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Chapter 1
Introduction

1.1

Towards quantum wells

The fundamental properties of semiconducting materials and the ways in which they differ
from metals and insulators were only beginning to be appreciated at the time when
Bardeen, Bratton and Shockley made first transistor. The solid-state physics research that
originally led to the invention of the transistor advanced rapidly, keeping pace with the
technological developments and allowing a cross-fertilisation of ideas between pure and
applied areas of the field. The versatility of semiconductor technology lies in its ability to
create new designer materials and structures that are not found in nature, the optical and
electronic properties of which can easily be tailored [1]. This makes semiconductor systems
ideal ‘laboratories’ for basic and applied research.
In conventional semiconductor devices, only the bulk materials are used for
fabrication. In any three-dimensional, bulk semiconductor, electrons take on a continuous
range of different energy states when additional energy is added. As a result, researchers
cannot tap a specific energy level; they must accept what they get. Squeezing one side of a
three- dimensional cube until it is no thicker than the de Broglie wavelength of the electrons
results in the quantisation of the electron motion in the squeezed direction. In the other two
directions electrons are free to move. If we take GaAs as an example to realise quantisation
the maximum thickness should be approximately 25 nm at 5 K.
The beginning of the 1970s marked a new era of research on electronic structures of
dimension limited to two, the so-called quantum wells [2]. Fig.1.1 gives a schematic
representation of a quantum well. The motion of the electrons in the quantum well is twodimensional, and the excitations in the perpendicular direction are strongly quantized. The
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Fig. 1.1: a) Electron and hole wavefunctions inside a Ga0.47In0.53As quantum well
surrounded by InP barriers. EGaInAs and EInP are the bandgap energy of Ga0.47In0.53As and
InP. Electron, heavy-hole and light-hole states are respectively given by el, hh and lh. b)
Physical shape of the quantum well. The width of the well region is of the order of few
nanometers. c)

Image of a 5 nm thick quantum well taken by scanning tunnelling

microscopy. The white region is the quantum well and the black regions represent the
barrier material.
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driving force for the rapid development of semiconductor quantum well structures is their
potential for various device applications. Quantum confinement of electrons and holes
enhances the electron-hole overlap, stabilises the exciton at room temperature and increases
transition oscillator strength [1].
Devices based on quantum wells are widely used already and are predicted to
considerably gain importance in the future, in particular in the areas of opto-electronics and
high-speed devices. Lasers and detectors in CD players or cash registers, high-frequency
modulators in cellular phones and other communication devices are some of the
applications we encounter in daily life. The fabrication of these structures requires precise
control over the uniformity of thickness. It also demands excellent homogeneity, high
purity and very sharp interfaces between the epitaxial layers.

At present epitaxial

techniques have advanced to a level where such requirements can easily be met.

1.2

Quantum confined Stark effect

The quantum confined Stark effect (QCSE) manifests itself as a shift of the absorption
spectrum towards lower energies (red Stark shift) and a decrease of the absorption value in
the presence of an applied electric field [3]. Compared to bulk the absorption in a quantum
well is stronger because of the confinement of the electrons and holes in the well region and
the enhancement of the overlap between their wavefunctions. Hence, the optical absorption
in quantum wells can be modulated by an electric field to a greater extent than in the bulk,
which is very important in optoelectronic applications.
There are two distinct directions in which one can apply an electric field to quantum
wells, either with the electric field parallel to the quantum well layers or with the electric
field perpendicular to the layers. In the case of electric field parallel to the layers, the effect
is similar to those seen in bulk semiconductors, where we observe the broadening of the
exciton absorption resonance with applied field [4].
When the electric field is applied perpendicular to the quantum well plane, the
behaviour is quite distinct from what we observe in bulk semiconductors. Figure 1.2
sketches the effect of a perpendicular electric field to a quantum well structure. At zero
field, band to band optical absorption is only possible for a photon of energy hυ such that
hυ ≥ Eg+Ee+Eh-Ex

(1.1)
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where Eg is the bandgap of the well material in the bulk form, Ee is the electron
confinement energy, Eh is the hole confinement energy and Ex is the exciton binding
energy. When we apply an electric field perpendicular to the quantum well plane, the well
potential is distorted. The electron and hole wavefunctions in all the levels are distorted;
b) With field

a) Without field

Ee

Eg

hν1

hν2

Eh

Fig. 1.2: Quantum confined Stark effect. The figure shows how an electric field
perpendicular to the quantum well plane alters the well shape and the wave functions. Eg is
the bandgap of the well material, Ee is the electron confinement energy and Eh is the hole
confinement energy. The energies hν1 and hν2 represent the transition energies at zero and
finite applied electric field. Note that hν2 < hν1 (red shift).
instead of being sinusoidal, they are Airy functions, as illustrated in Fig. 1.2 (b). The
exciton binding energy also decreases as the field pushes the electrons and holes to the
opposite sides of the quantum well. From Fig. 1.2 it is obvious that when we apply an
electric field perpendicular the quantum well plane, the absorption edge shifts to the low
energy side.
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One can estimate the change in energy by using perturbation theory [5]. If the
perturbation is small compared to the ground-state energy then it can be shown that the
ground-state energy changes by

∆E =

1
24π 2

* 2
2 4
 15
m e F d
2
−
1
= βF
 2

2
h
π


(1.2)

where F is the applied electric field, d is the width of the quantum well and m* is the
effective mass of the electron. From Eq. 1.2, one can see that the shift is quadratic in
electric field and increases with m* and strongly depends on the well size. The quantum
well structure can withstand quite high values of the electric field (~ 105 V/cm) because the
barriers inhibit the movement of the carriers. Such high fields have to be treated nonperturbatively. For realistic quantum wells with finite barriers, the wavefunctions in strong
fields can be found by numerically solving the Schrödinger equation. Here, the shift is
quadratic for low fields, as predicted by Eq. 1.2, and approaches a linear dependence in
high fields [5].
It is also interesting to note that some of the forbidden transitions become observable
in the presence of the field. These transitions are forbidden because of the parity in the
square quantum well. However, in the presence of the electric field, the quantum well is no
longer symmetric (see Fig. 1.2(b)) and these transitions become stronger.
The ability to modulate the absorption edge of a quantum well structure by the
application of an external electric field has potential applications. One of the most widely
studied devices is the self electro-optic effect device (SEED) [6]. The SEED relies on the
QCSE to shift the absorption edge to longer wavelengths so that for a given operating
wavelength, the absorption change allows bistable behaviour to be observed.

1.3

Blue Stark shift

In the previous section we have seen that a perpendicular electric field applied to the
quantum well plane causes a shift of the transition energy to the lower energy side. In this
case, before the application of the external electric field, there is a strong overlap of the
electron and hole wavefunctions. The shift of the absorption edge in a quantum well
structure in the presence of an applied electric field is not always towards longer
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wavelengths. If we manage to create a separation of electrons and holes in the quantum
well structure before the application of the field, then there is a non-zero dipole moment
present in the structure. In this case the electric field can either pull the electrons and hole
to the opposite sides of the quantum well or push them close to one another depending on
the direction of the electric field. If the field pulls them away, the transition energy shifts to
the lower energy side and we observe a red Stark shift. If it pushes them close to one
another, the transition shifts to higher energy side and we observe a blue Stark shift [7]. In
this case the field enhances the electron and hole confinement energy and increases the
binding energy of the exciton.
When a non-zero dipole moment is present in the structure, the external field first
interacts with the dipole. The resulting shift of the transition energy can be given by

E = E 0 + pF + βF 2

(1.3)

where F is the applied field, E0 is the energy at zero field, p=er is the non-zero dipole
moment corresponding to an electron-hole separation of r, and β is given in the
expression 1.2. At lower fields, the second term in Eq. 1.3 dominates and the shift is quite
linear in electric field. As the field increases the third term takes over and the effect
becomes quadratic in electric field. The total Stark shift (red shift + blue shift) in this
system is asymmetric with respect to the external electric field.
The red shift of the QCSE is dominant in symmetric quantum wells, whereas the
blue shift is pronounced in asymmetric coupled quantum wells. However, in properly
designed structures both red and blue shifts can be observed. There has been a great deal of
interest in obtaining blue shifting structures [7-9] for use in devices such as SEED. SEEDs
based on blue shifting structures are less reliant on sharp excitonic peaks and offer
significant advantages over the usual red shifting devices [7].
In a typical red shifting SEED the operating condition is chosen to coincide with the
exciton peak at zero fields. Then with increasing field the excitonic peak moves to longer
wavelength, resulting in a reduced absorption at the operating wavelength. There is a
residual absorption, resulting from interband transition, which remains even at very large
bias [10]. This residual absorption is strong enough to affect the performance of the device
badly. In a blue shifting SEED, upon reverse bias the absorption would decrease to subbandgap values under much smaller bias compared to the red shifting SEED. Hence, a blue
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shifting SEED will operate at lower voltages, and has much less absorption at its
transmitting state. Since the required shift occurs at lower fields compared to red shifting
structures, these structures have smaller switching times and switching energies. These blue
shifting structures also offer significant improvements in terms of insertion loss [11] over
the usual red shifting structures [12]. A schematic of the SEEDs employing red shifting and
blue shifting quantum well structures is shown in Fig. 1.3. Note the drastic variation of the
absorption edge in the blue shifting structure.

a)

b)

Operating
wavelength

α

Operating
wavelength

α
Reverse bias

Reverse bias
Wavelength

Wavelength

α

α

Reverse bias

Reverse bias

Fig. 1.3: A schematic representation of the working principle of a SEED using quantum
wells. a) SEED employing red Stark shift. The dotted line represents the operating
wavelength. A reverse bias shifts the absorption edge to a shorter wavelength. b) SEED
employing red Stark shift. A reverse bias shifts the absorption edge to longer wavelength.
In both the figures, the bottom panel shows the variation of absorption α with reverse bias.

8

1.4

Chapter 1

Techniques for achieving blue Stark shift

Different research groups have proposed a number of techniques to realise a significant
blue Stark shift in quantum well structures. Zohu et al. [13] have demonstrated a variablestrain quantum well structure to realise blue Stark shift. This structure exploits a built-in
pseudomorphic strain, which gradually varies from one well/barrier interface to the other
well/barrier interface along the growth direction. The strain induced heavy-hole and lighthole splitting will gradually change from one side of the quantum well to the other. As a
result, the heavy-hole and light-hole band edges in this quantum well will have mutually
opposite potential gradients. These gradients can be treated as two opposite built-in fields
that are not created by real charge, but by the same variable strain effect on the heavy- and
light-hole states. An external electric field will shift the heavy- and light-hole states in
opposite directions due to QCSE. So, a simultaneous red and blue Stark shift will be seen
in this structure. The observed blue shift is less than 10 meV at a field of 70 kV/cm.
Another proposed structure is the graded-gap quantum well [14,15]. In this structure
the conduction and valence band edges vary linearly along the growth direction in the
quantum well layer. This can be achieved by varying the alloy composition in the quantum
well layer so that the bandgap varies linearly within the well. The spatial variations of the
valence band and conduction band edges in the well layer of a graded-gap quantum well
structure are similar to a usual quantum well structure under an electric field. The only
difference is that the inclination of the conduction band edge is in an opposite direction to
the valence band edge. A blue shift of the transition energy can be achieved by the
application of an external electric field in such a way that the valence band edge in the
graded gap well becomes flat. This technique yields a blue shift less than 10 meV at a field
exceeding 60 kV/cm.
The blue shift can also be achieved by cleverly utilizing the piezoelectric field [16].
This field is caused by an electric polarisation, which arises when biaxial stress due to
lattice mismatch is applied in the (111) plane of a III/V semiconductor. The piezoelectric
field results in a red shifted excitonic transition due to QCSE and a distorted quantum well
potential. If an external electric field is applied in a direction opposite to this piezoelectric
field, it reduces the total field in the quantum well. This will bring back the quantum well to
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the flat band condition and hence a blue shift of the transition energy. The observed blue
shift is of the order of 20 meV at a field of 85 kV/cm.
A semiconductor superlattice where an external electric field produces Wannier-Stark
localisation [17] can also be used to realise blue shift [18,19]. When an electric field is
applied across a superlattice the resonant tunnelling process is turned off and the
delocalised superlattice wavefunction becomes localised. This modifies the broad
absorption of the superlattice to a sharp quantum well-like absorption associated with
localised state. The position of the new absorption edge with field is at approximately the
centre of the broad miniband absorption edge without field. So it corresponds to an
effective blue shift of the absorption edge. A blue shift of around 25 meV is observed in
these structures.
Many authors have proposed quantum well structures in which the electric field
rapidly diminishes the strength of the lowest energy transition and allows the higher energy
transition to dominate [20,21]. However, the observed blue shift in these types of structures
is less than 13 meV at an applied field of 84 kV/cm. Mii et al. [22] have realised a blue shift
of the inter-subband transition in a step quantum well. The observed blue shift is only
8 meV. Recently Kai Chang et al. [23] have observed reasonably large blue shift using a
near-surface InxGa1-xAs/GaAs quantum well structure.

1.5

Spatially separated electron-hole systems

It is clear from the above discussion that the maximum blue shift achievable by these
techniques is less than 25 meV. If we want to improve the blue shift further, we have to use
a different method by which one can achieve large spatial separation of electrons and holes
before the application of an external electric field. A larger zero field separation of
electrons and holes results in a larger blue shift.
We have realised a spatial separation of carriers in an asymmetric composite quantum
well structure by a separate confinement technique. In this thesis we have studied structures
with separate confinement of electrons and holes. To realise this, we have used GaxIn1-xAs
and InAsyP1-y as the well materials and InP as the barrier material. The resulting composite
quantum well structures have highly asymmetric potential profiles due to the opposite
weighting of their band offset parameters. In this structure, we can independently control

10

Chapter 1

the valence and conduction band states by strain engineering and can also tune the initial
charge separation. Our model calculations show a large blue Stark shift of 70 meV in a
“strain balanced” structure.
Spatially separated electron-hole systems have a number of potential applications.
They show a large Stark shift and, depending on the direction of the applied field, the
absorption edge can be tuned to the blue or red side of the spectra. They also exhibit large
density-dependent blue shift. That is, the wavelength of the optical resonance depends
strongly on the intensity of the optical excitation. This is of great interest, because it can be
used in various schemes of optical switching. These structures can also be used as potential
candidates for Bose-Einstein condensation of excitons [24]. The main reason for this
interest is that, because of the small overlap, the recombination time of the carriers is
sufficiently long to allow a low excitonic temperature and, possibly, condense into a
superfluid state [25]. Furthermore, the separation of electrons and holes in two different
wells prevents the formation of exciton molecules or drops.

1.6

Localised excitons

Excitons are quasi-particles formed by the electron-hole pairs bound by attractive Coulomb
interaction [26]. An unavoidable property of semiconductor quantum wells is the existence
of random potential in the well plane induced by the interface fluctuations, alloy
fluctuations, defects and impurities. The excitons can be trapped in these local potential
minima in the quantum well plane at low temperatures. These potential fluctuations are
strong enough to provide lateral quantum confinement. So, these in-plane potential
fluctuations can also act as quantum dots, these so-called natural quantum dots [27] are of
interest to many groups [28].
We have already seen that due to the spatial separation of electrons and holes in our
composite quantum wells, they can be used as a good candidate for exciton condensation.
However, the in-plane potential fluctuations can strongly affect the formation of the exciton
condensate [29]. Moderate in-plane random potential improves conditions for the exciton
condensation in local potential energy minima due to the local enhancement of the exciton
density and confinement effects. With the increase of the potential fluctuations the sizes of
the condensate “lakes” as well as the correlations between the “lakes” are reduced, and at
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large random potential the exciton condensate disappears. Therefore, in order to observe the
exciton condensate, high quality samples with small potential fluctuations are required.
This in-plane localisation does not affect the performance of the SEEDS employing
these structures at room temperature. The localisation is completely washed away at
temperatures above 80K. All the Stark shift measurements described in this thesis were
done at 100 K and at this temperature the in-plane localisation does not play any important
role.

1.7

Scope of this thesis

Before we discuss the contents of the following chapters, we will review the general
physical concepts regarding the subject of this thesis. This thesis mainly focuses on the
investigation of independent control of the valence and conduction bands in a III/V
composite quantum well system by strain engineering.
This thesis lays stress on asymmetric composite quantum well structures in which the
electronic states of the valence and conduction bands are independently tuneable. To realise
this we have used GaxIn1-xAs and InAsyP1-y as the well materials and InP as the barrier
material. This results in a highly asymmetric potential profile with a shallow-deep
conduction band and a deep-shallow valence band due to the opposite weighting of their
band offset parameters with respect to InP barrier material. Individual control over the
valence and conduction bands is realised by adjusting the strain in the quantum wells.
The beauty of these structures is that it confine electrons and holes in spatially
separated regions without the application of an electric field. Since the electrons and holes
are spatially separated, this highly asymmetric structure allows large tuning of the groundstate transition energy to the blue or red side of the spectrum with respect to the direction of
an applied electric field. Large blue shift exceeding 30 meV is realised in one of the
structures at moderate electric fields. This blue shift can be exploited in advanced optoelectronic systems such as SEEDs. The zero field separation of electrons and holes due to
asymmetry of the structure also causes linear electric field dependence of the energy shift at
lower fields. This is extremely useful for low voltage device operation.
Another goal of the thesis is to understand the optically induced blue shift arising
from

the

separation

of

photo-generated

carriers

in

undoped

and

unbiased
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GaxIn1-xAs/InP/InAsyP1-y systems. The absorption of light produces a finite concentration of
electrons and holes, which are separated in real space due to the large asymmetry in the
structure. This accumulation of charges modifies the optical properties of the structure. In
our quantum well system, the photo-created electrons are trapped in the InAsyP1-y part of
the composite quantum well structure whilst holes are collected in the GaxIn1-xAs quantum
well. Even though via an indirect in real space radiative transition, all the samples showed
strong photoluminescence spectra. This enables us to study the optically induced effects by
means of low temperature photoluminescence spectroscopy. We have observed a blue shift
of the transition energy with increase in excitation intensity and it saturates at very high
excitation densities. It is shown that the observed blue shift is electrostatic in origin. The
electric field produced by the spatially separated electrons and holes modifies the quantum
well potential profile in such a way that the transition energy shifts to the higher energy
side. By strain engineering, we tailor the energy band-structure of the quantum well system
to enhance the optically induced blue shift. The results are interpreted using self-consistent
calculations incorporating exchange and correlation effects.
The emission wavelength highly depends on the intensity of an input optical beam.
This is of great interest because it can be used in various schemes of optical switching. If an
input optical signal strongly changes the absorption of a medium, then another optical
signal passing through the same medium can be switched on and off.
The third objective is to study the localised excitons in these structures. The highly
strained structures show strong evidence for localised excitons. The alloy fluctuations cause
potential fluctuations in the quantum well plane and excitons can be trapped in these local
potential

minima.

Low

temperature

photoluminescence,

magneto-luminescence,

photoluminescence excitation and temperature dependent photoluminescence have given
interesting results on localised excitons.
This thesis is organized as follows. Chapter 2 describes the model used to calculate
the transition energies and wavefunctions in the quantum well structure with and without
the application of an external electric field. We also discuss the separate confinement
technique in detail. In chapter 3 we discuss the fundamentals of strain engineering and
growth of the composite quantum well structures. This chapter also throws light on the
preparation of the alloyed metal contacts.
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A detailed description of the large blue and red Stark shift observed in the
GaxIn1-xAs/InP/InAsyP1-y is the subject matter of chapter 4. We will also explain how the
strain engineering independently controls the valence and conduction bands in these
structures. In chapter 5 we describe the optically induced blue shift of the transition energy
and the self-consistent calculations used to explain the results. The exchange and
correlation effects are incorporated into the calculations by local density approximation.
To get an insight into ground- and excited-states of the valence band, we have
performed polarisation dependent photoluminescence and photoluminescence excitation
(PLE) measurements at low temperatures. These are described in chapter 6. The PLE also
gives evidence for localised excitons in the quantum well plane. In order to probe the lateral
extent of localisation we have performed some magneto-optic studies at low temperature
and chapter 6 describes these results as well. To study these localised excitons further, we
have also performed temperature dependent photoluminescence and the results of this
investigation is presented in chapter 7.

14

Chapter 1

References
[1]

E. H. Li and B. L. Weiss, Electron. Commun. Eng. 3, 63 (1991) and references
therein .

[2]

L. L. Chang, L. Esaki and R. Tsu, Appl. Phys. Lett. 24, 593 (1974).

[3]

D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C.Gossard, W. Wiegmann,
T. H. Wood and C. A. Burrus, Phys. Rev. Lett. 53, 2173 (1984).

[4]

D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C.Gossard, W. Wiegmann,
T. H. Wood and C. A. Burrus, Phys. Rev. B 32, 1043 (1985).

[5]

Gerald Bastard, Wave mechanics applied to semiconductor
heterostructures, Les editions & de physique, Paris (1988).

[6]

D. A. B. Miller, D. S. Chemla, T. C. Damen, T. H. Wood, C. A. Burrus,
A. C. Gossard, and W. Wiegmann, IEEE J. Quantum. Electron. QE-21, 1462
(1985).

[7]

J. Khurgin, Appl. Phys. Lett. 53, 779 (1988).

[8]

R. K. Gug and W. E. Hagston, Appl. Phys. Lett. 73, 1547 (1998).

[9]

Y. Huang, Y. Chen, and C Lien, Appl. Phys. Lett. 67, 2603 (1995).

[10]

K. W. Goossen, E. A. Caridi, T. Y. Chang, J. B. Stark, D. A. B. Miller and R. A.
Morgan, Appl. Phys. Lett. 56, 715 (1990).

[11]

T. H. Wood J. Lightwave Tech. 6, 743 (1988).

[12]

P. N. Stavrinou, S. K. Haywood, and G. Parry, Appl. Phys. Lett. 64, 1251 (1994).

[13]

Weimin Zhou, H. Shen, J. Pamulapati, P. Cooke and M. Dutta, Appl. Phys. Lett.
66, 607 (1995).

[14]

Tohya Hiroshima and Kenichi Nishi, J. Appl. Phys. 62, 3360 (1987).

[15]

H. –J. Polland, L. Schultheis, J. Kuhl, E. O. Gobel and C.W. Tu, Ultarafast
Phenomena V, Edited by G. R. Fleming and A. E. Siegmann, Springer-Verlag,
Berlin (1986).

[16]

J. L. Sánchez-Rojas, A. Sacedón, F. Calle, E. Calleja and E.Muńoz, Appl. Phys.
Lett. 65, 2214 (1994).

Introduction

15

[17]

Vladimir V. Mitin, Viatcheslav A. Kochelap and Michael A. Stroscio, Quantum
Heterostructures, Cambridge University Press, Cambridge (1999).

[18]

K-K. Law, R. H. Yan, J. L. Merz and L. A. Coldren, Appl. Phys. Lett. 56, 1886
(1990).

[19]

G. Bastian, G. von Plessen, J. Feldmann, J. Hader, T. Marschner, W. Stolz and E.
O. Göbel, Appl. Phys. Lett. 69, 308 (1996).

[20]

H. Onose, H. Yoshimura and H. Sakaki, Appl. Phys. Lett. 54, 2221 (1989).

[21]

C. Cacciatore, D. Campri, C. Coriasso, C. Rigo and C. Alibert, Phys. Rev. B 40,
6446 (1989).

[22]

Y. J. Mii, R. P. G. Karunasiri, K. L. Wang, M. Chen and P. F. Yuh, Appl. Phys.
Lett. 56, 1986 (1990).

[23]

Kai Chang and F. M. Peeters, J. Appl. Phys. 88, 5246 (2000).

[24]

L. V. Butov, C. W. Lai, A. L. Ivanov, A. C. Gossard and D. S. Chemla,
Nature 417, 47 (2002).

[25]

L. V. Butov, A. Imamoglu, A. V. Mintsev, K. L. Campman and A. C.
Gossard, Phys. Rev. B 59, 1625 (1999).

[26]

Paul Harrison, Quantum wells, wires and dots, John Wiley & Sons Ltd., (2000).

[27]

Garnett W. Bryant, J. Luminescence , 70, 108 (1996).

[28]

A. Zreneer, A. Schaller, M. Markmann, M. Hagn, M. Arzberger, D. Henry, G.
Abstreiter, G. Bohm and G. Weimann, Appl. Surf. Sci. 123/124, 356 (1998) and
references therein.

[29]

L. V. Butov and A. I. Filin, Phys. Rev. B 58, 1980 (1998).

16

Chapter 1

Chapter 2
Separate confinement and model
calculations

2.1

Introduction

Based on the discussions in chapter 1, it is important to effectively separate electrons and
holes to produce a large blue Stark shift in quantum well structures. This chapter gives a
description of the separate confinement technique, which is used to realise real space
charge separation and large asymmetric Stark shift (blue shift + red shift) in our quantum
well structures. This chapter also gives a description of the model calculations used to
evaluate the electron, heavy-hole and light-hole eigenstates of III/V quantum well
structures with electric field applied perpendicular to the quantum well plane. The model is
based on the effective mass/envelope function approximation. It uses the model-solid
theory to calculate the band edge line-up at the interface between two III/V semiconductors.

2.2

Separate confinement technique

We have seen that the maximum achievable blue shift by the techniques mentioned in
chapter 1 is less than 25 meV. If we want to improve the blue shift further, we have to use
a different method. Several authors have shown that large blue shift exceeding 30 meV can
be achieved by using structures with asymmetric quantum wells [2-5]. Asymmetric
quantum wells can be fabricated by growing two closely coupled wells with unequal well
thickness (same well material) or by growing coupled wells of unequal height (different
well materials and same or different well thickness). Figure 2.1 illustrate the first category
[1]. It consists of two GaAs quantum wells of thickness 1.8 and 3.2 nm, coupled by a
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Ec

Ev

Fig. 2.1: An illustration of the potential profile and wavefunctions in the asymmetric
quantum well with different well thickness and the same well material. This figure
represents quantum wells made of 3.2 nm and 1.8 nm thick GaAs and separated by a
1.5 nm thick Al0.4Ga0.6As barrier [1].
1.5 nm Al0.4Ga0.6As barrier. The wavefunctions of the lowest energy states (for electrons
and holes) are displaced towards the thicker well layer. The amount of this shift is,
however, different for electrons and holes. Heavy-holes are easily perturbed because of
their large mass and they will usually shift more. Here, the zero field separation of electrons
and holes is small and there is a substantial wavefunction coupling for both electrons and
holes to the adjacent quantum well. The achievable blue Stark shift in this case is small and
do not exceeds 7 meV.
To reduce the wavefunction coupling at zero field, we have to use asymmetric wells
of different depths. To realise this we have used GaxIn1-xAs and InAsyP1-y as the well
materials and InP as the barrier material. A schematic of the potential profile is shown in
Fig. 2.2. The resulting composite quantum well structure has a highly asymmetric potential
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profile due to the opposite weighting of their band offset parameters. At the GaxIn1-xAs/InP
interface the conduction band to valence band offset ratio is set to be 40:60 [6] and at the
InAsyP1-y/InP interface it is taken to be 70:30 [7]. Due to this reverse band offset ratio, a
type-II band line-up is formed. For the InAsyP1-y well, the holes are trapped in a shallow
well. The same is the case with electrons in GaxIn1-xAs. When we combine these two wells
by a small barrier, the resulting potential profile will be a shallow-deep conduction band
and a deep-shallow valence band. This is called separate confinement technique, where
electrons and holes are spatially separated due to dissimilar well potentials. In the rest of
this thesis an asymmetric composite quantum well refers to an asymmetric composite
quantum well with type-II band line-up.

1200
Ec

Energy (meV)

1000
InAsyP1-y

800

GaxIn1-xAs

0

-200

Ev

0

5

10

15

20

25

Thickness (nm)
Fig. 2.2: Type-II potential profile of a separate confinement structure. The structure is
made of InAsyP1-y and GaxIn1-xAs quantum wells separated by thin InP barrier. Here x =
0.67 and y = 0.42. Note that the charge separation in this case is more compared to the
first case because of the better confinement of electrons and holes in separate quantum
wells.
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This technique results in a large zero field separation of electrons and holes compared

to the asymmetric wells of unequal thickness and equal depth. The situation is somewhat
analogous to a pre-biased quantum well of type-I. If we apply an external field to reduce the
average separation between electrons and holes, the resulting quantum confined Stark effect
will lead to a blue shift of the lowest electron-hole transition energy. The blue shift is
related to the initial charge separation without the application of an external electric field. A
larger initial separation of carriers corresponds to larger blue shift. For device applications
it is desirable to have blue Stark shift of the absorption edge together with the enhancement
of its oscillator strength [8]. The oscillator strength of the band-to-band transition is
proportional to the square of the overlap integral between electron and hole wavefunctions
[9]. In these asymmetric quantum wells, the initial charge separation will decrease with
increasing external field. This results in an enhancement of the oscillator strength together
with blue Stark shift. The shift can also be tuned to blue or red side of the spectrum by
changing the direction of the applied field and the Stark shift will be linear at low fields due
to the non zero dipole moment present.
The separate confinement technique results in larger charge separation as compared to
the asymmetric quantum wells with different thickness. Moreover, we can control the
charge separation by tailoring the composition as well as the thickness of the of the
quantum wells. Information regarding the quantum well states, together with a control of
composition, allows one to design devices that exhibit very large blue shift and enhanced
oscillator strength when it is subjected to moderate electric fields.

2.3

Theoretical model

The effective mass/envelope function approximation [10,11] is used to evaluate the
electron, heavy-hole and light-hole eigenstates of III/V quantum well structures used in this
work. It is based on model-solid theory [12], which is used to calculate the band edge lineup at the interface between two III/V semiconductors. The envelope function
approximation describes the band-structure around the Γ point. The energy levels relevant
for actual devices are very close to this high symmetry point [12].
The Schrödinger equation for a two-dimensional heterostructure can be written as
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d2
− h
+ V j ( z ) ψ jn ( z ) = E jnψ jn ( z )
*
2
 2m ( z ) dz

j⊥
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(2.1)

Here the z direction is taken as the growth direction and j is the band index (j = el, hh or lh).
The subband index is given by n. We can divide the potential V j (z ) in Eq. 2.1 into three
components.

V j ( z ) = V j , step ( z ) + VCoul ( z ) + Vbias ( z )

(2.2)

where, V j , step ( z ) is the step-potential due to the steps in the band edges at the interfaces,

VCoul (z ) is the Coulomb potential due to the charge density, and Vbias (z ) is the bias
potential due to an external electric field applied to the heterostructure.
Knowledge of the discontinuities in valence and conduction bands at the interface
between two semiconductors is essential for the analysis of the properties of any
heterostructure. The model-solid theory predicts the band edge line-up at the interface
between two semiconductors in the presence of strain. It calculates the step-potential

V j , step ( z ) in Eq. 2.2. The model-solid theory has two main aspects: first, the generation of
an accurate band-structure, and second, the alignment of this band-structure on an absolute
energy scale. It uses the band edge deformation potentials to evaluate the effect of strain on
the band edges. As in the case of envelope function approximation, the model-solid theory
also uses bulk material parameters.
The model-solid theory uses the hydrostatic and shear deformation potentials to
construct the band energy shift relative to the unstrained case. The strained conduction band
edge Ec, heavy-hole band edge Ehh and light-hole band edge Elh are obtained by adding the
hydrostatic and shear strain shifts to the unstrained band edges. Therefor

∆0
+ E g + ∆E chy
3
∆
E hh = E v ,av + 0 + ∆E vhy,av + ∆E hhsh
3
∆
Elh = E v ,av + 0 + ∆E vhy,av + ∆Elhsh
3
E c = E v ,av +

(2.3)
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The step potential V j , step ( z ) in Eq. 2.2 gives the relative position of the band edge in a
particular layer with regard to the band edge in the substrate. Equations 2.3 predict the band
edge shifts for binary compounds only. To estimate the band edge shifts in ternary
compounds, we use the interpolation of the material properties of the binary constituents
[13]. The material parameters required for the calculation are: the lattice constant a0,
bandgap Eg, deformation potentials ac, av and b, elastic constants c11 and c12, unstrained
average valence band edge and spin-orbit splitting ∆ 0 . The material parameters and the
interpolation method used to evaluate the parameters for ternary compounds are given in
appendix I.

2.4

Electric field dependence of transition energies in
separate confinement structures

We have numerically calculated the electric field (perpendicular to the growth plane)
dependence of transition energies in asymmetric GaxIn1-xAs/InP/InAsyP1-y composite
quantum well structures. The physical parameters/material constants used in these
calculations are taken from appendix I.
As we have discussed in the previous sections, the separate confinement structure can
shift the transition energy to blue or red side of the spectrum depending on the direction of
the applied field. We have calculated the blue and red Stark shift (total Stark shift) in two
composite quantum well structures. In one structure Ga0.47In0.53As is lattice matched to InP
and in the other Ga0.67In0.33As is under 1.3% tension. In both these structures InAs0.42P0.58
well is under 1.3% compression.
The calculated wavefunctions and potential profile of the structure with Ga0.47In0.53As
lattice matched to InP is shown in Fig. 2.3. The same is calculated for the structure with
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Fig. 2.3: Calculated potential profile and wavefunctions for the Ga0.47In0.53As lattice
matched structure under an electric field of a) 0 kV/cm, b) +100 kV/cm and c) –100 kV/cm.
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Fig. 2.4: Calculated potential profile and wavefunctions for the sample with Ga0.67In0.33As
under 1.3% tension under an electric field of a) 0 kV/cm, b) +100 kV/cm and
c) –100 kV/cm.
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Ga0.67In0.33A under 1.3% tension and it is shown in Fig. 2.4. We have calculated the
electronic states (n=1,2), light-hole states and heavy-hole states in these structures. The
calculations are for an applied electric field of 0, +100 and –100 kV/cm. In both the cases
the InAsyP1-y and GaxIn1-xAs quantum wells have a thickness of 4 nm and are separated by a
1 nm thick InP barrier. On either side of this quantum well structure there is a 10 nm thick
undoped InP. By inspecting the wavefunctions of both the conduction and the valence
bands for the two sample structures (Fig. 2.3 and 2.4), it is evident that the electrons are
mainly concentrated in the InAsyP1-y quantum well. The holes are located in the GaxIn1-xAs
well. The potential profiles and wavefunctions have been calculated for low temperatures
(~ 5 K) and the material parameters are taken from Table AI.1 in appendix I.
From Fig. 2.3 and 2.4, it is clear that the electrons and holes are separated in real
space even without the application of an external electric field (see panel (a) in both cases).
The electrons are confined to the InAs0.42P0.58 and the holes are very well confined to
the GaxIn1-xAs part of the composite quantum well structure. In both the cases the
confinement of the holes is perfect. There is no coupling for the valence band ground-state.
But if we look into the conduction band states, we can obviously see a good coupling for
the Ga0.47In0.53As lattice matched case (see Fig. 2.3). As we put more tension on GaxIn1-xAs
part of the composite well by increasing the Ga content from 0.47 to 0.67, the residual
coupling in the conduction band decreases significantly (see Fig. 2.4). So, we can influence
the conduction band state to a greater extend by carefully adjusting the strain. Also, the
valence band ground-state changes from heavy-hole type to light-hole type as we put
GaxIn1-xAs under tension.
In both the cases there is a spatial separation of electrons and holes before the
application of external electric field (see Fig. 2.3 (a) and 2.4 (a)). So, there is a non-zero
dipole present. Which results in a non-zero dipole moment in the structure. This leads to a
linear quantum confined Stark effect at low electric fields. Also, depending on the direction
of the applied electric field, it can either push the electrons and holes close to one another
or pull them further apart. In the former case, the confinement energy of the electrons and
holes are pushed in opposite direction and the overlap of the electron and hole
wavefunction increases. This results in a blue shift of the ground-state transition energy. If
we apply an electric field in such a way that it pulls the electrons and holes apart, a red shift
of the transition energy will be visible. In this case the overlap of the electrons and holes
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Fig. 2.5: The calculated ground-state (Ehh1-Ee1) energy shift as a function of the applied
electric field for the Ga0.47In0.53As (4 nm)/InP (1 nm)/InAs0.42P0.58 (4 nm) composite quantum
well structure. The Stark shift is linear at low fields. The maximum observed blue shift is
40 meV. The calculation is done for a temperature of 5 K and the material parameters are
taken from Table AI.1 in appendix I.
decreases with increase in electric field. If we compare the panels (b) in Fig. 2.3 and 2.4, it
is obvious that the overlap of the wavefunction is more compared to the zero field case.
Panels (c) of the above mentioned figures shows less overlap compared to the zero field
case.
Figures 2.5 and 2.6 show the calculated total Stark shift (blue shift + red shift) of the
ground-state transition energy as a function of the applied electric field for Ga0.47In0.53As
lattice matched and Ga0.67In0.33As under tension cases. For the Ga0.47In0.53As lattice matched
case the ground-state transition is n=1 heavy-hole state to n=1 electronic state (Ehh1-Ee1
transition). In Fig. 2.5, the top-right hand side shows the blue Stark shift. Here, the applied
electric field brings the electron and holes close to one another. As the separation decreases,
the transition energy shifts to the higher energy side. Due to the zero field separation of
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electrons and holes, we can clearly see a linear Stark shift at low fields. The linear regime is
indicated in the figure. The maximum observed blue shift is 40 meV at an applied electric
field of 200 kV/cm. Corresponding to this field the overlap of the electron and hole
wavefunctions is maximum. If we increase the field further, the transition energy decreases.
The bottom-left hand side of Fig. 2.5shows the red Stark shift region. Here, as the electric
field increases, the overlap of the electron and hole wavefunctions decreases.
The model calculation also shows that the structure with Ga0.67In0.33As under tension
also shows a similar behaviour when it is subjected to an electric field. Figure 2.6 shows
similar behaviour. Here, the ground-state is light-hole in nature and the calculated blue shift
is more compared to the lattice matched case. The calculated maximum blue shift is
70 meV for an applied electric field of +196 kV/cm. The larger value of the blue shift is
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Fig. 2.6: The calculated ground-state (Elh1-Ee1) energy shift as a function of the applied
electric field for the Ga0.67In0.33As (4 nm)/InP (1 nm)/InAs0.42P0.58 (4 nm) composite quantum
well structure. The stark shift is linear at low fields. The maximum observed blue shift is
70 meV. The calculation is done for a temperature of 5 K and the material parameters are
taken from Table AI.1 in appendix I
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due to the fact that the zero field separation of electrons and holes is increased by 10%
compared to the lattice matched case. This is due to the better confinement of electrons and
holes (see Fig. 2.4 (a)). The linear Stark shift also shows an enhancement.
We will discuss the experimentally realised Stark shift (both blue and red) in these
structures in chapter 4. A detailed analysis will confirm the validity of our model. In
conclusion, we have realised separate confinement of electrons and holes in composite
quantum wells without the application of an external electric field. We propose the separate
confinement technique as an effective way to achieve large blue and red Stark shifts in the
same structure. Model calculations show that a large blue shift exceeding 70 meV of the
ground-state transition is possible in a “strain balanced” structure and the energy states can
be tuned independently.
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Chapter 3
Growth of strained quantum wells
and sample preparation

3.1

Introduction

For quite a long time, most of the efforts concerned with the confinement effect in
heterostructures were concentrated on nearly perfect lattice matched structures such as
InP/In0.53Ga0.47As, InP/In0.52Al0.48As, etc. There are only a few pairs of materials like this,
and our choice is restricted to specific compositions of alloys if we insist that the lattice
constants be identical. A much wider range of materials opens up if the restriction of same
lattice constant is given up. If we grow a thin layer with different lattice constant compared
to the substrate, the layer will adapt its in-plane lattice constants in such a way that it is
equal to that of the substrate. This results in a large strain in the structure, which strongly
modifies the energy bands.
In this chapter we will mainly discuss strained composite quantum well systems,
namely GaxIn1-xAs/InP/InAsyP1-y on InP substrate. A short description on strain engineering
will be given before a detailed description on sample growth is presented. Preparation of
the samples for the photocurrent studies will be discussed towards the end of this chapter.

3.2

Chemical beam epitaxy

Epitaxial growth is the basic technique for the preparation of layered semiconductor
structures. This can be defined as the ordered overgrowth of one material on the surface of
another material [1]. Sophisticated III/V optoelectronic devices require control of the
epitaxial technology at the atomic layer limit. Also, it must be capable of large area
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coverage and be reproducible on a run-to-run basis. There are several epitaxial techniques
such as Metalorganic Vapour Phase Epitaxy (MOVPE) [2], Molecular Beam Epitaxy
(MBE) [3] and Chemical Beam Epitaxy (CBE) [4], which have been developed for the
growth of semiconductor heterostructures.
CBE is a relatively new development in epitaxial technology. It is a hybrid technique
combining the features of MOVPE and MBE. It combines the beam nature of MBE and the
use of vapour sources as in MOVPE. The beam nature of CBE allows it to grow structures
with monolayer abruptness and thickness control as attainable by MBE, while the use of
vapour sources drastically eases multiwafer scale-up and precise reproducible flux control
with swift response. Finally, CBE is very promising in the field of selective area
epitaxy [5].
A Riber CBE 32P system is used for the growth of the GaxIn1-xAs/ InP/InAsyP1-y
composite quantum well structures. There are specific reasons for choosing CBE instead of

Ultra high vacuum chamber
Substrate Holder
Heated Substrate
TMIn / TEGa
As2 / P2 / H2
50 ºC
~ 950 ºC

AsH3 / PH3

TMIn / TEGa

Fig. 3.1: Schematic representation of the basic process inside the ultra high vacuum
growth chamber of a CBE machine. (This picture is taken from Ref. [6]).
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MBE for the growth of these quantum wells. Actually, growth of compounds containing
both As and P has proved to be particularly difficult by conventional MBE [6]. When
elemental As and P sources are used, it is difficult to achieve the precise ratio of As and P
in the flux and maintain its stability throughout the growth period. An additional difficulty
arises with the elemental P source. Red phosphorous contains a mixture of allotropic
forms, each of which has a different vapour pressure. As the source undergoes thermal
cycling, the amount of each form changes and as a result of this the total phosphorous flux
depends on the thermal history of the source. Compared to MBE the substrate temperature
in CBE is low. This is favourable for the growth of highly strained structures.
Trimethyl indium (TMIn) and trimethyl gallium (TMGa) are used as group-III
precursors and the hydrides arsine (AsH3) and phosphine (PH3) as group-V starting
materials. The group-III elements are derived from pyrolysis of the metal organic
compounds on the heated substrate and the group-V elements are produced by the
decomposition of the hydrides in a high temperature cracker. A schematic of the process
inside a CBE machine is shown in Fig. 3.1 [6].

3.3

Strain engineering

In the growth of semiconductor heterostructures there are some difficulties associated with
the lattice matching of the two layers at the interface. There are only limited material
systems where the lattice matching is obeyed (see Fig. 3.2).
In an epitaxial process, the material layer that is grown on the substrate can have a
lattice constant being the same or different from that of the substrate. If we carefully grow
an epitaxial layer whose in-plane lattice constant is close, but not equal, to the in-plane
lattice constant of the substrate, it can results in a coherent strain [7]. The in-plane lattice
constant of the epitaxial layer adjusts itself to the lattice constant of the substrate. This
results in a strain due to the elastic tetragonal deformation of the primitive cell of the
epitaxial layer in the growth direction. The lattice constant of the epitaxial layer in the
growth direction can either be smaller or larger than that of the substrate. The former case is
called tensile and the latter is known as compressive strain.
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Fig. 3.2: Energy bandgap versus lattice constant of some commonly used semiconductors.
The lattice matching is obeyed by a few material systems.
Consider that an epitaxial layer with lattice constant al is grown on the substrate with
lattice constant as. Now, the in-plane lattice constant a|| and the lattice constant in the
growth direction a ⊥ for this epitaxial layer after the growth can be written as

a|| = a s


c  a||
a ⊥ = a 0 1 − 2 12  − 1 
c11  al



(3.1)

where, c11 and c12 are the elastic constants of the material. The epitaxial layer is biaxially
strained in the plane of the substrate and uniaxially strained in the perpendicular direction.
The biaxial and uniaxial strains are given by

ε || =

a||
al

−1

a
c
ε ⊥ = ⊥ − 1 = −2 12 ε ||
al
c11

(3.2)
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b) Lattice matched
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Fig. 3.3: The band-structure in momentum space for a typical direct bandgap III/V
semiconductor. a) Compressive strain in growth plane, b) Unstrained and c) Tensile strain
in the growth plane. For compressive case the valence band ground-state is heavy-hole and
for tensile case it is light-hole in character.
With increasing thickness of the epitaxial layer, strain accumulates. There exists, however,
a maximum thickness for the strained epitaxial layer on the substrate. Above this critical
thickness, relaxation of the layer to the strain-free lattice constant starts by the formation of
misfit dislocations [8].
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a)
In0.53Ga0.47As
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b)
p
p

InP
GaxIn1-xAs
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InAs0.42P0.58
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In0.53Ga0.47As
InP

300 nm
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InAs0.42P0.58

300 nm
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GaxIn1-xAs

InP
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InP

n

350 µm

n

InP

x = 0.47 or 0.67
Fig. 3.4: Schematic picture of the doped composite quantum well structure. a) Red shifting
structure; a reverse bias pulls the electrons and holes away from each other. b) Blue
shifting structure; a reverse bias pushes the electrons and holes close to one another. The
composition of InAsyP1-y is the same in both structures and it is under 1.3 % compression.
The Ga content in GaxIn1-xAs is either 0.47(lattice matched to InP) or 0.67 (under 1.3 %
tension). Thickness not to scale.
The most obvious effect of strain is to change the energies of the bands in
semiconductor heterostructures [9]. It opens up yet another important route to band
engineering. Strain has more dramatic effect on valence bands compared to the conduction
bands. The effect of strain on semiconductor band line-ups can be calculated using the
model-solid theory proposed by Van de Walle and Martin [10]. Effect of strain on band
edges of a direct bandgap material is shown in Fig. 3.3. It is clear from this figure that the
compressive strain increases and tensile strain decreases the bandgap of the semiconductor
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material. The relative positions of the heavy-hole and light-hole bands with respect to each
other are also influenced by the strain.

3.4

Sample growth

We have grown a number of doped and undoped strained composite quantum well
structures for our studies. The doped structures were used to study asymmetric Stark shift,
which will be discussed in chapter 4. The undoped structures were used to study the
optically induced blue shift, polarisation studies, magneto-luminescence and temperature
dependent photoluminescence measurements. These investigations will be discussed in
chapters 5-7. All the sample structures used for the studies presented in this thesis were
grown by chemical beam Epitaxy on [100] InP substrate. The substrate was misorientated
0.50 towards the [111]B direction. Starting components were trimethyl gallium
(Ga(C2H5)3), trimethyl lindium (In(CH3)) and precracked arsine (AsH3) and phosphine
(PH3). The growth temperature was 515 0C.

3.4.1

Doped samples

The quantum well sequence was grown in the intrinsic region of an n-i-p structure and
consists of 4 nm thick GaxIn1-xAs and InAsyP1-y separated by a 1 nm thick InP barrier. First,
a 200 nm n-doped (Si, n = 3 x 1017 cm-3) InP was grown on top of the substrate. Two
undoped InP buffer layers of 300 nm each separate the quantum well structure on both the
n- and p-sides. The p-region consists of a 200 nm thick Mg doped InP (p = 3 x 1017cm-3).
This layer was followed by a 50 nm p-type (Mg, p = 1019 cm-3) In0.53Ga0.47As capping layer.
We have grown two sets of samples; in one set a reverse bias causes a red shift of the
absorption edge and in the other it causes a blue shift. The blue shifting structures have an
inverted quantum well sequence compared to the red shifting structures. The InAsyP1-y
layers with y = 0.42 were always in compression with respect to the InP substrate while the
GaxIn1-xAs layers have grown either lattice matched (x = 0.47) or in tension (x = 0.67;
“strain balanced” sample). A schematic picture of the doped sample structure is shown in
Fig. 3.4.
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3.4.2

Undoped samples

We have grown two undoped samples. The quantum well sequence consists of 4 nm thick
GaxIn1-xAs and InAsyP1-y separated by a 1 nm thick InP barrier, which is the same as that
for the doped sample. First a 200 nm thick undoped In0.53Ga0.47As buffer layer was grown
on top of the InP substrate. A 200 nm thick undoped InP follows this and the quantum well
sequence was grown on top of this layer. Another 200 nm thick undoped InP layer covers
the quantum well sequence on top.
The individual layer thickness of the composite quantum well samples was measured
using cross sectional transmission electron microscope (TEM) images. Figure 3.5 shows a
cross sectional image of the undoped Ga0.47In0.53As lattice matched sample obtained by
TEM.

InP

InP barrier
InAs0.42P0.58

Ga0.47In0.53As

InP

Fig. 3.5: Cross sectional TEM image of the undoped Ga0.47In0.53As lattice matched quantum
well structure.
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Sample preparation for photocurrent studies

Mesa samples were used to study the effect of electric field on the absorption edge. UVlithography was used to make the mesa samples. The mesas were prepared from a 2 cm X
1 cm sample. First, the sample was cleaned in acetone and methyl alcohol for 2 minutes.
Then it was spin- coated with a photo-resist (AZ 5214 E). The spin-coated sample was ‘soft
baked’ for 5 minutes at 90 ºC. Then a negative of a mask is projected on the spin-coated
side of the sample by UV-exposure (300 nm, 30 seconds). The unexposed resist was
washed away and now the sample is ready for etching. An InGaAs etchant was first
prepared and the sample was dipped in it for 5 seconds. This removed the 50 nm thick
InGaAs layer from the unexposed regions. After removing the InGaAs layer, the sample

p-contact

Mesa

InP Substrate

Fig. 3.6: A scanning laser microscope image of two mesas on the sample. The white region
on the mesa is the vacuum deposited p-contact. InP substrate is shown outside the mesa
sample. The lateral dimensions are 1011 µm X 1275 µm.
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was dipped in an InP etchant for 30 seconds. Etching of InP took place at the unexposed
regions and it went up to the substrate. After two minutes the sample was taken out from
the etchant and cleaned with de-ionised distilled water. The sample was then dipped in
acetone so that the exposed photo-resist was dissolved from the top of the mesa samples.
Photo-resist was again spin coated on top of the sample to prepare the p-contact. A
mask was projected by UV exposure so that only the p-contact region was exposed to the
UV radiation. The exposed region was removed using a developer. After removing the
exposed region a metal contact was made by physical vapour deposition. The sample was
dipped in acetone and cleaned ultrasonically for a short span of time at very low powers.
This removed the metal film on top of the unexposed photo-resist. The unexposed photoresist was dissolved in acetone. The mesa sample thus formed has a dimension of 1011 µm
X 1275 µm. The depth of etching is ~ 1 microns. Scanning laser microscope images of two
mesa samples are shown in Fig. 3.6.

3.6

Preparation of alloyed metal contacts

In order to apply an external electric field we have fabricated alloyed metal contacts to the
p- and n-sides of the quantum well structure. After making the p- and n-contacts, the
sample was characterized by I-V measurement. It was performed using a Hewlett Packard
HP 4061-A parameter analyser and probing station. I-V measurements were carried out at
room temperature and at liquid nitrogen temperature. A typical I-V curve is shown in
Fig. 3.7. In that figure the right hand side of the zero volt point corresponds to the reverse
biased region and the left hand side represents the forward bias region. The metallization
used for the preparation of the n-contact is GeNiAu [Ge(20.6 nm/Ni(15.7 nm)/Au(200 nm)]. For the p-contact we implemented NiZnAu [Ni(5.2 nm /Zn(2.7 nm)/Au(175 nm)] metallization scheme. After the deposition of this metal contacts the samples
were annealed at 400 ºC for one minute using a contact annealing set-up.
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a)

0 voltage point

b)

0 voltage point

Fig. 3.7: Typical I-V characteristic of the sample. a) I-V characteristics of the sample at
room temperature; the right hand side of the zero volt point corresponds to reverse biased
region and the left hand side is the forward bias region. b) I-V characteristics of the same
sample at liquid nitrogen temperature. The very small fluctuations are due to cross talk
from the environment.
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Copper plate

p-contact

Gold wire

Mesa

Fig. 3.8: A microscope image of the mesa sample. We can clearly see the p-contact and the
gold wire bonded to it.
Gold wire was used to make electrical leads to the p and n-side of the mesa. The nside was bonded to a copper plate using silver paste. To make this bonding the sample was
heated at 100 ºC for two minutes. Gold wire was soldered to this copper plate. On the p-side
the gold wire was bonded using high voltage spark welding. A microscope image of the
mesa sample with electrical contacts is shown in Fig 3.8.
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Chapter 4
Large asymmetric Stark shift in
GaxIn1-xAs/InP/InAsyP1-y composite
quantum wells

4.1

Introduction

Asymmetric Stark shifts were found in structures with spatial separation of electrons and
holes. In these types of structures the blue and red shifts are determined by the direction of
the applied electric field. In recent years, there has been a great deal of interest in structures
with spatially separated electron-hole systems. They are mainly used to realise a twodimensional exciton condensate [1-2] and for exploring the blue shifting property of the
absorption edge [3]. Multiquantum well structures relaying on quantum confined Stark
effect [4] have been widely used in SEEDs [5]. In a conventional SEED, the existence of a
sharp excitonic peak is essential. One drawback of the conventional method is that it suffers
from large residual absorption. SEEDs based on a blue shift are less reliant on sharp
excitonic peaks and offer significant improvements in terms of on/off ratio and insertion
loss over the usual red shifting devices [6-7]. To enhance the blue Stark shift, several
theoretical and experimental proposals were made by different groups [6-15]. However, the
largest blue shift was achieved in a < 111 > In0.10Ga0.90As/GaAs multiquantum well
structure [15] and was limited by 22 meV corresponding to a field of 85 kV/cm. In that
case, the electric field was applied opposite to the piezoelectric field, essentially
compensating the pre-biased state of the structure. A built-in field, which is cancelled by an
external field, can also be achieved using either asymmetric coupled quantum wells [6-7] or
graded gap quantum wells [11].

46

Chapter 4
In this chapter we present the experimental realisation of a large asymmetric Stark

shift of the ground-state transition in GaxIn1-xAs/InP/InAsyP1-y composite quantum well
structures. We have studied two sets of samples; in one set a reverse bias causes a red shift
of the absorption edge and in the other it causes a blue shift. The blue shifting structures
have an inverted quantum well sequence compared to the red shifting structures. The
InAsyP1-y layers with y = 0.42 were always in compression with respect to the InP substrate
while the GaxIn1-xAs layers were grown either lattice matched (x = 0.47) or in tension
(x = 0.67). At the GaxIn1-xAs/InP interface the conduction band to valence band offset ratio
was set to be 40:60 [16] while that the InAsyP1-y /InP interface it was taken to be 70:30 [17].
These highly asymmetric structures allow large tuning of the absorption edge to the blue or
red side of the spectrum with an applied electric field [18]. Towards the end of this chapter,
we will also discuss the results on one set of sample with Ga0.47In0.53As lattice matched to
InP and with different As content in InAsyP1-y part of the composite well with y = 0.35
and 0.42.

4 .2

Photoluminescence experiments

The spatial separation of electrons and holes in our structures allows us to study the blue
Stark shift without making any electrical contact to them. The blue shift was studied using
photoluminescence (PL) measurement. Since the quantum well sequence is in the intrinsic
region of an n-i-p structure, the spatially separated electron-hole system will experience a
built-in electric field of 28 kV/cm. In one quantum well sequence this field pulls the
electrons and holes to opposite sides of the structure resulting in a red shift of the groundstate transition energy from the zero field value. In the inverted sequence the field pushes
them close to each other resulting in a blue shift of the transition energy.
The PL measurements were done at 5 K in a He-flow cryostat. The experimental setup is shown in Fig. 4.1. Samples were excited using 532 nm (2.332 eV) radiations from a
diode pumped Nd:YAG laser and the estimated excitation density was 400 mW/cm2. The
luminescence was dispersed using a 1 m monochromator [Hilger&Watts Monospec 1000].
An optical multi channel analyser system was used to collect the PL signal. An InGaAs
linear array detector cooled down to -25 0C was used to detect the PL signal. An energy
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window of 113 meV can be covered with one exposure. Using LabView programme an
AT-MIO-16D interface board controls the whole measurements.
The low temperature PL measurements on the samples containing substrate/InAs0.42P0.58/InP/Ga0.47In0.53As and substrate/Ga0.47In0.53As/InP/- InAs0.42P0.58 as composite
well (Ga0.47In0.53As lattice matched samples) show a strong PL band. The transition is
indirect in real space, with a full width at half maximum of 16 meV. Fig. 4.2(a) shows the
intensity normalised PL spectra of the Ga0.47In0.53As lattice matched samples. In this case,
the shift between the PL peaks is only 15 meV.
We have also analysed the PL from the “strain balanced” quantum well structures. In
these structures, the GaxIn1-xAs part of the composite well was grown in tension by
increasing the gallium content. The strain increases the spatial separation between the
Second harmonic crystal
532 nm

Nd:YAG laser

M1

Filter
Cryostat controller

Computer
Cryostat
and sample

Monochromator
M6

M2
M3

Detector
Colour L2
filter

L1

Detector
controller
M5

M4

Optical multi channel analyser
Fig. 4.1: Experimental set-up for the photoluminescence measurements. The components in
the dotted region form the optical multi channel analyser.
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b)

0.84

0.88

0.92

0.96

1.00
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Fig. 4.2: Photoluminescence spectra taken at 5K. a) Ga0.47In0.53As lattice matched samples;
solid line for InAs0.42P0.58 /InP/Ga0.47In0.53As and dashed line for Ga0.47In0.53As/InP/InAs0.42P0.58 sample. b) “strain balanced” samples; solid line for InAs0.42P0.58 /InP/Ga0.67In0.33As and dashed line for Ga0.67In0.33As/InP/InAs0.42P0.58 structure.
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electrons and holes, as coupling between the InAsyP1-y and GaxIn1-xAs conduction bands
decreases. Fig. 4.2(b) shows the intensity normalised PL spectra for the “strain balanced”
structures. Here, the shift between the PL peaks is 50 meV, which is three times compared
to the shift in the Ga0.47In0.53As lattice matched samples. The PL band shows a low energy
sideband, which is typical for excitons localised by alloy fluctuations [19]. In both sets of
samples, the built-in field causes the shift between the PL peaks. The total shift includes
both blue and red shift of the transition energy from the zero field value. If we compare the
integrated intensity of the PL bands, in each set of samples, the blue shifting sample shows
higher intensity than the red shifting sample. This is due to the larger overlap of the
electron-hole wavefunctions in these structures.

4 .3

Photocurrent spectroscopy-Experimental set-up

Photocurrent (PC) spectroscopy was also carried out to study the blue and red Stark shifts
in the structures on which PL measurements were done. A tunable near infrared light was
used to excite the sample and the same was generated by mixing 1.06 µm radiation from a
mode-locked Nd:YAG laser beam with the visible output of a synchronously pumped
Rhodamine 6G dye laser. A schematic of the experimental set-up is shown in Fig. 4.3. The
tunable IR light is generated using an Autotracker-II arrangement. It is a stand-alone servo
system designed for frequency mixing of laser sources in a nonlinear crystal (KTP crystal).
The system senses the frequency mixed output of an angle tuned crystal and restores the
phase match angle using a feedback control. The active feedback design of the system
corrects the crystal tilt to accommodate wavelength changes due to the scanning of the dye
laser and compensates for bulk crystal temperature changes produced by either ambient or
laser induced heating.
Optimum mixing of the two laser beams is achieved when they overlap in space and
time in the crystal and their polarisations stand perpendicular to each other. The λ/2 plate
in front of the Nd:YAG laser ensures the latter requirement. The adjustable delay line is
placed in such a way that the two pulse trains entirely overlap in time after reflecting from
the beam splitter.
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Autotracker II

M2

KTP

M1

HW QW
Second harmonic crystal
1.06 µm
Nd:YAG Laser

CR

DL
532 nm

M8

M7
IS

M5
Dye laser

M6
Autotracker II
servo driver

Cryostat

Computer
Chopper

Lock-in 1

1185 nm – 1670 nm

M3

M4

S

R

RD
V
Lock-in 2

Cryo controller

Fig. 4.3: Schematic of the photocurrent experimental set-up. M#-mirrors, QW-quarter
wave plate, HW-half wave plate, KTP-KTP crystal, CR-compensator crystal, IS-IR
separator, RD-reference detector, DL-delay line, S-sample, R-load resistance, V-variable
voltage source.
The mirror M1 and the beam splitter are adjusted to ensure spatial overlap of the two beams
before entering the nonlinear crystal. Sum and difference ν Dye +ν YAG and ν Dye -ν YAG .
The IR separator eliminates the first three beams and transmits the fourth beam. The tuning
range of the near infrared radiation is from 1.185 µm to 1.67 µm.
All the photocurrent measurements were done at 100 K in a helium flow cryostat. The
sample was reverse biased to apply an electric field parallel to the growth axis. Changing
the applied voltage varied the electric field across the quantum well structure. As the
excitation wavelength was tuned, the photocurrent response from the sample was measured
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using lock-in arrangement. The output signal was normalised for intensity fluctuations. The
whole measurement was controlled by a LabView interface.
In order to apply the reverse bias, metal contacts were deposited on the p- and nlayers of the samples. The p-contact was deposited on top of the mesa sample and it
consists of 5.2 nm Ni, 2.7 nm Zn and 100 nm Au. The n-contact was made at the backside
of the substrate and it consists of 20.6 nm Ge, 15.7 nm Ni and 200 nm Au. Both contacts
were annealed at 400 0C for one minute after deposition.

4 .4

Asymmetric Stark shift

Initially we have studied the asymmetric Stark shifts in GaxIn1-xAs lattice matched
structures. In these structures Ga0.47In0.53As is lattice matched to InP and InAs0.42P0.58 is
under 1.3% compression. Depending on the quantum well sequence in these structures, the
reverse bias causes a shift of the absorption edge to the lower or higher energy side of the
spectrum. In substrate/Ga0.47In0.53As/InP/InAs0.42P0.58 structure the reverse bias causes a
blue shift of the absorption edge. Figure 4.4 (a) shows the photocurrent spectra for this
sample. The transition energy shifts to the higher energy side, without any qualitative
change in the shape of the spectra. Figure 4.4 (b) shows the photocurrent spectra for the
inverted quantum well sequence. In this structure, a reverse bias pushes the electrons and
holes to opposite sides of the quantum well structure and the transition energy is shifted to
the low energy side.
The total Stark shift (blue shift + red shift) of the ground-state transition energy as a
function of the applied electric field for the Ga0.47In0.53As lattice matched sample is shown
in Fig. 4.5. The total Stark shift observed is 84.1 meV and is highly asymmetric. At very
low fields the Stark shift is quite linear, which is a clear indication of spatial separation of
electrons and holes. From the slope of the linear red shift, we have calculated the electronhole separation. The observed blue shift was 22 meV at a maximum applied field of
93 kV/cm, which is shown on the top right side of Fig. 4.5. The bottom left side of the same
figure shows the observed red shift and it exceeds 60 meV at a field of -138 kV/cm.
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Fig. 4.4: Photocurrent spectra at 100 K for the Ga0.47In0.53As lattice matched samples. a)
Photocurrent spectra for the substrate/Ga0.47In0.53As/InP/InAs0.42P0.58 sample; applied field
causes a blue shift of the absorption edge. b) Photocurrent spectra for the
substrate/InAs0.42P0.58/InP/Ga0.47In0.53As sample; applied field causes a red shift of the
absorption edge.
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Fig. 4.5: Stark shift of the lowest heavy-hole

__

electron transition with respect to the

applied electric field in Ga0.47In0.53As lattice matched sample. The circles represent the
experimental data points and the solid line represents the best theoretical fit using the
model calculations described in chapter 2.
We have studied the Stark shifts in the “strain balanced” structures as well. Fig. 4.6
(a) shows the photocurrent spectra for the substrate/Ga0.67In0.33As/ InP/InAs0.42P0.58. In this
structure the applied field causes a blue shift of the absorption edge. For the
substrate/InAs0.42P0.58/InP/Ga0.67In0.33As structure, the applied field pulls the electrons and
holes away from each other and we have observed a large red shift of the absorption edge
with increasing reverse bias. Figure 4.6 (b) shows the photocurrent spectra for the red
shifting sample. Compared to the Ga0.47In0.53As lattice matched structures, we observed a
larger asymmetric Stark shift of 117 meV in the “strain balanced” structure. It also exhibits
larger linear Stark shift compared to the Ga0.47In0.53As lattice matched case.
Figure 4.7 shows the total Stark shift of the ground-state transition energy as a
function of the applied electric field. The top right side of Fig. 4.7 shows the blue Stark
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Fig. 4.6: Photocurrent spectra at 100 K for the “strain balanced” samples. a) Photocurrent
spectra for the substrate / Ga0.67In0.33As / InP / InAs0.42P0.58 sample; applied field causes a
blue shift of the absorption edge. b) Photocurrent spectra for the substrate / InAs0.42P0.58 /InP / Ga0.67In0.33As sample; applied field causes a red shift of the absorption edge.
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Fig. 4.7: Stark shift of the lowest light-hole __ electron transition with respect to the applied
electric field in “strain balanced” sample. The circles represent the experimental data
points and the solid line represents the best theoretical fit.
shift and the bottom left side shows the red shift. The observed red shift was 82.2 meV at a
field of -145 kV/cm and the blue shift was 35 meV at a field of 106 kV/cm.
All the measurements are in agreement with our calculations done in the framework
of Bir-Pikus strain Hamiltonian. This large blue shift observed in the “strain balanced”
structure is due to the better confinement of electrons and holes in this structure. Figure 4.8
shows the calculated potential profile and electron and hole wave functions for the
Ga0.47In0.53As/InP/- InAs0.42P0.58 blue shifting structure at zero bias. Due to the reverse band
offset ratio a highly asymmetrical potential profile is formed. By inspecting the wave
functions of both conduction band and valence band, it is evident that holes are located at
the center of the Ga0.47In0.53As well, while the electrons are almost at the center of the
InAs0.42P0.58 well. There is a residual coupling in the conduction band, which reduces the
electron hole separation.
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Fig. 4.8: Calculated potential profile and electron and hole wavefunctions for the
substrate/Ga0.47In0.53As/InP/InAs0.42P0.58 (blue shifting structure) sample at 100 K. The
valence band ground-state is heavy-hole in character.
The calculated non-zero dipole moment is 6.4 X 10-28 Cm. The valence band ground-state
is heavy-hole in character. The degree of polarisation of the photoluminescence from the
cleaved side of this sample demonstrates that the ground-state is heavy-hole in character,
which is in good agreement with our calculations (see the wavefunctions in Fig 4.8). In
chapter 6 we will discuss the polarisation studies in detail.
By putting more tension on the Ga0.67In0.33As side of the quantum well structure we
realised better confinement of electrons and hence could increase the electron-hole
separation. Fig. 4.9 shows the calculated wave functions for the Ga0.67In0.33As / InP / InAs0.42P0.58 blue shifting structure. The valence band ground-state is light-hole in character.
This is also confirmed by the polarisation of the luminescence collected from the cleaved
side of the sample. This will also be covered in chapter 6.
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Fig. 4.9: Calculated potential profile and electron and hole wavefunctions for the
substrate/Ga0.67In0.33As/InP/InAs0.42P0.58 (blue shifting structure) sample at 100 K. The
valence band ground-state is light-hole in character.
The increased tension on the Ga0.67In0.33As side of the composite quantum well
reduces the residual coupling in the conduction band. Here, compared to the Ga0.47In0.53As
lattice matched case, the well depth difference for the conduction band is increased. This
results in better confinement of photocreated electrons to the InAs0.42P0.58 well. The
calculated non-zero dipole moment is 7.2 X 10-28 Cm. The increased initial charge
separation results in a larger blue Stark shift of the lowest energy transition compared to the
Ga0.47In0.53As lattice matched case. The red shifting structures for Ga0.47In0.53As lattice
matched and Ga0.67In0.33As tension cases have similar wave functions and potential profile.
The only difference is that the quantum well potentials are reversed compared to the blue
shifting structures.
We have also evaluated the ground-state wavefunction overlap for the Ga0.47In0.53As
lattice matched and Ga0.67In0.33As tension cases. Figure 4.10 illustrates the variation of the
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wavefunction overlap with increasing positive field. At zero field the wavefunction overlap
is very small for both the samples. This shows that the electrons and holes are spatially
separated at zero fields. If we compare the two cases, the wavefunction overlap is smaller
for the Ga0.67In0.33As under tension case. This is due to the better confinement of carriers
compared to the Ga0.47In0.53As lattice matched case. As the applied field increases, it
pushes the electrons and holes close to one another and the wavefunction overlap increases.
For the operation of electro-optical bistable devices, it is desirable to have blue shift
of the absorption edge, together with an enhancement of its oscillator strength. The
oscillator strength of the optical band-to-band transition is proportional to the square of the
overlap integral between the carrier’s envelop wavefunctions [20]. We have already seen
that in both the samples studied, the wavefunction overlap increases with increase in

T = 100K Calculation
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Fig. 4.10: Calculated wavefunction overlap for the e1 and hh1 (dotted line) and e1 and lh1
(continuous line) states as a function of increasing positive applied electric field. The
former corresponds to Ga0.67In0.33As under tension and the latter corresponds to
Ga0.47In0.53As lattice matched case.
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applied field and the transition energy shifts to the higher energy side. So, in these
structures it is possible to have blue Stark shift of the absorption edge together with an
enhancement of its oscillator strength.
If we analyse the blue shifting part in Fig. 4.5 and 4.7, the experimentally observed
values for the blue shift deviate from the theoretically calculated values at stronger fields.
For the “strain balanced” Ga0.67In0.33As/InP/InAs0.42P0.58 structure, the maximum value for
the theoretically calculated blue shift is 70 meV at a field of 196 kV/cm and for the
Ga0.47In0.53As lattice matched case it is 42 meV at a field of 194 kV/cm. The theoretically
calculated values for the maximum blue shift are higher than the experimentally observed
ones. The experimentally observed blue shift shows saturation behaviour. This saturation is
caused by the electric field induced breakdown in the system, which is evident from a rapid
increase in photocurrent at the beginning of the saturation behaviour in both the samples. It
is interesting to note that for the “strain balanced” case, with more charge separation, the
saturation starts only at a stronger field (80 kV/cm). Conversely for the Ga0.47In0.53As lattice
matched structure, where charge separation is smaller, the saturation starts at lower fields
(67 kV/cm). We did not observe any electric field induced breakdown in the red shifting
systems. Fig. 4.11 (a) and (b) shows the variation of the photocurrent at different bias
voltages for the Ga0.47In0.53As lattice matched and “strain balanced” structures. A rapid
increase in photocurrent is observed for the blue

shifting structures, whereas for the red

shifting structures the increase in photocurrent with applied bias is very small. The electric
field induced breakdown is a major drawback of this system, where the blue Stark shift is
achieved by placing electrons on top of holes. However, the achieved blue Stark shift is
much higher than the previously reported values [12-15].
Very recently, Haywood et al. [21] have reported a blue shift of the ground-state
transition energy in InP/ InAsyP1-y/ Ga0.47In0.53As/ InP quantum well systems at room
temperature. The As content in InAsyP1-y part of the composite well is either 0.4 or 0.6.
Both the structures show blue shift with an external applied electric field. However, the
observed blue shift is very small compared to the theoretical calculations. The maximum
blue shift realised by them is only 5.3 meV at a field of 120 kV/cm for the sample with an
arsenic content of 0.4 in InAsyP1-y. They have attributed the low value of the blue shift due
to the composition of the quantum well layers deviating from the intended sample design.
In our case, the realised blue shift is 35 meV at an electric field of 106 kV/cm in a strain
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Fig. 4.11: Variation of the photocurrent with increasing bias voltage. a) For the
Ga0.47In0.53As lattice matched samples. b) For the “strain balanced” sample. In both cases,
the left hand side shows the red shifting structures and the right hand side shows the blue
shifting structure. A rapid increase in the photocurrent is a clear indication of electrical
breakdown in the blue shifting structures.
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balanced structure [18]. So we have demonstrated a blue shift, which is 7 times larger than
their value, and it occurs even at lower electric fields.

4 .5

Conduction band engineering
We have already seen that by changing the Ga content in GaxIn1-xAs it is possible to

tune the valence band state from heavy-hole to light-hole character and can also enhance
the confinement potential for the holes. In this section we will discuss the influence of the
As content in InAsyP1-y part of the composite well on the Stark shift, ground-state transition
energy and wavefunction overlap. For this we have grown two asymmetric quantum well
structures. The quantum structure is similar to the red shifting structures discussed in the
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Fig. 4.12: Red Stark shift of the ground- state (hh1-e1) transition energy in InAsyP1-y / InP/Ga0.47In0.53As quantum wells with an arsenic content of 0.35 and 0.42. The triangles
are for 0.35 and circles are for 0.42 arsenic content. The solid lines represent theoretically
calculated values. The measurement is done at 100K.
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Fig. 4.13: Calculated wavefunctions and potential profiles for InAsyP1-y- /InP/Ga0.47In0.53As
quantum wells with an arsenic content of 0.35 (a), 0.46 (b) and 0.55 (c) respectively. It is
calculated for 100K and the material parameters are taken from Table A.1.2 in appendix-I.
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Fig. 4.14: Calculated wavefunction overlap for the e1 and hh1 states as a function of
increasing arsenic content of the InAsyP1-y well for the InAsyP1-y(4 nm) / InP(1 nm)/Ga0.47In0.53As (4 nm) quantum well structure. The calculation is done for zero applied
electric field and for a temperature of 100K
earlier section. Here, Ga0.47In0.53As is lattice matched to InP and the InAsyP1-y quantum well
was grown with arsenic content of 0.35 (1.1 % compression) and 0.42 (1.3 % compression)
respectively. Both quantum wells are 4 nm thick and separated by a 1 nm thick InP barrier.
We have grown structures which exhibit only the red Stark shift. So by applying a reverse
bias the transition energy shifts to lower energy side. Since Ga0.47In0.53As is lattice matched
to InP, the valence band ground- state is heavy-hole in character.
Figure 4.12 shows the observed red Stark shift of the ground-state transition energy
(hh1-e1) at 100 K. For the same applied electric field, the Stark shift is more for the
structure with 0.42 arsenic content. The initial shift is quite linear for both the samples due
to the non-zero dipole moment present in the structures before the application of the
external field.
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We have theoretically calculated the potential profile and wavefunctions for structures

with different As content. Figure 4.13 (a), (b) and (c) represent the calculated
wavefunctions for the structures with 0.35, 0.46 and 0.55 arsenic content. It is interesting to
note the behaviour of the ground-state conduction band wavefunction (e1) in Fig. 4.13. For
0.35 arsenic content, one can clearly see a very large coupling in the conduction band. As
we raise the arsenic content to 0.46 this coupling reduces and for 0.55 it completely
decouples. It is obvious from the potential profile that the well depth difference for the
valence band is already very large. So the hole ground-state is always located inside the
Ga0.47In0.53As quantum well and the Stark shift of the heavy-hole state is independent of the
arsenic content. The situation is different for the conduction band. From Fig. 4.13 (a) it is
clear that the conduction band well depth difference is not very large for 0.35 arsenic
content. As a result there is a strong coupling of the ground-state electronic wavefunction.
But, as we increase the arsenic content, the InAsyP1-y well becomes deeper. This results in
better confinement of electrons in this quantum well. Due to this enhancement in electronic
confinement, the wavefunction overlap decreases with increase in arsenic content and the
zero field separation of electrons and holes increases. Also, the electronic Stark shift
increases first with arsenic content and levels off when complete confinement of the
electron in the InAsyP1-y well occurs. Figure 4.14 shows the variation of the wavefunction
overlap at zero field for different arsenic content. The ground-state transition energy shows
a red shift with increase in arsenic content. This is due to the reduction in energy gap of the
InAsyP1-y with increase in arsenic content. The variation of the transition energy with
increase in arsenic content is shown in Fig. 4.15 for positive, negative and zero fields.
It is obvious from our calculations that by increasing the As content in InAsyP1-y part
of the composite well it is possible to completely decouples the conduction band (see
Fig. 4.13 (c)). This is due to the better confinement of electrons in InAsyP1-y well. However,
there is a practical difficulty in the growth point of view. It is difficult to grow an InAsyP1-y
well with As content exceeding 0.55. The material is highly strained and it will soon relax
at this composition.

hh1-e1 Transition Energy (meV)
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Fig. 4.15: Calculated ground-state transition (hh1-e1) energy as function of the arsenic
content of the InAsyP1-y well for the InAsyP1-y(4 nm)/InP(1 nm)-/Ga0.47In0.53As(4 nm)
quantum well structure. The solid line shows the transition energy variation at zero field
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4 .6

Conclusions

In conclusion, we have realised a large asymmetric Stark shift of 117 meV of the lowest
energy transition in a “strain balanced” composite GaxIn1-xAs/InP/InAsyP1-y quantum well
system. Due to the high asymmetry in the confinement, these structures can be used to
achieve both red and blue shift of the absorption edge with the application of an external
electric field. By carefully adjusting the strain in the InAsyP1-y and GaxIn1-xAs quantum
wells, we have realised optimum confinement characteristics for the electrons and holes
individually. Our results show that one can choose material combinations with optimum
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confinement characteristics for the electrons and holes independently. All the
measurements agree with our theoretical calculations.
Out of the total Stark shift of 117 meV in a “strain balanced” structure, 35 meV (at a
field of 106 kV/cm) is blue shift. This blue shift of the ground-state transition energy occurs
along with an enhancement in its oscillator strength. A blue shift of this magnitude is
realised for the first time in III/V composite quantum wells [18]. Such systems clearly have
attractive possibilities for advanced optoelectronic devices based on the blue shifted
quantum confined Stark effect. By varying the width and composition of the GaxIn1-xAs and
InAsyP1-y layers, the energy of the ground-state and the degree of separation of electron and
hole wave functions can be controlled. This can be used to optimise both operating
wavelength and the magnitude of the blue shift for practical devices.
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Chapter 5
Optically induced blue shift in
composite quantum wells

5.1

Introduction

In the previous chapter we have seen a considerable blue shift of the ground-state transition
energy in the case of composite quantum well structures with the application of an external
electric field. In this chapter we report a similar trend of the transition energy brought about
by the optical excitation of the undoped and unbiased composite quantum wells.
In a conventional type-I quantum well structure, a red shift of the transition energy is
observed with increase in optical excitation density due to bandgap renormalisation [1,2].
In many other quantum well systems the presence of a large number of photocreated
carriers can even cause a high energy shift of the transition energy. In contrast to the type-I
quantum wells, the energy minima for electrons and holes lie in different layers in type-II
structures. Spatially separated electron and hole layers with densities exceeding 1011 cm-2
can easily be realised in such systems. The electric field induced by such electron-hole
layers in turn should strongly modify the potential profile of the quantum well and therefore
the energy of the optical transitions. Here also the many-body effects in the accumulated
charge carriers leads to a red shift of the transition energy. However, the modification of the
potential profile by electrostatic potential produced due to the real space separation of the
electrons and holes dominates over the many-body effects. The electrostatic potential
modifies the potential profile in such a way that the transition energy shifts to the higher
energy side with an increase in optical excitation density.
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In this chapter, we will focus on the blue shift of the transition energy with excitation

density. This arises from the band-structure modifications due to spatial separation of
photocreated charge carriers in undoped and unbiased quantum well structures. An
optically induced blue shift of the order of 20 meV was realised in a “strain balanced”
GaxIn1-xAs/InP/InAsyP1-y asymmetric composite quantum well structure. The experimental
results obtained by low temperature photoluminescence measurements were compared with
the results obtained by the model calculations, which include the band-structure
modifications due to optically generated carriers.
A blue shift of the transition energy in quantum wells in the presence of large carrier
densities has been the research interest of many groups. Blue shift has been observed in
modulation-doped heterostructures [3-5] with increase in excitation density.

Another

potential candidate showing the blue shift is the piezoelectric quantum wells and
superlattices [6-8]. The large piezoelectric field shifts the transition energy to lower
energies (quantum confined Stark effect) and produces a charge separation in the structure.
Consequently, photocreated electrons and holes should screen the piezoelectric field and
shift the transition to higher energies.
Large blue shifts were also reported in ZnSe/BeTe and ZnSe/ZnTe superlattices [9,
10], Si/Si1-xGex quantum wells [11] and separate confinement multi quantum wells [12]. In
all these structures the electrons and holes are spatially separated due to the potential profile
of the quantum well. During photo excitation, the optically generated electrons and holes
will be collected in spatially separated regions. The electric field induced by such dense
electron and hole layers strongly modifies the energy structure and the transition energies.
Recently Negoita et al. [13] have reported density dependent large blue shift of the
order of 20 meV in biased coupled quantum wells. The effect is attributed to many-body
renormalization of the exciton energy levels due to their interaction. Blue shift of the
exciton luminescence with growing exciton density was also reported in single quantum
wells [14,15], multiple quantum wells [16,17] and coupled quantum wells where electrons
and holes are spatially separated [13,18]. The blue shift is attributed to the net excitonexciton repulsion interaction in quantum wells [19-22].
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Fig. 5.1: Schematic of the undoped composite quantum well structures.

5.2

Samples and experimental set-up

Undoped and unbiased GaxIn1-xAs/InP/InAsyP1-y asymmetric composite quantum well
structures were used to study the excitation intensity dependence of the photoluminescence
peak. Samples were grown by chemical beam epitaxy on InP substrates. A 200 nm undoped
Ga0.47In0.53As buffer layer has been used to separate the rest of the structure from the
substrate. Undoped 200 nm thick InP cladding layer was used to cover the quantum well
sequence on either side. The quantum well sequence consists of 4 nm thick GaxIn1-xAs and
InAsyP1-y wells separated by 1 nm thick InP barrier. Material composition of the quantum
well sequence is the same as that of the doped samples used to study the photocurrent
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measurements. The main difference in the sample structure is that the quantum well
sequence is not in the intrinsic region of a p-i-n structure. Figure 5.1 shows the schematic of
the composite quantum well structure. In the first structure Ga0.47In0.53As is lattice matched
to InP and in the second one it is under 1.3% tension. In both structures InAs0.42P0.58 is
under 1.3 % compression. In this chapter and the following two chapters a “lattice
matched” structure refers to the first structure and a “strain balanced” structure refers to the
second one.
The PL measurements were done at 5 K in a He-flow cryostat. Samples were excited
using 514.5 nm laser radiation from an argon ion laser. The intensity stabilised laser beam
was focused using a 10 cm planoconvex lens and the excitation density on the sample
surface was ranging from 1 mW/cm2 to 123 W/cm2. The power density on the sample
surface was varied by means of calibrated neutral density filters. These power densities
were corrected for the reflection losses from the cryostat windows and sample surface. An
optical multi channel analyser was used to collect the photoluminescence signal. An
InGaAs/InP linear array detector cooled down to –40 ºC was used to detect the signal.

5.3

Model calculations: Light-induced band structure
modifications

The potential profile of both the quantum well structures used in these measurements is
highly asymmetrical. Due to the large asymmetry in the quantum well potential, electrons
and holes created by optical excitation will be accumulated in different quantum wells. This
results in a spatial separation of electrons and holes without the application of an external
electric field.
We have numerically calculated the band-structure for electrons and holes in
asymmetric composite quantum wells in the presence of accumulated charges by solving
the Poisson and Schrödinger equations selfconsistently within the effective mass formalism
[23]. We have used a modified Hartree selfconsistent method [24] for the numerical
calculations. According to Hartree selfconsistent method the electron or hole is in an
average potential produced by all the electrons or holes. However, in this method the
exchange and correlation effects are not taken into consideration. The exchange effect is
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due to Pauli’s exclusion principle. As a result of this, the Coulomb repulsion is reduced
because electrons with the same spin cannot occupy the same state. In addition to the
exchange interaction, electrons repel each other and move in a correlated way. This results
in a correlation effect. Both these effects decrease the effective bandgap. Therefore, we
have include the exchange and correlation effects into the theoretical model.
Kohan and Sham [25] implemented a suitable modification to Hartree’s method. In
this scheme the Hamiltonian composed of carrier kinetic energy term, the Hartree potential
(this is the potential due to the electron density distribution neglecting exchange and
correlation effects) and an exchange-correlation potential. This last potential accounts for
the exchange interaction between electrons and the screening of each electron by the
correlated motion of all the other electrons. The evaluation of this potential is a subtle
many-body problem and is still a matter for current debate in the literature. However, it has
long been known that the so-called local density approximation (LDA) performs
remarkably well in this case. The LDA is based on the simple idea of using the known
exchange-correlation potential of the homogeneous electron/hole gas with a density equal
to the local density of the true inhomogeneous electron-hole gas in question. The LDA can
successfully take care of the limitations of Hartree’s method [26].
The exchange and correlation effects play an important role only if the gas parameter
value rs is comparable to or larger than unity [27]. The gas parameter is a dimensionless
quantity, which is a measure of the ratio of the potential energy to kinetic energy of the
system. The gas parameter is related to the Fermi energy as per the relation Ef = 1/(αrs)2Ry
[26]. In this expression the value of α is 0.521. Hartree approximation is valid only when
the average kinetic energy of the carriers is much larger than that of the average interaction
energy. Under this condition the value of the gas parameter is very much less than unity. If
the value of the gas parameter is comparable or larger than unity then the many-body
effects such as exchange and correlation will play an important role. We have estimated the
gas parameter value. It is ~ 2 for both the samples corresponding to the optical excitation
densities used. This gas parameter value shows that the many-body effects such as
exchange and correlation can play an important role in our samples under optical excitation.
For our calculations we have considered the electron and hole bands in a parabolic
approximation. The continuity of the envelope wavefunctions and their derivatives were
used as boundary conditions. The calculations were done for a low temperature of 5 K
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where only the lowest electron and hole states were occupied. Now, the Schrödinger
equation can be written as

H i ψ i (z ) = E i ψ i (z )

(5.1)

where, i denote electron, heavy-hole or light-hole and z is the growth direction. The
Hamiltonian for the electrons and holes can be expressed as

Ĥ e =

p̂ e2
− eφ(z ) + Ve (z) + Ω(ρ e (z ), m e (z ))
2m e (z)

(5.2)

Ĥ hh =

p̂ 2hh
+ eφ(z ) + Vhh (z) + Ω(ρ hh (z ), m hh (z ))
2m hh (z)

(5.3)

Ĥ lh =

p̂ lh2
+ eφ(z ) + Vlh (z) + Ω(ρ lh (z ), m lh (z ))
2m lh (z)

(5.4)

where Vi is the quantum well potential resulting from the band discontinuities, φ denotes
the self-consistent Hartree potential, Ω - correction term for local density approximation,

ρ i -excess carrier densities of electrons or holes created by the photoexcitation of the
sample structure and mi is the effective mass of electrons or holes.
Figure 5.2 (a) and (b) gives the real space sketch of the numerically calculated
selfconsistent potentials for the lattice matched and “strain balanced” structures
respectively. It shows the expected band bending in the presence of accumulated charge
carriers. The band modification is clearly indicated by dotted circles. For the same well
material, the valence and conduction bands bend in the same direction. But if you examine
the adjacent wells the bands bend in opposite directions. As a result of this, the electronic
confinement energy level will be pushed upwards and the hole confinement energy level
will be pushed downwards. This causes a shift of the transition energy to the higher energy
side with increasing excitation density.

5.4

Spectral blue shift with excitation density

Figure 5.3 shows the evolution of the low temperature (T = 5K) photoluminescence
spectrum with optical excitation density for the Ga0.47In0.53As lattice matched sample. The
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Fig. 5.2: Band modification due to spatially separated charge carrier density. a) Lattice
matched structure. b) “strain balanced” structure. Note the band bending inside the dotted
circles.
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Fig. 5.3: Photoluminescence spectra at 5 K for the Ga0.47In0.53As lattice matched sample at
various excitation densities.
peak positions of the representative graphs are indicated with open circles. At low
excitation densities ranging from 1 mW/cm2 to 2 W/cm2, the spectrum did not exhibit any
change its peak position. It remained at 914 meV. Above 2 W/cm2, the spectral peak
position shifts linearly and shows saturation at excitation densities higher than 60 W/cm2.
Figure 5.4 shows the variation of the photoluminescence peak energy shift with
excitation density. The top x-axis shows the estimated two-dimensional carrier density
corresponding to the optical excitation density used. In this figure we have also included the
calculated transition energy with and without incorporating the local density approximation.
The photoluminescence spectra at different excitation densities and the variation of the
transition energy shift with respect to excitation density for the sample with Ga0.67In0.33As
under tension are shown in Figs. 5.5 and 5.6
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Fig. 5.4: Variation of the spectral peak energy shift with increase in excitation density for
the Ga0.47In0.53As lattice matched sample. The experimental data points are shown by cross
symbols. The continuous line shows the calculated transition energy shift as a function of
excitation density. Calculated energy shift with and without incorporating LDA corrections
are marked with labels on the graph.
respectively. As we increase the excitation density above 0.2 W/cm2 the peak energy starts
to shift to the higher energy side.
It is interesting to compare the results of the two samples. When we excite the sample
the photocreated electrons are confined in the InAs0.42P0.58 part of the composite well,
which is under 1.3 % compression with respect to the InP barrier. The photogenerated holes
are confined in the GaxIn1-xAs well with x = 0.47 for the lattice matched structure and 0.67
for the “strain balanced” structure. By putting more tension on the Ga0.67In0.33As part of the
composite well, we have increased the separation of the electrons and holes by 10%.
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Fig. 5.5: Evolution of the photoluminescence spectra with excitation density at 5 K for the
sample with Ga0.67In0.33As under 1.3 % tension.
This is the result of reduced coupling between the InAs0.42P0.58 and Ga0.67In0.33As
conduction bands. The strain also modifies the valence band ground-state. For the “strain
balanced” case the valence band ground-state is light-hole in character, whereas it is a
heavy-hole state for the Ga0.47In0.53As lattice matched case. The increased charge separation
in the “strain balanced” case is clearly visible in the intensity of the photoluminescence. For
the same excitation density, the intensity of the luminescence from the lattice matched
sample is several times brighter than that of the “strain balanced” case. As an example, at
2 W/cm2 the luminescence intensity for the lattice matched case is 6 times higher than that
of the “strain balanced” structure. The dominance of the photoluminescence intensity for
the lattice matched structure is due to the large electron and hole wavefunction overlap in
this structure.
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Fig. 5.6: Variation of the spectral peak energy shift with increase in excitation density for
the sample with Ga0.67In0.33As under tension. The experimental data points are shown by
cross symbols. The continuous line shows the calculated transition energy shift as a
function of excitation density. Calculated energy shift with and without incorporating LDA
corrections are marked with labels on the graph. The estimated two-dimensional carrier
density corresponding to the optical excitation density is given on the top x-axis.
When the sample is illuminated, the electrons get captured in the InAs0.42P0.58 well
and holes move to the GaxIn1-xAs well due to the asymmetry of the potential profile. As a
result of the real space separation of these carriers, it will be accumulated in these quantum
wells for quite some time. The mechanism responsible for the blue shift of the transition
energy is the modification of the bands by the electric field caused by the spatial separation
of the charge carriers. As the accumulated charge density increases, the electrostatic
potential also increases and it modifies the band-structure in such a way that the transition
energy shifts to the higher energy side. Our calculations reveal that the exchange and
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correlation effects also play an important role, which reduces the bandgap energy and it
leads to a red shift of the transition energy. However, a blue shift of the transition energy is
observed which is due to the fact that the band modification by the electrostatic field caused
by the accumulated carriers dominates the red shift resulting from the many-body effects.
Figure 5.4 shows the variation of the transition energy shift with excitation density for
the lattice matched case. Here the ground-state is heavy-hole in character. We have
calculated the energy shift with and without incorporating the exchange and correlation
effects. The corresponding variation is labelled on the graph. For the lattice matched case
the spatial separation of the accumulated electrons and holes is smaller compared to the
“strain balanced” case. As a result of this smaller separation, the blue shift of the transition
energy due to the modification of the potential profile caused by the electrostatic field is
small. From the calculated plots it is very clear that the exchange and correlation effect
reduces the transition energy considerably. The calculated energy values incorporating the
exchange and correlation effects are quite close to the experimentally observed values.
The observed blue shift with excitation density for the “strain balanced” case is
almost two times that for the lattice matched case (see Fig. 5.6). This large difference can
be explained by the smaller overlap of the electron and hole wavefunctions in the “strain
balanced” case. In this case the increased gallium content puts the Ga0.67In0.33As well under
tension and this removes the coupling in the conduction band. The tension increases the real
space separation of the electrons and the holes by 10 % compared to the Ga0.47In0.53As
lattice matched structure. A mere 10 % increase in electron-hole separation has
considerable influence on band modification by the electric field caused by the spatial
separation of the charge carriers. Figure 5.6 shows the energy variation with excitation
density for the “strain balanced” structure. Labels on the graph indicate the calculated
variations with and without LDA corrections. From the graph it is obvious that compared
to the lattice matched case, the band modification due to spatial separation of carriers
dominates the many-body effects. For a particular charge density, the LDA is directly
proportional to the square of the mass. So it is also important to note that the ground-state
is light-hole in character for the “strain balanced” structure, whereas it is heavy-hole in
character for the lattice matched case. In Fig. 5.6, the values of experimental data points are
comparable to the calculated values without incorporating the LDA corrections.
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Fig. 5.7: The variation of the full width at half maximum of the photoluminescence peak as
a function of the optical excitation density for the a) Ga0.47In0.53As lattice matched sample
and b) for the sample with Ga0.67In0.33As under tension.
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Figure 5.7 (a) and (b) show the variation of the FWHM of the PL band for the lattice

matched and “strain balanced” samples with different optical excitation densities. At low
excitation densities the FWHM for both the samples were nearly 10 meV. As we increase
the excitation density further, the photoluminescence spectra showed a broadening and it
saturated around 20 meV for both the samples. The FWHM values were used to estimate
the two dimensional carrier densities in the samples.
The observed blue shift of the transition energy due to the light-induced bandstructure modifications in the composite quantum wells can be employed for light-activated
all-optical switching or light-activated all-optical modulator. If an input optical signal
strongly changes the absorption edge of the structure, then a second optical signal passing
through the same structure can be switched on and off. For device applications it is
important to have control over the maximum achievable blue shift. It has already been
shown that we can successfully enhance the optically induced blue shift by controlling the
material composition of the composite well.

5.5

Conclusions

In contrast to the conventional red shift in quantum well structures, we have realised a blue
shift of the transition energy with increase in optical excitation density. We have observed a
blue shift of the photoluminescence peak energy in optically excited asymmetric composite
quantum well structures with spatially separated electrons and holes. It was shown that the
observed blue shift is electrostatic in origin. The electric field produced by the spatially
separated electrons and holes modifies the quantum well potential profile in such a way that
the transition energy shifts to the higher energy side.
A larger blue shift was observed in a “strain balanced” structure, where the
Ga0.67In0.33As part of the composite well was under 1.3 % tension and the InAs0.42P0.58 well
was under 1.3 % compression. The shift is almost twice as compared to a Ga0.47In0.53As
lattice matched structure. Increased tension on the Ga0.67In0.33As part of the composite well
causes a larger separation of electrons and holes in real space and hence a decrease in
electron-hole overlap in the “strain balanced” structure. The larger charge separation
enhances the electrostatic potential and hence results in larger blue shift. Also it should be
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noted that the ground-state for the lattice matched case is heavy-hole in character, whereas
it is light-hole state for the “strain balanced” structure.
Our calculations show that the exchange and correlation effects play a major role. We
have calculated the energy shift with and without considering the local density
approximation to the model for both samples under study. It was found that the exchange
and correlation effects cause a decrease in transition energy for both the samples under
study. However, a blue shift of the transition energy is observed which is due to the fact
that the band modification by the electrostatic field caused by the accumulated carriers
dominates the red shift resulting from the many-body effects.
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Chapter 6
Polarisation and magneto-optic
studies on undoped asymmetric
quantum well structures

6.1

Introduction

In chapter 4 we have seen that the valence band ground-state can easily be tuned by
modifying the strain in the composite quantum well system. In order to get more insight
into the nature of the ground-state, the polarisation of the luminescence was investigated.
This gave valuable information on ground-state character. We will also discuss the
photoluminescence excitation studies (PLE), which can through light on excited-states. So,
the first half of this chapter describes the results on polarisation studies.
The principal photoluminescence peak from the quantum well structure with 1.3%
tension on the Ga0.67In0.33As part of the composite well always shows a low energy
photoluminescence sideband, which is typical of excitons localised by alloy fluctuations.
The large Stokes shift observed in the PLE spectrum also suggests the localisation in this
structure at low temperature. In order to directly probe the extent of localisation, we have
performed some low temperature magneto-optic studies as well. So, the second half of this
chapter deals with studies localised excitons.

6.2

Polarisation of the photoluminescence

Consider a III/V semiconductor quantum well. Let the growth axis be the z-axis and the
growth plane be the x-y plane. The polarisation selection rules for the Γ6 to Γ8 inter-band
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transition are tabulated in appendix-II (taken from Ref. [1]). As per these selection rules the
photoluminescence from the heavy-hole state transition is circularly polarised in the
quantum well plane (x-y plane). So the luminescence detected in the x- or y-direction
consists of one linear component in the y-or x-direction. For the light-hole transition also
the luminescence is circularly polarised in the x-y plane. But, in addition to that there is a
linear component along the growth axis. Due to this additional linear component, the
luminescence is elliptically polarised in the x-z and y-z planes.
The polarisation measurement of the luminescence collected from the cleaved side of
a quantum well is a standard technique to study the character of the ground-state. In a
a)

C

Excitation (λ=585 nm)

M
L

Monochromator

A
L

QW

Detector

P
L

Sample

Flow Cryostat
Computer
Lock-in
b) z
Excitation
p-component

y

s-component
x

Detection

Fig. 6.1: a) A schematic representation of the experimental set-up used to analyse the
polarisation of photoluminescence in the cleaved side geometry. Here, C-Chopper, L-Lens,
P-Pinhole, A-Near infrared polariser, QW-quarter wave plate. b) The sample is excited
using a focused laser beam on the face side and near to the cleaved side. Here, x-y plane is
the growth plane and z direction is the growth axis.
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quantum well system the degeneracy between the light- and heavy-hole states is lifted. It is
a well-known fact that the ground-state has a heavy-hole character in a lattice matched
quantum well system [2]. Any additional compressive strain in this system will further
increase the energy separation between the heavy- and light-hole states. This results in a
heavy-hole ground-state for the compressively strained quantum well system. In this case,
if we analyse the polarisation of the luminescence from the x-z or y-z planes (cleaved
sides), it is only polarised in the quantum well plane. The situation will be different in a
tensile strained quantum well system. Here, the ground- state has a light-hole character and
the polarisation of the luminescence collected from the cleaved sides of the quantum well
will be polarised in the direction of the growth axis.
We have used a 90-degree geometry to collect the photoluminescence from the
quantum well sample. The schematic of the experimental set-up is illustrated in Fig. 6.1.
The quantum well sample placed on the cold finger of a flow cryostat at 10 K and was
excited from the face side. Here, the axis of excitation and collection are mutually
perpendicular and the excitation is parallel to the growth axis (z-axis as shown in
Fig.6.1 (b)). The sample was excited using 585 nm wavelength from a Rhodamine 6G dye
laser. The polarisation of the photoluminescence parallel to the growth direction is called
the p-component. The polarisation of the light perpendicular to the growth axis is called scomponent. Both components are clearly indicated in Fig. 6.1 (b). Photoluminescence was
always collected from a freshly cleaved side of the sample and care was taken to get a
smooth cleaved surface. When collecting photoluminescence from the cleaved side, one
should avoid the light glancing along the front facet. This light is mainly polarised in the
growth direction and this unwanted component, which is not related to the electronic
structure, must be eliminated while looking for the cleaved side photoluminescence. To
block this intense p-polarised light, a paper mask was fixed on the sample. The laser beam
was focused on the face side, near to the edge of the sample and behind this paper mask
(refer Fig. 6.4 to see the position of the paper mask).
It is also important to make the experimental set-up polarisation insensitive.
Depolarisation by the optical elements and cryostat windows were verified and was found
to be negligible. This was again checked during the measurements by analysing the
polarisation of the photoluminescence peak from the bulk Ga0.47In0.53As buffer layer in the
samples.
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The photoluminescence from the cleaved side of the sample was collected using an

achromatic lens. In order to make the transmittance of the p- and s-component identical, it
is important to reduce the photoluminescence-collecting angle. In the case of InP the
transmittance of the s- and p-components are comparable if the collecting angle is less
than 120. To achieve this we used a pinhole in front of the collecting lens. The polarisation
of the collected signal was analysed using a near infrared polariser, which has very good
response in the detection wavelength range.
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Fig. 6.2: The two different polarisation components of the cleaved side photoluminescence
from lattice matched sample. The photoluminescence intensity is shown on the left y-axis.
The component of polarisation parallel to the growth plane (s-component) is represented
by the dotted curve and the solid curve represents the component parallel to the growth
axis (p-component). The bulk Ga0.47In0.53As line at 806 meV is used as a reference marker
to check the polarisation sensitivity of the experimental set-up. The degree of polarisation
(please see the text for definition) is given on the right y-axis.
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The photoluminescence signal was dispersed using a 242 mm monochromator. To cancel
the polarisation sensitivity of the monochromator, a quarter-wave plate was mounted after
the polariser to change both s- and p-components into circularly polarised light. A Peltier
cooled InGaAs p-i-n diode kept at –200C was used for signal detection. The detector was
connected to a preamplifier, and analysed by a lock-in amplifier and a computer recorded
the photoluminescence signal.
The same undoped samples used for the optical excitation studies described in
chapter-5 were used here. All the samples have a 200 nm thick undoped Ga0.47In0.53As
buffer layer. Figure 6.2 shows the s- and p-components of the photoluminescence from the
cleaved side of the lattice matched sample. Here, Ga0.47In0.53As is lattice matched to InP and
InAs0.42P0.58 is under 1.3 % compression. The theoretically calculated energy states and
wavefunctions for the electrons and holes in this structure are similar to the wavefunctions
shown in Fig. 4.8. Our calculation reveals that the ground-state is heavy-hole in character
for this structure.
The degree of polarisation is shown on the right y-axis of Fig. 6.2. It can be defined as

D=

Is − I p
Is + I p

(6.1)

where Is is the intensity of the photoluminescence component parallel to the growth plane
and Ip is the component parallel to the growth axis.
For the lattice matched sample, the component of the photoluminescence parallel to
the growth plane is stronger than the component parallel to the growth axis. From Fig. 6.2 it
is clear that the degree of polarisation is 22-28 % in favour of the s-component. The
polarisation of the photoluminescence from this sample shows that the valence band
ground-state is heavy-hole in character. This is also supported by our theoretical
calculations.
In Fig. 6.2, the strong photoluminescence peak at 806 meV is due to the undoped bulk
Ga0.47In0.53As buffer layer. Since this photoluminescence band is from a bulk material it
should not have any polarisation. In our measurements this bulk line is used as a marker to
check the polarisation sensitivity of the experimental system. In Fig. 6.2 the degree of
polarisation at 806 meV is zero. This confirms that the experimental set-up do not
contribute any polarisation to the photoluminescence signal from the sample.
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Fig. 6.3: The two different polarisation components of the cleaved side photoluminescence
from the “strain balanced” sample. The dotted curve shows the s-component and the solid
curve shows the p-component. The degree of polarisation is given on the right y-axis.
Figure 6.3 shows the polarisation dependent photoluminescence from the cleaved side
of the “strain balanced” composite quantum well structure. Here the Ga0.67In0.33As part of
the composite well is under 1.3 % tension. Since the Ga0.67In0.33As is under tension, it
favours the light-hole band [3] and therefor one should expect the p-component to be
stronger. Our calculations shows that the valence band ground-state is light-hole in
character. The calculated wavefunctions are similar to the wavefunctions shown in Fig. 4.9.
The polarisation dependence of the photoluminescence from the cleaved side of this sample
shows that the component of the polarisation parallel to the growth axis is stronger than the
component parallel to the growth plane. The degree of polarisation for this sample is shown
on the right y-axis of Fig. 6.3. From this figure it is clear that the degree of polarisation is
22-30 % in favour of the p-component. So the polarisation of the photoluminescence from
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this sample shows that the valence band ground-state is indeed-light- hole in character. This
is consistent with our theoretical calculations.

6.3

Photoluminescence excitation studies

In the previous section we have studied the ground-states in GaxIn01-xAs/InP/InAs0.42P0.58
composite quantum well structures with different Ga content in GaxIn1-xAs. In this section
we will study the excited- states in the same systems. We used cleaved side polarisation
dependent photoluminescence excitation (PLE) measurements at low temperature to study
the excited-states systematically. In a PLE measurement the wavelength of the excitation
source is continuously tuned over a wavelength range and the emitted photoluminescence is

s

Mask
Sample

Detection
p

x
y
Excitation

z

Fig. 6.4: Excitation and detection scheme for the photoluminescence excitation
measurements. The excitation laser beam is either polarised in the growth plane or parallel
to the growth axis. Signal is detected from the face side of the sample. The mask prevents
any unwanted excitation on the face side.
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detected at a fixed wavelength. The PLE signal arises due to the absorption of the light in
the sample structure. So the polarisation of the excitation source is used to study the
excited- states.
The experimental set-up for the PLE measurement is different from the set-up used to
study the polarisation of the luminescence. Here, the excitation part is similar to the one
described in chapter-4 for photocurrent measurements. The PLE measurements were done
at 10 K in He-flow cryostat. The laser beam is either p- or s-polarised and it is focused
using an achromatic lens on the cleaved side of the quantum well sample on the cold finger
of the flow cryostat. The luminescence was collected from the face side of the sample. A
paper mask prevents any unwanted excitation on the face side of the sample. Before taking
the PLE, photoluminescence was taken from the sample and the monochromator was set at
the photoluminescence peak position. The PLE signal is analysed using a standard lock-in
technique. The signal was detected using a cooled InGaAs p-i-n diode.
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Fig. 6.5: Photoluminescence excitation spectra for the lattice matched sample at 10K. The
dotted curve shows the PLE spectra for the excitation polarisation along the growth plane
and the solid curve for the excitation polarisation along the growth axis.
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Figure 6.5 shows the PLE spectra for the s- and p-polarised excitation on the cleaved
side of the lattice matched sample at 10K. The PLE was detected at 916 meV, which is the
photoluminescence peak position of the sample at 10 K. Since Ga0.47In0.53As is lattice
matched to InP and InAs0.42P0.58 is under 1.3 % compression, the ground-state is heavy-hole
in character. A narrow band at the low energy side of the PLE spectra represents this
ground-state. For this band the s-component excitation gives stronger emission compared to
the p-component excitation. The second broad band on the higher energy side represents
the first excited-state due to the electron-light hole transition. Here, the p-component
excitation band is stronger which is opposite to the ground-state behaviour.
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980

1000
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Fig. 6.6: Degree of polarisation of the PLE signal from the lattice matched sample at 10K.
The detection is at 916 meV.
Figure 6.6 shows the degree of polarisation of the luminescence collected from the
face side of the lattice matched sample at 10K. It is clear from this plot that the excitedstate is 18-20 % in favour of the p-component excitation. That is, the first excited-state is
indeed light-hole in character. The arrow in Fig. 6.6 marks the position of the calculated
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energy value of the first excited-state in the lattice matched sample. The degree of
polarisation of the ground-state is comparable to the previous polarisation measurement.
The difference between the exciton peak energy as determined by the
photoluminescence and photoluminescence excitation measurement is defined as the Stokes
shift. This parameter is commonly considered as an indicative of the sample quality [4] and
a measure of the localisation of the excitons in the quantum well plane [5]. The exciton
localisation energy is equal to the Stokes shift. From Fig. 6.5 the Stokes shift for the lattice
matched sample is found to be less than 5 meV, which is an indication of good quantum
well interfaces and very small localisation of excitons.
Since the Stokes shift in PLE spectra gives valuable information on localisation we
have also used the PLE as a tool to probe the localisation. A larger Stokes shift is observed
in the “strain balanced” sample compared to the lattice matched sample. So the PLE
measurement on this sample will be discussed in the following section on localised
excitons. The studies on the excited-states in this structure will also be taken up.

6.4

Localised excitons

Disorder is one of the origins for localisation of excitons in a quantum well structure [6].
This disorder is seen in a quantum well structure by interface roughness, alloy fluctuations
or variation of the quantum well width on a larger than atomic scale. Such fluctuations
modulate the local profile of the valence and conduction bands and they affect the optical
properties

of

semiconductor

heterostructures.

Optical

spectroscopy

such

as

photoluminescence and photoluminescence excitation are powerful tools for investigating
these properties. The excitons created by optical absorption relax to lower energy states
before recombining radiatively. Therefore PL and PLE together can give information about
the confinement potential fluctuations through the peak position and the line shape of
excitonic spectra.
The exciton energy level depends on quantum well thickness as well as on the
quantum well depth, parameters that define the confinement potential in the growth
direction (z-axis). However, variations in quantum well thickness and chemical
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Quantum well plane

Potential fluctuation

Vconf

Fig. 6.7: Sketch of the quantum well fluctuations on the quantum well plane. Vconf is the
confinement potential created due to the disorder along the quantum well plane. Open
circles represent free exciton. Arrows indicate relaxation process to the local or absolute
potential minima. Solid circles represent excitons still localised at these minima.
composition of the material along the plane perpendicular to the growth direction (xyplane) lead to fluctuations of the confinement potential along this plane. Since the
variations in the well thickness and the chemical composition are random, the fluctuation
magnitude is statistically distributed. Such a random potential fluctuation is sketched in
Fig. 6.7.
An interesting property of these potential fluctuations is that it can act as quantum
dots. The so called natural quantum dots have been the research interest of several groups
[7-9]. These are the simplest quantum dots that occur naturally as a result of trapping of
carriers at the potential fluctuations. These fluctuations provide additional confinement in
the quantum well plane and hence, they show quantum dot properties.
The low temperature photoluminescence spectrum from the “strain balanced” sample
shows a side-band at the low energy side of the exciton peak. This is a longitudinal-optic
(LO) phonon side-band. LO phonon satellites arise from the polarisation of the lattice by
the localised excitons [10]; ie from the relaxation of the LO modes due to the interaction of
the electron and hole charges with the crystal ions (Fröhlic interaction). The
photoluminescence spectrum for the “strain balanced” sample at 10 K is shown in Fig. 6.8
(a) with an excitonic peak at 975.78 meV. The broad phonon sideband is separately shown
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Fig. 6.8: a) Photoluminescence spectrum of the “strain balanced” sample showing the
phonon sideband of the main peak at 10 K. b) Resolved phonon side-band. The solid circles
represent the experimental data points. The solid line through the experimental data points
is the envelope Lorentzian fit. The low energy and higher energy dashed curves represent
the Lorentzian fitting function for the InP-like and GaAs-like contribution respectively.
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in Fig 6.8 (b), which revels a twin-peaked structure with a strong satellite at 33.4 meV
below the free exciton peak and weaker coupling at 41.5 meV. The two sidebands have
been resolved using a multiple Lorentzian fitting function. The stronger satellite energy
corresponds to the GaAs-like LO-phonons in Ga0.67In0.33As [11]. The peak at 41.5 meV
below the main peak corresponds to the minor contribution of the InP-like LO-phonon
vibration as involved in the radiative transition [11,12]. The residual coupling of the
excitons with the InP barrier phonons gives rise to this peak.
Due to the two-mode behaviour of the random alloys of GaxIn1–xAs, a weak InAs-like
LO phonon band (28 meV below the excitonic recombination energy) in the
photoluminescence spectra was reported by some groups [12,13]. This weak InAs-like LO
satellite has not been resolved in our photoluminescence spectra. The full width at half
maximum of the excitonic emission reported by the above group is less than 6 meV and in
magnetic field it narrows down to 3.6 meV, which is comparable to the energy difference
between the GaAs- and InAs-like LO phonons. However, in our case the excitonic line
width is 11.5 meV and it has not been reduced below 10 meV even at high magnetic field
(magneto-optic results follow this section). Hence the InAs-LO phonon peak cannot be
resolved in our sample. The main reason for the relative weakness of the InAs-like LO
phonon satellite is the weak electron-phonon coupling of these modes.
The presence of the phonon satellite is a clear indication of localised excitons in
“strain balanced” structure and the PLE results confirm this together with the information
on excited-state. For the PLE measurement, we used the experimental set-up described in
section 6.3. Figure 6.9 shows the PLE spectra for the s- and p-polarised excitation on the
cleaved side of the “strain balanced” sample at 10K. The PLE was detected at 971 meV,
which is the photoluminescence peak position of the sample at 10 K. In this structure, the
Ga0.67In0.33As part of the composite well was grown in tension by increasing the gallium
content. This gives rise to a heavy-hole character for the ground-state. This is confirmed by
our theoretical calculations.
In Fig. 6.9, the band at the low energy side of the PLE spectrum corresponds to the
ground-state. This band is stronger for the p-component excitation compared to the scomponent excitation. This is an indication that the ground-state is light- hole in character.
The broad band at the higher energy side of the PLE spectrum corresponds to the first
excited- state. The behaviour of this band is completely opposite to the low energy band.
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Fig. 6.9: Photoluminescence excitation spectra for the “strain balanced” sample at 10K.
The dotted curve shows the PLE spectra for the excitation polarisation along the growth
plane and the solid curve for the excitation polarisation along the growth axis.
The band is stronger for the s-component excitation. Figure 6.10 shows the degree of
polarisation of the luminescence collected from the face side of the sample at 10K. It is
clear from this figure that the excited-state is 16-18 % favourable to the s-component
excitation. That is, the state is heavy-hole in character. An arrow in Fig. 6.10 indicates the
calculated excited-state energy.

For the ground-state, the degree of polarisation is

favourable to the p-component excitation and the state is light-hole in character. This result
on the ground-state is comparable to the polarisation measurement discussed in previous
section.
In Fig. 6.9, the absorption edge occurs at higher energy compared to the
photoluminescence emission, i.e there is a large Stokes shift of 13.5 meV.

For the

Ga0.47In0.53As lattice matched case, this Stokes shift is less than 5 meV (see Fig. 6.5). If we
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Fig. 6.10: Degree of polarisation of the PLE signal from the “strain balanced” sample at a
temperature of 10K.
compare the PLE peaks for the Ga0.47In0.53As lattice matched and Ga0.67In0.33As under 1.3%
tension cases, the PLE peak is broader for the sample with Ga0.67In0.33As under tension. The
presence of the large Stokes shift and the broad PLE peak in the “strain balanced” structure
are strong indications of exciton localisation in this structure. The presence of the LOphonon peak in the photoluminescence spectrum suggests that the excitons are localised in
the alloy fluctuations. At low temperatures the excitons localised in the alloy fluctuations
can contribute to the low energy tail of the exciton band. These states, however, do not
contribute significantly to the absorption process as observed in the PLE spectrum, due to
their low density of states. This results in the Stokes shift of the absorption edge.

6.5

Magneto-optic studies

In the previous section we have seen the evidence for exciton localisation in composite
quantum well structures with Ga0.67In0.33As under tension. In order to probe the extent of
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localisation we have performed photoluminescence measurements in the presence of
magnetic fields.
The magneto-optic measurements were performed at the High Field Magnet
Laboratory in Nijmegen using a 12 T superconducting magnet. A schematic of the
experimental set-up is shown in Fig. 6.11. The photoluminescence was excited with the
488 nm line of an intensity stabilised Ar+ ion laser and detected with a liquid nitrogen
cooled germanium detector. Excitation laser beam and the luminescence from the sample
were guided through the same silica/silica multi mode glass fiber with a core diameter of
0.6 mm. This fiber was directed towards the composite quantum well sample surface and
kept in contact with it. An excitation density of 170 mW/cm2 was used for all the
measurements. The samples were mounted in a chamber, which was cooled by liquid
helium, and thermally contacted to the samples by helium exchange gas. The magnetic field
Chopper
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Beam dump
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L

L

ND
MP

Detector

Fiber

Lock-in
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Computer

Magnet
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Fig. 6.11: Schematic of the magneto-optic experimental set-up. The magnetic field is
applied perpendicular to the quantum well plane. The field direction is as shown in the
figure. ND – Neutral density filter, M – Mirror, L – Lens. The sample temperature of 4.3 K
was used for all the measurements.

Polarisation and magneto-optic studies

103

was applied perpendicular to the quantum well plane. Standard computer controlled lock-in
technique was used to acquire the data.
Photoluminescence spectra as a function of magnetic field applied perpendicular to
the quantum well plane of the “strain balanced” structure is shown in Fig. 6.12. At zero
magnetic field we can clearly see a strong peak at 975.78 meV and a weak phonon sideband due to excitons localised in alloy fluctuations. Both the peaks are visible at all
magnetic fields applied to the structure.
The photoluminescence spectra show some unusual behaviour. From zero to 4T the
intensity of the main peak shows a decreasing tendency and there after it shows a saturation
behaviour. The intensity of the main peak compared to the zero field value decreases by
20 % for 4T. Figure 6.13 shows this intensity variation. The inset of this figure shows the
variation of the photoluminescence intensity of the low energy sideband due to localised
excitons. The intensity of this peak also shows a decreasing tendency. Here, the intensity
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Fig. 6.12: The photoluminescence spectra of the “strain balanced” sample at various
magnetic fields applied perpendicular to the quantum well plane.

104

Chapter 6

0.016
Ga0.67In0.33As / InP / InAs0.42P0.58
T = 4.3K

0.0075

Intensity (AU)

PL Intensity (au.)

0.015

0.014

Intensity of the phonon sideband

0.0070
0.0065
0.0060
0.0055

0.013

-1 0

1

2

3

4

5

6

7

8

9 10 11 12 13

Applied Magnetic Field (T)
0.012

0

2

4

6

8

10

12

Applied Magnetic Field (T)
Fig. 6.13: Variation of the photoluminescence intensity of the main peak with magnetic
field for the “strain balanced” sample. The inset shows the variation of the intensity of the
phonon sideband with applied magnetic field. Solid lines are guide to the eye.
almost decreases linearly. At 12 T the intensity of this side-band decrease by 22%
compared to the zero field value.
This behaviour is very unusual, because the wavefunctions of an electron and a hole,
or an exciton in semiconductors are known to shrink in a magnetic field [13]. This results in
an

enhancement

of

the

electron-hole

wavefunction

overlap

and

hence

the

photoluminescence intensity increases with increase in magnetic field. We have already
seen that in the “strain balanced” structure, electrons are confined to the InAs0.42P0.58 well
and holes are confined to the Ga0.67In0.33As part of the composite well. Here, Ga0.67In0.33As
is under 1.3 % tension and a lot of in-plane potential fluctuations are produced in this
tensile strained layer. The potential fluctuations will be produced due to alloy fluctuations
and interface fluctuations. At zero magnetic field, the local regions of the potential minima
caused by these fluctuations in the Ga0.67In0.33As part of the well can trap the photocreated
`
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Fig. 6.14: The photoluminescence spectra of the lattice matched sample at various
magnetic fields applied perpendicular to the quantum well plane.
holes in the quantum well plane. An exciton can be formed between this trapped hole and
an electron in the InAs0.42P0.58 well. As we increase the magnetic field, shrinkage of the inplane wavefunction causes a decrease of the carrier Wavefunction overlap. Here, the hole is
localised in the alloy fluctuation and its wavefunction is not affected by the magnetic field
while the wavefunction of the free electron shrink by the magnetic field. As a result of this,
the overlap of the electron and hole wavefunctions becomes smaller as we increase in the
magnetic field and the intensity of the photoluminescence peak shows a decreasing
tendency. The full width at half maximum of the photoluminescence shows a very small
decreasing tendency with increase
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Fig. 6.15: Variation of the photoluminescence intensity of the main peak with magnetic
field for the lattice matched sample.
in magnetic field. Recently, a decrease in PL intensity with magnetic field was reported in
GaP/AlP short-period superlattices [14,15], AlGaP based neighbouring confinement
structures [16] and AlGaAs/AlAs multiple quantum well structures [17].
Figure 6.14 shows the magnetic field dependence of the photoluminescence spectra
for the lattice matched sample at 4.3 K. Figure 6.15 shows the variation of the
photoluminescence intensity with increase in magnetic field for the Ga0.47In0.53As lattice
matched sample. It shows a continuous increase in photoluminescence intensity with
increase in magnetic field. At an applied magnetic field of 12 T, the photoluminescence
intensity is enhanced by nearly 40 % compared to the zero field value. In this structure,
Ga0.47In0.53As is lattice matched to InP and there is no carrier localisation in the quantum
well plane. When the carriers are not trapped by the potential fluctuations, both the electron
and hole wavefunctions are strongly affected by the increase in magnetic field. As we
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increase the magnetic field, the electron and hole wavefunctions shrink continuously. Since
there is shrinkage of wavefunctions for the electrons and holes, the wavefunction overlap
increases. This results in an enhancement of the photoluminescence intensity with increase
in magnetic field.
The line width is also slightly improved by the application of the magnetic field.
There is a very small but continuous decrease of the line width with increase in magnetic
field. At zero magnetic field, the full width at half maximum of the photoluminescence
peak was 11.4 meV. As we increase the magnetic field to 12 T, the line width decreases by
10 %.
Figure 6.16 shows the shift of the transition energies obtained from the line-shape
analyses of the two composite quantum well structures. For the “strain balanced” case, the
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Fig. 6.16: Photoluminescence peak energy shift as a function of the applied magnetic field
perpendicular to the quantum well plane. The ground-state transition for the Ga0.47In0.53As
lattice matched structure is represented by solid circles and the dotted line is the best linear
fit to the data points. The open circles represent the ground-state transition for the
structure with Ga0.67In0.33As under tension. The solid line is the best fit to the data.
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main photoluminescence peak position is not shifted in energy up to a magnetic field of 4T
in the growth direction. Above 4T, the peak energy increases with increase in magnetic
field. Hence, for the “strain balanced” structure the diamagnetic shift shows a quadratic
magnetic field dependence at low fields. The peak energy shifts quadratically with the
coefficient β = 25.7 µeV/T2, which is taken from the best fit to the experimental data points.
This coefficient can be expressed as [18]

β=

e2 x 2 + y2
8µ

(6.2)

Here µ is the effective mass of the exciton and d = (x2+y2)1/2 is the effective lateral
extension of the exciton localisation. A magnetic field of 4T corresponds to an in-plane
magnetic length of 12 nm and the calculated Bohr radius is 17 nm. From Eq. 6.2 the
calculated localisation length is 6.76 nm for an effective exciton mass of 0.03912m0. This
effective exciton mass corresponds to an in-plane light-hole mass of 0.13936m0 in
Ga0.67In0.33As and an electronic mass of 0.0544m0 in InAs0.42P0.58. The in-plane masses are
calculated from the Luttinger parameters γ 1 and γ 2 using the expression given at the end
of Appendix II.

The estimated localisation length is much less than the Bohr radius. At

higher fields the shift is almost linear. The quadratic diamagnetic shift proves beyond doubt
the existence of localised excitons in the “strain balanced” structure. The phonon side-band
also shows small blue shifting behaviour with increase in magnetic field.
The Ga0.47In0.53As lattice matched structure shows very good linear dependence of
energy with increase in magnetic field. The dotted line is the best linear fit to the
experimental data points. From the slope of this linear fit the reduced mass is 0.02359m0.
From the in-plane heavy-hole and electron mass, we have calculated the effective mass of
the exciton and it is 0.02645m0. This corresponds to an in-plane heavy-hole mass of
0.0544m0 in Ga0.47In0.53As and an electronic mass of 0.0544m0 in InAs0.42P0.58. For both the
lattice matched and “strain balanced” structure, the InAs0.42P0.58 part of the composite well
is always under 1.3 % compression. The difference is with the GaxIn1-xAs part of the
composite well. As we change the Ga content from 0.47 to 0.67, the diamagnetic shift
changes from linear to a quadratic behaviour. This clearly indicates the localisation caused
in the GaxIn1-xAs part of the composite well and it increases with increase in Ga content.
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Conclusions
A clear idea of the valence band ground-state in GaxIn1-xAs/InP/InAs0.42P0.58

asymmetric composite quantum well structures was obtained by studying the polarisation of
the photoluminescence collected from the freshly cleaved side of the samples. The degree
of polarisation shows that, as we put the GaxIn1-xAs part of the composite well under
tension by increasing the gallium content from 0.47 to 0.67, the valence band ground- state
changes from heavy-hole state to light-hole state. This is consistent with our model
calculations.
The photoluminescence excitation studies give valuable information on excited- states
in these structures. The excited- state is light-hole in character for the lattice matched case.
As we increase the tension on the GaxIn1-xAs part of the composite well, the excited- state
changes to heavy-hole character.
The photoluminescence excitation measurements also give strong evidence for
localised excitons. For the sample with Ga0.67In0.33As under tension, the absorption shows a
large Stokes shift of 13.5 meV. This is a clear indication of quantum well disorder and
carrier localisation in the plane of the quantum well. The low temperature
photoluminescence of this sample shows a low energy side-band below the main peak. This
LO-phonon side-band is due to excitons localised in alloy fluctuations. A closer look of this
peak reveals GaAs and InP like LO-phonon features.
In order to probe the extent of localisation directly, we have performed the magnetic
field dependence of the photoluminescence spectra at low temperature. The intensity of the
photoluminescence for the sample with Ga0.67In0.33As under tension shows some anomalous
behaviour. We have observed a reduction in intensity up to a magnetic field of 4T and then
it remains almost unchanged. We attribute this anomalous behaviour to the localisation of
the holes in potential fluctuations at theGa0.67In0.33As part of the composite well structure.
The photoluminescence peak energy shift for the “strain balanced” sample remains
unchanged for an applied magnetic field of 4T and then starts to change with increase in
field. This energy variation can be best fitted with a quadratic dependence and the lateral
extent of the localisation was evaluated from this. The extent of the lateral localisation in
this sample was evaluated to be 6.76 nm. For the lattice matched structure the diamagnetic
shift was found to be linear, which shows no carrier localisation in the structure.
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Chapter 6

Chapter 7
Anomalous temperature induced
emission shift: Evidence for carrier
localisation

7.1

Introduction

In multiple quantum wells, compositional disorder, well to well thickness fluctuations,
roughness at the interfaces and the strain induced inhomogeneities generate potential
fluctuations. We have already seen that the GaxIn1-xAs/InP/InAsyP1-y composite quantum
well structures discussed in this thesis would have potential device applications such as
blue shifting SEEDS. The quantum well layers in this structure contain alloys. The
microscopic compositional fluctuations in these ternary layers and the interlayer interface
roughness strongly influence the optical properties at low temperatures because they
modulate the local profile of the valence and conduction bands [1]. These potential
fluctuations can act as effective sites for carrier localisation.
In this chapter, we focus on the investigation of localised carriers in undoped
GaxIn1-xAs/InP/InAs0.42P0.58 asymmetric composite quantum well structures by means of
temperature-dependent photoluminescence studies. For the structure with GaxIn1-xAs under
tension, the photoluminescence line shape at low temperature and at low excitation
intensity as well as the evolution of its peak energy with temperature are characteristics of
the localised excitons induced by potential fluctuations. The temperature dependent
photoluminescence results strongly support the photoluminescence excitation and magnetooptic results described in the previous chapter.
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Experimental set-up and samples

We have studied two undoped GaxIn1-xAs/InP/InAs0.42P0.58 quantum well structures with
gallium content of 0.47 and 0.67 respectively. On both the samples InAs0.42P0.58 is under
1.3 % compression. These samples are used for the optically induced blue shift, polarisation
and magneto-optic studies described in the earlier chapters. For the temperature dependent
photoluminescence measurements, the 514.5 nm line of an Ar+ laser provided the
excitation. A low excitation power density of 50 mW/cm2 is used for all measurements. The
time integrated photoluminescence signal was detected through a Hilger&Watts Monospek
1000 monochromator by a Peltier-cooled InGaAs linear array detector in optical multichannel configuration. The samples were placed on the cold finger of a helium flow
cryostat and the photoluminescence was measured as a function of temperature ranging
from 5 K to 270 K.

7.3

Temperature dependent photoluminescence

In this section, the results on sample with Ga0.67In0.33As under tension will be taken up first
and then we will look into the Ga0.47In0.53As lattice matched case. Figure 7.1 shows the
evolution of photoluminescence spectra for the “strain balanced” sample over a temperature
range of 5 to 270 K.

Closed circles indicate the peak positions of the principal

photoluminescence band. As the temperature is increased, the peak position of the principal
photoluminescence band exhibits an S-shaped behaviour.
Figure 7.2 shows the anomalous S-shaped dependence of the main peak position.
From 5 to 20 K, the peak position shows a small red shift of 2.4 meV and between 20 K
and 80 K it is blue shifted by 13 meV. After reaching 80 K the peak position shifts
continuously to low energy side. Between 80 K and 270 K the observed red shift is 45.2
meV. This S-shaped phenomenon has already been observed in several systems such as
alloys Ga0.5In0.5P [2], Al0.48In0.52As [3- 5] and InGaN [6,7], Ga0.72In0.28N0.028As0.972/GaAs
single quantum wells [8], InGaN/GaN quantum wells [9,10] and AlAs/GaAs disordered
superlattices [11]. In all these cases the S-shaped dependence is attributed to carrier
localisation. It has been reported that the quantum confinement in the multi quantum well
structures has no measurable affect on the temperature behaviour of the energy levels,

Anomalous temperature dependence

115

Ga0.67In0.33As / InP / InAs0.42P0.58
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Fig. 7.1: The photoluminescence spectra of the “strain balanced” sample over a
temperature range of 5 to 270 K. The principal emission peak shows an S-shaped shift with
increase in temperature. As a guide to the eyes, the main peak positions are marked with
solid circles. The phonon side-band is also visible at the low energy side at low
temperatures (indicated by an arrow).
which only tracks the band extrima of the well material [12]. So, for an ideal multiple
quantum well without any potential traps and localised states, the photoluminescence
energy peak must follow the Varshni’s equation [13], [14].

E 0 (T) = E 0 −

αT 2
[β + T ]

(7.1)

where E0(0) is the transition energy at 0 K, α and β are constants referred to as Varshni
thermal coefficients. At temperatures above 100 K, the photoluminescence peak energy
variation of the “strain balanced” sample can be fitted to Varshni’s equation with
α = 3.85 x 10-4 eV/K and β = 230 K. In Fig 7.2 the solid line is the best fit of the Varshni’s
equation to the experimental data points. At low temperatures (below 100 K) the
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experimental data points highly deviate from the Varshni’s equation. So the S-shaped
temperature dependence clearly indicates the existence of localised states in the “strain
balanced” sample. The observed blue shift of the transition energy arises from thermally
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Fig. 7.2: The temperature dependence of the main photoluminescence peak position of the
“strain balanced” sample over a temperature range of 5 to 270 K. The open circles are
experimental data points and solid line is the Varshni fit to the experimental data points in
the 80-270 K range. A blue shift of 13.2 meV is clearly visible (shown in the dotted circle
region). The evolution of the FWHM of this peak as a function of temperature is shown in
the inset.
activated transfer of excitons from the localised states to higher energy states. Recently
Ribert et al. [15] has attributed the S-shaped dependence of the photoluminescence energy
in In0.25Ga0.75N quantum wells to a different mechanism. They have shown that the
photoluminescence is not coming from localised states in the quantum well, but from the
quantum well itself under the influence of a piezoelectric field induced by strain. Since
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there is no piezoelectric field present in our system, this model is not suitable for explaining
the anomalous temperature dependence. We estimate the depth of the localised states by
analysing the deviation of the Varshni’s equation at low temperatures. For the “strain
balanced” sample, the estimated depth of the localised states is about 13.2 meV. The
Varshni’s equation is fitted to the experimental data points only above 100 K. This
indicates that the delocalised excitons start to dominate the emission when the temperature
is above 100 K. The thermal energy corresponding to 100 K is about 9 meV, which is
comparable to the estimated depth of the localised states.
The evolution of the full width at half maximum (FWHM) of the main
photoluminescence peak is plotted in the inset of Fig. 7.2. Similar to the anomalies
observed in the peak energy, the FWHM shows an inverted s-shaped broadening. That is an
increase-decrease-increase behaviour with increase in temperature. In the range of 5 K to
45 K there is a rapid increase in the line width with increase in temperature and it reaches
23 meV from 10 meV. In the range of 40 to 80 K it narrows down and after 80 K it shows a
continuous broadening behaviour. The spectral narrowing occurs approximately in the same
temperature window at which the photoluminescence peak position shows a blue shift.
Similar line width variations with temperature were also reported in other systems with
localised states [8,16].
It is also interesting to note the photoluminescence line shape of the “strain balanced”
sample at different temperatures. Figure 7.3 shows the line shape at four different
temperatures. The evolution of the spectrum is typical of systems with localised carriers.
All these figures correspond to very low excitation densities. Figure 7.3 (a) shows the line
shape at 5 K. We can clearly see that the principal peak is abrupt on the higher energy side
while its low energy tail extends for a few meV. This corresponds to recombination from
deeper band tail states. The transition develops a higher energy tail with increase in
temperature (please see panel b)) corresponding to thermally populated higher energy states
above the localisation level. It has the free electron recombination line shape with a high
energy thermal tail with further increase in temperature, as can be seen in the 100 K
spectrum in panel c). As the temperature approaches the room temperature values, the high
energy tail further extends in energy (see the panel d) for 270 K spectrum).
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Figure 7.4 shows the variation of the integrated photoluminescence intensity of the

main peak from “strain balanced” sample over the temperature range under investigation.
The
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Fig. 7.3: Photoluminescence spectra of the “strain balanced” sample at four different
temperatures. The panel a), b), c) and d) show the photoluminescence spectrum at 5, 60,
100 and 270 K respectively.
intensity of this peak remains almost unchanged within a temperature range of 5-20 K and
it is then quenched gradually at temperatures above 30 K. In this plot we can clearly
identify three regions with different slopes. These regions are indicated by A, B and C. The
activation energy estimated in the slope of the region A is only 1.2 meV. The region B
corresponds to the temperature window of 70 – 200 K and region C for 200-370 K. The
estimated activation energy in these regions is 13 and 73 meV respectively. The small
activation energy corresponds to region A might be associated with very shallow potential
traps. The estimated activation energy of 13 meV in the region B is comparable to the
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Stokes shift observed in this structure and associated with excitons trapped in deep in-plane
potential traps. The origin of the large activation energy of 73 meV in region C might be
associated with dislocations. The observed activation energy is much smaller than the band
offsets as
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Fig. 7.4: Temperature dependence of the photoluminescence intensity of the principal peak
in a “strain balanced” sample.
well as the bandgap difference between the wells and the barrier, thermal quenching of the
photoluminescence emission is not due to the thermal activation of electrons or holes from
the quantum wells into the InP barrier. Instead, it is thought that the dominant mechanism
underlying the quenching phenomena of the photoluminescence intensity is the thermal
emission of the localised excitons out of the in-plane potential fluctuations.
We have also analysed temperature dependence of the GaAs-like LO phonon peak
observed at 33 meV below low energy side of the principal peak. Figure 7.5 shows the
variation of this satellite peak with increase in temperature. Up to 20 K it is detached from
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Fig. 7.5: Temperature dependence of GaAs-like LO phonon peak at 33 meV below the
principal photoluminescence peak. The inset shows the temperature dependence of
integrated photoluminescence intensity.
the principal peak. From 5-20 K it shows a small red shift of ~ 2 meV after that it moves to
the higher energy side. As we increase the temperature further, it merges with the low
energy tail of the principal peak. The peak is visible up to 100 K and after that it is difficult
to resolve it. Above 130 K it is completely washed out from the spectrum. The inset of
Fig. 7.5 shows the variation of the integrated photoluminescence intensity of the LOphonon band over the temperature range of 5 to 100 K. We have estimated the activation
energy in this case and it is found to be 10.38 meV.
The presence of the LO-phonon peak is associated with excitons trapped in alloy
fluctuations. It is clear from the temperature dependent photoluminescence studies that the
phonon peak is not strong above 100 K and it is completely removed above 130 K. This
suggests that the localisation is lost above 100 K. It is also clear from this study that the inplane localisation do not affect the room temperature operation of devices incorporating
this structure.
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Fig. 7.6: The photoluminescence spectra of the lattice matched sample over a temperature
range of 5 to 270 K. As a guide to the eyes, the main peak positions are marked with solid
circles.
For comparison of the above mentioned results we have also conducted the same type
of measurements on lattice matched sample. Compared to the earlier sample, here the
Ga0.47In0.53As is lattice matched to InP.

Figure 7.6 shows the evolution of the

photoluminescence spectra with increase in temperature for the Ga0.47In0.53As

lattice

matched sample for a temperature range of 5-270 K. The closed circles show the peak
positions. Compared to the previous sample, the photoluminescence intensity of this sample
is much stronger at all temperatures. This is due to the enhanced electron-hole overlap in
this structure.
Figure 7.7 shows the temperature induced shift of the spectral peak energy. The solid
line is the best fit of the Varshni’s equation with α = 4.1 x 10-4 eV/K and β = 250 K to the
experimental data points. The photoluminescence peak energy of this sample smoothly
follows the Varshni’s equation. This means that the photoluminescence peak position
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follows the temperature induced bandgap variation of the well materials. However, at low
temperatures (20-30 K) we can see a very small blue shift of approximately 2 meV. But this
blue shift is negligible compared to 13 meV shift observed in the previous sample. This
could be due to very small potential fluctuations in the material system. The inset of
Fig. 7.7 shows the temperature dependence of the full width at half maximum of the
photoluminescence peak. In the temperature window of 5-30 K it shows a rapid increase in
line width. Above 30 K it gradually increases with further increase in temperature. No
inverted S-shaped behaviour is shown by this system.
We have also analysed the variation of the photoluminescence intensity with increase
in temperature. Figure 7.8 shows the temperature dependence of the photoluminescence
intensity for the temperature range of 5-270 K. Within the temperature interval of 5-50 K,
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Fig. 7.7: Spectral peak position as a function of temperature for the Ga0.47In0.53As lattice
matched sample. The closed circles are experimental data points and the solid line is the
Varshni fit to the experimental data point. The inset figure shows the evolution of the full
width at half maximum of the photoluminescence spectrum in the temperature range under
investigation.
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Fig. 7.8: Temperature dependence of the photoluminescence intensities of the Ga0.47In0.53As
lattice matched sample.
there is no considerable change in the intensity of the peak. At temperature higher than
50 K, the line quenches gradually as seen in Fig. 7.8.

7.4

Conclusions

Temperature dependent photoluminescence measurements were done in GaxIn1-xAs /InP/InAs0.42P0.58 asymmetric composite quantum well structures with a gallium content of
0.47 and 0.67. The sample with Ga0.67In0.33As under tension shows marked difference in the
temperature dependent photoluminescence response compared to the Ga0.47In0.53As lattice
matched case. The peak energy of the photoluminescence spectrum of this sample shows a
deviation from the temperature induced bandgap modification of the quantum well
materials. It shows an S-shaped temperature dependence with a blue shift of 13 meV at low
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temperatures. The full width at half maximum of the photoluminescence peak from this
sample shows an inverted S-shaped dependence with increase in temperature. This
anomalous behaviour together with the analysis of the line shape with temperature clearly
indicates the presence of localised states in this structure. The estimated localisation energy
is 13 meV. This value of the localisation energy is comparable to the Stokes shift of
13.5 meV observed in this sample (please see the ‘localised exciton’ section in the previous
chapter). These results strongly support the results obtained by PLE and magneto-optic
measurements done in this system. The Ga0.47In0.53As lattice matched sample does not show
any

evidence

for

strong

localisation.

However,

the

temperature

dependent

photoluminescence studies show a small blue shift of the transition energy at low
temperatures. This blue shift of 2 meV is comparable to the Stokes shift of 5 meV observed
in the PLE measurement. This indicates low localisation in this sample.
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Summary
The driving force for the rapid development of two-dimensional semiconductor structures,
such as quantum wells, is their potential for various electronic and opto-electronic
applications. The advent of modern epitaxial techniques allows the growth of
semiconductors with a precision down to a single atomic layer. Due to the intense research
in epitaxial growth, it is even possible to fabricate the quantum well structures for lattice
mismatched materials as well, as long as the critical thickness is not exceeded. Under such
circumstances, strain becomes an important design tool to tune the band-structure in a
quantum well.
This thesis focuses on type-II asymmetric composite quantum well structures in
which the valence and conduction bands can be tuned independently by engineering the
strain. The composite well region consists of GaxIn1-xAs and InAsyP1-y layers. These
materials are chosen because of the different conduction and valence band offsets with
respect to InP barrier material. The resulting potential profile is highly asymmetric and it
leads to real space separation of electrons and holes in these structures even without the
application of an external electric field. The electrons are confined in the InAsyP1-y part of
the composite well while the holes are confined in the GaxIn1-xAs well. We have shown that
adjusting the strain in the structure can control the zero field separation of electrons and
holes. The strain can also modify the valence band ground-state. By putting more tension
on the GaxIn1-xAs part of the composite well the valence band ground-state changes from
heavy-hole to light-hole character.
In a conventional type-I quantum well, the application of an external electric field
pulls the electrons and holes to the opposite sides of the quantum well. This results in a red
shift of the transition energy together with a decrease in absorption (Quantum confined
Stark effect). However, a blue shift of the transition energy is observed, if the electric field
pushes the electrons and holes close to one another. This results in an enhancement of the
electron-hole overlap which leads to an increase in oscillator strength. Due to the initial
electron-hole separation in our composite quantum well structures, an applied electric field
can either push the carriers close to one another or pull them further away. So, depending
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on the direction of the applied electric field either a blue or a red Stark shift of the transition
energy is observed. The blue shifting quantum well structures offer potential advantages for
advanced opto-electronic systems such as self-electro-optic effect devices (SEEDs).
The photocurrent measurements carried out on our composite quantum wells at 100 K
shows a large asymmetric Stark shift (blue and red) of the ground-state transition energy.
Due to the non-zero dipole moment present in the system, the observed Stark shift is quite
linear at lower electric fields, which changes to quadratic field dependence at higher fields.
A blue shift of 35 meV together with an enhancement in oscillator strength has been
achieved in a “strain balanced” structure (GaxIn1-xAs under 1.3 % tension and InAsyP1-y
under 1.3% compression) at an applied electric field of 106 kV/cm. We have been the first
to demonstrate that a blue shift of this magnitude can be realised in III/V composite
quantum wells. Such systems clearly have attractive possibilities for advanced
optoelectronic devices based on the blue shifted quantum confined Stark effect. By varying
the width and composition of the GaxIn1-xAs and InAsyP1-y layers, the energy of the groundstate and the degree of separation of electron and hole wave functions can be controlled.
This can be used to optimise both operating wavelength and the magnitude of the blue shift
for practical devices. All the measurements agree with our theoretical calculations. Our
results show that one can choose material combinations with optimum confinement
characteristics for the electrons and holes individually.
In addition to the electric field induced blue shift, these composite wells (undoped and
unbiased) also exhibit a blue shift of the transition energy with optical excitation. When the
structure is illuminated the photo-created electrons and holes are accumulated in spatially
separated regions. Electrons are captured in the InAsyP1-y well and holes are trapped in the
GaxIn1-xAs part of the composite well. The observed blue shift of the transition energy with
increase in optical excitation density is related to the build-up of photogenerated carriers
causing band-structure modifications. These results were compared with the selfconsistent
calculations of the band-structure incorporating the contribution of the exchange and
correlation effects. This reveals that the dominant mechanism causing the optically induced
blue shift is the change of the electrostatic potential due to the build-up of spatially
separated electrons and holes. We have also shown that one can control over the maximum
achievable blue shift by controlling the strain in the structure. The observed effect has great
promise for all-optical switching applications.
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We have already seen that by controlling the strain one can change the character of
the valence band in these composite wells. Polarisation of the luminescence collected from
the cleaved side of the samples gives valuable information on the character of the valence
band ground-states. Information on excited-states is also extracted by polarisation
dependent photoluminescence excitation (PLE) measurements at low temperatures. These
results agree with our model calculations.
The low temperature photoluminescence spectrum from the “strain balanced” sample
shows a side-band on the low energy side of the exciton peak. This is a longitudinal-optical
(LO) phonon side-band. The presence of the LO-phonon peak in the photoluminescence
spectrum suggests that the excitons are localised in the alloy fluctuations. The PLE from
this sample also shows a large Stokes shift of 13.5 meV. The presence of the LO-phonon
peak together with the large Stokes shift is a clear indication of exciton localisation at the
quantum well plane at low temperatures.
In order to probe the extent of localisation we have performed photoluminescence
measurements in magnetic fields. The intensity of the photoluminescence from the “strain
balanced” sample decreases up to 4 T and then saturates. The transition energy shows a
quadratic diamagnetic shift. Both are indications of localisation. We have extracted the
extent of localisation from the best fit to the quadratic variation of the transition energy, and
found that it is approximately 7 nm. For both the lattice matched (GaxIn1-xAs lattice
matched to InP) and “strain balanced” structure, the InAs0.42P0.58 part of the composite well
is always under 1.3 % compression. The difference arises from the GaxIn1-xAs part of the
composite well. As we change the Ga content from 0.47 to 0.67, the diamagnetic shift
changes from linear to a quadratic behaviour. This clearly indicates the localisation caused
in the GaxIn1-xAs part of the composite well and it increases with increase in the Ga content.
For the “strain balanced” structure, the photoluminescence line shape at low
temperature and excitation intensity as well as the evolution of its peak energy with
temperature are characteristics of the localised excitons induced by potential fluctuations.
The peak energy of the photoluminescence spectrum of this sample shows a deviation from
the temperature induced bandgap modification of the quantum well materials. It shows an
S-shaped temperature dependence with a blue shift of 13 meV at low temperatures. The full
width at half maximum of the photoluminescence peak from this sample shows an inverted
S-shaped dependence with increase in temperature. This anomalous behaviour together
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with the dependence of line shape with temperature clearly indicates the presence of
localised states in this structure. The estimated localisation energy is 13 meV. This value of
the localisation energy is comparable to the Stokes shift of 13.5 meV observed in this
sample. These results strongly support the results on localised states by PLE and magnetooptic measurements done on this system. However, this localisation does not affect the
device operation at room temperature. The temperature dependent photoluminescence of
the “strain balanced” sample shows that the phonon side-band is completely washed away
at temperature above 100 K. This shows that there is no in-plane localisation above 100 K.
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De stuwende kracht voor de snelle ontwikkeling van tweedimensionale halfgeleiderstructuren, waaronder de zogenaamde quantumputten, is hun potentieel voor diverse
elektronische en opto-elektronische toepassingen. De komst van moderne epitaxiale
technieken staat de groei van halfgeleiders met een precisie tot een enkele atoomlaag toe.
Door het intensieve onderzoek aan epitaxiale groei is het zelfs mogelijk om quantumputstructuren te vervaardigen uit materialen met mis-georiënteerde roosters, zolang de
kritische dikte niet overschreden wordt.

Onder dergelijke omstandigheden is de

mechanische spanning een belangrijk hulpmiddel om de bandstructuur in een quantumput
af te stemmen.
Dit proefschrift focusseert zich op type-II asymmetrische samengestelde quantumputstructuren, waarin de valentie- en de geleidingsbanden onafhankelijk van elkaar afgestemd
kunnen worden door middel van mechanische spanning. De samengestelde put bestaat uit
GaxIn1-xAs en InAsyP1-y lagen. Deze materialen worden gekozen vanwege de verschillende
geleidings- en valentiebandoffset ten opzichte van het InP barrière materiaal. Het
uiteindelijke profiel van de potentiaal is sterk asymmetrisch en leidt tot een ruimtelijke
scheiding van elektronen en gaten in deze structuren zonder dat er een extern elektrisch
veld toegepast wordt. De elektronen worden opgesloten in het InAsyP1-y deel van de
samengestelde put, terwijl de gaten in de GaxIn1-xAs put opgesloten worden. Wij hebben
aangetoond dat ook zonder elektrisch veld door aanpassing van de mechanische spanning in
de structuur de scheiding van elektronen en gaten gecontroleerd kan worden. De
mechanische spanning kan ook de grondtoestand van de valentieband modificeren; door
meer mechanische spanning op het GaxIn1-xAs deel van de structuur te zetten verandert het
karakter van de grondtoestand van de valentieband van zware gaten naar lichte gaten.
In een conventionele type-I quantumput worden door toepassing van een extern
elektrisch veld de elektronen en gaten naar de tegenovergestelde zijden van de quantumput
getrokken. Dit resulteert in een roodverschuiving van de overgangsenergie samen met een
afname in absorptie (Quantum Confined Stark effect). Er wordt echter een
blauwverschuiving van de overgangsenergie waargenomen als het elektrisch veld de
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elektronen en de gaten dichter naar elkaar toe duwt. Dit resulteert in een toename van de
overlap tussen elektronen en gaten, wat weer leidt tot een toename van de oscillatorsterkte.
Vanwege

de

aanvankelijke

elektron-gat

scheiding

in

onze

samengestelde

quantumputstructuren kan een toegepast elektrisch veld ofwel de ladingsdragers dichter bij
elkaar brengen ofwel verder uit elkaar duwen. Dus afhankelijk van de richting van het
toegepaste elektrische veld wordt er een blauwe of een rode Stark verschuiving van de
overgangsenergie waargenomen. De quantumputstructuren kunnen potentiële voordelen
opleveren voor sommige geavanceerde opto-elektronische bouwstenen zoals “self-electrooptic effect devices” (SEEDs).
De fotostroommetingen die uitgevoerd zijn op onze samengestelde quantumputten
vertonen bij 100 K een grote asymmetrische Stark verschuiving (blauw en rood) van de
overgangsenergie van de grondtoestand. Vanwege het aanwezig zijn van een dipoolmoment
in het systeem is de waargenomen Stark verschuiving zeer lineair bij lage elektrische
velden, hetgeen wijzigt in een kwadratische afhankelijkheid bij hoge velden. Een
blauwverschuiving van 35 meV samen met een toename in oscillatorsterkte werd bereikt bij
een toegepast elektrisch veld van 106 kV/cm in een door middel van mechanische spanning
uitgebalanceerde structuur (“strain-balanced”) met GaxIn1-xAs onder 1.3 % tensie and
InAsyP1-y onder 1.3 % compressie. Een blauwverschuiving van deze grootte is door ons
voor de eerste keer gerealiseerd in III/V samengestelde quantumputten. Dergelijke
systemen

hebben

duidelijk

aantrekkelijke

mogelijkheden

voor

geavanceerde

optoelektronische bouwstenen gebaseerd op de blauwverschuiving van het “quantum
confined Stark effect”. Door variatie van de dikte en de samenstelling van de GaxIn1-xAs en
de InAsyP1-y lagen, kunnen de energie van de grondtoestand en de scheidingsgraad van
elektron en gat golffuncties gecontroleerd worden. Dit kan gebruikt worden om zowel de
golflengte als de grootte van de blauwverschuiving voor praktische toepassingen te
optimaliseren. Alle metingen stemmen overeen met onze theoretische berekeningen. Onze
resultaten tonen aan dat men combinaties van materialen kan kiezen met voor de elektronen
en de gaten apart optimale opsluitkarakteristieken.
Naast de door het elektrische veld teweeggebrachte blauwverschuiving vertonen deze
samengestelde putten (ongedoteerd en zonder voorspanning) ook een blauwverschuiving
van de overgangsenergie bij optische excitatie. Als de structuur belicht wordt zullen de
foto-gecreërde elektronen en gaten verzameld worden in ruimtelijk gescheiden gebieden.
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Elektronen zullen ingevangen worden in de InAsyP1-y put, terwijl de gaten ingevangen
worden in het GaxIn1-xAs deel van de samengestelde put. De waargenomen
blauwverschuiving van de overgangsenergie bij toename van de optische excitatiedichtheid
wordt gerelateerd aan de opbouw van de fotogegenereerde ladingsdragers, die wijzigingen
in de bandstructuur veroorzaken. Deze resultaten werden vergeleken met zelfconsistente
berekeningen van de bandstructuur, rekening houdend met de bijdrage van de
uitwisselings-en correlatie-effecten. Dit openbaart dat het dominante mechanisme dat de
optisch geïnduceerde blauwverschuiving veroorzaakt, afkomstig is van de verandering van
de elektrostatische potentiaal ten gevolge van de opbouw van de ruimtelijk gescheiden
elektronen en gaten. Wij hebben ook aangetoond dat men controle kan hebben over de
maximaal bereikbare blauwverschuiving door de mechanische spanning in de structuur te
regelen. Het waargenomen effect houdt een grote belofte in voor toepassingen op volledig
optische schakelingen.
Wij hebben al gezien dat door het controleren van de mechanische spanning men het
karakter van de valentieband in deze samengestelde putten kan wijzigen. De polarisatie van
de luminescentie, afkomstig van de gekliefde zijde van de preparaten, geeft waardevolle
informatie over het karakter van de grondtoestanden van de valentieband. Informatie over
aangeslagen toestanden wordt ook verkregen uit polarisatie afhankelijke fotoluminescentie
excitatie (PLE) metingen bij lage temperatuur. Deze resultaten stemmen overeen met onze
modelberekeningen.
Het fotoluminescentiespectrum bij lage temperatuur van het “strain balanced”
preparaat vertoont een zijband aan de laag energie kant van de exciton piek. Dit is een
zijband van een longitudinaal-optisch (LO) fonon. De aanwezigheid van de LO-fonon piek
in het luminescentiespectrum suggereert dat de excitonen gelokaliseerd zijn in de
fluctuaties van de legering. De PLE van dit preparaat laat ook een grote Stark verschuiving
van 13.5 meV zien. De aanwezigheid van de LO-fonon piek samen met de grote Stark
verschuiving is een duidelijke indicatie van excitonlokalisatie aan het vlak van de
quantumput bij lage temperaturen.
Ten einde de mate van lokalisatie te onderzoeken hebben wij fotoluminescentie
metingen uitgevoerd onder invloed van een magnetisch veld. De intensiteit van de
fotoluminescentie van het “strain balanced” preparaat neemt af tot 4 T en verzadigt dan. De
overgangsenergie vertoont een kwadratische diamagnetische verschuiving. Beide gegevens
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zijn aanwijzingen voor lokalisatie. Wij hebben uit de beste fit aan de kwadratische
afhankelijkheid van de overgangsenergie de uitgebreidheid van de lokalisatie bepaald
(ongeveer 7 nm). Voor zowel de rooster aangepaste (GaxIn1-xAs aan InP) en de “strain
balanced” structuur, is het InAs0.42P0.58 deel van de samengestelde put altijd onder 1.3 %
compressie. Het verschil is afkomstig van het GaxIn1-xAs deel van de samengestelde put.
Indien wij het Ga-gehalte wijzigen van 0.47 naar 0.67 verandert de diamagnetische
verschuiving van een lineair naar een kwadratisch gedrag. Dit wijst duidelijk op lokalisatie
veroorzaakt in het GaxIn1-xAs deel van de samengestelde put. Het neemt toe bij toenemend
Ga gehalte.
Voor de “strain balanced” structuur zijn de fotoluminescentielijnvorm bij lage
temperaturen, de excitatieintensiteit evenals de evolutie van de piekenergie als functie van
de temperatuur karakteristiek voor de gelokaliseerde excitonen. De piekenergie van het
fotoluminescentie spectrum van dit preparaat vertoont een afwijking van de temperatuur
geïnduceerde bandafstandmodificatie van de quantumput materialen. Het toont een Svormige temperatuurafhankelijkheid met een blauwverschuiving van 13 meV bij lage
temperaturen. De halfwaardebreedte van de fotoluminescentiepiek van dit preparaat
vertoont een geïnverteerde S-vormige afhankelijkheid bij verhoging van de temperatuur.
Dit abnormale gedrag samen met de analyse van de lijnvorm als functie van de temperatuur
wijst duidelijk op de aanwezigheid van gelokaliseerde toestanden in deze structuur. De
geschatte lokalisatieenergie is 13 meV. Deze waarde van de lokalisatieenergie is
vergelijkbaar met de Stokes verschuiving van 13.5 meV, waargenomen in dit preparaat.
Deze resultaten ondersteunen de resultaten met betrekking tot gelokaliseerde toestanden
verkregen door PLE en magneto-optische metingen. Deze lokalisatie is echter niet van
invloed op de gedrag bij kamertemperatuur. De temperatuurafhankelijke fotoluminescentie
van het “strain balanced” preparaat toont aan dat de fononzijband bij de hoofdpiek totaal
verdwijnt bij een temperatuur boven de 100 K. Dit geeft aan dat er geen lokalisatie is boven
de 100 K.
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Material parameters used for calculations
To estimate the band edge shifts for the ternary compounds, we used the interpolation of
the material properties of the binary constituents. A second order interpolation

E g ( Ax B1− x C ) = xE g ( AC ) + (1 − x) E g ( BC ) − x(1 − x)C g ( ABC )

(A1.1)

is used to estimate the bandgap of a III/V ternary compound and a linear interpolation

P ( Ax B1− x C ) = xP( AC ) + (1 − x) P( BC )

(A1.2)

is used for every other material parameter P. In Eq. A1.1, Cg is the bowing parameter
In this thesis we deal with the GaxIn1-xAs/InP/InAsyP1-y asymmetric composite
quantum well structures. All the experimental measurements were done at low temperature
(< 10K) or at 100K. The material parameters used in our model calculations are given in
the following tables.
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Parameter

Unit

GaAs

InP

InAs

a0

Å

5.65325 [3]

5.8697 [3]

6.0583 [3]

c11

Mbar

1.126 [4]

1.069 [5]

0.8329 [3]

c12

Mbar

0.571 [4]

0.611 [5]

0.4526 [3]

Ev,av

eV

-6.92 [1]

-7.04 [1]

-6.67 [1]

∆0

eV

0.341 [3]

0.108 [3]

0.39 [3]

Eg

eV

1.519 [3]

1.4236 [6]

0.417 [3]

ac

eV

-7.17 [1]

-5.04 [1]

-5.08 [1]

av

eV

1.16 [1]

1.27 [1]

1.00 [1]

b

eV

-2.0 [4]

-2.0 [4]

-1.8 [4]

γ1

6.98 [3]

4.95 [3]

20.0 [3]

γ2

2.06 [3]

1.65 [4]

8.5 [3]

0.067 [3]

0.0795 [3]

0.026 [3]

12.4 [4]

11.76 [4]

15.15 [4], 300

m*

m0

εr

Table AI.1: Material parameters of GaAs, InP and InAs at low temperatures (0 –10K). The
parameters are: a0 – lattice constant, c11, c12 – elastic constants, Ev,av – average valence
band energy, ∆0 – spin-orbit splitting, Eg – bandgap, ac ,av –hydrostatic deformation
potential of conduction band and valence band, b – shear deformation potential, γ1, γ2 –
Luttinger parameters, m* - electron effective mass and εr is the dielectric constant. 77 –
value at 77K, 300 – value at 300 K
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Parameter

Unit

GaAs

InP

InAs

a0

Å

5.64549 [3]

5.86412 [3]

6.05282 [3]

c11

Mbar

1.2026 [8]

1.041 [5], 77

0.8329 [3]

c12

Mbar

0.5396 [8]

0.608 [5], 77

0.4526 [3]

Ev,av

eV

-6.92 [1]

-7.04 [1]

-6.67 [1]

∆0

eV

0.341 [3]

0.108 [3]

0.39 [3]

Eg

eV

1.50122 [9]

1.41152 [10]

0.40192 [11]

ac

eV

-7.17 [1]

-5.04 [1]

-5.08 [1]

av

eV

1.16 [1]

1.27 [1]

1.00 [1]

b

eV

-2.0 [4]

-2.0 [4]

-1.8 [4]

γ1

6.98 [3]

4.95 [4]

20.0 [3]

γ2

2.06 [3]

1.65 [4]

8.5 [3]

0.066 [7]

0.0795 [3]

0.026 [3]

12.401 [9]

11.763 [12]

15.15 [4], 300

m*
εr

m0

Table AI.2: Material parameters of GaAs, InP and InAs at 100 K. The parameters are: a0
– lattice constant, c11, c12 – elastic constants, Ev,av – average valence band energy, ∆0 –
spin-orbit splitting, Eg – bandgap, ac ,av –hydrostatic deformation potential of conduction
band and valence band, b – shear deformation potential, γ1, γ2 – Luttinger parameters, m* electron effective mass and εr is the dielectric constant. 77 – value at 77K, 300 – value at
300 K
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InAs
GaAs

0.475 eV [6]

InP

0.280 eV [2]

InAs

-

Table AI.3: The bowing parameters (Cg) for the ternary alloys consisting of the binary
constituents listed in the table.
The material parameters shown in Table A1.2 are used for the calculation at 100 K.
The temperature dependent bandgap is calculated using the following expressions.
For GaAs [9]

 T2 
E g = 1.519 − 5.45 × 10 − 4 

 T + 204 

eV

(A1.3)

eV

(A1.4)

For InP [10]

 T2 
E g = 1.4236 − 4.9 × 10 

 T + 327 
−4

For InAs [11]

 T2 
E g = 0.415 − 2.76 × 10 − 4 

 T + 83 

eV

(A1.5)

where T is the absolute temperature.
The lattice constant of GaAs, InP and InAs at 100 K is evaluated using the following
expressions [3], where T is the absolute temperature.

aGaAs = 5.65325 + 3.88 × 10 −5 (T − 300)

(A1.6)

a InP = 5.8697 + 2.79 × 10 −5 (T − 300)

(A1.7)

a InAs = 6.0583 + 2.74 × 10 −5 (T − 300)

(A1.8)

The temperature dependence of the elastic constants for GaAs can be evaluated using the
expressions [9]
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(
)
= (5.46 − 0.64 × 10 T )10

c11 = 12.17 − 1.44 × 10 −3 T 1011
c12

−3

11

dynes / cm 2
dynes / cm 2

(A1.9)
(A1.10)

The dielectric constant of GaAs at 100 K is calculated [9] using the expression

ε r = 12.4(1 + 1.2 × 10 −4 T )

(A1.11)

and for InP it is evaluated [12] using

ε r = 11.76(1 + 2.26 × 10 −4 T )

(A1.12)

The bandgap of ternary alloys is evaluated using second order interpolation (see Eq. A1.1).
Values of the bowing parameter Cg in this expression is shown in Table A4.3.
The effective masses of the heavy- and light-holes are determined using the Luttinger
formalism. The effective hole masses in the growth and in-plane directions can be given by
*
mhh
,⊥ =

1
(γ 1 − 2γ 2 )

(A1.13)

mlh* ,⊥ =

1
(γ 1 + 2γ 2 )

(A1.14)

*
mhh
,|| =

1
(γ 1 + γ 2 )

(A1.15)

mlh* ,|| =

1
(γ 1 − γ 2 )

(A1.16)

where, hh and lh represent the heavy- and light-hole. γ 1 and γ 2 are the Luttinger
parameters.

140

Appendix I

References
[1]

C. G. Van de Walle, Phys. Rev. B 39, 1871 (1989).

[2]

M. P. C. M. Krijn, Semicond. Sci. Technol. 6, 27 (1991).

[3]

I. Vurgaftman, J. R. Meyer and L. R. Ram-Mohan, J. Appl. Phys. 89, 5815 (2001).

[4]

Landolt-Börnstein, Numerical data and functional relationships in science and
technology, Springer-Verlag, New York (1982).

[5]

Properties of InP-EMIS Data reviews series No.6, INSPEC, London (1991).

[6]

H. Mathieu, Y. Chen, J. Camassel, J. Allegre, D. S. Robertson, Phys. Rev. B 32,
4042 (1985).

[7]

Otfried Madeung, Semiconductors-Basic data (Second edition), Springer-Verlag,
New York (1996).

[8]

Yu. A. Burenkov, Yu. M. Burdukov, S. Yu. Davidov and S. P. Nikanorov, Sov.
Phys. Solid State. 15, 1175 (1973).

[9]

J. S. Balkemore, J. Appl. Phys. 53, R123 (1982).

[10]

Levinshtein, Rumyantsev, Shur, Handbook series on semiconductor parametersVolume-1, World Scientific, Singapore (1996).

[11]

Z. M. Fag, K. Y. Ma, D. H. Jaw, R. M. Lohen and G. B. Stringfellow, J. Appl.
Phys. 67, 7034 (1990).

[12]

L. G. Miners, J. Appl. Phys. 59, 1611 (1986).

Appendix II

Appendix II
y

sample
z –axis: growth axis
x-y plane: growth plane

x

z

Polarisation

εx

εy

εz

Type of transition

Propagation // z

Π / √2

Π / √2

I

hh

Propagation // x

I

Π / √2

F

hh

Propagation // y

Π / √2

I

F

hh

……………………………………………………………………………………………..…
Propagation // z

Π / √6

Π / √6

I

lh

Propagation // x

I

Π / √6

2Π / √6

lh

Propagation // y

Π / √6

I

2Π / √6

lh

Table AII.1: Polarisation selection rules for the inter-band transition Γ6 to Γ8 in III/V
semiconductors
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Table AII.1 shows the polarisation selection rules for the inter-band transition Γ6 to Γ8. The
propagation of light is given in the first column. The z-axis direction is taken as the growth
axis. Component of the polarisation vectors are given by εx, εy and εz. I stands for an
impossible transition and F for forbidden transition.
For a lattice matched quantum well the ground-state is heavy-hole in character. When
it is compressively strained, the heavy-hole character of the ground-state is enhanced.
According to the above selection rules, the luminescence collected from the cleaved sides
(x-z or y-z plane) of the sample is only polarised in the growth plane.
When the quantum well is tensile strained, the ground-state becomes light-hole in
character. The selection rule says that the ground-state luminescence observed from the
cleaved side is polarised in the growth axis and it is four times stronger than that in the
growth plane.
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