.6: Carrier excitation mechanism (a) band to band absorption by a single
photon (b) band to band absorption of two photons (c) free carrier absorption within
band.

[50, 57]. The surface states start a�ecting the carrier dynamics in semiconductor

quantum well once they are in close proximity with the quantum well [36,58,59]. The

carriers can tunnel out of the quantum wells under the built-in electric �eld created

due to the surface. This provides a faster alternative non-radiative recombination

path [36]. This property of surface states becomes useful for applications like fast

photodiodes, fast saturable absorbers [15, 16,60,61].

Figure 1.6 shows the possible mechanisms for generating photo-induced carriers

in a semiconductor. The photoexcited carriers generated by ultrafast pulses undergo

several stages of relaxation before reaching equilibrium. These include thermalisation

and carrier recombination [21, 22, 32, 62�64]. Thermalization occurs due to carrier-

carrier scattering (Fig. 1.7(a)) and causes a rapid dephasing of the induced coherence.

In GaAs the dephasing time has been reported to be of the order of tens of fs

[21,22,32,62�64].

Once the carriers thermalize, the population distribution is given by the Fermi-

Dirac distribution. Subsequently, carriers exchange energy with the lattice through

carrier-phonon scattering (Fig. 1.7(b)) and reach the band edge. This process does
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Figure 1.7: Carrier scattering (a) carrier-carrier scattering to thermalize to fermi-
dirac distribution (b) carrier-phonon scattering .

not change the number of excited carriers. In GaAs this process takes several picosec-

onds [21,22,32,62�64]. Once the carriers reach the band edge, recombination becomes

prominent. This reduces the excited carrier population. The electron and holes can

recombine radiatively as shown in Fig. 1.8(a). For GaAs time scale for this radiative

recombination is of the order of hundreds ps to nanoseconds (ns) [21, 22, 32, 62�64].

Carriers can also recombine non-radiatively within a few ps through the defect and

surface states as shown in Fig. 1.8(b).

GaAsP/AlGaAs single quantum wells are in wide use as laser diodes [30, 65].

The doping of phosphorous shifts the emission to shorter wavelengths as compared

to GaAs/AlGaAs quantum wells. Surface quantum wells of GaAsP/AlGaAs have

been used as surface emitters [66, 67]. However, not much information is available

for the ultrafast relaxation dynamics of these quantum wells. AlGaAs-GaAs het-

erostructures are a well studied material [46, 53, 68]. Time resolved photolumines-

cence measurements have been carried out at low temperatures using a streak camera

with time resolution of ∼ 30 ps [27]. Under photoexcitation the photoluminescence

peak from the 2DEG shows a blue shift which recovers as the carriers recombine.

The formation of 2DEG is reported to be ∼ 50 ps and the decay to be in the range
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Figure 1.8: Carrier recombination (a) band to band radiative recombination (b)
defect and surface recombination.

of 0.5 ns to a few ns [27]. Carrier dynamics at several temperatures and wavelengths

have been studied using transient re�ectivity [46,48]. However, not many room tem-

perature studies on the ultrafast dynamics of AlGaAs-GaAs heterostructures have

been reported. Thus, the results of this thesis will �ll some of these information

gaps.

1.3 Organisation of the thesis

In this thesis, the e�ect of surface and interface states has been studied using

pump-probe transient re�ectivity technique in III-V based semiconductor structures.

Chapter 2 describes the samples and experimental techniques used in this thesis.

Pump-probe transient re�ectivity at room temperature and at low temperature has

been described in detail. Discussion on photoluminescence and photore�ectance has

also been included which has been used to characterize the sample. In chapter 3, a

discussion on the various process which modify the refractive index of GaAs under

photoexcitation has been done. The relative contribution of these processes to the

change in the refractive index at di�erent carrier densities has been evaluated. Also
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the behavior of all these processes with intensity has been shown. This is followed

by showing results on transient re�ectivity signal from bulk GaAs.

Chapter 4 shows the carrier dynamics work performed on a

GaAs0.86P0.14/Al0.7Ga0.3As single quantum wells at room temperature. We

have established that in a near-surface GaAs0.86P0.14/Al0.7Ga0.3As single quantum

well, photogenerated holes tunnel to the surface leading to a faster decay. Further,

we have also demonstrated a coherent coupling between the quantum well states and

surface states. This could lead to applications based on coherent manipulation of

the tunneling carriers. Chapter 5 shows the carrier dynamics measurements done

on an Al0.7Ga0.3As-GaAs heterostructure at low temperature. Low temperature

Cw photoluminescence measurements are also discussed to characterize the various

peaks. Time-resolved re�ectivity has been performed at di�erent wavelengths and

temperature to study the carrier dynamics in Al0.7Ga0.3As-GaAs heterostructure at

low temperature. Chapter 6 involves study of transient re�ectivity measurements

on Al0.7Ga0.3As-GaAs heterostructure at room temperature. The 2DEG formation

is clearly visible at low temperature from time resolved photoluminescence mea-

surement. At room temperature carrier dynamics of 2DEG is di�cult because of

absence of photoluminescence. In this work we have shown that using transient

re�ectivity, the contribution of individual layer carrier dynamics from multilayer

structure. Similar study on two-dimensional hole gas has been shown in this chapter.

The dependence of recombination time in 2DEG forming in an Al0.7Ga0.3As-GaAs

heterostructure on the number density of photoexcited carriers has also been

measured and discussed in this chapter. Chapter 7 summarize the main results

obtained in this thesis and future scope of the work done for this doctoral work.
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1.4 Summary

In this chapter, the motivation for the research problems investigated in this

thesis has been discussed. The chapter wise organisation is also described.





Chapter 2

Experimental Techniques

2.1 Introduction

This thesis deals with carrier dynamics of III-V semiconductor nanostructures in

picosecond and sub-picosecond time scales. The main aim of this thesis is to study

the e�ect of surface and interface on the carrier dynamics of nanostructures. There-

fore, near-surface quantum wells and heterostructures have been selected for this

study. Ultrafast carrier dynamics was investigated using femtosecond pump-probe

transient re�ectivity [20,69,70]. This technique has been chosen due to two reasons:

�rst, the substrate layers of all samples were highly absorbing at the wavelengths

of interest and second, transient re�ectivity measurements, unlike the more popular

photoluminescence measurements, can be performed at any temperature with the

same degree of accuracy. This chapter gives the details of the samples used in this

work, and a brief description of the transient re�ectivity experiments as well as the

photoluminescence and photore�ectance techniques which were used to characterize

the samples. The low temperature transient re�ectivity experiments required more

e�orts to get reliable data, which have been described in detail.

15
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2.2 Samples

All the quantum well and heterostructure samples used for this doctoral work

have been grown by metalorganic chemical vapour deposition (MOCVD). In this

technique, the precursors are ultra pure gaseous compounds of the materials to be

deposited. The deposition occurs via a chemical reaction at the substrate surface.

The gas pressure and temperature as well as the substrate temperature are precisely

controlled to deposit an epitaxial layer of the desired material onto a semiconductor

wafer. Multiple layers with good crystalline quality can be grown. The samples used

in this study were provided by the Semiconductor Physics and Devices Lab, RRCAT.

These include GaAs0.86P0.14/Al0.7Ga0.3As single quantum wells and Al0.7Ga0.3As-

GaAs heterostructures. The layer structure of all the samples is shown in Fig. 2.1.

The single quantum wells consisted of a GaAs0.86P0.14 quantum well layer sandwiched

between two Al0.7Ga0.3As layers. The thickness of the quantum well was 11 nm. Two

di�erent quantum well structures were used. In one of the quantum well sample the

thickness of the top Al0.7Ga0.3As layer was 5 nm (Fig. 2.1(a)) and in the second

structure the top layer thickness was 50 nm (Fig. 2.1(b)). Two di�erent AlGaAs-

GaAs heterostructures were also studied. Both had an n-type GaAs substrate with

an undoped 250 nm thick GaAs layer grown over it. The Al0.7Ga0.3As layer in one

sample was n-doped with a thickness of 600 nm (Fig. 2.1(c)). In the second sample

the Al0.62Ga0.38As was p-doped and had a thickness of 650 nm (Fig. 2.1(d)). Since

the samples, whether quantum wells or the heterostructures, were grown on n-doped

GaAs substrates, reference measurements were also done on the bare n-doped GaAs

substrates and undoped GaAs deposited on n-doped GaAs substrate.
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Figure 2.1: Layer structure of samples (a) near-surface quantum well (NSQW)
(b) buried quantum well (BQW) (c) AlGaAs(n-doped)-GaAs heterostructure (d)
AlGaAs(p-doped)-GaAs heterostructure.
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2.3 Characterization

To ensure that the samples are of good quality and to determine the lowest

resonances, photoluminescence (PL) and photore�ectance (PR) spectra of samples

were measured. Since these are standard techniques a brief description is provided

below.

2.3.1 Photoluminescence

Photoluminescence (PL) spectrum is a powerful optical tool for characterizing

semiconductors [1, 71]. It can be used to determine band gaps and also to detect

presence of impurities and defects. A semiconductor material absorbs light of energy

higher than its band gap, creating an electron hole pair. The excited electrons (holes)

usually relax down to the edge of the conduction band (valence band) from where

they recombine radiatively. This constitutes the photoluminescence emission. The

photon emitted upon recombination corresponds to the energy di�erence between

the valence and conduction bands, and is hence lower in energy than the excitation

photon. In bulk semiconductors the photoluminescence spectrum allows determi-

nation of the bandgap. Further, the variation of photoluminescence strength with

respect to input pump intensity can give information about whether the recombi-

nation is free carrier or excitonic in nature [72, 73]. In nanostructures, due to the

quantum con�nement, the energy levels become discrete and it is possible to have

photoluminescence emission corresponding to recombination of more than one pair

of electron-hole states (from discrete energy levels).

The schematic for photoluminescence measurement used in this thesis is shown

in Fig. 2.2. The excitation source can be chosen between a He-Ne laser at 632.8

nm, a He-Ne laser at 543 nm and a diode laser at 405 nm. The sample is mounted

in a closed-cycle optical cryostat which can go down to a temperature of 10 K. The

emitted PL is collected using a suitable lens combination and focused on to a �ber
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Figure 2.2: Schematic showing photoluminescence(PL) measurement setup.

-coupled spectrograph. Appropriate �lters are used for blocking the scattering of the

pump laser.

2.3.2 Photore�ectance

Photore�ectance (PR) is also an extremely valuable technique for optical charac-

terization of semiconductor structures [74, 75]. Photore�ectance involves the mea-

surement and interpretation of changes in the optical response (re�ectivity) of a

sample by modulating its electric �eld. This �eld is caused by photoexcited electron-

hole pairs created by a pump source which is modulated in time. The measurement

procedure results in sharp derivative-like spectral features at the wavelengths where

inter-band transitions are present. The PR spectrum reveals the features of the

structure from the di�erent resonances present in the sample. The setup schematic

is shown in Fig. 2.3. PR results reported in this work were provided by the Semi-

conductor Physics and Devices Lab, RRCAT.
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Figure 2.3: Room temperature photore�ectance (PR) experiment schematic (L-Lens,
MCH-Monochromator, M-Mirror, PD-Photodiode and LIA-Lockin-ampli�er). The
wavelength of pump laser used here is generally less than 400 nm.

2.4 Time Resolved Degenerate Pump-Probe Re�ectivity

Pump-probe spectroscopy with femtosecond laser is a popular and powerful tech-

nique for studying ultrafast optical response of materials. It has a big advantage

in requiring only slow detectors. For the work reported in this thesis, a degenerate

pump-probe geometry was used. Some measurements were carried out with a 70 fs,

82 MHz, 800 mW Ti:Sapphire laser (model:Tsunami from Spectra Physics) and some

were done with a 100 fs, 80 MHz, 3 W Ti:Sapphire femtosecond laser (model:MAITAI

from Spectra Physics). Figure 2.4 shows the schematic of the experimental setup.

The laser beam is divided in two parts with a beam splitter(BS1). The higher power

(∼80%) part serves as the pump beam while the lower power (∼20%) part is the

probe beam. The time delay between the pump and probe laser pulses is produced

by passing the probe beam through a retro-re�ector mounted on a precision stepper

motor driven translation stage. The return beam is then made to fall on a 100 %

mirror (M1) normally. This makes the probe beam pass through the retro-re�ector
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once again before being directed to the sample via beam splitter (BS2) and mirror M3

(Fig. 2.4). This con�guration prevents delay stage movement induced misalignment

of probe beams in both vertical and horizontal planes. Since the beam passes twice

through the retrore�ector, a movement of d distance by the retrore�ector makes the

laser pulse travel an additional 4d distance and a corresponding time delay is intro-

duced with respect to the pump beam. The time matching between pump and probe

laser pulses is done by a second harmonic autocorrelator technique by using a beta

barium borate (BBO) crystal. Both pump and probe beams are then focused and

spatially overlapped on the sample by lens L3. The angle between the two beams is

kept approximately 10 degrees. The size of pump beam is controlled by a telescopic

lens arrangement in the pump beam path using lens L1 and L2. Lens L2 is kept on a

linear manual translation stage for beam diameter control. On the sample, the size

of probe beam is nearly 25 µm and pump beam size is ∼ 50 µm. The pump to probe

intensity ratio is kept at least 1:5. The re�ected probe beam from sample is detected

using a wide area silicon photodiode. The change in the sample re�ectivity for the

probe beam measured as a function of the pump probe delay gives information on the

evolution of the photo-generated carriers excited in the sample by the pump beam.

To probe the true carrier dynamics it is essential that the excited carrier density

must be kept as low as possible. In such conditions, the relative change in re�ectiv-

ity (∆R/R) is expected to be less than the order of 10−3. Phase sensitive detection

technique can provide su�ciently high signal-to-noise ratio for such measurements.

For this, the pump beam is time modulated using a mechanical chopper. The re-

�ected probe beam is detected by a photodiode and lock-in-ampli�er combination.

The chopper provides the reference signal to the lock-in-ampli�er. The changes in

the probe beam due to the pump beam have the same modulation frequency and are

enhanced by the lock-in-ampli�er. The normalised transient change in re�ectivity

(∆R/R) at various pump-probe delay is calculated by taking ratio of the in-phase
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Figure 2.4: Time-resolved degenerate pump-probe re�ectivity setup. The laser used
is femtosecond laser. (BS-Beam splitter, C-Chopper, L-Lens, WP-Waveplate, M-
Mirror, PD-Photodiode, P-Polarizor, A-Aperture and LIA-Lockin-ampli�er).
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signal and the average re�ected probe power [69]. Apertures A1 and A2 are placed

in the path of re�ected probe beam towards photodiode to prevent the scattering of

the pump beam from the sample reaching the photodiode (Fig. 2.4). Further, the

probe beam polarization is made orthogonal to the pump beam polarization with

help of a half wave plate and a polarizer (WP and P1). This is done to minimize

coherent artifacts in the transient re�ectivity signal. The experiment is performed

using a customized software which controls the delay stage movement and acquire

the data from the lock-in-ampli�er at each delay. This software was developed by

Laser Electronics Support Division, RRCAT.

2.5 Establishment of low temperature transient re�ectivity

measurements

Some studies in this work required transient re�ectivity measurements at low

temperatures. For such measurements the sample was placed in an in-house de-

veloped closed-cycle cryostat which could go down up to 40 K. The cryostat was

provided by Cryo-engineering and Cryo-module Development Division, RRCAT. A

heavy vertical stand was custom designed to place the cryostat above the experi-

mental table in order to minimize the e�ect of vibrations. This setup was used to

measured transient re�ectivity of the near-surface GaAsP/AlGaAs single quantum

well. However the initial low temperature scan were found to be erratic and the

data showed modulation within a scan of pump-probe delay of few hundreds of ps.

So, before the transient re�ectivity measurements could be done, the source of these

modulations had to be determined. Figure 2.5(a) and (b) show two successive scans

each at room temperature and 50 K respectively.

Performing the measurements with the cryostat in on and o� conditions, it was

con�rmed that these modulations were not being caused by the cryostat vibrations.
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Figure 2.5: (a) Two representative scans of transient re�ectivity signal from
GaAsP/AlGaAs quantum well at room temperature (300 K) under identical con-
ditions. The data was always repeatable within the experimental errors. (b) Two
representative scans of transient re�ectivity signal (∆R/R) of GaAsP/AlGaAs quan-
tum well at 50 K. The time evolution of the signal was di�erent on each scans.

A search of literature revealed that similar oscillations in transient re�ectivity were

reported from La0.5Sr1.5MnO3 at low temperature and has been attributed to some

kind of memory e�ect [76]. However, the origin of the oscillations could not be

established conclusively. Further, periodic modulations were reported in the linear

re�ectivity of ZnO at low temperature [77]. Therefore, the linear re�ectivity behavior

of quantum well in the same setup was checked by measuring the probe re�ectivity as

a function of time. It was found that the linear re�ectivity was varying periodically.

The transient re�ectivity experiment measures ∆R/R under the assumption that

linear re�ectivity (R) remains constant. Any variation in R could cause the observed

modulation in ∆R/R.

In order to con�rm that the high power of the femtosecond laser was not the cause

of the modulations, the linear re�ectivity was also measured using a continuous wave

low-power He-Ne laser at 632.8 nm. The same oscillatory behaviour was observed. In

ZnO the oscillations in the linear re�ectivity had been attributed to a continuously

growing space charge layer [77]. To check whether this explanation was applicable
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Figure 2.6: The variations in the linear re�ectivity from various materials at 50 K in
the cryostat. The incident He-Ne laser power was 0.8 mW. For ease of viewing, the
re�ected signals have been scaled by suitable multiplier.

here also, measurements in the same setup were done on various materials, namely

glass plate (insulator), a bulk GaAs wafer (semiconductor) and a thin aluminium

plate (metal). The surface of all these samples were of optical quality. In all cases, the

linear re�ectivity showed similar modulations as shown in Fig. 2.6. The observation

of similar periodic variations in the low temperature linear re�ectivity of di�erent

kinds of materials implies that the oscillations have a common origin independent of

the nature of the material but strongly dependent on the sample temperature.

Recalling that the vacuum level in the cryostat is typically in the order of ∼

×10−6 millibar, it is possible that enough residual water vapour and gases are present

to condense and form a continuously growing �lm on the sample surface. In the

re�ectivity measurement interference between the re�ection from the top and bottom

interfaces of this growing �lm can give rise to the observed modulations.
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Figure 2.7: Schematic of multiple re�ection from a thin �lm-substate system. l is
the thickness of thin �lm. n′ and n are the refractive index of the thin �lm material
and the sample respectively.

In order to con�rm whether this phenomenon will explain the observed behavior,

we model the e�ect of a continuously growing thin �lm on the re�ectivity of the

sample. Let l be the thickness of the thin �lm growing on the sample at any time

time t (as shown in Fig. 2.7). The net re�ectivity from the �lm and the sample at

any given time is [78,79]

R(t) =
R1 + Ω(t)2R2 + 2Ω(t)

√
R1R2 cos (4πn

′l(t)/λ)

1 + Ω(t)2R1R2 + 2Ω(t)
√
R1R2 cos (4πn′l(t)/λ)

, (2.1)

where R1 is the re�ectivity of the air and thin �lm interface and R2 is the re�ectivity

of the thin �lm and sample interface. n′ and n are the refractive indices of the thin

�lm and sample materials at the wavelength of the light used [80,81]. The absorption

loss per pass, Ω, is exp(−αl(t)), where α is the linear absorption coe�cient of the thin

�lm material. For a growing �lm l will vary with time. l will be given by gt where

g = dl/dt is the growth rate of the �lm. Figure 2.8 shows the calculated re�ectivity

oscillations using Eq.2.1 at experimental wavelength of 632.8 nm for di�erent values
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Figure 2.8: The calculated variation of linear re�ectivity from a sample and a thin �lm
on its top surface with time using Eq.2.1: thick line - constant g and no absorption in
the �lm (α = 0), thin line - constant g with �nite absorption in the �lm and dashed
line - linearly decreasing g and α = 0.

of n′, g and α. We see from Fig. 2.8, for a given growth rate and n′ of a non-absorbing

thin �lm, the period as well as the magnitude of oscillations remains constant with

time. This can be explained as follows: if either the sample or the �lm is a poor

re�ector, then R1R2 ≪ 1 and the denominator Ω can be taken to be nearly 1 with

this approximation and assuming that the �lm thickness increases linearly with time,

the above equation can be approximated to

R(t) = A+B cos

[
4πn′gt

λ

]
, (2.2)

where A = R1 + R2 and B = 2
√
R1R2. Thus, the re�ectivity of a non-absorbing

thin �lm with constant growth rate and n′ will have constant amplitude as well as

constant time period.
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Figure 2.9: The variation of the measured linear re�ectivity of bulk GaAs sample.
The calculated curve is the best �t with Eqn. 2.1 neglecting any absorption in the
�lm. For ease of viewing, the re�ected signal has been normalized by dividing it with
its maximum value. The refractive index of the GaAs used in �tting as well as the
best �t parameters are given in Table 1.

Assuming the growing thin �lm on our samples to have constant growth rate,

constant refractive index and no absorption, we �t the experimental data using Eq.2.1

to have an estimate for the refractive index and growth rate of the �lm. Figure 2.9

shows the measured linear re�ectivity of GaAs along with the best �t using Eq.2.1.

Table 2.1 shows the estimated refractive index and growth rate of the thin �lms

condensing on di�erent samples derived from these �ttings.

In case of cryo-vacuum condensation of gases, the crystalline structure and den-

sity of the condensed �lm have been shown to depend on temperature and ambient

atmosphere [82,83]. However, our results show that material and surface quality of

the sample on which the gases are condensing will also a�ect the growth rate and

refractive index of the thin �lm. Thus, the estimated refractive index and growth

rate of the �lms are expected to vary with the underlying sample.
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Material n k R(%) n′ g (nm/min)
Aluminium 1.37 7.6 89 1.42 2.25
Glass 1.54 0 4 1.34 8
GaAs 3.3 0.2 29 1.15 7

Table 2.1: The estimated values of refractive index n′ and growth rate g in nm/min of
the �lm condensing on di�erent materials. Approximate values of real and imaginary
part of refractive index n and k used in the calculation is also listed in the table along
with average re�ectivity R. The wavelength is 632.8 nm.

Figure 2.10: Measured time dependence of the linear re�ectivity of a glass plate in a
optical cryostat at temperature 50 K in much longer time of observations. For ease
of viewing, the re�ected signal has been normalized by dividing it with its maximum
value.
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Figure 2.10 shows the measured time dependence of linear re�ectivity measured

from the glass surface over a long observation period. Although the variations in the

period of oscillations and the magnitude can be neglected over one cycle, the long

time observation clearly shows an increase in the time period as well as changes in the

magnitude of oscillations. Similar changes in the period of oscillations as well as the

magnitude have been found in the linear re�ectivity of all the samples. In Fig. 2.8,

we have also shown the simulated changes in the re�ectivity of the sample-thin �lm

structure for two cases: in one case the �lm has �nite absorption and in the other case

the growth rate decreases linearly with time. The observed changes in the magnitude

and period of oscillations in the linear re�ectivity of the sample shown in Fig. 2.10

can be explained if we assume the thin �lm to have �nite absorption and reduction in

growth rate as it grows. It is expected that as the condensation starts, the amount

of residual gas present in the chamber reduces and this can lead to reduction in

the growth rate of the �lm. Thus, the observed oscillatory behavior in the linear

re�ectivity is consistent with our model of condensation of a thin �lm on the samples

surface. In such thin �lm formation the growth rate should depend strongly on the

temperature of the sample. It is expected that as the temperature of the sample

increases the growth rate should reduce and hence the period of oscillations should

increase. Figure 2.11 shows the temperature dependence of period of oscillations on

the re�ectivity of GaAs sample. Clearly the time period of re�ectivity oscillations

increases with increase in temperature, supporting the formation of thin �lm on the

material under study.

Having understood the cause of modulations in the linear re�ectivity, it was

essential to suppress these oscillations to get the proper transient re�ectivity signal.

The chamber volume of cryostat was nearly 0.02 m3 and the total volume along with

the vacuum bellows was ∼0.5 m3. The vacuum system consisted of a di�usion pump

with a liquid nitrogen trap and backed by rotary pump and resulted in a vacuum
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Figure 2.11: The temperature dependence of period of linear re�ectivity oscillations
measured from bulk GaAs.

level of ∼ 5×10−6 mbar. In order to reduce the amount of residual gases, the cryostat

was conditioned by purging with nitrogen and baking under vacuum. This improved

the vacuum level to nearly 1×10−6 mbar. The re�ectivity under various stages of

conditioning is shown in Fig. 2.12.

Purging with nitrogen removes some of the residues. This results in increase of the

time period of oscillation in the re�ectivity, but the magnitude of oscillations remains

the same. This shows that the same material is condensing under various stages of

conditioning. What helped the most in reducing condensation on the sample surface,

as shown in Fig. 2.12, was the mounting of a metal shield around the sample with

through holes for optical beams. This is because a large fraction of the residual gases

condenses on the shield and does not reach the sample inside. Figure 2.13 shows two

representative scans of the transient re�ectivity curve of the quantum well sample

at 50 K after the cryostat is conditioned and with the metal shield in place. It is

clear that with the slow oscillations in linear re�ectivity suppressed, the transient
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Figure 2.12: Re�ectivity signal for glass at 50 K under di�erent nitrogen purging
times as well as with an additional metal shielding around the sample. All signals
have been scaled by suitable multiplier for ease of viewing.

Figure 2.13: Two representative scans of transient re�ectivity of GaAsP/AlGaAs
quantum well at 50 K after conditioning the cryostat and with the metal shield a
around the sample.
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re�ectivity signal becomes repeatable and reliable. As a further check, similar mea-

surements were made in other commercial cryostats which had metallic shields. It

was found that the re�ectivity modulations appeared if the vacuum conditions de-

graded and disappeared once the vacuum improved. We believe that the re�ectivity

oscillations reported earlier could be due to this same phenomenon [76,77]. Since the

process of �lm growth can occur for any material, the precautions discussed above

are important for re�ection based experiments on any sample.

2.6 Summary

In this chapter, the details of the samples studied in this thesis and the experi-

mental techniques developed for the same have been described. Standard degenerate

pump-probe transient re�ectivity experiment was set up for these studies. Earlier

authors, in their work, have reported modulations with time in both linear and tran-

sient re�ectivity at low temperatures. However, the cause could not be identi�ed. In

this work we have demonstrated that all these e�ects arise due to condensation on the

sample surface. An e�ective method of preventing this e�ect has been demonstrated.





Chapter 3

Transient re�ectivity in GaAs

3.1 Introduction

The main work in this thesis involves carrier dynamics studies in III-V semicon-

ductor nanostructures based on time-resolved pump-probe re�ectivity measurements.

Upto moderate carrier densities, the excited carriers in the sample generated by the

absorption of the pump pulse cause a transient change in its refractive index. This,

in turn, induces a time dependent change in re�ectivity, which is probed by a weak

probe pulse [69, 84]. This transient refractive index change in these materials can

be caused due to several phenomena e.g. band �lling, bandgap renormalization, free

carrier etc [85�95]. The relative importance of these depends on the excitation pho-

ton energy and excited carrier density. As discussed in chapter 2, all the quantum

well and heterostructure samples used in the work are grown on a GaAs substrate.

At the photon energies used for transient re�ectivity measurements in this thesis

work, there is always a large photo carrier density generated in the GaAs substrate.

For example, the carrier density in GaAs substrate can be much higher than that

generated in the quantum well. Thus the contribution from the substrate (GaAs) to

35
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the transient re�ectivity can be a major one and has to be understood before any

conclusions can be reached about the contribution from the refractive index change

of the nanostructure deposited on top of it.

GaAs is a fairly well studied material and transient refractive index changes in

the range of 10−2 to 10−4 have been reported without any permanent change [84,95].

The corresponding photoexcited densities lie in the range of 1015cm−3 to 1017cm−3.

However, the complete information in the wavelength region of our interest was not

available. Further, for ease of analysis, we also wished to work in carrier density

regime where the re�ectivity change had a linear, rather than nonlinear dependence

on the carrier density. Therefore, the refractive index change in GaAs was �rst

calculated as a function of incident photon energy as well as carrier density. Intensity

dependent transient re�ectivity measurements were also performed to experimentally

determine the regime for linear change of re�ectivity. This chapter describes these

results.

3.2 Calculation of photoinduced refractive index change in

GaAs

For photoexcited carrier densities in the range of 1015cm−3 - 1017cm−3, three

main processes are responsible for the photoinduced refractive index change in GaAs.

These are band �lling, band gap renormalization and free carrier absorption [84�88,

95]. In this section we �rst calculate separately the e�ect of each process and estimate

the combined e�ect.

3.2.1 Band �lling

The band �lling e�ect, also called the Burstein-Moss e�ect, results in a shift of

the band edge as a result of excitation [85,95]. The electron and holes are fermions
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Figure 3.1: The band structure of GaAs at room temperature. lh stands for light
hole and hh stands for heavy hole. SO is spit-o� band.

and obey Pauli's exclusion principle. After excitation, the electron in conduction

band come down quickly to the band edge. Similarly excited holes also quickly

accumulate at the top of the valence band. This reduces the states available for

excitation near the band edge, thus e�ectively increasing the band gap. GaAs is a

direct bandgap semiconductor and the conduction and valence bands are parabolic

near the band edge. The band structure of GaAs is shown in 3.1 at k = 0. Here

we have shown three direct band hole states in the valence band. Two of the hole

states are degenerate at k = 0. These are called heavy holes and light holes. Light

hole (lh) is having higher curvature and heavy hole (hh) has smaller curvature. The

split o� band (SO) has split o� to lower energy due spin orbit coupling [26]. Near

the band edge the absorption coe�cient is given as [95]

αo(E) =
Chh

E
{E − Eg}1/2 +

Clh

E
{E − Eg}1/2 (3.1)
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Here, Chh, Clh is material parameter depending on type of hole state involved. Eg is

band gap of GaAs and E is the photon energy at which αo(E) is calculated.

Under photoexcitation, the band-edge will shift and therefore the absorption

coe�cient near band edge will also change. The change in absorption ∆αo(E) is

given as [95]

∆α(N,P,E) = αo(E){fe(N,E)− fh(P,E)− 1}. (3.2)

Here ∆αo(E) is change in absorption. αo(E) is given by Eqn. 3.1. N and P is

carrier density of photoexcited electrons and holes respectively. The �lled electron

states in conduction band is given by Fermi-Dirac distribution as fe(N,E) and �lled

hole states in valence band by fh(P,E). The distribution function fe(N,E) and

fh(P,E) depends on photon energy (E), temperature (T) and excited carrier density

(N or P). The corresponding change in refractive index due to change in absorption

is given as [96]

∆n(N,P,E) =
2c~
e2

P

∞∫
0

∆α(N,P,E ′)

E ′2 − E2
dE ′. (3.3)

Using Eqn. 3.3, the change in refractive index is calculated by using the values of

various parameters from literature [85,95]. Figure 3.2 shows the calculated refractive

index change at di�erent photon energies for various excited densities. This change

increases with increasing carrier density and is 10−3 for the lowest carrier density used

(6 × 1015cm−3). Figure 3.3 shows the intensity dependence of ∆n for a few photon

energies where the transient re�ectivity measurement in nanostructure samples have

been carried out. At all these photon energies, which are above GaAs band gap, ∆n

is positive. As can be seen, even for high excitation ∆n varies linearly with carrier

density, though the slope varies with photon energy.
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Figure 3.2: Calculated change in refractive index as function of photon energy due to
band �lling e�ect in GaAs. The results are shown at four di�erent carrier densities.

Figure 3.3: The change in refractive index due band �lling e�ect in GaAs as a
function of carrier density at three di�erent wavelengths.
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3.2.2 Band gap renormalization

If the concentration of electrons in the conduction band is large enough, the elec-

tron wavefunction will start overlapping with each other. Then coulombic repulsion

and Pauli's exclusion principle will cause electrons to repel each other and exchange

e�ect will result in lowering of the electron energy. This will result in lowering of the

conduction band in a highly excited semiconductor as compared to the unexcited

semiconductor. Similarly, the valence band level will rise up due to the interaction

among holes. The net e�ect of this lowering of conduction band and rising of valence

band will result in band gap shrinkage in the highly excited semiconductor. This

e�ect is called the band gap renormalization. The band gap reduction is proportional

to average inter-particle distance. At lower density it is negligible.

An empirical model is available to estimate the band gap shrinkage as a function

of carrier density [86�95]. Above a critical carrier density, Ncr, the reduction in

band gap is given by [95]

∆Eg(N) =
A

εs
(1− N

Ncr

)
1
3 . (3.4)

where A is �tting parameter for given semiconductor material, εs is permittivity of

semiconductor and N is excited carrier density. Ncr is critical density equal to 1.4

times Mott density [97]. Ncr for GaAs has been reported to be 5× 1016 cm−3. The

change in absorption ∆α due to band gap renormalization is given as

∆α(N,E) =
C

E
(E − Eg −∆Eg(N))1/2 − C

E
(E − Eg)

1/2. (3.5)

Here, C is material parameter for a given semiconductor, Eg is band gap and E is

the photon energy where change in absorption is calculated.
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Figure 3.4: Calculated change in refractive index as function of photon energy due
to band gap renormalization in GaAs. The results are shown at di�erent carrier
densities. The band gap renormalization starts to contribute above critical density
which is 5× 1016 cm−3 for GaAs.

Figure 3.5: The band gap renormalisation induced change in refractive index in GaAs
as a function of carrier density at three di�erent wavelengths.



Chapter 3. Transient re�ectivity in GaAs 42

Figure 3.6: The refractive index change as function of photon energy due to free
carrier absorption e�ect in GaAs. The results are shown at di�erent carrier densities.

Figure 3.4 shows the results obtained for band gap renormalization e�ect in GaAs

using Eqn. 3.5 calculated by taking required parameters for GaAs from literature

[95]. For carrier densities greater than 1016cm−3, the magnitude of ∆n is similar to

that induced by band �lling, though the sign is mostly opposite.

Figure 3.5 shows that the band gap renormalization induced change in refractive

index (∆n) at three di�erent wavelengths as function of carrier density. As can be

seen that the e�ect starts to appear just after the critical density and becomes more

dominant as we go on increasing the carrier density.

3.2.3 Free carrier absorption

The photoexcited carriers in semiconductors can further absorb the incident light

and move to a higher state in the conduction/valence band. Following the Drude
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Figure 3.7: Change in refractive index due to free carrier absorption in GaAs as a
function of carrier density at three di�erent wavelengths.

model, the resultant change in refractive index is given as [94]

∆n = −(
h2e2

8π2E2ε0n
)(

N

me

+
P

mh

). (3.6)

Here h is Planck's constant, E is energy of photon. me and mh are the respective

e�ective mass of electrons and holes. The RHS shows that ∆n is always negative.

Figure 3.6 shows the calculated refractive index change for GaAs due to free carrier

absorption. Here also the magnitude of ∆n increases with increasing carrier density.

However, the values are much smaller as compared to those from either band �lling

or band gap renormalization. Also, variation of ∆n with carrier density for the same

three photon energies, the magnitude of ∆n increases linearly with carrier density

(3.7).

Thus we see that, in a certain carrier density range, the refractive index change

varies linearly with carrier density if each e�ect is considered separately. However
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Figure 3.8: Calculated change in refractive index due to all three e�ects at carrier
density 2 × 1017 cm−3 as function of energy due to combinations of e�ect in GaAs.
All e�ects are shown individually and combined is also plotted.

the dependence on excitation photon energy is di�erent for each process. In the next

section we calculate the total change in refractive index due to these three process.

3.2.4 Combined e�ect of band �lling, band gap renormalization and free

carrier absorption

Figure 3.8 shows the calculated total ∆n, at a carrier density of 2×1017cm−3, due

to all the three e�ects. For convenience of reference the three separate contribution

are also shown. It is seen that around the band edge (1.41 eV) the variation with

photon energy is more or less similar to that due to band �lling. Figure 3.9 shows

the total ∆n for various carrier densities. Though the overall behaviour is similar

to that of Fig. 3.2, crossover point from negative to positive shifts to higher energy

as the carrier density increases. A more striking di�erence is seen if we look at ∆n

variation at a given photon energy. Figure 3.10(a) shows the total ∆n for the same
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Figure 3.9: Calculated change in refractive index in GaAs as function of energy due
to combinations of e�ect. The results are shown at di�erent carrier densities.

Figure 3.10: The change in refractive index (a) with carrier density at three di�erent
wavelengths in GaAs due to sum of all e�ects (b) the same refractive index change
at zoomed scale which shows linear variation.
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Figure 3.11: Transient re�ectivity signal from GaAs at 768 nm at di�erent pump
intensity.

three photon energies as considered in 3.3, Fig. 3.5 and Fig. 3.7. We see that above

4 × 1016cm−3 the variation of ∆n with intensity becomes nonlinear. We recall here

that the critical density for band gap renormalization is 5 × 1016cm−3. Below this

carrier density the total ∆n is still linear as shown by the zoomed graph of Fig.

3.10(b). Thus it is safe to conclude that for carrier densities below 4×1016cm−3, the

refractive index would arise mainly from band �lling. The contribution from band

gap renormalization is absent and that due to free carrier absorption is two orders

of magnitude lower.

To con�rm these calculations, we have carried out intensity dependent transient

re�ectivity measurement on GaAs at room temperature. These are described in the

next section.

3.3 Transient re�ectivity measurements on GaAs

Figure 3.11 shows the measured transient re�ectivity of GaAs at 768 nm (1.6142

eV). For the measured linear re�ectivity spectrum and the absorption coe�cients
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Figure 3.12: The initial peak (∆Rmax) of transient re�ectivity signal from GaAs at
768 nm as function of pump intensity.

Figure 3.13: (a)Transient re�ectivity signal from GaAs at 800 nm at di�erent pump
intensity. (b)The initial peak (∆Rmax) of transient re�ectivity signal from GaAs at
800 nm as a function of pump intensity.
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from literature, it is estimated that at this wavelength, at input pump intensity of

2.1 kWcm−2 corresponds to an excited carrier density of 1 × 1016 cm−3. The ∆R

is positive as expected from ∆n calculations of Fig. 3.9. The ∆R starts increasing

as soon as the pump pulse arrives at the sample and reaches a maximum by ∼

200 fs. The magnitude of this maximum change is plotted as a function of input

pump intensity shown in Fig. 3.12. It is observed that the ∆Rmax starts saturating

after 10 kWcm−2. A similar behaviour is observed at 800 nm laser wavelength as

shown in Fig. 3.13. Therefore transient re�ectivity measurements in GaAs should

be performed below this pump intensity.

However, all the samples used in this work have a top layer of Al0.7Ga0.3As.

Between 700 nm to 800 nm(1.771 eV to 1.549 eV) Al0.7Ga0.3As has a lower re�ectivity

(0.27 - 0.28) as compared to GaAs( .32 - .33). Therefore, the nonlinear behaviour

start showing up at a slightly lower pump intensity (∼ 8.5 kWcm2). Therefore, all

the transient re�ectivity measurements described in this thesis, the pump intensity

has been kept below 5-6 kWcm−2.

3.4 Summary

In this chapter, the various physical processes responsible for photoinduced re-

fractive index has been discussed brie�y. The refractive index change in GaAs due

to these processes has been calculated. The refractive index change ′∆n′ changes

linearly with carrier density at low carrier densities (∼ 1015cm−3). It is concluded

that the most signi�cant process is band �lling at low carrier densities. The exper-

imental pump intensity for linear regime in GaAs has been established by transient

re�ectivity measurements. In all the remaining measurements performed for this

work, the pump intensity has been kept in this linear regime.



Chapter 4

Carrier Dynamics in Near-Surface

Quantum Well

4.1 Introduction

Semiconductor quantum wells are used for many optical and optoelectronic de-

vices like lasers, modulators and photodetectors [6, 7, 15, 16]. Their high e�ciency

arises mainly from the fact that photo-generated carriers are con�ned to a small

region. Quantum wells can have a very high nonlinear optical response. However,

in a typical quantum well, consisting of a thin epitaxial low band-gap material layer

sandwiched between two high band-gap material layers, the recombination time of ex-

cited carriers is of the order of ∼ ns. This restricts their use for ultrafast detectors or

modulators. One way to make the optical response faster has been to introduce non-

radiative recombination centers in the vicinity of the quantum well; thus providing an

alternate faster decay channel for the excited carriers generated in the quantum well.

An example is a near-surface quantum well where the barrier layer on one side of the

quantum well is made very thin or completely removed [36, 37, 59, 98]. With such a

49
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thin or nonexistent barrier layer, carriers can easily tunnel out from the quantum well

and recombine non-radiatively at the surface [34, 37]. Near-surface quantum wells

using III-V semiconductors have been used to make fast saturable absorbers, high

power surface emitting lasers and all-optical switches for signal generation, temporal

multiplexing and ultrashort pulse generation [15, 16, 37, 60, 61, 99�102]. Recently ul-

trafast all optical switching up to 10 Gbit per second has been demonstrated using

InGaAs/InP surface quantum wells [37].

Some carrier relaxation studies in III-V surface quantum wells have been re-

ported which shows the in�uence of surface states on carrier lifetime in quantum

wells [36, 59, 103, 104]. Most of these studies have been at low temperature by

either measuring the time-resolved photoluminescence directly or by studying the

reduction in the CW photoluminescence. For example, in AlGaAs/GaAs and In-

GaAs/GaAs near surface quantum wells, it has been shown that the low temperature

CW photoluminescence reduces as the top barrier thickness is reduced and disap-

pear completely when the barrier thickness is ∼ 5 nm [36,59,105]. This reduction in

photoluminescence intensity is attributed to the increased tunneling of carriers from

the quantum well to the surface states and subsequent non-radiative recombination

there [36, 59, 103, 104]. Surface oxidation due to exposure to atmosphere has been

reported to further enhance this tunneling e�ciency [59].

In AlGaAs/GaAs near-surface quantum wells, time-resolved photoluminescence

measurements have shown that the photoluminescence decay time at 10 K reduces

from 130 ps for a 35 nm thick barrier layer to 100 ps for a 6 nm thick barrier [36].

In InGaAs/GaAs near-surface quantum wells, at 2K, the time-resolved photolumi-

nescence decay time reduces from 220 ps at 16 nm barrier thickness to 28 ps at 9 nm

barrier thickness [104]. In another study the time-resolved photoluminescence decay

time at 12 K has been reported to be ∼ 150 ps for an AlGaAs/GaAs quantum well

with 8 nm thick barrier [105].
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As already mentioned, all these reports are for low temperature. For any practical

device room temperature operation is desirable. However, at room temperature,

the non-radiative decay becomes stronger and photoluminescence correspondingly

is much weaker. Therefore, we have selected the transient re�ectivity technique

to study the e�ect of surface states on the carrier dynamics in a GaAsP/AlGaAs

single quantum well. Strained GaAsP/AlGaAs quantum well is one of the successful

solutions for high-power performance in the 800 nm wavelength range [106�108].

The mode-locked vertical cavity surface emitting laser using the GaAsP/AlGaAs

near-surface QW is one of the popular design due to the availability of a suitable and

relatively inexpensive high-brightness pump source [30, 65]. However no systematic

study of surface e�ects on the carrier dynamics is available for these quantum wells.

We have selected a near-surface quantum well with a 5 nm thick top barrier. This

ensures a strong interaction between the surface and quantum well states. It has

been shown that the interaction with surface states leads to a sub-ps carrier lifetime

which is the fastest reported in such quantum well structures.

4.2 Experimental details

Two GaAs0.86P0.14/Al0.7Ga0.3As single quantum well structures have been used

in this study; a near-surface quantum well (NSQW) with a top Al0.7Ga0.3As barrier

layer of 5 nm and a buried quantum well (BQW) with a 50 nm thick top barrier.

The sample growth details have been given in chapter 2. The layer structures of the

quantum wells is shown again in Fig. 4.1 for convenience.

The samples were �rst characterized by photoluminescence and photore�ectance.

As expected, only the BQW showed photoluminescence at room temperature. The

spectrum is shown in Fig. 4.2. The broad peak can be resolved in three separate

peaks corresponding to the three lowest transitions in the quantum well. Out of

the three peaks, the one corresponding to the e1 − hh1 transition has the highest
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Figure 4.1: Layer structure of the single quantum wells. d= 5nnm for near-surface
quantum well (NSQW) and d= 50 nm for buried quantum well (BQW).

Figure 4.2: Photoluminescence (PL) spectrum of BQW at room temperature. The
observed spectrum is resolved into three peaks shown by dashed and dotted lines.
The transition corresponding to each peak is also indicated.
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Figure 4.3: Photore�ectance spectrum of the NSQW and BQW. The energy levels
of the GaAs substrate and barrier AlGaAs are also shown. FKO: Franz-Keldysh
oscillations.

Figure 4.4: Energy levels: A schematic diagram showing the lowest energy levels and
the transition energies in eV for the NSQW. The error in the energy of transitions
is ± 2 meV estimated by the �tting of photore�ectance spectrum. e1: �rst electron
level, lh1: �rst light hole, hh1: �rst heavy hole level, hh2: second heavy hole level,
SS: surface state (approximate position). The energy levels of BQW are same except
that the surface is too far away and the SS-hole transitions would be much less
prominent.
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intensity. The photore�ectance spectra of both the samples were identical. The

spectrum is shown in Fig. 4.3 with the identi�cation of the various transitions. The

corresponding energy level diagram (applicable to both samples) is shown in Fig. 4.4.

For the NSQW, the possible position of the surface states is also indicated. It can

be seen that the e1 − lh1 transition has the lowest energy as con�rmed from both

photoluminescence and photore�ectance measurements. This is due to the tensile

strain present in the sample [109].

The transient re�ectivity measurements on these samples were performed at room

temperature (23o C) in a standard degenerate pump-probe geometry described in

chapter 2. The excitation laser was a ∼ 70 fs, 82 MHz, Ti:Sapphire laser (Tsunami

from Spectra Physics).

4.3 Transient Re�ectivity

The transient re�ectivity signal (|∆R/R|) for NSQW and BQW measured at a

photon energy 1.577 eV is shown in Fig. 4.5. With a spectral width of 28 meV

(FWHM) the laser beam excites the three lowest resonances e1-hh1, e1-lh1 and e1-

hh2 of the NSQW. The time zero represents the arrival of the peak of the pump pulse

on the sample. With the arrival of the pump pulse the |∆R/R| increases, reaching

a maximum near the end of the pump pulse. This can happen if the decay is not

instantaneous so that even the later part of the pump pulse contributes to an increase

in the signal [22]. This double decay behavior will also have a contribution arising

due to the carriers excited either in the GaAs substrate or those trapped at the

AlGaAs/GaAs interface [48,110]. This is expected since, when the sample is excited

at 1.577 eV, only a small part of the pump beam is absorbed by the thin quantum

well layer. As a result more than 90% of the pump beam transmitted through the

front surface of the sample reaches the GaAs which has a band gap of ∼ 1.42 eV.

The band gap of Al0.7Ga0.3As is 2.07 eV, and it does not have any absorption at this
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Figure 4.5: Transient re�ectivity signal from (a) NSQW and (b) BQW. The laser
photon energy is 1.577 eV and the pump �uence incident at sample was 26 µJcm−2

( intensity was kept 2.1 kWcm−2).
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Figure 4.6: The wave functions corresponding to di�erent hole states in the NSQW
showing the higher tunneling of lh1 and hh2 as compared to hh1.

photon energy.

However, as can be seen from Fig. 4.5, the transient re�ectivity recovery from the

two quantum well samples is not exactly the same. For both the samples, the decay

appears to have a fast and a slow component. By �tting a double exponential to

the measured decay curves, the time constant for the �rst faster partial recovery has

been found to be 40 fs for both the quantum wells. However, the slow component

is markedly di�erent, the time constant is estimated to be ∼ 0.5 ps for NSQW

and nearly 4 ps for BQW. The �rst fast decay is attributed to thermalization of

photogenerated carriers [22,32] and is therefore the same for both quantum wells. In

the second slower component the e�ect of proximity of surface states to the quantum

well can be seen.

The calculated wave functions of the three lowest hole states are shown in Fig.

4.6. It can be seen that although all three wavefunctions tunnel out of the quantum

well, the lh1 and hh2 tunnel to a much higher degree as compared to hh1. The

higher tunneling of lh1 is due to its lower e�ective mass, whereas that of hh2 is
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Figure 4.7: The transient re�ectivity signal of NSQW. (a) The dots are the as mea-
sured |∆R/R| and the line is the best �t to the data after 0.15 ps with a single
exponential decay function. (b) The time dependence of R obtained from the exper-
imental data. The solid line is the best �t to the data with F .
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Figure 4.8: The FFT of the data after subtraction of the exponential decay function
from experimental data (R).

due to its higher energy. Moreover, the space charge formation due to the surface

termination results in an electric �eld near the surface. For NSQW, this electric �eld

is estimated from the Franz-Keldysh oscillations in the photore�ectance spectrum

to be ∼ 33 kVcm−1 and is directed towards the surface. Thus it will assist in the

movement of holes towards the surface. This tunneling of holes to the surface pro-

vides an alternate decay channel for the carriers. These results show that at room

temperature the carrier decay time is 0.5 ps which is much shorter than the time-

resolved photoluminescence decay times reported at low temperature. In the BQW,

the surface is further away so that this process is not so e�ective and as a result the

carrier lifetime in the quantum well is much longer.

A close observation of the |∆R/R| curves of NSQW and BQW showed up another

di�erence. In the NSQW a faint oscillation was observed superimposed on the slow

exponential decay. This was investigated and determined to be a coherent e�ect.

This analysis is described in the following section.
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4.4 Coherent Coupling

The transient re�ectivity curve of NSQW is shown again in Fig. 4.7(a). Faint

oscillations can be seen starting from ∼ 0.2 ps delay. To see the oscillations more

clearly, the slow component �t was subtracted from the measured |∆R/R| curve and

the result is (denoted R) is shown in Fig. 4.7(b). We found that R could be �t well

with a function, F , given by

F = A cos

(
2π

T
t+ ϕ

)
e−t/τ , (4.1)

where A is the amplitude, T is the time period, ϕ is the phase and τ is the decay

time of the oscillations. From the best �t we obtain the value of T and τ to be

120 ± 4 fs and 147 ± 10 fs respectively. Figure 4.8 shows the FFT of R showing

a clear resonance at 8-9 THz. It may be recalled that the above data was taken

at 1.577 eV where because of ∼ 27.9 meV spectral width of the laser, all the three

lowest transitions of the quantum well transitions were excited. We found that if

the excitation laser energy was tuned away from 1.577 eV, the oscillations starts

reducing. At a shift of ∼ 20 meV the oscillations disappear completely. As example,

the |∆R/R| measured for the NSQW sample at 1.6 eV is shown in Fig. 4.9 and at

1.55 eV in Fig. 4.10. In both results, oscillations can not be seen.

This suggests that the oscillations occur only when the laser can excite all the

quantum well transitions to some degree. For example, when the excitation is at

1.6 eV, e1-lh1 is not excited and when the excitation is at 1.55 eV e1-hh2 is not

excited. We also made careful measurements at various photon energies on a sample

of a single layer of AlGaAs on a GaAs substrate and a bare GaAs substrate. In

neither case were the oscillations found to be present. Thus, it is con�rmed that the

oscillatory behavior observed in the transient re�ectivity signal of NSQW involves

quantum well levels and indicates the possibility of coherent coupling between them.
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Figure 4.9: Same as Fig. 4.7 but for photon energy 1.6 eV. Inset shows the data
after subtracting best �tted single exponential decay function.

Figure 4.10: Transient re�ectivity for sample NSQW at photon energy 1.55 eV. Inset
shows the data after subtracting best �tted single exponential decay function.
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Figure 4.11: Same as Fig. 4.7 but for sample BQW at photon energy 1.577 eV. Inset
shows the data after subtracting best �tted single exponential decay function.

In a three level system, carriers from two di�erent levels can coherently coupled

via a single third state [22]. This can lead to a beating in the coherent population of

carriers and results in oscillations in the |∆R/R| signal. Quantum beats have been

reported in the transient re�ectivity signal from an InxGa1−xAs/GaAs strained single

quantum well [38]. In this case the beating occurred due to the coherent coupling of

light-hole and heavy-hole states with the electron state of the quantum well. In the

present case there are three hole levels which can get coupled to the e1 state namely

lh1, hh1 and hh2 (Fig. 4.4). The measured oscillation frequency (8-9 THz) matches

with the energy di�erence between the levels lh1 and hh2 (∼ 37 ± 4 meV). Thus it is

possible that the interaction of e1 with levels lh1 and hh2 is generating the observed

beating. The interaction of e1 with lh1 and hh2 should eventually result in emission

of PL at corresponding energies. However, we could not record any PL emission

from NSQW [111]. The typical time for electron-hole recombination (excitonic or

free carrier) is of the order of nanoseconds. On the other hand the tunneling of holes

from the quantum well to the surface state in the NSQW is expected to be in the
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order of few hundreds of femtoseconds. The excited carriers tunnel to the surface

states before recombining radiatively inside the quantum well [111]. Thus, in this

case the interaction of e1 state to the hole states can not be the dominant mechanism

which generates the observed oscillations.

Coherent beating in transient re�ectivity has also been observed in asymmetric

double quantum wells, super-lattices and multiple quantum wells [39,112,113]. In an

asymmetric double quantum well with a su�ciently thin barrier, the states in the two

wells are coupled due to tunneling of carriers from one well to the other. Although

NSQW has only a single quantum well, its top barrier is thin (5 nm). As discussed

above, the carriers excited in NSQW can tunnel to the surface. As soon as electrons

and holes are excited inside the quantum well by the pump beam, the presence of

surface electric �eld will also drive the holes to the surface. Although all the three

hole states (lh1, hh1, and hh2) are excited the tunneling probabilities are di�erent

for each state as shown in Fig. 4.6. The two tunneling paths lh1-SS and hh2-SS

can interfere and generate the observed beating in transient re�ectivity signal from

NSQW. This explains why coherent excitation of both e1-lh1 and e1-hh2 transitions

(excitation energy 1.577 eV), which creates lh1 and hh2 hole populations, is required

for observing the beating. On the other hand when the photon energy is tuned to 1.6

eV, only hh1 and hh2 states are populated. Since the tunneling probability of hh1 to

the surface state is weak [111], beating between hh1 and hh2 is not observed. Same

is the case for not observing beating between hh1 and lh1 when the photon energy

is tuned to 1.55 eV. Our observation of quantum beats originating due to spatially

separated holes and electrons is similar to that observed in Type-II quantum wells

[40].

As discussed earlier in this chapter, the tunneling to the surface reduces with

increasing top barrier layer thickness. This is con�rmed by the transient re�ectivity

measurements on the BQW which has a top barrier layer of 50 nm. The same



Chapter 4. Carrier Dynamics in Near-Surface Quantum Well 63

Figure 4.12: The dependence of the observed beating on the excitation �uence. Solid
lines are best �t to the experimental data with the Eq.4.1.

Figure 4.13: The dependence of beating oscillations on the pump �uence. Solid
circles is the amplitude (A) and open circles are the 1/τ . The lines are the linear
best �t to the data.
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subtraction of slow exponential decay was applied to the BQW data of Fig. 4.5(b)

and no oscillations were observed (Fig. 4.11). We have also measured the transient

re�ectivity of the NSQW at 1.577 eV and various pump �uences (Fig. 4.12). We �nd

that the oscillation time period is independent of pump �uence. This is expected

since the period of oscillations depends on the energy gap between lh1 and hh2 and

is not expected to change for the pump �uences used in the present case [114].

With increasing pump �uence we observe a linear increase in both the amplitude of

oscillation and the dephasing rate (1/τ) (Fig. 4.13). As pump �uence increases, the

number of excited carriers and hence the number of carriers tunneling to the surface

increases. This leads to the observed increase in the amplitude of oscillations. It is

known that the increased carrier-carrier scattering at higher carrier densities reduces

the coherence time [114]. The observed increase in the dephasing rate with increasing

pump �uence in NSQW suggests that the inter sub-band carrier-carrier scattering is

the main cause for the observed dephasing.

4.5 Conclusion

Using transient re�ectivity measurements, we have shown that in a near-surface

GaAs0.86P0.14/Al0.7Ga0.3As single quantum wells, the room temperature carrier de-

cay can be of the order of sub-ps. This fast decay occurs due to the tunneling

out of photo-generated holes from the quantum well to the surface and subsequent

non-radiative recombination with surface states. As a result, the slower radiative re-

combination becomes less probable and the photoluminescence disappears. We have

also demonstrated for the �rst time, the occurrence of tunneling assisted coherent

beating if the right combination of quantum well states are excited. The observed

beating signal has a period of 120 ± 6 fs. This demonstration of a coherent interac-

tion between surface and quantum well states even at room temperature could lead

to possibility of coherent manipulation of carriers tunneling to surface.



Chapter 5

Carrier Dynamics in an

AlGaAs-GaAs Heterostructure at low

temperature

5.1 Introduction

The transient re�ectivity results of chapter 4 showed that the surface states can

play strong role in the carrier dynamics of semiconductor quantum wells. In this

chapter, we investigate the e�ect of buried interfaces on the carrier dynamics. In

order to avoid any ambiguity from carriers generated in multiple layers, an AlGaAs-

GaAs heterostructure sample with a single interface between the GaAs and AlGaAs

layers has been used. This structure is similar to that on which the single quantum

well samples (used in the work reported in chapter 4) were grown.

In any AlGaAs-GaAs heterostructure, an electric �eld is developed at the in-

terface due to the di�erence between the band gaps of GaAs and AlGaAs and any

di�erence in doping. This built-in electric �eld causes band-bending resulting in a
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triangular well at the interface [2,43,46]. Some of the photo-excited electrons (holes)

generated in GaAs near the interface move towards it under the in�uence of built-in

electric �eld and get trapped in the triangular well. Thus a two-dimensional electron

(hole) gas is formed while the electrons (holes) are con�ned. In the sample used in

this study, the AlGaAs layer is n-doped while the GaAs bu�er layer is undoped. This

will result in free electrons getting trapped in the triangular well and forming a two-

dimensional electron gas (2DEG). The built-in �eld in an AlGaAs heterostructure is

typically ∼30-40 kVcm−1 and the extent of the resultant triangular well is about 10

nm [46,53,68]. The 2DEG systems are of great interest as they provide high mobility

electrons where the carrier density and mobility can be controlled by selecting suit-

able doping level and structure design. AlGaAs-GaAs, in particular, is very popular

semiconductor heterostructure which has been widely used in devices like metal-oxide

semiconductor �eld e�ect transistors and high electron mobility transistors [1-3].

The dynamics of two-dimensional electron gas has mostly been studied by time in-

tegrated and time resolved photoluminescence at low temperatures [27,53,115�119].

In the photoluminescence from AlGaAs-GaAs heterostructures, a peak, which is red

shifted compared to the GaAs peak, has been identi�ed as the photoluminescence

from the carriers con�ned in the 2DEG. This peak usually overlaps the emission

from the defect states but two can be separated by their intensity dependence. The

peak position of two-dimensional electron gas photoluminescence spectrum shows a

blue shift with increasing carrier density [53, 53, 116] whereas the defect peak posi-

tion remains constant. Time resolved photoluminescence measurements have been

reported using femtosecond laser excitation and streak camera detection with a time

resolution up to ∼20 ps [27, 115, 117]. The two-dimensional electron gas photolumi-

nescence peak position shows a blue shift on excitation. This blue shift recovers (red

shifts) as the carriers recombine. The formation of two-dimensional electron gas in

AlGaAs-GaAs heterostructure is reported to be ∼50 ps [27, 115, 117] and the decay
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in range from 0.5 ns to a few ns [27,115,117]. However, the fact that the defect state

and photoluminescence of two-dimensional electron gas are almost overlapping, does

bring in some uncertainty in the time resolved photoluminescence measurements.

Also the time resolution is limited by the streak camera to a few ps. The frequency

up-conversion technique can have a much better time resolution. However, even at

low temperature the photoluminescence intensity from two-dimensional electron gas

in an AlGaAs-GaAs heterostructure is too low to permit time resolved measurement.

Transient re�ectivity, on the other hand, does not have any of these drawbacks.

It gives a reasonably large signal at room temperature as well as at low temperatures.

The time resolution is limited only by the laser pulse width, so measurements with

sub-ps time resolution are possible. A recent report on p-GaInP2/TiO2 heterostruc-

ture at room temperature using femtosecond pump white light continuum probe

re�ectivity has demonstrated that the drift of carriers to the interface is completed

within the probe pulse width of 150 fs [120].

Degenerate transient re�ectivity has been used to probe the low temperature

carrier dynamics of the two-dimensional electron gas formed at the interface of an

AlGaAs-GaAs heterostructure. The origin of di�erent resonances is established with

the help of the photoluminescence spectrum. In this chapter it has been shown that,

in the AlGaAs-GaAs heterostructure, the two-dimensional electron gas formation is

completed within ∼200 fs.

5.2 Experimental details

The AlGaAs-GaAs heterostructure sample used for this work has composition

Al0.7Ga0.3As-GaAs. The layer structure is shown in Fig. 5.1. Undoped GaAs of

thickness 250 nm was grown on the n-type doped GaAs substrate (2×1018 cm−3).

A 600 nm thick Al0.7Ga0.3As layer was grown on top of this undoped GaAs. The

doping of Al0.7Ga0.3As layer was n-type with doping similar to the substrate. The
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Figure 5.1: Sample structure of the Al0.7Ga0.3As-GaAs heterostructure.

Figure 5.2: Band bending diagram of the Al0.7Ga0.3As-GaAs heterostructure. CB
and VB are the conduction and valence bands respectively.

band bending near the interface is shown in Fig. 5.2. A piece of the GaAs substrate

was used for some reference measurements for comparison.

Low temperature transient re�ectivity measurements were carried out using the

setup described in chapter 2. The excitation laser was Ti:Sa femtosecond oscillator

(Tsunami, Spectra Physics) with a pulse width of ∼100 fs and tuning range from

750 nm - 840 nm. The low temperature photoluminescence was measured using a

commercial cryostat.

5.3 Results
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Figure 5.3: Photoluminescence spectrum of Al0.7Ga0.3As-GaAs heterostructure at 11
K. Excitation wavelength is 632.8 nm.

5.3.1 Photoluminescence

Photoluminescence is a simple and e�ective method to determine the resonances

present in the semiconductor sample. However, it is usually not possible to observe

the photoluminescence at room temperature due to strong non-radiative decay. The

photoluminescence spectrum of the heterostructure measured at 11 K is shown in

Fig. 5.3. The spectrum shows various sharp and broad features in the range of 800

nm to 1000 nm. As the excitation is below the Al0.7Ga0.3As band gap, the likely

origin of all the observed photoluminescence peak is from various excitation and

recombination in GaAs part of the heterostructure sample. However, mid-gap states

of Al0.7Ga0.3As can occur in this region. Thus to con�rm any such contribution, the

sample was excited with with 405 nm diode laser so that excitation is only inside

Al0.7Ga0.3As part. No photoluminescence emission was observed from the sample.

To identify the peaks present in the photoluminescence spectrum of the het-

erostructure sample, photoluminescence spectrum of similar bulk GaAs was also

measured. The photoluminescence spectrum is shown in Fig. 5.4. Two broad peaks
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Figure 5.4: Photoluminescence signal measured from bulk GaAs at 11K. Excitation
laser wavelength was kept at 632.8 nm.

are observed near 831 nm and at ∼ 905 nm. In literature, such peaks have been

assigned to donor-to-acceptor pair (DAP) at 831 nm and to defect state(∼ 905

nm) [53,115,116,119].

The PL spectrum of heterostructure and bulk GaAs is compared below 850 nm to

identify the peaks observed in the Al0.7Ga0.3As-GaAs heterostructure. The compari-

son at 11 K is shown in Fig. 5.5. One of the peaks observed in the heterostructure is

similar to that observed in GaAs which is related to DAP. The other peak at around

817 nm is reported to be excitonic in nature [53, 115, 116, 119]. Since the transient

re�ectivity measurement is done at 40 K for studying the carrier dynamics, the pho-

toluminescence spectrum at 40 K is also recorded. The photoluminescence spectrum

from Al0.7Ga0.3As-GaAs heterostructure along with photoluminescence from bulk

GaAs is plotted in Fig. 5.6. The peak at 818 nm is related to excitonic and peak

at 831 nm is related to DAP. The DAP peak is observed in both heterostructure
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Figure 5.5: Photoluminescence signal from Al0.7Ga0.3As-GaAs heterostructure show-
ing PL from GaAs features at 11K. The photoluminescence from bulk GaAs is also
shown at the same temperature. The excitonic and Donor to Acceptor (DAP) peaks
are shown.

Figure 5.6: Photoluminescence signal from Al0.7Ga0.3As-GaAs heterostructure show-
ing PL from GaAs features at 40 K. The photoluminescence from bulk GaAs is also
shown at the same temperature. The excitonic and Donor to Acceptor (DAP) peaks
are shown.
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Figure 5.7: Area under curve plotted against input pump power for excitonic as
well as DAP peak at 11 K. Solid line is �t to the curve using Eqn. 5.1. Excitonic
recombination showed linear variation whereas DAP showed nonlinear variation with
input pump power.

as well as bulk GaAs. The nature of recombination is con�rmed by performing in-

tensity dependent photoluminescence measurements on the heterostructure sample

and plotting area under curve as a function of intensity for both peaks. The plot is

shown in Fig. 5.7. The plot is �t to the Eqn. 5.1.

PLarea = AIa. (5.1)

A is arbitrary �t parameter and the value of �tting parameter a decides the nature

of recombination. The plot shows linear dependence (a = 1) for the peak at 818

nm whereas it is nearly a = 1.41 for the peak at 831 nm. Since excitonic recom-

bination is single particle recombination it shows linear and donor-to-acceptor pair

recombination is many body interaction, which can show value of a from 1-2 [72].

Hence, in this heterostructure sample, excitonic formation is observed along with the

donor-to-acceptor pair recombination.
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Now, the peaks above 850 nm observed in the heterostructure sample have to be

addressed. It has been found that two peaks are present as shown in Fig. 5.8 by

�tting the spectrum to two peak gaussian function. One peak comes out to be at

∼ 890 nm and another one at nearly 905 nm. Bulk GaAs has also showed peak at

905 nm which is attributed to defect state [53, 115, 116, 119]. The peak at 890 nm

could be signature of two-dimensional electron gas formed near the interface [53,115,

116,119]. To con�rm this, intensity dependent photoluminescence measurement was

performed. The formation of two-dimensional electron gas is con�rmed by intensity

dependent photoluminescence measurement. The triangular well is formed due to

built-in electric �eld which lowers with more and more excited electron-holes in the

sample. Therefore, the band bending reduces and thus becomes more and more

�at when photoexcitation intensity is increased. In such case photoluminescence

observed from two-dimensional electron gas will be more blue shifted with carrier

density which is e�ectively due to increased intensity. The photoluminescence peak

position is plotted against excitation power for both two-dimensional electron gas

and defect state. The result is shown in Fig. 5.9. The peak position related to

two-dimensional electron gas shifts towards blue with intensity whereas the peak at

∼ 905 remains at same place. This con�rms the the formation of two-dimensional

electron gas.

The di�erent peaks observed in the photoluminescence spectrum of Al0.7Ga0.3As-

GaAs heterostructure has been addressed. The two-dimensional electron gas forma-

tion is observed at low temperature. Exciton has also been observed in the pho-

toluminescence spectrum of Al0.7Ga0.3As-GaAs heterostructure. The exciton is not

observed in bulk GaAs where DAP recombination is dominant mechanism. The

exciton formation in Al0.7Ga0.3As-GaAs heterostructure is due to con�nement of

electrons near the interface within the ∼ 10 nm triangular well.
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Figure 5.8: Contribution of 2DEG and defect state to the low temperature photo-
luminescence spectrum of the Al0.7Ga0.3As-GaAs heterostructure at 11 K. The two
peaks above ∼ 840 nm are due to free carriers and DAP recombination as shown in
Fig. 5.6. The broad peak below 870 nm can be resolved in two peaks. The peak
at nearly 890 nm is attributed to 2DEG recombination and that at ∼905 nm to the
recombination from defect states.

Figure 5.9: The variation of peak wavelength of two-dimensional electron gas and
defect state peaks with excitation power at 11 K; circles - 2DEG peak and squares -
defect state peak.
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Figure 5.10: Transient re�ectivity signal at 40 K measured on Al0.7Ga0.3As-GaAs
heterostructure at three di�erent wavelengths.

5.3.2 Transient Re�ectivity

The various peaks observed in the photoluminescence spectrum of the

Al0.7Ga0.3As-GaAs heterostructure show that there are several relaxation paths avail-

able to carriers generated in the GaAs layer e.g. excitonic or DAP recombination,

two-dimensional electron gas formation etc. The relative probability of these recom-

bination processes is highly temperature dependent. To study the ultrafast dynamics

of these processes through transient re�ectivity, measurements were carried out at

di�erent temperatures. At 40 K, three excitation wavelength were used; the �rst

was 818 nm which corresponds to the excitonic recombination, the second was 825

nm which corresponds to DAP recombination and the third was an intermediate 825

nm. In the last one, both recombination channels would be accessible due to the ∼

10 nm spectral width of the femtosecond laser. The recovery in transient re�ectivity

signal was partial till 150 ps. However, some interesting features were observed in

the sub-ps region and therefore detailed investigations were done for this part of the
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Figure 5.11: Photoluminescence spectrum of Al0.7Ga0.3As-GaAs heterostructure
measured at di�erent temperatures. DAP peak becomes weaker with increasing
temperature. It completely disappears at 100 K.
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Figure 5.12: Transient re�ectivity signal from Al0.7Ga0.3As-GaAs heterostructure at
room temperature at 890 nm. No transient signal is observed.

transient re�ectivity. Figure 5.10 shows the early portion of the transient re�ectivity

at the three wavelengths. The signal at 818 nm and 825 nm showed modulations in

the beginning (up to ∼ 800 fs) which was absent at 830 nm. a likely explanation of

these modulations comes by recalling that a built-in �eld is present near the interface

of the heterostructure which can cause free carriers to drift towards it. This drift

would thus be more prominent at 818 nm than at 830 nm where the stringer DAP

recombination indicates less availability of free carriers.

The DAP recombination strength changes with temperature. The temperature

dependent photoluminescence has shown that DAP recombination becomes very

weak at 50 K and almost disappears at 100 K as shown in Fig. 5.11. At room

temperature the DAP recombination is expected to be at 890 nm. Figure 5.12 shows

the room temperature transient re�ectivity measurement at 890 nm. No signal is

observed and the transient re�ectivity is nearly �at with pump-probe delay. To

further con�rm the role of DAP, the transient re�ectivity measurement has been

performed at 100 K and 830 nm and is shown in Fig. 5.13. A strong modulation
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Figure 5.13: Transient re�ectivity signal measured at 100 K from Al0.7Ga0.3As-GaAs
heterostructure at wavelength 830 nm.

is again observed. The photoluminescence spectrum shown in Fig. 5.11 shows that

DAP peak is missing at 100 K as the DAP can ionise easily at higher temperatures.

Thus, the carriers are not trapped by DAP and electrons drift towards interface and

modulations are observed in the transient re�ectivity signal measured at 100 K. As

the temperature is increased further, free carriers will be more excited/present under

photoexcitation. The transient re�ectivity measured at room temperature at 800 nm

is shown in Fig. 5.14. Strong sub-ps modulations can be observed again.

We propose the following explanation for these observations. A schematic of the

proposed process is shown in Fig. 5.15. As soon as the femtosecond laser falls on the

heterostructure, carriers will be generated in GaAs layer. The electrons will start

moving towards the interface under the built-in electric �eld and get accumulated in

the triangular well. This will increase the magnitude of change in refractive index

as the carriers concentration is increasing in the well. On the other hand, The holes

will move away from the interface. The width of the triangular well formed near the
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Figure 5.14: Transient re�ectivity signal measured from Al0.7Ga0.3As-GaAs het-
erostructure and GaAs at room temperature at 800 nm. The signal from heterostruc-
ture showed modulation.

Figure 5.15: The �gure shows the that when femtosecond laser falls on the sample,
electron hole pairs are generated in GaAs. Some of the excited electrons in conduction
which are near the interface will move towards the triangular well and accumulate
there. The holes will be moving away from the interface.
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interface of Al0.7Ga0.3As-GaAs heterostructure is typically 10 -15 nm. The time for

drift of electrons will be of few tens of femtoseconds under built-in �eld of ∼ 30-40

kVcm−1. The holes will move away but with a slower drift velocity. These two drifts

with two di�erent time scales result in the sub-ps modulations observed in measured

transient re�ectivity signal.

5.4 Conclusion

In this chapter it has been shown that sub-ps modulations in the transient re�ec-

tivity of an Al0.7Ga0.3As-GaAs heterostructure are indicative of carrier drift towards

the interface. Since this carrier drift is an essential requirement for the formation of

two-dimensional electron gas, we propose that the presence of these modulations is

a signature of two-dimensional electron gas formation. This is an important result

showing the advantage of transient re�ectivity measurements over photolumines-

cence in carrier dynamics studies at higher temperatures. Our results show that in

the Al0.7Ga0.3As-GaAs heterostructure the drift of photo-generated carriers starts

immediately on excitation by the femtosecond laser pulse. The completion time of

the drift process reduces with increasing temperature such that at room temperature

it comes down to ∼ 200 fs from nearly 800 fs at 40 K.



Chapter 6

Room Temperature Carrier

Dynamics in AlGaAs-GaAs

Heterostructures

6.1 Introduction

In the previous chapter it has been shown that the carrier dynamics in an AlGaAs-

GaAs heterostructure has an ultrafast component of sub-ps time scale which indi-

cates the drift of carriers and formation of two-dimensional electron gas. The room

temperature measurement are important for heterostructures to be used as devices.

Therefore, the formation and decay of two-dimensional electron gas and its depen-

dence on the experimental parameters needs to be studied at room temperature.

However, an issue with transient re�ectivity is the interpretation of the results. Res-

onant excitation of the two-dimensional electron gas is not possible, as carriers have

to be excited in bulk GaAs which subsequently forms two-dimensional electron gas.

The energy levels of bulk GaAs and two-dimensional electron gas are very close to

each other, so that unambiguous interpretation of dynamics becomes di�cult.

81
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Still a few transient re�ectivity measurements have been reported at di�erent

temperatures [46,48,118]. In these studies it was proposed that a change in sign of

the transient re�ectivity can be used to identify the presence of 2DEG. For example

in ref. [46,48,118] reported that in an AlGaAs-GaAs heterostructures, the transient

re�ectivity changed sign every 20 nm. This was attributed to the combined e�ect

of electron cooling and bulk and 2DEG contributions to the transient re�ectivity.

It was also reported that the bulk GaAs contribution to the re�ectivity (positive

contribution) was absent at some wavelength and also with temperature at a given

wavelength [48,118]. The transient re�ectivity was also reported to change sign with

increasing intensity [48, 118]. However, no �rm explanation was available for the

observed sign changes. Based on the above observations, it was concluded by the

authors that the 2DEG recovery is slower (1200 ps) compared to that in bulk GaAs

(730 ps) which changed with intensity. It may be noted that these papers did not

discuss much about the sub-ps dynamics of transient re�ectivity whereas we have

shown that this regime can have a characteristic signature of the 2DEG formation.

In this chapter we have investigated the room temperature carrier dynamics of

2DEG in an AlGaAs-GaAs heterostructure. We have been able to evolve a new

and elegant technique which unambiguously di�erentiate between the 2DEG and

bulk contributions to the transient re�ectivity. This is achieved by choosing the

appropriate wavelength to probe the sample based on the linear re�ectivity spectrum.

The details are described in the following section 6.3.1

6.2 Experimental details

In this study two AlGaAs-GaAs heterostructure samples have been used. Most

of the measurements have been carried out on the same n-doped AlGaAs-GaAs

heterostructure on which the low temperature studies described in chapter 5 were

carried out. The second sample is a p-doped AlGaAs-GaAs heterostructure. The
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layer structures of the two samples are shown along with the results in the following

sections.

Room temperature transient re�ectivity measurements were performed using the

setup described in chapter 2. The excitation laser was a 100 fs, 80 MHz, Ti:Sapphire

laser (MAITAI, Spectra Physics).

6.3 Transient re�ectivity results

6.3.1 n-doped Al0.7Ga0.3As-GaAs heterostructure

Following the earlier work, we also started by measuring the room temperature

transient re�ectivity at di�erent wavelengths. Figure 6.1 shows the transient re�ec-

tivity data at four wavelengths, all well above the GaAs band-gap. We also observed

that the transient re�ectivity signal changes sign as the wavelength is changed, be-

ing positive at 765 nm and 786 nm, and negative at 800 nm and 836 nm. As shown

in earlier reports, the negative signal should correspond to carriers con�ned in the

2DEG and the positive signal to carriers in bulk GaAs [46, 48, 118]. However, as we

have shown in chapter 5, the formation of 2DEG is also indicated by sub-ps oscil-

lations in the transient re�ectivity signal. An examination of Fig. 6.1 shows that

though the appearance of modulations is dependent on the excitation wavelength it

is apparently not correlated with the sign of the signal. They appear both for positive

(at 786 nm) and negative (800 nm) signals. Since the source of photoexcited carri-

ers is from GaAs part of the Al0.7Ga0.3As-GaAs heterostructure, we also performed

measurements on GaAs to see the variation with wavelength. Figure 6.2 shows the

TR signal for GaAs at three wavelengths. In all cases the transient re�ectivity is

positive. It recovers with two di�erent time constants which correspond to intraband

and interband relaxations [84,100]. In the present study the excitation intensity is ∼

2.1 kWcm−2. The excited carrier density is of the order of ∼ 1015 cm−3 as discussed
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Figure 6.1: Transient re�ectivity signal measured at di�erent wavelengths for the
n-type heterostructure. Note that the signal at 836 nm has been multiplied by three
for clarity.

in chapter 3, the re�ectivity change in GaAs is positive mainly due to band �lling at

this photoexcited carrier density [84,95].

Thus, it seems likely that, both the sign reversal and the sub-ps modulations arise

due to the heterostructure, but their dependence on the excitation wavelength is not

clear. However, it is to be noted that the heterostructure is a multilayer structure

with layers of di�erent refractive indices and the linear re�ectivity itself would have

a wavelength dependence due to interference from the partial re�ections from each

layer. Once the 2DEG forms, the heterostructure can be assumed to have three

layers, namely the AlGaAs layer, the 2DEG layer and the GaAs layer as shown in

Fig. 6.3.

The re�ectance from this three layer structure at a given wavelength, λ, is [78,79]

r =
r1 + r2e

−2iδ1 + r3e
−2i(δ1+δ2) + r1r2r3e

−2iδ2

1 + r1r2e−2iδ1 + r1r3e−2i(δ1+δ2) + r2r3e−2iδ2
, (6.1)
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Figure 6.2: Transient re�ectivity signal from bulk GaAs at three di�erent wave-
lengths. Note that the signal at 836 nm has been multiplied by three for clarity.

Figure 6.3: (a) Schematic of the n-type heterostructure. (b) The band bending
diagram. n1, n2 and n3 are the refractive indices for AlGaAs, 2DEG region and
GaAs respectively. d1 and d2 are the thickness of the top AlGaAs layer and the
2DEG layer respectively.
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where n1, n2 and n3 are refractive indices of AlGaAs, 2DEG and GaAs respectively

and δ1 = 2πn1d1/λ and δ2 = 2πn2d2/λ. d1 and d2 are the thickness of AlGaAs

and 2DEG layer respectively. r1, r2 and r3 are the re�ection coe�cients from the

air-AlGaAs, AlGaAs-2DEG and 2DEG-GaAs interfaces respectively. The re�ection

coe�cients ri for i = 1,2 and 3 are given by ri = (ni−1−ni)/(ni−1+ni) with n0 = 1.

In the wavelength range of 765 nm to 836 nm, the air to semiconductor re�ectance

(r1) will be much higher than the other two re�ectance values (r2 and r3), hence,

r1r2 + r1r3 + r2r3 << 1 [80]. Further, the terms containing the product r2r3 can be

neglected when compared to the other terms. With these approximations the total

re�ectivity from the heterostructure (R = rr∗) can be written as

R = r21 + r22 + r23 + r1r2 cos(2δ1) + r1r3 cos[2(δ1 + δ2)]. (6.2)

The refractive index and thickness of the 2DEG layer depend on the built-in electric

�eld. Therefore values of n2 and d2 were determined by �tting Eqn. 6.2 to the

re�ectivity spectrum (Fig. 6.4) and slightly varying n1 and n3 around the reported

values [80]. The best �t value for d2 is 10 nm and is consistent with values reported

for similar samples [27, 68].

In transient re�ectivity measurements, when the pump pulse is incident on the

sample, carriers are excited in the GaAs. Some of these carriers then drift to the

interface due to the built-in electric �eld. Thus the refractive indices of both GaAs

and 2DEG region are expected to change due to excitation by pump pulse. Assuming

the pump induced change in refractive index at the probe wavelength (λ) in 2DEG

and GaAs to be ∆n2 and ∆n3 respectively, the total change in the re�ectivity of the

sample (∆R) can be written as,

∆R(λ, t) = R2(λ)∆n2(λ, t) +R3(λ)∆n3(λ, t), (6.3)
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Figure 6.4: The linear re�ectivity spectrum of the Al0.7Ga0.3As(n-doped)-GaAs
heterostructure. Black line: measured linear re�ectivity, pink thin line: best �t to
data using Eqn. 6.2.

Figure 6.5: The calculated variation of R2 (blue dotted line) and R3 (red dashed
line) with the wavelength of light. Vertical lines show the wavelengths at which the
TR results are reported.
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where R2 = ∂R/∂n2 and R3 = ∂R/∂n3. Note that ∆n2 and ∆n3 will change if the

pump wavelength is changed as in non-degenerate pump-probe or pump-white light

probe experiments. Any change in pump wavelength will change the excited carrier

density due to variation in absorption coe�cient resulting in changing the magnitude

and behavior of ∆n2 and ∆n3. However, for a given pump wavelength, R2 and R3

create an etalon like e�ect which is a function of the probe wavelength only. Using

Eqn. 6.2 we can write,

R2 = 2r2
∂r2
∂n2

+ 2r3
∂r3
∂n2

+ r1 cos(2δ1)
∂r2
∂n2

+ r1 cos[2(δ1 + δ2)]
∂r3
∂n2

− r1r3 sin[2(δ1 + δ2)]
4πd2
λ

and (6.4)

R3 = 2r3
∂r3
∂n3

+ r1 cos[2(δ1 + δ2)]
∂r3
∂n3

. (6.5)

Figure 6.5 shows the variation of R2 and R3 in the wavelength range in which

the experiments were performed. The oscillatory behavior of R2 and R3 causes

the magnitude and sign of ∆R/R of the heterostructure to vary markedly with

wavelength. In the above model we have assigned a well de�ned thickness to the

2DEG which can change a little depending on the number of carriers trapped in

the 2DEG. Any dynamic change in 2DEG thickness will modify δ2. However, note

that in expression for R (Eqn. 6.2), δ2 comes only in the last term as (δ1+δ2)

andδ1 >> δ2. Thus the linear re�ectivity will not be very sensitive to small variations

in the thickness of 2DEG.

With this background, we try to understand the TR of the AlGaAs-GaAs het-

erostructure at the three di�erent wavelengths shown in Fig. 6.6. At wavelengths

near 765 nm, R3 is positive and much higher than R2. Hence the TR near 765 nm

will be dominated by the second term in Eqn. 6.3, (R3∆n3) and will be positive (Fig.

6.6). This is because the direct measurement on GaAs (Fig. 6.2) shows a positive



Chapter 6. Room Temperature Carrier Dynamics in AlGaAs-GaAs
Heterostructures 89

Figure 6.6: TR signal from Al0.7Ga0.3As(n-doped)-GaAs heterostructure at three
di�erent wavelengths. Note that the signal at 836 nm has been multiplied by three
for clarity.

change which will be multiplied by R3 at 765 nm which is also positive resulting in a

positive response from heterostructure sample. For measurements near 836 nm once

again R2 is small and R3 is much larger though negative. Thus the TR from the

heterostructure sample would be expected to be similar to that of GaAs layer but

with a change in sign. This is re�ected in the results of the ∆R/R measurements at

836 nm (Fig. 6.6 and Fig. 6.2). It is to be noted that the excitation and probing

are by femtosecond pulses which have a spectral FWHM of ∼ 10 nm, so that even

for peak wavelengths of 765 nm and 836 nm there will be a small contribution of the

R2∆n2 term.

Now let us consider the third wavelength, 786 nm, where R3 is positive, R2 is

negative and both of them have nearly the same magnitude. In this case, the TR

from the AlGaAs-GaAs heterostructure sample will have contributions from both

the AlGaAs and GaAs layers. Figure 6.7 shows the TR measured at 786 nm for both

bulk GaAs sample and the AlGaAs-GaAs heterostructure samples. The transient
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Figure 6.7: Transient re�ectivity signal at 786 nm from bulk GaAs and
Al0.7Ga0.3As(n-doped)-GaAs heterostructure sample. Inset shows the same TR sig-
nal zoomed near zero delay.

re�ectivity curve from bulk GaAs is similar to that obtained at other wavelengths

but that from the heterostructure is quite di�erent. The transient re�ectivity for the

AlGaAs-GaAs heterostructure is initially positive, quickly goes negative and again

becomes positive at ∼ 50 ps. This can be explained using Fig. 6.5. At 786 nm there

will be a contribution to the re�ectivity from both the GaAs as well as the 2DEG

layer. As the carriers are �rst generated in GaAs, the maximum initial change in

refractive index will be in the GaAs layer which will be positive. As the carriers drift

towards the interface to form the 2DEG, the negative contribution to the re�ectivity

will become dominant. Since the recombination time for the carriers in the 2DEG is

much smaller than that of the carriers remaining in GaAs, the negative contribution

to ∆R/R from the 2DEG reduces faster. This results in a positive signal again at ∼

50 ps.

With this multilayer model, the behavior of transient re�ectivity from AlGaAs-

GaAs heterostructure can be explained with a change in refractive index which is
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Figure 6.8: Transient re�ectivity from bulk GaAs and Al0.7Ga0.3As(n-doped)-GaAs
measured at 800 nm. Note that the ∆R/R for the heterostructure sample recovers
much faster. Inset shows the same TR signal zoomed near zero delay.

always positive for both GaAs and 2DEG. Due to the layered structures the contri-

butions from di�erent layers add with di�erent phases. This results in negative or

positive changes in the total transient re�ectivity measured for the heterostructure.

Next we consider the results at 800 nm (Fig. 6.8). Similar to the 786 nm case, the

initial value is slightly positive due to the high density of carriers excited in GaAs,

but it becomes negative quickly. At this wavelength R3 is much smaller than R2.

The subsequent dynamics is thus solely due to relaxation of the carriers in 2DEG

and can be analyzed directly without the need to consider the relaxation of carriers

in GaAs. This is con�rmed by the fact that there is no signal at 150 ps even though

carriers are still present in GaAs layer (Fig. 6.2).
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Figure 6.9: (a) Schematic of the p-type heterostructure. (b) The band bending
diagram. The refractive indices for AlGaAs, 2DHG region and GaAs n1, n2 and n3

respectively. The thickness of the 2DHG layer is obtained by the same technique as
used for 2DEG in case of n-type heterostructure.

Figure 6.10: Transient re�ectivity from Al0.62Ga0.38As(p-doped)-GaAs heterostruc-
ture at di�erent wavelengths. Note that the ∆R/R recovers to zero for 774 nm.
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Figure 6.11: The wavelength dependence of R2 and R3 for the Al0.62Ga0.38As(p-
doped)-GaAs heterostructure (similar to Fig. 6.5 for the n-doped heterostructure).

6.3.2 p-doped Al0.7Ga0.3As-GaAs heterostructure

To con�rm our model, we have performed similar experiments on another

Al0.62Ga0.38As(p-doped-GaAs heterostructure having a two-dimensional hole gas

(2DHG) at the interface. The top layer thickness in this sample is 650 nm and

rest of the structure is same as that of the �rst sample. Once again, the TR mea-

sured at 808 nm and 750 nm shows a behavior similar to that of GaAs expect for a

sign change in case of 750 nm (Fig. 6.10). This matches the behavior expected from

Eqn. 6.3 with the corresponding wavelength dependence of R2 and R3 as shown

in the Fig. 6.11. At 774 nm the transient measurement should be directly probing

carrier dynamics in 2DHG since R3 is very small at this wavelength. Since R2 is

positive the measured transient re�ectivity is also positive at this wavelength. The

measured decay time is 1.3 ps for 2DHG which is much faster than 2DEG decay.

This variation in decay time will be discussed later in this chapter.
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Figure 6.12: Time resolved re�ectivity change within 1 ps for the Al0.7Ga0.3As-GaAs
n-type heterostructure at di�erent pump intensities. Excitation wavelength is 800
nm.

6.4 Dynamics of 2DEG with carrier density

Having developed the technique to directly measure the carrier dynamics of

the two-dimensional electron gas, we have studied the e�ect of carrier density on

the 2DEG carrier dynamics. Figure 6.8 shows that measurement performed at

800 nm gives the dynamics of carriers in 2DEG. We performed measurements on

Al0.7Ga0.3As-GaAs heterostructure at 800 nm at di�erent intensity. Fig. 6.12 shows

the decay at di�erent intensities. The Fig. 6.12 shows that as soon as carriers are

excited within pump pulse, the carriers start to drift under built-in electric �eld. It

reaches a local peak within 200 fs. The peak position does not change very strikingly

di�erent with pump excitation. Thus, the initial features are not changing with in-

tensity as initially the carriers drift under built-in electric �eld which will be same

at all intensities unless the carriers has accumulated near the interface.

After that the electric �eld and carrier separation will be modi�ed which is re-
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Figure 6.13: Full time resolved re�ectivity curves from Al0.7Ga0.3As-GaAs n-doped
heterostructure at 800 nm at di�erent pump intensities. The signal recovers almost
completely in 150 ps.

Figure 6.14: (a) Single exponential �t to transient re�ectivity curve at pump intensity
of 2.1kWcm−2 which gives a recover time constant of 59.8 ps. The wavelength kept is
800 nm. Similar �t are done at other pump intensities. (b) Dependence of transient
re�ectivity recovery time on pump intensity for the n-doped heterostructure. Error
bars are estimated from the �tting error.
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�ected in the recovery of the transient re�ectivity signal. The longer recombination

is given in Fig. 6.13 with intensity. At all intensities the signal recovers completely

within 150 ps. The recovery seems to be faster with pump intensity. The single ex-

ponential decay time at various intensities plotted in Fig. 6.14. The inset shows the

�tting of the transient re�ectivity for longer delay time with single exponential decay.

It is observed that with increasing carrier density the recombination time decreases.

To understand physically the exact behavior of such decrease in decay of transient

re�ectivity, we performed intensity dependence transient re�ectivity measurement on

GaAs. The transient re�ectivity on GaAs showed double exponential decay having

shorter decay time within ps and one longer decay time within few hundreds of ps

measured at 786 nm as shown in Fig. 6.15. The data is �tted with double exponential

as shown in inset of Fig. 6.15(a) and Fig. 6.15(b) at pump intensity of 2.1kWcm−2.

The shorter decay time goes on increasing with pump intensity as shown in Fig.

6.15(a). The longer is in the range of few hundreds of ps and �uctuating. This show

that the variation of decay time obtained from Al0.7Ga0.3As-GaAs heterostructure is

totally opposite to the behavior obtained from GaAs.

We come back to the band bending diagram of triangular well formed near the

interface of Al0.7Ga0.3As-GaAs shown in 6.3(b). As soon as carriers are excited,

carriers move under built-in electric �eld and an induced electric �eld is formed near

the interface due to excited carriers as shown in Fig. 6.16. The induced �eld lowers

the con�ning potential in the triangular well. The well becomes shallower as we go

on increasing the carrier density by photo-excitation and the decay time becomes

faster.

To con�rm this further, we performed the intensity dependent measurements at

786 nm on Al0.7Ga0.3As-GaAs heterostructure. As can be seen from Fig. 6.5, at

this wavelength contributions from both GaAs and 2DEG carriers will be there. The

GaAs contribution will be positive and that of 2DEG will be negative. We could
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Figure 6.15: (a) Shorter decay time obtained from double exponential decay �t to the
transient re�ectivity curve from GaAs at di�erent pump intensity. (b) The second
decay time which is obtained from double exponential decay �t to the transient
re�ectivity curve from GaAs at di�erent pump intensity. The inset in both (a) and
(b) shows one of the �t at pump intensity of 2.1kWcm−2. The wavelength kept is
786 nm.

Figure 6.16: Change in band bending with photoexcited carriers in the
Al0.7Ga0.3As(n-doped)-GaAs heterostructure. The triangular well formed near the
interface become shallow with photoexcitation. CB and VB are the conduction and
valence bands respectively.
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Figure 6.17: Time resolved re�ectivity from Al0.7Ga0.3As(n-doped)-GaAs het-
erostructure at 786 nm at di�erent pump intensity. The data is �t to a two ex-
ponential decay with opposite sign.

Figure 6.18: (a) Recombination time vs pump intensity for GaAs contribution ob-
tained from double �t of transient re�ectivity from Al0.7Ga0.3As(n-doped)-GaAs het-
erostructure at 786 nm as shown in Fig. 6.17. (b) Recombination time vs pump
intensity for the two-dimensional electron gas contribution.
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Figure 6.19: Transient re�ectivity signal from 2DHG and 2DEG. The measurements
has been performed at 774 nm on AlGaAs(p-doped)-GaAs heterostructure to mea-
sure the decay of 2DHG and at 800 nm on AlGaAs(n-doped)-GaAs heterostructure
sample for measuring the decay of 2DEG. The inset shows the same data at zoomed
scale.

�t the transient re�ectivity at 786 nm to a two-exponential decay with one positive

and one negative term as shown in Fig. 6.17. The intensity dependence of the two

decay times extracted from the �t is shown in Fig. 6.18(a) and Fig. 6.18(b). The

decay time corresponding to the negative term shows decrease with increasing pump

intensity (Fig. 6.18(b)), similar to behavior at 800 nm (Fig. 6.14(b). The decay

time corresponding to the positive term (Fig. 6.18(a)) in similar range and behavior

similar to that shown in Fig. 6.15(b). This observation con�rms both our model

as well as the fact that as the triangular well becomes shallower, the carrier decay

faster.

Now we come back to the results shown in Fig. 6.8 and Fig. 6.10. The tran-

sient re�ectivity signal corresponding to 2DHG decay in AlGaAs(p-doped)-GaAs

heterostructure sample (774 nm) and 2DEG decay in AlGaAs(n-doped)-GaAs het-

erostructure sample (800 nm) have been shown again in Fig. 6.19. The decay con-

stant of 2DHG is found to be nearly 1.3 ps and that of 2DEG is much longer at ∼ 60
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Figure 6.20: Photoluminescence spectrum of AlGaAs(p-doped)-GaAs heterostruc-
ture and AlGaAs(n-doped)-GaAs heterostructure sample. The photoluminescence
peak from exciton, DAP and defect state comes nearly at same position for both
samples. The 2DHG peak is blue shifted by nearly 14 nm compared with 2DEG
peak.

ps. This can be understood as follows. A comparison of the low temperature photo-

luminescence spectra of the two samples shows that the 2DHG peak is blue shifted

compared to the 2DEG peak while other peaks (DAP, defect, exciton etc.) are at

the same position in both the samples as shown in Fig. 6.20. From the intensity

dependence studies of photoluminescence we have already seen that the 2DEG peak

shows a blue shift at higher intensities (Fig. 5.9). The decay time also reduces with

increasing intensity showing that the triangular well depth decreases with increasing

intensity (Fig. 6.14(b)) By analogy with Fig. 5.9 and Fig. 6.14(b) we can conclude

that the triangular quantum well in the AlGaAs(p-doped)-GaAs heterostructure is

much more shallow (less band bending) than that in the AlGaAs(n-doped)-GaAs

heterostructure sample. This leads to much shorter carrier decay time in the former.

Coming back to the technique of choosing suitable wavelength based on linear

re�ectivity, there is one precaution which must be observed. The analysis leading

to Fig. 6.5 assumes the dispersion in the wavelength range under consideration is
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very low. In other words, the model assumes that there are no material resonances

nearby. In semiconductors, the magnitude and sign of the refractive index change due

to e�ects like band �lling and band gap renormalization varies very sharply near any

resonance. This would add to the phase changes due to multilayer re�ection shown

in Fig. 6.5 and leads to a vary fast variation in the sign of transient re�ectivity

as a function of wavelength. A re-look at the low temperature data of chapter 5

shows this very clearly. There the wavelengths used were 818 nm, 825 nm and 830

nm. As per Fig. 6.5 the transient re�ectivity should have been negative at all these

wavelengths and should have come due to the GaAs contribution only. However as

we have seen the signal is negative only at 825 nm and 818 nm, while it is positive

at 830 nm. Further, we have established that the transient re�ectivity signal at 825

nm as well as 818 nm shows the signature of two-dimensional electron gas formation

(modulation in the early part). This is consequence of the laser wavelength being

near excitonic and/or the DAP resonance of GaAs.

6.5 Conclusion

In this chapter we have described the development of a new technique to overcome

the major problem faced in the interpretation of transient re�ectivity measurements

of multilayered semiconductor nanostructures. This technique enables one to isolate

the contribution to the carrier dynamics from any individual layer by choosing an

appropriate probe wavelength. This is a consequence of the wavelength dependence

of the phase change experienced by the beam in the re�ection at each layer. As long as

the operating wavelength is kept well away from material resonance, a simple analysis

of linear re�ectivity spectrum is su�cient to identify the required wavelength.

Using this technique we have been able to measure the intensity dependence of

carrier dynamics in the 2DEG. We have shown that with increasing carrier density,

the decay time reduces very fast with an almost exponential like decay. For example,
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for an Al0.7Ga0.3As(n-doped)-GaAs heterostructure sample the decay time is nearly

60 ps at 2.1 kWcm−2 excitation intensity and ∼ 20 ps at 4.9 kWcm−2. In contrast for

Al0.62Ga0.38As(p-doped)-GaAs sample where a 2DHG layer is formed at the interface,

the decay time is much shorter, being 1.3 ps at 2.1 kWcm−2.

This work has also served to clarify the observation of earlier authors who had

reported a sign change in transient re�ectivity as function of wavelength, temperature

as well as intensity with no clear physical explanation. As we have shown that, when

away from any resonance, the sign of transient re�ectivity can be e�ected by the

phase change due to multilayer re�ection. On the other hand, if the wavelength is

near some resonance, the sign of the transient re�ectivity would be hard to predict.

However, modulations in the early part of transient re�ectivity signal provide a clear

indication of carrier drift towards the interface and get con�ned there.



Chapter 7

Conclusion and Future Scope

The motivation of this thesis was to study the e�ect of surface and interface

states on the room temperature ultrafast carrier dynamics of III-V semiconductor

two-dimensional nanostructures. The e�ect of surface has been explored by study-

ing GaAs0.86P0.14/Al0.7Ga0.3As single quantum wells whereas Al0.7Ga0.3As(n-doped)-

GaAs and Al0.62Ga0.38As(p-doped)-GaAs heterostructure samples have been used

to study the e�ect of interface states. These samples do not show any photolumi-

nescence at room temperature, and are deposited on substrates which are highly

absorbing at the wavelengths of interest. Therefore, femtosecond laser based pump-

probe re�ectivity measurements were carried out to study the ultrafast dynamics.

During the course of this work, a couple of new methodologies were developed to

analyze the transient re�ectivity data. This has enabled the observation of some

interesting phenomenon. The main conclusions from this work and future scope are

described below.

Near-surface quantum wells can show interesting phenomena arising from an in-

creased interaction of the quantum well states with the surface states. A well known

phenomenon is the quenching of photoluminescence is attributed to the increased

103
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non-radiative decay facilitated by the tunneling of carriers out of the quantum well

to the surface. For a better understanding of the tunneling process, further investi-

gations into the tunneling process are required. Another area of interest is to explore

the possibility of coherent interactions similar to those observed in super-lattices.

In this work we have studied both incoherent as well as coherent processes in a

near-surface single quantum well and that too at room temperature.

We have demonstrated that in a near-surface GaAs0.86P0.14/Al0.7Ga0.3As single

quantum well the photo-generated holes tunnel out of the quantum well and undergo

a very fast non-radiative recombination at the surface. We estimate a carrier lifetime

of 0.5 ps which is possibly the fastest lifetime reported in III-V single quantum wells.

It is worth pointing out that these lifetime estimates have been obtained despite the

presence of a large photo-carrier population is generated in GaAs substrate.

An even more interesting result was the observation of coherent beating between

two of the quantum well to surface state transitions. The beating had a period of

∼ 120 fs and a dephasing time of ∼ 150 fs. This, to the best of our knowledge, is

the �rst demonstration of tunneling assisted coherent beating. This novel process

opens up the possibility of switching the coherent interaction by generating photo-

induced carriers in the AlGaAs layer using a third ultrafast laser pulse at a suitable

wavelength. Thus further investigation of this tunneling assisted coherent beating

would be worth pursuing.

Like the surface states, the buried interfaces between two layers of any het-

erostructure also play a signi�cant role in the carrier dynamics. In an AlGaAs-GaAs

heterostructure, the band bending at the interface can lead to formation of a narrow

triangular quantum well. Excited carriers (electrons or holes) generated in the GaAs

layer can drift to the interface and get trapped in this triangular well. This trapped

electron (or hole) population has a very high in-plane mobility and behaves like a

two-dimensionally con�ned electron (or hole) gas. Here also, a direct look at the drift
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of carriers towards the interface and their subsequent decay has been di�cult. To a

great extent, this was due to the interference from the large number of carriers gen-

erated and recombining within the GaAs layer. A few earlier studies have reported

the dependence of transient re�ectivity on various experimental parameters like ex-

citation and probe photon energy, excited carrier density and sample temperature.

However, these did not give a full explanation of the observed dependence.

In this work we have demonstrated two ways in which the information on two-

dimensional electron gas carrier dynamics can be obtained directly and unambigu-

ously. The �rst clue comes if the excitation photon energy is near a resonance of the

GaAs layer like exciton or DAP recombination. In this case, a modulation in the

early part of the transient re�ectivity is a signature of the drift towards the interface.

This provides an easy way to estimate the time required by the electrons (or holes)

to move towards the interface to form two-dimensional electron gas. For example

in an Al0.7Ga0.3As(n-doped)-GaAs heterostructure the required time for electrons to

drift is estimated to be ∼ 800 fs at 40 K and ∼ 200 fs at 300 K. This observa-

tion has been possible in this sample because this drift time is about two orders of

magnitude shorter than the decay time of carriers in the two-dimensional electron

gas. For example at room temperature and at a pump intensity of 2.1 kWcm−2 the

decay time of electron in the 2DEG is about 60 ps. In samples where the built-in

�eld is lower, the carrier drift time and decay time could be comparable and these

modulations would not be so prominent. This was shown by our measurements on

another sample which was a Al0.62Ga0.38As(p-doped)-GaAs heterostructure in which

a two-dimensional hole gas is formed at the interface. In this sample the hole drift

and decay time are comparable (∼ 1 ps) and modulations are hardly noticeable.

The development of the second technique was motivated by a major problem

faced in the interpretation of degenerate transient re�ectivity results for such het-

erostructures. This is due to the fact that the only a fraction of the photo-generated
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carriers in GaAs contribute to form the two-dimensional electron gas and the tran-

sient re�ectivity can have a major contribution from the carriers remaining in bulk

GaAs. We have demonstrated that it is possible to isolate the contributions of indi-

vidual layers by suitably choosing the excitation wavelength. This utilizes the fact

that the re�ectivity spectrum of a multilayer sample will have an etalon like modu-

lations. Thus away from sharp resonances, it is possible to �nd a wavelength where

the refractive index change of one particular layer provides the dominant contribu-

tion to the transient re�ectivity. This model can well explain the results of earlier

reports. Using this technique we have studied the 2DEG and 2DHG decay in the

above mentioned heterostructure samples. We have shown that the carrier lifetime

in the two-dimensional electron gas reduces as the triangular quantum well becomes

more shallow. This understanding of the two-dimensional electron gas formation and

decay leads to a possibility of fast optical control of a two-dimensional electron gas

based device by a ultrashort laser pulses.
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