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Abstract

MBE-grown wide bandgap II-VI materials for novel devices
based on intersubband transitions
By: Hong Lu

Mentor: Maria C. Tamargo

Molecular Beam Epitaxy (MBE) is a versatile thin film growth technique
with the ability to control the growth with atomic layer accuracy. Novel devices
with complex structures can be prepared by MBE to meet specific needs.
Intersubband (ISB) devices, such as quantum cascade lasers (QCLs) and
quantum well infrared photodetectors (QWIPs) operating in the mid-infrared
range, have potential advantages over conventional interband devices due to the
increased ability to engineer the devices, as well as their intrinsic faster

relaxation time and higher quantum efficiencies.

The shortest wavelength that can be obtained is limited by the band offset
in the conduction band of the heterostructures currently used for these devices.
Semiconductors of the II-VI family have shown potential in fabricating this kind of
devices due to their widely adjustable bandgaps. In particular, the Zn,Cd;.
xSelZn,yCdyMg1.xySe QW structure is a |I-VI semiconductor system recently
investigated in our lab, whose emission can cover the entire visible wavelength

range by simply changing the QW width. A modulation technique, contactless



electroreflectance (CER), has been used to determine the conduction band offset
(CBO) of the system. For the limit composition of this lattice-matched system,
Zno5CdosSelZng 13Mgo s7Se, the CBO has been estimated to be as large as 1.12

eV.

In this work, the growth of these materials is optimized, and methods to
study the ISB transitions in the material system, including theoretical prediction
by the envelope function approximation, CBO determination and ISB transition
energy estimation by CER, and ISB absorption measurement by Fourier
transform infrared (FTIR) spectroscopy, are investigated systematically. A series
of high quality Zn,Cdi.,Se/Zn,CdyMgi«.y,Se single QW and multiple QW
structures with different QW thicknesses and composition (and thus, strain) have
been grown on InP substrates by MBE. The samples were characterized by X-
ray diffraction (XRD), Photoluminescence (PL), time-resolved PL, CER and FTIR
measurements, etc. All the data indicate excellent material properties which meet
the requirements of device design and demonstrated the potential of this II-VI

material system for ISB device applications.
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Chapter 1

Introduction

Devices based on intersubband (ISB) transitions, such as quantum
cascade lasers (QCLs) and quantum-well infrared photodetectors (QWIPs), are
being extensively studied due largely to their potential applications.' Band
structure engineering has made it possible to achieve ISB devices operating over
a wide spectrum range without the need to change the material system.
Advanced crystal growth techniques, such as molecular beam epitaxy (MBE),
have made this kind of devices, usually based on complex multi-layer structures,
possible due to the accurate control (atomic layer or mono-layer) of the growth.

In this work, we explored the potential of using a wide bandgap II-VI
material system, Zn,Cd,Se/Zn,CdyMg1.x.ySe, which has a large CBO with a
type-l band alignment and can be grown lattice-matched on InP substrates, to
realize shorter wavelength ISB devices operating at RT. The Riber 2300P MBE
system in our lab, shown in Fig. 1.1, was used for all the materials and structures
growth.

By simply changing the composition, the bandgap of the barrier layer,
Zn,CdyMg1.x.ySe, can be tuned continuously from 2.1 eV to 3.6 eV. R-G-B full
color light emitting diodes and photo-pumped lasers have been previously

demonstrated by using this material system. Contactless electroreflectance (CER)
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measurements reveal that the CBO of this material system is as large as 1.12eV.
Based on these qualities, we proposed that the wide bandgap material system
Zn,Cd1xSe/Zn,CdyMg1xySe may be used to design entirely lattice matched
structures that also meet the band structure requirements of these complex ISB

devices.

Figure 1.1 Picture of the Riber 2300P MBE system in our lab.

The work in this thesis involves the design, growth, and characterization of
Zn,Cd1xSe/Zn,CdyMg1.x.ySe based heterostructures and device structures that
can be used to fabricate devices that are based on intersubband transitions.

In the following chapters, | will discuss the results in detail.

In chapter 2, the properties of the Zn,Cd.Se/Zn,CdyMg1.x.,ySe material

system and the basics of MBE growth are presented first. Then, an introduction
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to intersubband devices, such as quantum well infrared photodetectors and
guantum cascade lasers, is given.

Chapter 3 focuses on the methods used to characterize the samples
made from this material system.

Chapter 4 presents the theoretical background of calculating energy levels
within a quantum well structure by the envelope function approximation and the
experimental methods used to determine the band offsets.

Chapter 5 contains work on ZnCdSe/ZnCdMgSe QWIP structures. From
the growth of these structures by MBE, the material and structural qualities of the
materials are discussed in detail. Also, a physical evaluation of the competition
between radiative and non-radiative recombination process is given based on
experimental results.

Chapter 6 describes the CER studies on Zn,Cdi,Se/ ZnyCdyMg1..ySe
multiple quantum well structures. This method was proven to be a useful
technique for determining intersubband transitions.

Chapter 7 gives the intersubband absorption measurements made by
FTIR on Zn,Cdi,Se/ Zn,CdyMgix.,Se multiple quantum well structures.
Different ISB transition mechanisms are discussed.

Finally, all the results and contributions of this work are summarized in
Chapter 8. Future directions of this project are given including both the device

structure design and device fabrication.
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Chapter 2

Background

In this chapter, an introduction to the material system that we employ,
which is the wide bandgap Zn,Cd,Mg..x-ySe alloy, the material growth technique,
which is molecular beam epitaxy (MBE), and the type of devices of interest,
which are the mid-infrared intersubband (ISB) devices, is given from both the
fundamental and applications points of view. From this background we have
derived the motivation of this thesis. The proposed work is given at the end of the

chapter.

2.1 1I-VI wide bandgap Zn,CdyMg1.».,Se alloy

Figure 2.1 Zincblende II-VI semiconductor unit cell structure.

Il element: Zn, Cd, Mg; VI element: Se.
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The wide bandgap Zn,CdyMg1...ySe alloy is a quaternary material system
that has the zincblende crystal structure. It can be seen clearly in Fig. 2.1, which
shows the unit cell for a zincblende structure, that group Il atoms form a face-
centered cubic lattice while group VI atoms form tetrahedral bonds with the group
Il atoms and occupy one half of all the possible sites. Since most available
substrates, in particular GaAs or InP, are of zincblende structures, it is possible to
grow the II-VI materials epitaxially on these substrates. In the actual Zn,,CdyMg-
x-yS€e quaternary crystal, which is an alloy of ZnSe, CdSe and MgSe, the sites of
group-ll atoms can be occupied by Zn, Cd or Mg atoms while only Se atoms
occupy the sites of group-VI atoms. By changing the composition (i.e., the
relative quantities of ZnSe, CdSe, and MgSe), the lattice parameters, bandgaps
and other properties of this 1I-VI material system can be tuned over a very broad
range.

Figure 2.2 shows the relationship between the bandgap of Zn,CdyMg1.x-
ySe at 77K and the lattice-mismatch of a relaxed layer of this alloy to InP. We
choose to plot it this way because InP is our most commonly used substrate
material. The zero-mismatch position is indicated by a vertical dashed-line. The
three solid squares represent the position of the binary materials ZnSe, CdSe
and MgSe. The solid line represents the empirical fit to the ternary Zn,CdqSe
data reported in the literature.? The two dashed-lines representing Zn,Mg1.Se

and CdyMg:.,Se are the other ternary boundaries of the Zn,CdyMgi..,Se
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quaternary material. The lattice-matched ZnCdSe material has a 77K bandgap of
about 2.18 eV. By adding Mg into the Zn,Cd Se ternary, and adjusting the
ZnSe/CdSe ratio, the bandgap of the Zn,CdyMgi.«.,Se quaternary material can
be varied from 2.18 eV to about 3.6 eV, while maintaining lattice-matching
conditions to InP. In our lab, by using different bandgap Zn,CdyMgi.«.,Se layers
as the barrier layers and lattice-matched Zn,Cd4Se layers as the well layer,
lattice matched quantum well (QW) structures with the emission covering almost
the entire visible wavelength range have been demonstrated and used in the

design and fabrication of red, green and blue (R-G-B) lasers and LEDs.>*>°
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Figure 2.2 Bandgap as a function of lattice mismatch

to InP for Zn,CdyMg1.x.,Se material system.
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According to our recent research findings, the conduction band offset
(CBO) of this system has been determined’ and a large tunable CBO as large as
1.12 eV® has been demonstrated. For ISB devices operating in the near—infrared
and mid-infrared ranges, a large band discontinuity is desired, making this II-VI

material system a very good candidate.

2.2 Molecular beam epitaxy technique

2.2.1 MBE process

MOLECULAR BEAM EPITAXY (MBE)

ELECTRON
GUN—

SOURCE OVENS

SOURCE 1 %
/n 7

SHUTTERS ——j ‘/Slifﬁlsii_’l%;TE
é ATION
Cd
SUBSTRATE
SOURCE 3
Se .
ULTRAHIGH VACUUM FLUSOé?ESCENT
MBE GROWTH CHAMBER RHEED REEN

Figure 2.3 Schematic diagram of MBE process.

Molecular beam epitaxy (MBE) is used as the growth technique to achieve

multi-layered structures with high material quality and complex device structures.
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The MBE process achieves epitaxial growth in an ultra-high vacuum (UHV)
environment through the chemical reaction of one or more thermal molecular
beams with a crystalline surface of the substrate. This process is illustrated
schematically in Fig. 2.3 which shows the essential components for MBE growth
of ZnCdSe. All the components are in an UHV environment. The substrate, which
is mounted on a substrate manipulator, can be rotated while maintaining an
accurate substrate temperature for a uniform epitaxial growth. Molecular beams
are provided by thermal Knudsen effusion cells which contain a crucible with one
of the material sources for the desired epilayer. The temperature of each cell is
chosen so that the vapor pressures of the materials are sufficiently high for
generation of thermal energy molecular beams by free evaporation. The cells are
arranged so that the central portion of the beam flux distribution from each cell
intersects the substrate. Each cell has a shutter between the cell and the
substrate. By choosing the appropriate cell, through the opening of its shutter,
and the appropriate substrate temperature, epitaxial layers of precise
compositions and complex multi-layered device structures can be obtained. The
extremely high precision in the beam flux control allows the growth of very thin
layers, even single atomic layers or mono-layers. This distinguishing
characteristic has enabled MBE to become one of the principal growth
techniques for low dimensional heterostructures including quantum wells and

superlattices.
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2.2.2 In-situ monitoring of the growth

Because of the ultra-high vacuum environment, MBE is compatible with in-
situ electron diffraction techniques to monitor the surface during the growth and
to establish pre-growth treatments such as substrate deoxidization. In Fig. 2.4,
the in-situ reflection high energy electron diffraction (RHEED) technique is

illustrated.

Electron gun

Specularly Diffracted
reflected beam beams

L

Phosphorescent
screen

Specular

Crystal
spot

surface

Fiber optical
cable
to detector

Figure 2.4 Schematic of a RHEED system.

RHEED uses very high energy electrons and glancing incidence. This
geometry allows the diffraction pattern produced by the crystalline surface to be
observed while the growth is going on, as the molecular beams are directed
normal to the surface. The glancing incidence also ensures that the high energy
electrons only penetrate to a very thin layer on the surface. This is true because

the penetration depth of the incident electron beam depends on the energy
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component normal to the surface. This normal component is very small (~ 150
eV) in RHEED even though the electrons have an energy of ~10 keV and the
diffraction gives information about a very thin layer near the surface. Therefore
RHEED is very sensitive to the surface properties, and is an ideal method to
monitor the surface in-situ.

The RHEED pattern depends on the atomic arrangement, flatness of the
surface and the crystalline direction of the growth surface. The typical RHEED
pattern for a disordered surface (for example before the deoxidization) is a
diffuse pattern or rings due to the thin amorphous oxide layer on the surface. For
a clean surface after thermal deoxidization, the pattern is streaky lines or ordered
spots.® For three dimensional growth, where significant surface roughness exists,
it is ordered spots such as a bulk crystal pattern; for two dimensional (atomically
smooth) growth, it is in the form of rods (“streaky”), and exhibits a surface
reconstruction. The (001) place of the substrate is usually used as the growth
plane. For the II-VI material, the crystal structure can be illustrated as layers of
alternating Il and VI layers along the [001] direction. The reconstruction of the
surface, which refers to the formation of surface dimers by the atoms in the last
layers, with dangling bonds, will introduce changes of RHEED patterns. The
typical surface reconstructions for an As-rich (001) InGaAs surface is a (2x4)
reconstruction, while for a Se-rich (001) ZnSe the typical pattern shows a (2x1)

surface reconstruction. Thus, from the RHEED pattern we can know whether the
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deoxidization is finished, whether growth is two dimensional, and which element

terminates the surface.

2.2.3 MBE system
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Figure 2.5 lllustration of Riber 2300P MBE system.

The experiments in this dissertation were done in a Riber 2300P MBE
system. Figure 2.5 shows a schematic of the top-view of the system. The system
includes 6 chambers: loading chamber, transfer channel, substrate treatment
chamber, metallization chamber, and two growth chambers, one dedicated to Ill-

V materials and the other one dedicated to II-VI materials growth. To achieve an
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ultra-high vacuum, all the chambers are equipped with high vacuum pumps,
including ion pumps, cryo-pumps, turbo pumps, etc. These pumps usually can
maintain the vacuum of the system in the range of 10° ~ 107" Torr. The loading
chamber is used for introducing the substrates into the vacuum system. There is
a gate valve between the loading chamber and the other chambers which allows
us to vent the loading chamber without breaking the vacuum of the other
chambers. The substrates or samples can be transferred within the system
through the transfer channel.

The chambers for the growth of IlI-V and 1I-VI semiconductor materials are
similar. Each is equipped with a substrate manipulator (holder, rotator, heater and
temperature sensor of the substrates), cells, RHEED, quadrupole mass
spectrometer, and cryo-shrouds around the manipulator and the cells. These
cryo-shrouds will have a flow of liquid nitrogen (LN) through them during growth
to prevent the thermal interference between the sources and also trap the
residual molecules inside the chamber to maintain UHV conditions. There are 8

cells with the desired material sources available in each chamber.

2.2.4 MBE growth of lattice-matched Zn,.Cdy,Mg+.x.,-Se alloy and Zn,Cd..Se/

Zn,,CdyMg+..y'Se quantum well structures on InP substrates

Growing a II-VI material on [lI-VI substrate surface is a challenge. In

previous studies, our group has been able to optimize the growth conditions and
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demonstrate excellent material quality of Zn,CdyMgi.«.,Se alloy and other
related II-VI structures. The growth consists of four parts: pre-growth substrate
treatment, IlI-V buffer layer growth, II-VI/III-VI interface treatment, and II-VI

structure growth.

Prior to use, the substrates (primarily InP in this thesis) were degreased
by using trichloroethylene (TCE), acetone and methanol and etched in
H2S04:H,02:H20 (4:1:1) for 1 minute to remove the residual polishing damage.
Then an oxide layer was formed on the surface by flushing the wafers with
deionized water to protect the fresh InP surface from contamination of carbon.
The substrates were then bonded onto a Molybdenum block using Indium and
introduced into the MBE system through the loading chamber. The oxide
desorption of the substrate was performed in the Ill-V chamber by heating the
substrate with an As flux impingent on the InP surface. This is done to prevent
the loss of P atoms during the heating and formation of an In-rich surface on the
InP substrate.' This procedure can be done by carefully heating the substrate
until the 2-fold structure of the RHEED pattern changes to 4-fold structure
(indicating an In rich surface), which confirms the the loss of the entire oxide
layer. At this point, the temperature is quickly lowered to regain the 2-fold (As rich)
pattern. In an ambient of As, the P lost by thermal desorption is replaced by the

impinging flux and a thin InAs layer is formed on the surface."” To further improve
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the substrate surface, in particular to improve its smoothness, a lattice matched
[lI-V buffer layer, usually InGaAs is grown. After the growth of the IlI-V buffer

layer, the substrate was transferred quickly, in vacuum, to the [I-VI chamber.

Due to the difference in the electronic structure of the two materials, the
preparation of the II-VI/Ill-V interface is very critical to the growth of II-VI material
on llI-V surface. The treatments used to adjust quality of the interface are: 1) Zn
irradiation of the As-rich Ill-V surface before the initial growth of II-VI material,12
that is, exposure of the Ill-V surface to Zn before the II-VI growth. This is done to
avoid the interaction of Se with the IllI-V surface. In our case, it is known that an
interfacial compound of In,Se; and/or Ga,Ses can form at the [I-VI/III-V interface.
This results in defects that limit the quality of the II-VI layer. 2) A ZnCdSe buffer
layer grown at low temperature (~170 °C). It has been shown that by
incorporating a thin ZnCdSe buffer layer grown at low temperature on the IlI-V
buffer layer, the probability of intermixing of 1I-VI and IlI-V materials is reduced,
and the quality of Zn,CdyMg1.x.ySe epilayers is greatly improved.

The substrate temperature is then increased to 270 °C, which has been
proven to be the optimum growth temperature for Zn,CdyMg+.«.,Se based II-VI
materials, to grow the desired [I-VI epilayers or structures. The excellent material
and structural quality of these samples will be demonstrated by many

characterization methods later on in this work.
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2.3 Mid-infrared intersubband devices

Intersubband devices, such as quantum well infrared photodetectors
(QWIPs) and quantum cascade lasers (QCLs) operating in the mid-infrared (mid-
IR) range, have potential advantages over conventional interband devices due to
the increased ability to engineer the devices, as well as their intrinsic faster
lifetimes and higher quantum efficiencies. Most of the ISB devices demonstrated
so far have been fabricated with 1ll-V compound semiconductors.*"® Band
structure engineering has made it possible to achieve ISB devices operating over
a wide spectrum range without the need to change the material system. For
example, QCLs that emit in a very wide wavelength range (~3.4 to 24 um) have

415 after the first

been realized with InP-based InGaAs/InAlAs material system
demonstration by Faist et al in 1994."° Intersubband devices are usually made

from multiple quantum well (MQW) structures and need a large band

discontinuity to achieve operation at shorter wavelength and higher temperatures.

2.3.1 Why mid-IR?

The mid-infrared (mid-IR) range usually referring to the wavelength range
between 3-30 um, is of great interest from both scientific and technological points
of view. Often called the “molecular-fingerprint” region, mid-IR is the part of the

spectrum where gases and vapors have evident absorption features associated
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with vibrational and rotational transitions. These features can be observed by a
number of spectroscopic techniques for a wide range of industrial, military, and
scientific applications.” The two wavelength regions (3-5 um and 8-13 um) in
which the atmosphere is relatively transparent due to lack of water-vapor
absorption are particularly important for chemical-sensing applications. These
windows allow the measurement of traces of environmental and toxic gases or
vapors that would otherwise be masked by a large atmospheric water-vapor

background.

2.3.2 Intersubband transitions

Within a bulk semiconductor crystal, electrons may occupy states in one of
two continuous energy bands - the valence band (VB), which is heavily populated
with low energy electrons and the conduction band (CB), which is sparsely
populated with high energy electrons. The two energy bands are separated by an
energy bandgap in which there are no permitted states for electrons to occupy.
When the electrons in the CB combine with the holes (or vacant states) in the VB,

an interband transition occurs.

A quantum well (QW) structure is formed, as shown in Fig. 2.6, by
sandwiching a layer of material with lower bandgap between two barrier layers of

another material with higher bandgap. When the QW is sufficiently deep and
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narrow, its energy states are quantized (discrete). Depending on the dimensions
of the QW and the materials from which they are formed, there can be several
discrtete states within a QW. In that case, intersubband (ISB) transitions can
occur between these discrete energy levels, within a band (either the CB or the
VB). In contrast to interband transitions, ISB transitions are unipolar (involving

either electrons or holes, but not both) with faster relaxation times.

CB———

E,
Intersubband —— AE; (CBO)
E1
K— Interband
o
VB 2

Barrier | QW | Barrier

Figure 2.6 Schematic illustration of interband and ISB

transitions occur in a single quantum well structure.

2.3.3 Quantum well infrared photodetectors (QWIPs)

A quantum well structure designed to detect infrared (IR) light involving
ISB transitions is called a quantum well infrared photodetector (QWIP)."™ The

QWs in a QWIP structure have to be doped to exhibit ISB absorption by the
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excitation of an electron (or hole) from the doped QW ground state in the CB (or
VB) to an unoccupied excited state in the same band. An elegant model for a
QWIP is based on the square QW of basic quantum mechanics. The potential
depth and width of the well can be adjusted so that it holds only two energy
states: a ground state near the well bottom, and the first excited state near the
well top. A photon striking the well will excite an electron in the ground state to
the first excited state, and then an externally-applied voltage sweeps it out to the

continuum, producing a photocurrent (Fig. 2.7).

Energy

Coordinates

Figure 2.7 Schematic illustration of the conduction band of a

QWIP active region.

Due to the unipolar transport property (only one band is involved), only the
conduction band is shown in Fig. 2.7. The MQW band structure tilts because of

the application of external electric field. Only photons having energies
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corresponding to the energy separation between the two states are absorbed,
resulting in detection with a sharp absorption spectrum. Designing a QW to
detect light of a particular wavelength becomes a simple matter of tailoring the
potential depth and width of the well to produce two states separated by the
desired photon energy. The presence of many equivalent wells ensures that high

guantum efficiencies can be achieved.

2.3.4 Quantum cascade lasers (QCLs)

Conventional semiconductor lasers rely on a single photon of light being
emitted when a high energy electron from the conduction band combines with an
unoccupied hole in the valence band. The wavelength of light emitted is therefore
strongly dependent upon the energy bandgap of the laser material. The quantum
cascade laser (QCL) however does not use bulk semiconductor materials in its
optically active region. Instead, it consists of a periodic series of thin layers of
varying material composition. The varying composition introduces a varying
electric potential across the length of the device, meaning that there is a varying
probability of electrons occupying different positions over the length of the device.
This is referred to as one-dimensional multiple quantum well confinement and
leads to the splitting of the band of permitted energies into a number of electronic

subbands.
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By careful selection of material composition and thickness of each layer in
the device, and the applied external electric field, an electric subband minimum in
a given period of the device may be aligned with a higher energy subband
minimum in the adjacent period. Therefore, an electron may take part in an
optical transition between electronic subbands in a given period before tunneling

into the next period of the structure and performing another optical transition.
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Figure 2.8 Schematic CB energy diagram of two QCL active regions
with the intermediate injector region based on a three-well vertical
transition mechanism. The laser transition is indicated by the wavy

arrows and the electron flow by the straight arrows.
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Shown in Fig. 2.8 is the illustration of a QCL active region design, based
on the so-called “double-QW vertical” transition design. The coupling of the two
QWs (with difference QW width) produces three energy levels. The lasing will be
due to the transition from “3” to “2” and the additional third level “1” which is close
in energy to level “2” will be the means to empty level “2” by phonon scattering.
The depopulation process will ensure population inversion, as needed for lasing,
and the electrons will keep moving through the device, giving high optical power

output (high quantum efficiency).

Quantum cascade lasers (QCLs) have a wide range of applications, such
as trace-gas analysis and chemical sensing with the ability to detect minute
amounts of chemicals found in the environment or atmosphere, emitted from
spills, combustion, or natural sources, or exhaled in human breath. Laser-based
optical methods in trace-gas analysis and chemical sensing have a number of
advantages, including their noninvasive nature, high sensitivity and selectivity,
and real-time detection. A variety of spectroscopic methods can determine the
local concentration of a species with parts per million in volume (ppbv) sensitivity.
Most of them require tunable single-mode mid-IR lasers with power levels
sufficient to obtain a good signal-to-noise ratio. Some commercial devices such
as field point sensors also need to be portable, so they require compact, room-

temperature battery-operated light sources. However, existing mid-IR sources
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rarely meet these requirements, while QCLs readily satisfy them and have

already been used in many trace-gas analyses."®?%2!22

2.4 Proposed work

Despite the tremendous progress that has been made in ISB devices,
there are still some limitations. For example, most of the QCLs can only perform
at cryogenic temperature, with pulsed operation mode and relatively low power
outputs. So far, the shortest wavelength that has been achieved for a QCL
operating at room temperature (RT) is ~4 um with a strain-compensated
InGaAs/InAlAs heterostructure.” One of the reasons that it is difficult to achieve
RT short wavelength operation is the small conduction band offset (CBO) of the
heterostructures used. For some applications such as trace gas sensing, infrared
lasers with wavelength shorter than 4 um operating at RT are required. 28 To
achieve QCLs operating at high temperature with a shorter emission wavelength,
materials with larger CBO must be used. One approach to achieve the larger
CBO is to use the type-Il band alignment in InAs/AISb, InGaAs/AlAsSb * ' and
(CdS/ZnSe)/BeTe ' 3. However, the growth of these materials is more difficult,
due to the lack of common ions, and the type Il structure may introduce
additional complications in the operation of the device. The only effort for
achieving shorter wavelength devices with a material having a type-l band

alignment has been with the wide band gap GaN/AlGaN system. ™ %1617
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Although ISB absorption in QWs at wavelength as short as 1.08 um has been
observed, '® the poor material quality (high defect density and poor interfacial
quality due to the lack of lattice-matched substrate) makes it very difficult to
realize a practical working device, which typically consists of hundreds of layers.
Both direct and indirect semiconductors are good light absorbers for energies
above the bandgap and have been widely employed for photodetector
applications. However, bandgap light emission from indirect semiconductors is a
low efficiency process because of the need of the participation of phonons in
order to satisfy wave-vector conservation. Thus, for the case of efficient light
emitters, direct bandgap materials are preferred. The II-VI wide bandgap
materials  Zn,CdyMgix.,Se alloys are direct semiconductors, the
heterostructures are type-l, and, as the work to be presented in this thesis shows,
the materials can be grown with extremely high crystalline quality.

We propose that a wide bandgap II-VI material system, Zn,Cds.
«SelZn,CdyMg1x.ySe, which has a large CBO with a type-I band alignment and
which can be grown lattice-matched on InP substrates, is a very promising
candidate for realizing shorter wavelength ISB devices operating at RT. By simply
changing the composition, the bandgap of the barrier layer, Zn,CdyMg1.x-ySe,
can be tuned continuously from 2.1 eV to 3.6 eV.? Contactless electroreflectance
(CER) measurements have revealed that a CBO as large as 1.12eV can be

achieved in the heterostructures of this material system.®
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Furthermore, the widely accepted limitations of |I-VI materials, namely the
lack of high enough p-type doping and their degradation due to p-type doping
related defect propagation during operation, do not apply to these types of ISB

devices, which are unipolar, low energy devices.
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Chapter 3

Characterization techniques

In this chapter, characterization methods including Photoluminescence
(PL) spectroscopy, X-ray diffraction (XRD), Hall Effect measurements,
electrochemical capacitance-voltage (ECV) profiling, Scanning electron
microscope (SEM), Time-resolved photoluminescence, Contactless
electroreflectance (CER), and Fourier transform infrared (FTIR) spectroscopy, all
used for evaluating the material quality are described in detail.
3.1 X-ray diffraction

X-ray diffraction (XRD) is one of the most powerful and widely used
techniques for accurate characterization of the lattice parameters, mismatch,
alloy composition, and thickness of epitaxial materials. In this section, we use a
series of advanced X-ray diffraction techniques, including single and double-axis
diffraction, and high resolution triple-axis diffraction to characterize samples from
single epitaxial layers to complex superlattice structures.
3.1.1 Bragg’s law

The principle of the XRD is based on Bragg’s law shown schematically in
Fig. 3.1:

2d,,sin@ =ni, n=1,2,3... (3.1)
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a

Vhr + kP +1?

planes with Miller indices (k#kl) and @ is the corresponding Bragg angle. The

where d,, = (a is the lattice constant) is the spacing of lattice

lattice constant (a) of an unknown layer can be calculated if the Bragg angle is
known. Usually the epilayers are grown on the (001) plane of the substrate,
therefore, an XRD measurement can be performed on a symmetry lattice plane
(the (hkl) planes indicated in Fig. 3.1). Among them, the (004) plane is mostly

used in our experiments.

Figure 3.1 Principle of X-ray diffraction. 6 is the Bragg angle

and dn is the distance between (hkl) planes.

3.1.2 Analysis of thin films and multiple layers
a) Lattice mismatch and strain

The mismatch (4a) of an epitaxial layer grown on a given substrate is

defined by:

(3.2)

where q; and as are the bulk lattice parameters of the epitaxial layer and
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substrate, respectively, and where the two unit cells are assumed to be in the
same direction. It is assumed that «, is the value of the layer in its cubic form, not
the elastically distorted parameters if the layer is strained.

The strain state of the epitaxial layer is an important parameter. With the
same thickness and lattice-mismatch, the layer that is pseudomorphic has better
quality than a relaxed or partially relaxed layer. In the calculation of composition,
we need to know the strain state in the epilayer. When the epilayer is
pseudomorphic or fully strained, the structure will be tetragonally distorted. The
lateral lattice constant (a,) of the epilayer in the plane is equal to the lattice
constant of the substrate. The perpendicular lattice constant (a,) in the growth
direction could be obtained from the XRD data. The lattice constant of the
epilayer is given by:

a, ::—ZaiJrli—Uua//, (3.3)

where v is the Poisson constant, which is 0.28 for the Zn,Cd,Mg+.x.ySe material

system. The lattice mismatch, in this case, can be expressed as

Aa=9t"% =1_0AaL, a, =ag (3.4)
ag I+v

When the epilayer is fully relaxed (broadened peak), a, and a, will be the
same and Aa=Aa, =Aa, . In the case of a partially relaxed epilayer, it is more
complicated and additional XRD measurements on asymmetric planes (i.e. (115)

plane) will be needed to calculate the actual strain.
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b) Periodicity of multiple layers

For our multiple quantum well (MQW) structures with periodic sequences
of layers of alternating composition, a sequence of equally-spaced satellite peaks
associated with the superlattice structure will show up in the XRD spectrum. The
separation of the satellite peaks depends on the periodicity of the repeating
layers. Let m and n be two diffraction orders due to the same periodicity (p), and
6, and 6, the corresponding Bragg angles, Bragg’s law can be written by

2p-sinf, =mA, m=1,2,3...

2p-sin@, =nA, n=1,23...
Therefore, the periodicity is given by

B (m-n)A
P 2Ging —sing)

(3.5)

If we assume m —n =1, and if A@=6,, -6, is small enough compared with 6, , Eq.
(3.5) may be simplified to

3 A
P 2cosd,-AO

3.1.3 Single and double crystal X-ray diffraction

Figure 3.2 shows the schematic diagram of our XRD setup, which consists
of an X-ray source, a single crystal X-ray diffraction (SCXRD) system shown on
the right manufactured by RIGAKU and a double crystal X-ray diffraction
(DCXRD) system shown on the left manufactured by Blake Industries, Inc. The

X-ray is generated by a Cu X-ray source and the two lines of Cu K, (A = 1.54056
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A) and Cu K, (A = 1.54439 A) are the ones usually used. In both cases, the
incident angle ® will change due to the rotation of the sample holder while the
rotation of the goniometer (where the detector is mounted) will change the angle

20.

Sample

X-ray source

}j © o Sample
First Crystal ‘f 20

DCXRD SCXRD . Goniometer

Goniometer

= Computer = Computer

Figure 3.2 lllustration of single and double crystal X-ray diffraction system.

In SCXRD, only one crystal (the sample) is used, so the incident X-ray
here is not monochromatic, and does not separate the Cu K,1 and Cu K, lines.
Therefore, the diffraction spectrum for each layer (lattice constant) will typically
show two peaks corresponding to diffraction from the Cu K,y and Cu K, lines.
Usually the intensity of the peak corresponding to Cu K, is double that of the
peak corresponding to Cu K, which gives us a clue to identify diffraction peaks.

In SCXRD, we usually use the 6-26 coupled mode, which means that the angle
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and 26 are moving simultaneously and o is always half of 26. In the practical
measurement, to make sure » and 26 are coupled, we fix the 26 and rotate the
only (usually called a rocking curve) to find the ® value corresponding to the peak
and adjust it to the value of 6. The 0-26 coupled mode makes SCXRD useful to
measure large lattice-mismatch and to find the structure of the materials.
However, because the beam has a broad band of wavelengths, the diffraction
peaks are usually broad. For a more accurate determination of lattice parameters
of materials, a DCXRD rocking curve is necessary.

Double crystal XRD is a very direct and useful way to evaluate the quality
of the epitaxial layer and the lattice mismatch between the epitaxial layers and
the substrate. The setup (as shown in Fig. 3.2) consists of the monochromator
crystal (first crystal) and the sample crystal from which the diffracted intensity
signal is registered depending on the angle of rotation of the sample. In our
system a (100) Ge crystal is used as the monochromator to separate the various
wavelengths of the incident X-ray beam in order to narrow the X-ray band of
wavelengths before it reaches the sample. So the Cu K, line can be filtered and
only the Cu K, line with a narrow spread of wavelengths will reach the sample
crystal. In DCXRD, a rocking curve is usually measured, that is, we rotate the
sample (®) while the goniometer (20) and the first crystal are fixed. The linewidth
of the X-ray line reflected from the sample depends strongly on the crystalline

quality of the sample. Thus, this technique is particularly useful for epitaxial
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layers grown on a thick substrate. In general, for such cases, two diffraction
peaks are observed, one from the substrate and one from the epilayer. From the
linewidth, we can evaluate the material quality. From the peak separation, we can
obtain the lattice-mismatch.

For MQW structures, the observation of many satellite peaks will be a
strong evidence of excellent material and structural quality. In our DCXRD
system, the detector (on the goniometer) with an open slit is fixed which
integrates the intensity scattered by the sample over its acceptance angle (in our
system it is about one degree around the center peak). A XRD system with high
resolution is needed. In the next section, a high resolution (HR) triple axis XRD
system using highly intense synchrotron radiation (National Synchrotron Light
Source in Brookhaven National Lab) will be discussed. HRXRD spectra on our II-
VI MQW structures were obtained with this system.

3.1.4 High resolution triple-axis X-ray diffraction

Figure 3.3 is the schematic illustration of HR triple-axis diffractometry.?*
The addition of a further crystal (placed before the detector) to DCXRD scheme,
a so called analyzer crystal, makes it possible to resolve with high resolution the
angular distribution of the beam diffracted by the sample. It provides the
possibility to distinguish the coherent and diffuse components of the total
scattering signal.?**% In addition, from the analysis of the diffuse scattering

distribution it is possible to get information about different types of defects in
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crystals (point defects, clusters etc.).?” An analyzer crystal enables also to
distinguish between mosaic spread (multi-grains in the crystal) and strain (i.e. a
gradient of a lattice parameter variation Ad/d) contributions in the diffracted

intensity distribution.
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1. Monochromator
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Figure 3.3 Schematic of HR triple-axis diffractometry.

By using highly intense synchrotron radiation it is possible to achieve a
very high degree of collimation (sub-arcsec) and monochromatization of the X-
ray beam by the use of multiple reflection monochromators and analyzer crystals.
In our experiments, the X-ray line (L = 1.54092 A) of the synchrotron radiation
source is used.
3.2 Photoluminescence spectroscopy

When the sample is irradiated with a photon beam with energy higher than

the bandgap of the material, the absorbed photons bring electrons to the
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conduction band (CB) leaving behind holes in the valence band (VB); that is,
electron hole pairs are produced by the optical excitation. Photoluminescence
(PL) occurs when the excited electron returns to its initial state and the return
process emits a photon, whose energy gives the difference between the excited
and the initial state energies. Therefore, PL spectroscopy is a very useful optical
technique that, in the case of materials of good crystalline quality, can give direct
information on the material’s bandgap E,. It can also give us information about
bound states within the bandgap, such as bound excitons, donor or acceptor-
bound excitons, and donor-acceptor pairs, etc. In addition, the PL spectrum can
give us the information about the quality and band structure of the
semiconductors of interest.

Chopper Cryogenic system

.
He-Cd laser U U =O>>>A\e/ Sample
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Figure 3.4 Experimental setup of photoluminescence.

The PL experiment consists of the measurement of the emitted light as a
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function of wavelength. The schematic of the PL system used in this work is
shown in Fig. 3.4. The samples are mounted on the cold finger of a Janis
cryogenic system. The system can be pumped up to ~10° torr to maintain the low
temperature. The cold finger can be cooled down to 5.8 K using liquid helium and
78 K using liquid nitrogen. Using a heater installed on the back of the cold finger,
the temperature of the cold finger can be controlled from 5.8 K to 300 K. The 325
nm UV light from a He-Cd laser is picked up by an interference filter (A = 325 nm)
and used as the excitation source. A variable neutral density filter is used to
adjust the power intensity of the laser beam. The laser beam passes through a
chopper which changes the laser beam to a periodic signal (ac), then is focused
to a small spot on the sample by a cylindrical converging lens. The luminescence
from the sample is collected by two lenses and converted to a collimated beam.
The collimated beam is focused to a spot on the first slit of the spectrometer
(SPEX 1680-B double spectrometer). After passing through the spectrometer, the
beam is detected by a photomultiplier and converted to an electrical signal. The
ac signal is then fed to a lock-in amplifier to be amplified. Finally the amplified
signal is feed into a data box (DataScan) connected to the computer to be
collected and analyzed. The data box also connects the spectrometer to the
computer so that the spectrometer can be controlled during the scan.

3.3 Time-resolved Photoluminescence

Time-resolved spectroscopy techniques are a powerful means of studying
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materials, giving information about the nature of the excitations, energy transfer,
molecular motion, and molecular environment, information that is not available
from steady-state measurements. It is a rapidly advancing field with applications
in many areas of science and technology. The dynamics of photo-excited carriers
in a semiconductor can be probed by monitoring its time resolved PL. The most
widely accepted technique for monitoring luminescence with ultra-fast resolution
is the excite-and-probe method. In this technique the laser pulse itself acts as a

switching gate and relates the PL signal with the time domain.
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Figure 3.5 Schematic illustration of the time-resolved PL experimental setup.

In the time-resolved PL measurement, the PL intensity is observed as it
decays as a function of time. From fitting of the decay curves, the value of the
carrier recombination lifetime t can be obtained and evaluated. The diagram of a

time-resolved PL experimental setup is shown in Fig. 3.5. The sample is mounted
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in a low temperature cryostat with a temperature control unit. The temperature
dependent measurements can be performed from 78 K to 300K. The excitation
source is the second harmonic radiation at 400 nm obtained from a mode-locked
tunable Ti-sapphire laser (Spectra Physics Tsunami) by a second harmonic
crystal (SHC). The laser pulses have a pulse width of 100 fs and a repetition rate
of 82 MHz. The PL signal from the sample is focused and collected by a streak
camera (Hamamatsu Model C5680) with a typical temporal resolution of 10 ps. A
short-wavelength pass filter (filter 1) is used after the SHC to block the 800 nm
laser beam and a long-wavelength pass filter (filter 2) is used in the front of the
streak camera to block the 400 nm laser beam reflected by the samples. A band-
pass filter (filter 3), with a FWHM of 10 nm, can be added to select the PL
wavelength range of interest and follow the PL peak signal at various
temperatures. The data is recorded by a computer which is connected to the
streak camera.
3.4 Hall Effect measurement

For intersubband absorption studies, all the QW layers need to be doped
n-type with a certain carrier concentration. The doping level is an important
parameter for the design of the active region of ISB devices. Hall Effect is the
most common method to measure the resistivity, mobility, carrier concentration

and the carrier type in a doped sample.
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Figure 3.6 Schematic illustration of Hall Effect measurement.

If an electric current flows through a conductor in a magnetic field, the
magnetic field exerts a transverse force (Fn), the Lorentz force ev x B, on the
moving charge carriers which tends to push them to one side of the conductor.
This is most evident in a thin flat conductor as illustrated in Fig. 3. 6. A buildup of
charge at the sides of the conductors will balance this magnetic influence,
producing a measurable voltage, V', between the two sides of the conductor. The
presence of this measurable transverse voltage is called the Hall Effect after E. H.

Hall who discovered it in 1879.

The Hall voltage has a different polarity for positive and negative charge
carriers, and it has been used to study the details of conduction in
semiconductors and other materials which show a combination of negative and

positive charge carriers. In this study, the samples were only doped n-type,
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therefore the movement of negative charge carriers which are electrons will be
discussed. In Fig. 3.6, the Lorentz force exerts an average leftward force on the
electrons, and the leftward-directed movement causes a piling up of electrons on
the left side of the sample, which in turn gives rise to an electric field Fe. Since
there is no net current along this direction in the steady state, the electric field

(Hall field) exactly balances the Lorentz force.

The relation between the Hall voltage (V) and applied current density (J)

and magnetic field (B) can be expressed by®®
V., =R,JB (3.7)

where Ry is the Hall coefficient, which can be obtained from the given J and B

and the measured V' via Eq. (3.7).

When both holes and electrons are present in compensated samples, the

expression that relates the free carriers and the Hall coefficient is given by*®

_ L (p=bm+(u,B) (p=n)
g (p+bn)’ +(u,B)(p-n)’

b=,/ u, (3.8)

r={(r*Y/{1)? (3.9)

where b is the mobility ratio, ¢ is the elementary charge, and x4, and u, are

electron and hole mobilities, respectively. The parameter zis the mean free time
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between carrier collisions, which depends on the carrier energy, and r is the
scattering factor that lies between 1 and 2, depending on the scattering
mechanisms in the semiconductor. This expression reveals that the Hall
coefficient varies with applied magnetic field. For samples with modest mobility in
the 100 to 1000 cm?/Vs and with mobility ratios of » ~ 3 to 10, Ry is generally
found to vary little with magnetic field. #° For the case of 1,8 << 1, Eq. (3.8) can

be simplified to:

1 p—b’n
R, =p—L2" 3.10
" g (prbny (519

For highly doped samples without significant compensation effect (i.e. n >> p for

n-type) and with modest mobility ratios, Eq. (3.8) can be simplified to:

R, = (D (3.11)
qn

Usually, r is assumed to be unity and this assumption generally introduces an
error of less than 30%.%° Thus, the carrier concentration can be determined via
Eq. (3.10). The carrier type in the sample can be determined from the sign of Hall
coefficient; i. e. n-type if Ry is negative and p-type if Ry is positive.

Moreover, the Hall mobility 14 can also be obtained by

ty =Ryl p (3.12)

where p is the resistivity of the sample which can be expressed by
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p=t- L (3.13)
o q(un+u,p)
where o is the conductivity. If n >> p, as in n-type semiconductors,
1
PE : (3.14)

qu,n

The magnetic field (B) used for Hall Effect measurements in our laboratory
is fixed at 2.5 kG (=0.25 T) and the samples studied have relatively low electron
mobilities 1, in the range of 100 cm?/Vs. This results in z,B ~ 10° - 10% << 1 and
for highly n-type doped Zn,CdixSe where n >> p, Eq. (3.11) can be used to
determine the free carrier concentration ().

In the following studies, Hall Effect measurements were used to measure
the doping level in the reference samples, which were grown separately from the
MQW structures. To measure the doping level within a complex structure,
electrochemical capacitance-voltage measurements were performed, which gave
the net (Np-N,) carrier concentration.

3.5 Electrochemical Capacitance-Voltage profiling

Electrochemical capacitance-voltage (ECV) profiling is a widespread
metrology technique that offers a versatile and powerful approach to determining
doping levels at various depths within a semiconductor structure. This technique,
combining C-V and depth (etch) profiling, is based on making a liquid electrolyte-
semiconductor Schottky contact and measuring the capacitance at a constant dc

voltage. It has the capability to characterize the capacitance as a function of



Chapter 3 Characterization techniques 41

depth into the sample structure in steps as small as 0.005 um, that is, useful for
the study of multiple layer structures. The etching profiling is achieved by
electrolytically etching the semiconductor between C-V measurements.
3.6 Scanning Electron Microscopy

Electron microscopes (EM), which use beams of electrons instead of light,
are designed for very high magnification usage. Based on DeBroglie hypothesis,
electrons, which have a much smaller wavelength than visible light, allow a much
higher resolution. After the first EM prototype was built in 1931 by the German
engineers Ernst Ruska and Max Knoll, modern EMs can magnify objects up to
millions of times, making them widely used in a wide range of research on
examining biological materials, medical samples, metals and crystalline
structures, and the characteristics of various surfaces. The main limitation of the
electron beam is that it must pass through a vacuum as air molecules would
otherwise scatter the beam. Scanning electron microscope (SEM) is a type of EM
producing images by detecting secondary electrons which are emitted from the
surface due to excitation by the primary electron beam. In the SEM, the electron
beam is rastered across the sample, with detectors building up an image by
mapping the detected signals with beam position. Because the SEM image relies
on surface processes rather than transmission it is able to image bulk samples
and has a much greater depth of view, and so can produce images that are a

good representation of the 3D structure of the sample.
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Figure 3.7 Schematic illustration of a SEM.

As shown in Fig. 3.7, in a typical SEM electrons are thermionically emitted
from a tungsten or lanthanum hexaboride (LaBg) cathode and are accelerated
towards an anode; alternatively electrons can be emitted via field emission.
Tungsten is used because it has the highest melting point and lowest vapor
pressure of all metals, thereby allowing it to be heated for electron emission. The
electron beam, which typically has an energy ranging from a few hundreds to 50
keV, is focused by one or two condenser lenses into a beam with a very fine focal
spot sized 1 nm to 5 nm. The beam passes through pairs of scanning coils in the
objective lens, which deflect the beam in a raster fashion over a rectangular area
of the sample surface. Through these scattering events, the primary electron

beam effectively spreads and fills a teardrop-shaped volume, known as the
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interaction volume, extending from less than 100 nm to around 5 pm into the
surface. Interactions in this region lead to the subsequent emission of electrons
which are then detected to produce an image. X-rays, which are also produced
by the interaction of electrons with the sample, may also be detected in an SEM
equipped for energy-dispersive X-ray spectroscopy or wavelength dispersive X-
ray spectroscopy.

In this work, SEM will be used to produce images on cross-sectional
edges of the MQWs region for studying the structural and interfacial properties.
3.7 Contactless Electroreflectance

In order to investigate the quantum well transitions we have used
contactless electroreflectance (CER) spectroscopy. This technique, which is
similar to photoreflectance (PR) spectroscopy, is an excellent tool to investigate
both the fundamental and higher order QW transitions. Moreover, CER has a
number of advantages over PR for the study of QW structures. CER does not
require a laser as the pump beam and avoids the photoluminescence
background due to this pump beam. Also, CER spectra are free of below band
gap oscillation features, which are often observed in PR spectra, especially for
GaAs-based structures grown on n-type GaAs substrates. The analysis of CER
data together with theoretical calculations makes it possible to determine material
parameters such as the band gap discontinuity. Such procedures have been

often applied in studies for different semiconductor structures.
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Figure 3.8 (a) Schematic illustration of CER setup and (b) the details of the

sample holder showing the contactless mechanism.

Shown in Fig. 3.8 (a) is a schematic drawing of the experimental

arrangement for a CER experiment in our lab. Light from an appropriate source,

a 150 W Xenon-arc or tungsten-halogen lamp, passes through a monochromator.

The exit intensity at wavelength A, lo(A), is adjusted by a variable neutral density

filter (VNDF) then focused onto the sample by means of a set of lenses. The

sample is mounted on a condenser-like system (see Fig. 3.8 (b)) consisting of a

front wire grid electrode with a second metal electrode separated from the first

electrode by insulating spacers. The dimensions of the spacer are such that there

is a very thin layer (~0.1 mm) of air between the front surface of the sample and
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the wire grid of the first electrode. Electromodulation is a particularly useful form
of modulation spectroscopy since it often yields the sharpest structure and is
sensitive to surface or interface electric fields. In the experiment, the electric field
modulation, an ac voltage (~1 kV peak to peak) is generated by a Trek 609E-6
HV amplifier and applied between the two electrodes at frequency Q.. The
reflected light from the sample is collected by another lens and is focused onto a
Si photodetector. An oscilloscope is used to monitor the performance of the high
voltage during the measurement.

The light striking the detector contains both dc and ac signals: the dc
signals given by Ip(A)R(A), where R(A) is the dc reflectance of the material while
the modulated (ac) signal (at frequency Qpn) is lo(A)AR(A), where AR(A) is the
change in reflectance produced by the modulation source. The ac signal from the
detector, proportional to Io(A\)AR(A), is measured by a lock-in amplifier. Typically
lbAR is 10 to 10® of IoR. In order to evaluate the quantity of interest, i.e., the
relative change in reflectance AR/R, a normalization procedure must be used to
eliminate the uninteresting common feature Ip(A). In Fig. 3.8 (a) the normalization
is performed by the VNDF connected to a servo mechanism. The dc signal from
the detector, which is proportional to Io(A)R(A), is fed into the servo which moves
the VNDF in such a manner as to maintain a constant Io(A)R(A), i. e., lo(A)R(A) = C.
Under these conditions the ac signal lo(A)AR(A) = CAR(A)/R(A). Subsequently, the

signal to the lock-in amplifier is proportional to the quantity of interest, i.e.,
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AR(AN)/R(A). Thus, the CER spectrum gives very sharp derivative-like features
corresponding to specific transitions, while typical reflectivity is characterized by
broad features.

3.8 Fourier Transform Infrared Spectroscopy

Since our interest of study is infrared devices, Fourier transform infrared
(FTIR) spectroscopy is employed to characterize the sample’s properties in the
mid-IR range. Fourier transform (FT) spectroscopy is a measurement technique
whereby spectra are collected based on measurements of the temporal
coherence of a radiative source. It can be applied to variety of types of
spectroscopy including optical spectroscopy, infrared spectroscopy (FTIR),
nuclear magnetic resonance, and electron spin resonance spectroscopy.

Unlike most of the spectroscopy techniques, FT-IR uses a Michelson
interferometer replacing the dispersive grating spectrometer, as the wavelength
selector. This gives the Fourier transform of the desired spectrum, known as the
“‘interferogram”, which requires extensive computer manipulation to yield the
desired intensity versus wave-number spectrum. Figure 3.9 illustrates how
Michelson interferometer works. When the radiation leaves the source and
reaches the beam splitter (BS), part of the beam passes through the BS and is
reflected from the stationary mirror (M1), whereas another part is reflected from
the BS and then from a moving mirror (M2). As M2 moves, it changes the

difference in length A between the paths the two light beams traverse. When the
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beams recombine they produce an intensity which depends on A, called the
interferogram I(A). Except for a constant multiplicative factor, the interferogram is
given by:*°

I(A) = j"; S(F)[1+cos(2z - fA)df = %1(0) + jz S(f)cos(2z - fA)df (3.15)
where S(f) is the intensity spectrum of the source, fis the optical frequency in
wave-numbers, and /(0) is the intensity at zero path difference. The integral in Eq.
(3.15) is the cosine Fourier transform of S(f), which can be recovered by carrying
out the inverse Fourier transform (also to within a constant factor):

S(f) = j:[z(A) —%1(0)]003(272’ - fA)dA (3.16)

This is implemented by measuring the interference signal /(A) with a detector,

whose output is then processed by a computer.

M1

Figure 3.9 Schematic diagram
Detector

of a Michelson interferometer.

Infrared source

As shown in Fig. 3.9, a FTIR spectrometer obtains infrared spectra by first
collecting an interferogram of a sample signal with an interferometer, which

measures all of infrared frequencies simultaneously. An FTIR spectrometer
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acquires and digitizes the interferogram, performs the FT function (by
computation), and outputs the spectrum. Consequently, a transmittance spectrum

is obtained as follows.

T%=— (3.17)

where T% is transmittance; 7 is the intensity measured with a sample in the beam
(from the sample single beam spectrum); Iy is the intensity measured from the
back ground spectrum. The absorbance spectrum can be calculated from the

transmittance spectrum using the following equation.

A=-log,, T (3.18)

where 4 is the absorbance.

The Fourier method gives a much higher signal-to-noise ratio than does
grating spectroscopy. One reason is that many wavelengths are measured
simultaneously in Fourier spectroscopy, while in dispersive spectroscopy, there is
only one wavelength measured at a time. The other reason is that high resolution
can be attained in FTIR spectroscopy without using narrow slits, whereas in
conventional spectroscopy there is always a trade-off between resolution and the
amount of light reaching the samples.

Even with the signal-to-noise advantages of FTIR spectroscopy, sensitive
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detectors are important. In the mid-IR, mercury cadmium telluride (MCT)
photovoltaic or photoconductive detectors give good sensitivity when operated at

liquid nitrogen (LN;) temperatures.

Lens

4<@:@: FTIR spectrometer
- Polarizer
Detector ——

Lenses Sample

Figure 3.10 Schematic diagram of the FTIR system used for our intersubband
absorption measurement. The sample size is enlarged for a clear view of the

light traveling inside the sample.

Although there is a variety of commercial FTIR instruments available,
users may need to add or fabricate additional optical elements depending on the
wavelength range to be covered and different studies purpose. For our ISB
absorption studies, the geometry of modified FTIR system is shown in Fig. 3.10.
In the system, all the optical parts, including the lens and the widows on the
cryostat where the sample is mounted, are made of zinc selenide (ZnSe) with a

remarkable wide transmission wavelength range from 0.6 to 20 um.
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Chapter 4
Band offset determination of the Zn,Cd,..Se/Zn,.Cd, Mg+, Se

material system

The growing interest in quantum cascade lasers® (QCLs) and other
devices based on intersubband (ISB) transitions, emphasizes the need to
research relevant fundamental parameters of heterostructures such as the band
offsets. Considerable advances have been achieved in the development of the
QCLs, however, there are still many limitations, one of which is the absence of
QCLs operating at short wavelengths, such as A = 3 um, a useful light source for
trace-gas detection in the environment or atmosphere. The limitation is related to
the relative small conduction band discontinuity present in the most frequently
used heterostructure systems based on GaAs and InP. In order to overcome
these limitations, the study of ISB transitions has been recently extended to other

N3233 and II-VI compounds®*

systems with larger band discontinuity such as Ga
3 Other than offering a shorter wavelength operation of ISB devices, the large
CBO also improves the thermal performance of ISB devices operating at other
current wavelengths (i.e. a higher temperature can be achieved for continuous
wave operation). Among the most relevant parameters for the ISB devices are

the band offsets. As we mentioned before, the wide bandgap II-VI alloy system

Zn,Cd1xSe/Zn,CdyMg1.x.ySe that is lattice-matched to InP possesses a range of
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bandgaps between 2.1 and 3.3 eV, thus, due to the common anion ion rule, large
conduction band offsets (CBO) are expected. In this chapter, we measured the
band-to-band transitions of a representative Zngs53Cdg47Se/Zng27Cdp 23Mgo.s0Se
single quantum well (QW) structure using contactless electroreflectance (CER) at
RT. By comparison with the predicted values from the theoretical calculation
based on the envelope function approximation (EPA)3®% we determined the
CBO of this structure. The result suggests a potential interest of this system for

ISB devices and is very useful in guiding the device structure design.

4.1 Theoretical background

Due to the increasing interest in quantum electronic devices based on
semiconductor nanostructures, a theoretical method to understand and to predict
the physical properties of such devices, providing efficient and reliable
computations of their electronic states is required. The envelope function
approximation (EFA) is a valuable tool for calculating and understanding the
electronic energy levels in semiconductor heterostructures because it provides a
high degree of physical insight at a low computational cost. It has been used

40,41,42

widely in different semiconductor heterostructures and has been proven

efficient compared with more sophisticated approaches.*>**

The 1I-VI heterostructure Zn,Cdq.,Se/Zn,CdyMgi«.,Se can be grown

lattice-matched to InP substrates with a type-l alignment. Only the simplest
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structure, a rectangular single QW (see Fig. 4.1), will be studied and discussed.
The materials labeled A and B represent the QW layer and barrier layers in the
semiconductor heterostructures, with ex and eg denoting their bandgap energies,
respectively. The growth direction will be taken as the z axis. To simplify the
calculation, in the following discussion we assume it is a strain-free structure that
does not contain free carriers. As we will discuss later, the strain only affects
significantly the transitions related to light holes, while it affects only slightly the

transitions related to heavy holes.

— ——— Ec(?)
tg 7 §
Ev(2)
B A B

Figure 4.1 lllustration of the band structure and layer structure of a rectangular
QW well that consists of two semiconductors A and B with e and eg as the
bandgap energy, respectively. Both electrons and holes are essentially confined

in A layer (type | alignment). The growth direction is indicated by the z axis.
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4.1.1 Envelope function approximation

In the semiconductor heterostructure, each material has its own lattice
constant, and band structure characterized by dispersion relations gf,A’(/EA) ,
£ (k,) and Bloch functions y/i;:(F), wif:(z?). For allowed energies, ‘9:,;;(’7) the
wave functions V’,(,;j@)’ z//ig:(F) display the familiar form

v =" (F)explik , - 7] (4.1)
where U, is a periodic function (Bloch envelope) and EA is a real wave vector
that can be restricted to the first Brillouin zone of the material A. An expression
for the material B is similar to Eq. (4.1).

The envelope function scheme takes advantage of two considerations.

a) Most of the materials in one structure display similar band structures.
Moreover, the periodic parts of the Bloch functions of the relevant band edges do
not differ very much from one material to the other.

b) The relevant electronic states of the actual heterostructures are often
close from the band extrema of the materials in the structure. Thus, only a small
fraction of the Brillouin zone (of layer A or B) participates in the building of the
heterostructure states.

In addition, we shall assume that the materials are lattice-matched. The
case of strained layer materials is more complicated and will not be discussed
here.

For a perfect heterostructure under flat band conditions, the wave function
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w™*?(¥) in the A and B layers can be expanded as

w7 = X (kDD (7) - explik, -7, + ikt Pz]. (4.2)
In Eq. (4.2) IEL =(k,,k,) and 7, =(x,y) are bi-dimensional wave and position
vectors, respectively, and n is a bulk band index which runs over the layer
material band edges that one decides to retain in the expansion. The wave
function w“? (¥) is the sum of products of the slowly varying band edge periodic
functions (the u,,(¥) in Eq. (4.2)), by the plane waves (the exponential part
explik, -7, +ik™®z in Eq. (4.2)).

The energy € of the electronic state under consideration is related to la,
kY, k® by the two relations

e=e(k, kMY; e=s(k k). (4.3)
Let us take the A material as a reference for the energy scale. Then, e and /i,
k.Y are related by means of the dispersion relations of the bulk A layer. A crucial
point in evaluating £\ is the band lineups of the A and B materials at the
heterointerface. Since the bandgaps of materials A and B are known, a single
band offset remains undetermined, i.e., the conduction band offset AEc. The
band lineups sensitively influence the energy level pattern in the heterostructure.
This, in turn, may drastically affect device performance. Thus, one of the first
experimental tasks when studying a heterostructure is to determine the band
lineups. Studies have been performed on the zinc-blende heterostructure Zn,Cd;.

xSelZn,CdyMg1xySe and a type | alignment has been proven as shown in Fig.
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4.1.

The envelope functions are the eigenfunctions of matrix-valued %-p
Schrédinger operators with discontinuous coefficients. Usually k- p Schrédinger
operators are constructed by a physical transfer of the k-p theory for bulk
materials to nanostructures. Considering the nonparabolicity of the bands and
neglecting inversion-asymmetry splitting, the bulk Hamiltonian in each layer can

be written in the form of an 8 X 8 matrix®®

hik,,
my

2 kDl + 2 —{jlpa| ) (4.4)
a.p o

where 1<j,<8,a,B=X%,Yy,zand

74 n’
Dj/" :gajj.5aﬁ. (45)
0

In Eq. (4.4) and (4.5), m is the free electron mass. (j|p|;") is the p matrix
element between the band edge (k£ = 0) Bloch functions of the jth and j'th edge.

The Hamiltonian of the heterostructure can be simply obtained from the bulk

Hamiltonian (Eq. (4.4)) by neglecting possible band bending:
.0 = || 7 v
{D{]/l. (Z),—lg,kl }}f(z) =& (2) (4.6)

where D is the 8 X 8 differential system involving the bulk constants y.(z) (y, is a

shorthand notation for all the effective parameters appearing in Eq. (4.4)). f(z) is
the eigenfuction (envelope function) and the eigenvalues obtained from Eq. (4.6)

are the electronic energy levels in the heterostructure.
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4.1.2 Energy levels in type | quantum wells (£, = 0)

Type | systems are defined as heterostructures in which conduction and
valence electrons are (essentially) confined within the same kind of layers (A
layers). Many heterostructures display the type | configuration: GaAs/Ga1.xAlxAs,
GaixInAs/Al1InAs, GaSb/AISb, Zn,Cd1xSe/Zn,CdyMg1..ySe, etc.

Since we assume IEL =0 and neglect the inversion asymmetry splitting,
the heavy hole and light hole spectra decouple. The heavy hole levels are the
solutions of a Ben Daniel-Duke Hamiltonian*® whereas the light hole levels are
obtained by solving a Kane-type *® Hamiltonian suitably generalized to
heterostructures. The latter reduces to the former when the band nonparabolicity
is small enough.

1) Heavy hole levels (k, =0)
For hole levels we have to solve a Ben Daniel-Duke Hamiltonian, which is

of the form

{—7gmg—n(z)}fw(z)=5fhh(z) (4.7)

where V (z) is the valence band offset.

The boundary conditions are that fix(z) and M,/ (z) (dfi/dz) are both
continuous at the interfaces (z = +L/2, where L is the quantum well thickness).
The f,;'s can be chosen either odd or even in z. For even (odd) states, the bound

states equations are, respectively,



Chapter 4 Band offset determination 57

kWA tan(kw £j=k—}’3; kWA cot(k £j: k, (4.8)
M, 2) M MY

where k,, and ky, are the Bloch wave vector of QW and barrier

o oM P (¥, —¢
k, :1/2]‘2’;” “; k, :\/ b (hz p 9 (4.9)

A one-dimensional quantum well always admits one bound state. Moreover, the

nth bound state (n = 1, 2, ... ) pops out of the well (¢ = -V,) when
k,(e,==V)=(n-Dx/L. (4.10)
2) Light hole levels (k, =0)
The Kane*® dispersion relations on bulk materials can be written as:

n’k>

PYE (4.11)

g(kA) =

The carrier effective mass increases when its energy departs from the band
edges, a phenomenon referred to as band nonparabolicity, which is considered
for the wide bandgap II-VI materials.

The quantum well with band nonparabolicity is solved as

tan(%kAL) —E cot(%kAL) s (4.12)
where

Lk (e) my(e)
“ @) m(2) (#.13)

Interestingly, Eq. (4.12), (4.13) have exactly the same form as (4.8). Indeed,

when the nonparabolicity becomes weak (i.e., £ <<\, (") the Kane dispersion

relations includes the Ben Daniel-Duke Hamiltonian as a limiting case.
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4.1.3. Common anion rule

It is known*’ that the zone-center valence band maximum (VBM) in a
binary zinc-blende semiconductor consists almost exclusively of anion valence p
orbits while the conduction band minimum (CBM) consists almost exclusively of
cation valence s orbits. It was therefore initially expected*®***° that the VBM
energies of two common anion semiconductors which share the same crystal
structure and lattice constant would be nearly equal. Then the “common anion
rule” was formulated based on these expectations. The “common anion rule”
states that the offset AEygm between the VBM energies of two covalent
semiconductors reflects primarily different anion energies, and hence would
nearly vanish for semiconductors sharing a common anion. (While “common-
cation rule” states that the offset AEcgu between the CBM energies of two
covalent semiconductors reflects primarily different cation energies, and hence
would nearly vanish for semiconductors sharing a common cation.) Therefore,
the most band discontinuity in the heterostructure made of these two
semiconductors will appear in the conduction band, while it should be relatively
small in the valence band.

In the following, the experimental part of the study on a single quantum
well structure of Zng 53Cdo.47Se/ ZNnp 29Cdo.24Mgo47Se will be discussed.
4.2 MBE growth

The sample was prepared by molecular beam epitaxy (MBE) using the
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optimized growth procedure and conditions described in Chapter 2. An InGaAs
buffer layer (~0.1um), lattice matched to InP, was grown with an As-terminated
surface having a (2x4) surface reconstruction. The substrate was transferred to
the [I-VI chamber to perform Zn-irradiation for 40 seconds before 11-VI material
deposition. Then a ZnCdSe interfacial layer (~70 A) was grown at low
temperature (170 °C) during approximately 1 min. Growth was interrupted for
about 4 min to smooth the growth front and to adjust the temperature to the
optimum growth temperature of 270°C, at which point the desired Zn,Cd;.
xSelZn,CdyMg1xySe single quantum well structure was grown. A 0.5 um thick
Znp29Cdo 24Mgo.47Se (Eo = 2.8 eV at room temperature) barrier layer was grown,
followed by the Zngs53Cdo47Se QW layer, with a nominal thickness of 50 A. Then,
a 0.1 um thick Zng29Cdo24Mgo47Se top barrier layer was grown. The structure
was capped by a 70 A thick pseudomorphic ZnCdSe cap layer to protect the
Znp29Cdo 24Mgo 47Se from oxidation by atmospheric oxygen. The growth rate of
the quaternary and ternary layers was 0.9 um and 0.4 um per hour, respectively.
The beam equivalent pressure ratio VI/II was about 3. These nominal
thicknesses were calculated using thick-calibration samples grown during the
same run.
4.3 Sample quality

X-ray diffraction (XRD) and Photoluminescence (PL) measurements were

used to characterize the sample quality. Shown in Fig. 4.2 is the double crystal
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XRD rocking curve of the sample. A clear ZnCdMgSe peak with the FWHM of 50
arcsec is observed, indicating the quaternary alloy is almost lattice matched (4a/a
= 0.05%) to the substrate with excellent material quality. The QW layer was also
nearly lattice matched to InP, with 4a/a = 0.1%, determined on a thick ZnCdSe

sample grown during the same run.

Substrate, F\WHM=17arcsec

P V4

ZnCdMgSe
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Figure 4.2 Double crystal X-ray diffraction rocking curve of the single
QW structure. The FWHMs are 17 arcsec and 50 arcsec for InP

substrate and ZnCdMgSe layer, respectively.

The QW structure was characterized by PL measurements using the 325
nm line of a He-Cd laser for excitation. Strong and sharp PL emission was
observed as shown in Fig. 4.3. The QW luminescence peaks were observed at
2.24 eV (FWHM = 26 meV) and 2.16 eV (FWHM = 45 meV) at 77 and room

temperature, respectively, while the luminescence peak for the barrier was at
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2.87 eV (FWHM = 73 meV) at 77K. At RT the barrier signal was quenched and

we were not able to observe its PL signal.
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Figure 4.3 PL spectra of the single QW measured at 77K (solid line) and
room temperature (dashed line). The FWHMs are 26 meV and 45 meV

for 77K and RT, respectively.

4.4 Conduction band offset determination
4.4.1 Contactless electroreflectance measurement

To determine the CBO of the sample, CER is used together with a
theoretical calculation based on the EFA. The interband transitions in this
structure were determined using CER, which is a modulated technique®" °? that

measures the changes in the optical reflectance of the material with respect to a
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modulating electric field. This procedure gives rise to sharp, differential-like
spectra in the region of the transitions. CER utilizes a condenser-like system>?
consisting of a front wire grid electrode with a second metal electrode separated
from the first electrode by insulating spacers. The dimensions of the spacer are
such that there is a very thin layer (~ 0.1 mm) of air (or vacuum) between the
front surface of the sample and the wire grid of the first electrode. Thus, there is
nothing in direct contact with the front surface of the sample. The sample was
placed between these two capacitor plates and the electromodulation was
achieved by applying an ac voltage of 1.2kV (peak-to-peak), 200 Hz across the

electrodes.

The CER measurements were taken from 2.0 eV to 3.0 eV at room
temperature using the light from a 150 W Xenon-arc lamp. The solid line in Fig.
4.4 is the measured RT CER spectrum. The energies corresponding to the
transitions observed were obtained using a fit, shown by the dashed line, based
on the first derivative of a Gaussian lineshape®'**. The values obtained from this
fit are indicated by arrows in the figure and presented in Table |. The notation
EnH(L)m in Fig. 4.4 indicates that the transitions are from the nth conduction
subband to the mth valence subband of heavy (H) or light (L) hole character,
respectively. All the interband transitions obtained from the CER measurement

are presented in the band structure shown in Fig. 4.5.
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Figure 4.4 The solid line represents the experimental AR/R spectra.

The dashed line is a fit yielding the energies indicated by the arrows.

Figure 4.5 Band structure of
the studied single QW with
all the interband transitions

obtained from CER indicated.
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Table I. Experimental and calculated interband energies.

Transition Experiment (eV) Calculated (eV)

E1H1 2.159+0.005 2.158
E1L1 2.192+0.005 2.180°

2.185°

E1H3 2.259+0.005 2.261

E2H2 2.369+0.005 2.371

E3H3 2.660+0.005 2.664

Eo + Ao 2.525+0.005 2.522°

Eo (Barrier) 2.800+0.005

& Calculation without considering the compressive strain.
b Calculation considering the compressive strain.

¢ Calculated using Ao of Ref. 55 and our value of Ey.

Assignment of the transitions was done according to following
considerations. The identification of the signal from the barrier at 2.8 eV was
straightforward when we considered the 77K PL signal at 2.87 eV and its thermal
energy shift. The intensities of the transitions at 2.159 eV and 2.192 eV exhibit a
ratio close to three suggesting that they are associated with the heavy and light

51,54

hole transitions, respectively””". The band gap of the Zngs3Cdo47Se was



Chapter 4 Band offset determination 65

determined by CER measurements on a thick sample grown during the same run.
The value that we found was Ep = 2.080+0.005eV, in good agreement with
reference °®, which reported Eo = 2.078+0.002 and spin-orbit splitting Aq =
0.442+0.02¢V. Using our value for the band gap and this value for Ap we obtain

EotAo = 2.522eV, which agrees well with the experimental value of Table I.
4.4.2 Effective masses

In order to calculate the energies corresponding to the observed
transitions we have performed a calculation based on the envelope function
approximation (EFA), which considers the nonparabolicity of the bands. In these
calculations it is necessary to know the values of the effective masses as well as
Ao. However there are no reports for the effective masses of these compounds.
In order to approximate the required masses we followed two steps: first, for
ZnSe, we took the average value between the maximum and minimum reported
values, shown in Table Il, while for MgSe and CdSe the data was taken from refs.
56 and 57, respectively. We did not find any report for the value of the effective
mass of the light hole of CdSe, so observing that the electron and heavy hole
masses for CdSe are approximately two thirds of those corresponding to ZnSe
we assumed that this proportion is valid for the light hole masses, too. Then we
set m;(CdSe)=2/3 m;(ZnSe). Secondly, using these values for the binaries and a

weighted composition average we obtained the corresponding values for our
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compounds, also shown in Table II.

Table Il. Values of the parameters used in the calculation.

Parameter ZnSe CdSe MgSe Zng27Cdp23Mgos0Se Znos3Cdo47Se

Eo (eV) 2.800? 2.080°
Me 0.15° 0.11° 0.23¢ 0.18 0.13
Mhn 0.66° 0.44° 0.78¢ 0.67 0.56
M, 0.145 0.09 0.33¢ 0.22 0.11
Ag (eV) 0.43° 0.42° 0.40° 0.414f 0.442°
QW width (A) 50 (Experimental) 51.9 (Calculated)
Q.= AE./AE, 0.82+0.002

@ Experimental value.

® Average of the maximum and minimum values obtained from Ref. °’.
°Reference 57.

4 Reference 56.

® Reference 2.

" Interpolated value using the binary values.
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4.4.3 Conduction band offset (Q¢)

With the effective masses listed in Table I, we calculated the energies of
the different transitions as a function of the parameter Qc = AEc/ AEy. Figure 4.6
shows the results of this strain-free calculation in solid lines for the transitions
that fit better the experimental values of the transitions, represented by the
horizontal dashed lines. These transitions correspond to the symmetry allowed (n
= m) and symmetry forbidden but parity allowed (n = m + 2,4,...) transitions. As
indicated in Fig. 4.6 by the dotted vertical line, the best agreement between the
calculated and the experimental values for all the observed transitions was found
for Q.= 0.82 + 0.02 (AE. = 590meV). As shown from Figs. 4.4 and 4.6, and Table
I, there is very good overall agreement. There is only a small discrepancy in the
E1L1 transition, which we attribute to the facts that the light hole mass of CdSe
estimation may not be very accurate and that the small strain present in this
structure shifts the calculated E1L1 transition. In order to estimate the band gap
changes in ZnCdSe due to the strain present in this structure we followed
reference 59, which provides the expressions that describe the bandgap changes
as a function of the elastic constants Cy4, Cq2 and deformation potentials a« and 5.
The required constants and deformation potentials for this calculation were
obtained from references 59-61. This calculations show that the heavy and light

hole band gaps are changed by 2 meV, and 5 meV. The change for the heavy
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hole band gap is smaller than the experimental error and therefore can be
disregarded. However the change for the light hole gap is equal to the
experimental error and must be added (since the QW is under compressive strain)
to the energy of the transition E1L1 previously calculated, obtaining a better

agreement with the experimental results.
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Figure 4.6 Energy of the transitions determined by the

envelope function approximation vs. Qc (AE./AEy).

38 48 \which states

The result is in agreement with the common anion rule,
that two semiconductors with a common anion and lattice matched should have

most of the band discontinuity in the conduction band.
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Conclusion

As stated previously, the shortest wavelength that a QCL can emit for a
given material system is inversely proportional to the electron confinement (i.e.,
the band offset in the conduction band). To approach shorter wavelength ISB
device applications, semiconductor systems with a large conduction band
discontinuity are required. The identification of other near lattice-matched
systems with large CBO, such as the one presented here, may yield practical

alternatives for the design of these complex device structures.

Using CER and EFA we have determined that the CBO of a representative
Zno 53Cdo.47S€/Zng 27Cdp 23Mgo 50Se single QW structure lattice-matched to InP is
given by Q.=0.82+0.02, yielding a value of AE; of 590 meV. This large band
offset suggests that this system may be a good candidate for mid-infrared ISB
device applications. This method for determining CBO is a reliable non-
destructive technique, very useful for further ISB device structure design and

study.
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Chapter 5
Zn,Cd...Sel/Zn,.Cd,Mg4...,Se based quantum well infrared

photodetector structures

The wide band gap II-VI material system ZnCdSe/ZnCdMgSe has been
proposed to be a promising candidate to fabricate quantum well infrared
photodetectors (QWIPs)®? working in the shorter wavelength range due to its
large and tunable conduction band offset (CBO).%® According to our contactless
electroreflectance (CER) studies, the CBO of ZnCdi,Se/ZnyCdyMgi,.ySe
system has been determined to be as large as 1.12 eV® (when y’ = 0), which
satisfies the requirement for QWIPs working at mid-IR and near IR ranges. For
our range of interest, 3~5 pm, chlorine-doped Zn,Cdi,Se/Zn,CdyMg1..ySe
QWIP structures with different quantum well (QW) widths were grown by MBE
lattice-matched to InP substrates. A series of characterization techniques were
employed to study the samples’ optical properties and to evaluate their quality.
The carrier recombination process, involving both radiative and non-radiative
processes, was studied by temperature-dependent photoluminescence (PL) and
time-resolved PL measurements. These optical investigations can greatly help to
understand device performance. For instance, the quantum efficiency and
operating lifetime of the devices are mainly determined by the non-radiative

recombination process in the Zn,Cd1,Se/Zn,CdyMgix.,Se QWs.
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5.1 QWIP structure design and growth by MBE

5.1.1 QWIP structure design
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Figure 5.2 Theoretical calculation of E1-E2
Figure 5.1 Scheme of a typical |gB transition wavelength as a function of

QWIP structure. QW width based on EFA.

The QWIP structure is designed based on a theoretical calculation using

6566 considering that the QWs are

the envelope function approximation (EFA),
doped. Shown in Fig. 5.1 is the scheme of a typical QWIP structure, consisting of
a 10-period MQWs region sandwiched between two n-type ZnCdSe contact
layers. In the designed structure, ternary alloy ZnysCdosSe is used as the QW

material and quaternary alloy Zng2Cdo2MgoeSe with a bandgap of ~3.0 eV (at

room temperature) is used as the barrier material. The whole structure is lattice-
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matched to the InP substrate and the QWs have a CBO of ~720 meV (based on
previous studies). An n-type substrate was chosen for the purpose of making
bottom contacts on the substrate directly. Note that due to the strong free carrier
absorption from the substrate, the ISB absorption from the MQWs region was
difficult to observe.

Figure 5.2 shows the theoretical calculation of the absorption wavelength
according to the E4 to E, ISB transition energy, plotted as a function of QW width.
The parameters required for calculations, such as effective masses and spin-
orbit splitting, can be obtained from a linear interpolation of the binary values
using the method described in Chapter 4. The bandgaps of the QW and the
barrier used in the calculation are 2.1 eV and 3.0 eV, respectively. The CBO
value (Qc) is considered to be 80% of the bandgap difference between the QW
and the barrier, based on previously reported values in Ref. 2 and 3 and
discussed in Chapter 4. With these parameters, a calculation is done and shows
that the second electronic energy level (Ez) can be confined in the well when the
QW width is wider than 2 nm. If the QW width is too thin to confine E,, the ISB
transition still can occur but through an E1-to-continuum mechanism.

Since our interest is in the 3 ~ 5 ym wavelength range, a series of QWIP
structures with QW width from 1 nm to 4 nm were grown. It is important to note

that unlike the usual devices based on interband transitions, the QW layers in
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QWIP structures must be doped n-type to have enough ISB absorption. A doping
level of 10*'®/cm? is desired for this study.
5.1.2 MBE Growth

The MBE system used for the QWIP structure growth was described in
Chapter 2. The QWIP structures were grown on n-type InP (001) substrates and
consisted of a lattice-matched silicon-doped (n-type) InGaAs buffer layer (~0.1
pMm), a ZnCdSe interfacial layer (~100 A) and the remaining II-VI MQW structure
illustrated in Fig. 5.1. To ensure the lattice-matching of both the ZnosCdosSe
wells and the Zny2Cdo2MgosSe barriers to the InP substrate, two Zn cells were
employed. The VI/Il beam equivalent pressure ratio was about 3.5. The 10
periods MQW structures, with different QW widths, were sandwiched between a
3000 A (bottom) and a 1000 A (top) n-type ZnosCdosSe contact layers. The
nominal thickness of the Zng 2,Cdo 2MgoeSe barrier is 5 nm. The ZngsCdg5Se well
widths are 4 nm, 3 nm, 2 nm and 1 nm, for samples A, B, C and D, respectively.
All the QW layers and the contact layers were doped by chlorine (Cl), obtained
with a ZnCl, source, which is the typical n-type dopant for wide bandgap II-VI
materials. Reference samples were grown during the same run for calibrating the
growth rates and doping levels. The growth rates of the quaternary and ternary
layers were 1.0 um/hr and 0.55 um/hr, respectively. Hall Effect measurements on

the reference samples gave a doping level of 1.3 x 10""®/cm?.
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5.2 Characterization of QWIP structures
5.2.1 Electrochemical capacitance voltage profile

Electrochemical capacitance voltage (ECV) was used to characterize the
doping in the QWIP structures. The ECV profile of sample A, seen in Fig. 5.3,
shows that the net carrier (Np-NA) concentration in QWs region is 4 ~ 5 x
10*"8/cm?®, which meets the requirement of device design. The result also agrees
with the Hall Effect measurements on reference samples, which gave a free
carrier concentration on the order of 10*'®/cm?. The discontinuity at ~0.555 pm in
the ECV profile indicates the interface between the II-VI structure and the

substrate.
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Figure 5.3 Electrochemical capacitance voltage profile of sample A.
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Figure 5.4 High resolution X-ray diffraction curve (black line) of sample A and
the simulation curve (red line) based on the designed values. Many satellite
peaks are observed in (a), as well as thickness fringes, shown in the expanded

figure (b).
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5.2.2 X-ray diffraction

For the purpose of device fabrication it is essential to establish the
material quality. X-ray diffraction (XRD) measurements were used to characterize
the structural properties of the samples. The ZnCdMgSe barrier and the QW
layers were almost lattice-matched to the InP substrate, with 4a/a = 0.2% and
Aa/a = -0.2%, respectively. The mismatch of the barrier layer was calculated from
the X-ray data of a thick layer of ZnCdMgSe. The composition of the QW layer
was the same as the two thick ZnCdSe contact layers. Thus, the mismatch of the
QW layer can be obtained from the X-ray data of the ZnCdSe layers, the second
dominant peak in the high resolution XRD (HRXRD) curve shown in Fig. 5.4.

Clear satellite peaks were observed for all the samples. From the spacing
of the satellite peaks, the periodicity P of the MQWs can be accurately

determined by:

3 A
2cosf, -AO

(5.1)
where A is the wavelength of the X-ray source, 6, is the position of the zero-order
peak from the MQWSs, and A@ is the difference in the angle between satellite
peaks. Figure 5.4 (a) shows a HRXRD curve of one QWIP structure (sample A)
and the simulation curve based on a calculation of the designed structure

parameters. Excellent agreement is achieved between the two curves with many

satellite peaks, up to the 8" order, observed. A periodicity of 90 A calculated from
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the XRD data agrees well with the designed value of sample A, indicating very
good control of the growth. The QW widths of the four samples, therefore, were
estimated from the XRD data, which were 36 A, 27 A, 17 A and 12 A,
respectively. The appearance of clear thickness fringes, evident in Fig. 5.4 (b), is
an indication of excellent crystalline quality of the sample.

5.2.3 Photoluminescence
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Figure 5.5 PL emission of four ZnCdSe/ZnCdMgSe QWIP structure samples.
The solid line in fig. (a) is the plot of PL emission energy as a function of QW
widths. The experimental data are presented by the square dots. (b) shows that
the FWHM of PL emission decreases as the QW width increase. The solid line in

(b) is drawn to guide the eyes.
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All the QWIP structure samples were characterized by steady state
photoluminescence (PL) measurements. The four samples were mounted into a
low temperature cryostat where the sample temperature could be varied from
liquid-nitrogen temperature (77 K) to room temperature (300 K). Continuous
wave (cw) PL was excited at different temperatures by a 325 nm He—-Cd laser
and measured using a 0.22 m SPEX 1680-B double spectrometer connected to a
photomultiplier.

Strong and sharp interband PL emission was observed for all the samples,
as shown in Fig. 5.5. As expected, the PL peak shifted to short wavelength with
decreasing QW width due to strong quantum confinement effects. The PL
emission from the ZnysCdosSe cap layers of the four samples were observed at
about 568 nm. No PL signal from the barrier layers was observed owing to
efficient carrier transfer from the barriers to the wells. The inset (a) of Fig. 5.5
shows the PL emission peak energy as a function of QW width. According to the
PL spectrum measured on a single Zny2Cdo2MgosSe epi-layer grown on InP
substrate, the bandgap of the Zng>Cdo2MgoeSe materials is 3.1 eV at 77K. By
taking a CBO ratio Qc of 0.80,°® the CBO of the investigated samples is
calculated to be 736 meV while the valence band offset (VBO) is 184 meV. The
quantization energies of the ground states of electrons (E1) and holes (H1) in the
Zno5Cdo5Se/Zno 2Cdo2MgosSe MQWs were obtained by using the envelope

65,66

function approximation (EFA), and shown by the solid line. The measured PL
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peak energies of the four samples as functions of the well width are shown by the
square dots in fig. (a) and agree well with the calculated results. This indicates
that the element compositions and the layer thicknesses were well controlled
during the material growth.

The FWHM of the PL emission decreases with increasing well width (fig.
(b) of Fig. 5.5), which is expected since PL signals from thicker wells are less
sensitive to broadening due to the interface roughness. For our samples, even
the one with the thinnest well has a FWHM less than 70 meV.

The temperature-dependent PL spectra are shown in Fig. 5.6 (a), (b), (c),
and (d) for samples A, B, C and D, respectively. Since the luminescence
efficiencies of these samples are different, different laser powers were used for
excitation in order to obtain sufficient luminescence signal at temperatures up to
room temperature, which are 0.3 mW for sample A and B, 1.5 mW for sample C
and 0.7 mW for sample D.

It is clearly seen that with increasing temperature, the PL emission
intensity decreases due to a lower quantum efficiency at high temperature. A
thermal energy shift is also observed for the PL emission peaks from all the
samples. The luminescence of sample A and B quenches very slowly and
remains strong at room temperature while the luminescence of samples C and D
quenches rapidly to near zero intensity, indicating a better material quality of

samples A and B. The PL intensity of sample C dropped quickly and almost
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disappeared when temperature reached 200 °C. This may due to a few shutter
failures during the growth, which introduced more defects into the sample
structure, especially the interfaces.
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Figure 5.6 Temperature-dependent PL spectra of four QWIP structures. The
temperature varies from low (liquid-nitrogen) temperature to room temperature

while the other conditions remain the same for the measurements.

5.2.4 Time-resolved photoluminescence
Temperature-dependent time-resolved PL spectroscopy was used to
characterize the carrier recombination processes in these samples. In the

experimental setup, the second harmonic radiation at 400 nm obtained from a
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mode-locked tunable Ti-Sapphire laser (Spectra Physics Tsunami) was used as
excitation source. The laser pulses have a pulse width of 100-fs and a repetition
rate of 82 MHz. The power of the 400 nm second harmonic radiation was
measured to be 3 mW with 5% fluctuation. The time evolution of the
luminescence was recorded in 2000 picoseconds by a streak camera
(Hamamatsu Model C5680) with a typical temporal resolution of 10 ps. A short-
wavelength pass filter was used after the second harmonic crystal to block the
800 nm laser beam and a long-wavelength pass filter was used in the front of the
streak camera to block the 400 nm laser beam reflected by the samples. A series
of band-pass filters, with center wavelengths ranging from 450 nm to 540 nm and
a FWHM of 10 nm, were used to select luminescence wavelength range of
interest and follow the PL peak signal at various temperatures. The carrier
transfer time is in the sub-picosecond regime,®’ considerably shorter than the
typical minority carrier lifetime in semiconductors. Therefore carrier transfer time
has no influence on the time-resolved PL measurements.
Temperature-dependent PL spectra of these samples were used for
selecting proper band-pass filters to follow the peak wavelengths at different
temperatures for the t-PL measurements. The wavelength ranges of the MQW
PL peaks in 77 K~295 K are listed for each sample in Table Ill. The
corresponding band-pass filters used for the t-PL experiments are also listed in

Table Ill. As shown later, the PL decay time is not sensitive to the center
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wavelength of the filters used. Therefore the use of different filters will not distort
the measured temperature dependence of the PL decay time. Since the FWHM
of these filters is 10 nm, the PL signals were collected in a 10 nm wavelength

range with the center wavelengths listed in Table lll.

Table Ill. Parameters for samples A, B, C and D: well widths, PL peak
wavelengths, center wavelengths of band pass filters used for t-PL experiments,
y factors, B factors and the activation energies (Ea) obtained from best fitting of
the whole . ~ T curves defined by Eq. (5.9). The values are less reliable
because of the weak non-radiative process in sample A and weak radiative

process in sample C.

Well PLpeakin BP Filter a b
B’ Ea
width 77 ~295 K A (psK™)  (ps)
(K"ps™)  (meV)
(nm) (nm) (nm)

A 40 530~545 530,540 002 369 14 (4x10° (11)
B 30 516~529 520,530 0.8 259 1.2  9x10° 20
C 2.0  473~487 470,480 (0.6) (-330) (1.4) 0.013 28

D 1.0 455~468 450, 460 0.7 300 1.1 0.03 70
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Figure 5.7 Time-resolved PL spectra of samples A (a), B (b), C (c)
and D (d) measured at different temperatures. The solid line shown

in (a) is the measured laser line.

Time-resolved PL spectra of the four samples were measured at different
temperatures in the range of 77 K ~ 295 K. As examples, the temporal profiles of
the photoluminescence at four different temperatures for samples A, B, C and D
are shown in Fig. 5.7 (a), (b), (c) and (d), respectively. The temporal profile of the
laser measured by the system is shown by the solid line in Fig. 5.7 (a). It can be
seen that all the PL traces decay exponentially with time and can be well

described by a first order exponential equation,
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I(ty=1,e""™ +C, (5.2)
where [ is the PL intensity at time ¢, Iy is the maximum PL intensity at 1 = 0, zp, is
the PL decay time and C represents noise level. Since the investigated QWIP
structures were n-type and heavily doped, the PL decay time represents the
lifetime of the minority carriers, holes. The time-resolved PL traces of samples C
and D decay much faster with increasing temperature while the samples A and B
decay slowly.

5.3 Radiative and non-radiative recombination processes

Relaxation processes of excess electrons and holes in semiconductor
quantum structures are an important subject both from the basic physics point of
view and for their applications in quantum devices. If the recombination process
produces photon emission, it is called radiative; otherwise we have non-radiative
recombination processes. Radiative processes, which are usually observed in
luminescence, involve exciton and free carrier recombination and reflect
wavefunction overlap of electrons and holes.?® Non-radiative processes involve
carrier-phonon and carrier-carrier interactions and their mechanisms include
carrier capture by defect levels, Auger recombination and carrier escape through
thermal emission.®

In order to realize practical devices, the investigation of carrier
recombination processes in these QWIP structures is of prime importance. The

quantum efficiency and operating lifetime of devices depend strongly on the non-
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radiative recombination process. Few experiments have been previously done to
study carrier recombination in ZnCdSe materials. Radiative recombination of free
carriers and excitons in ZnCdSe/ZnSe’® and ZnCdSe/ZnSSe”" quantum wells
was studied and found to rely on photoinjected density’® and carrier density,”’
respectively. Carrier recombination processes in ZnCdSe/ZnCdMgSe MQWs
have not been studied despite their great potential in device applications for light
emitters and photodetectors.

5.3.1 Photoluminescence decay time

A temperature-dependent time-resolved PL study was used to
characterize radiative and non-radiative recombination in the QWIP structures.
The competition of the radiative and non-radiative processes was clearly
illustrated by the temperature dependence of the PL decay time.

By fitting the time-resolved PL traces to Eq. (5.2), the PL decay times at
different temperatures were obtained and plotted as a function of temperature for
each sample. The results for samples A, B, C and D are shown in Fig. 5.8 by
solid squares, hollow squares, circles and triangles, respectively. At some data
points, two . values for one sample were plotted at about the same
temperatures in Fig. 5.8. They were obtained from the experiments with the two
different band-pass filters listed in Table Ill. The 7. values remain almost

unchanged though the detection wavelength range shifted 10 nm. This indicates
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weak dependence of the PL decay time on the photon energy in the 10 nm
range.

The PL decay times of samples A and B increase almost linearly with
increasing temperature except for a small drop for sample B near room
temperature. This behavior is in good agreement with the temperature
dependence of radiative recombination in quantum wells.”? For sample B, the
involvement of non-radiative recombination can be observed as a decrease of
the decay time at temperatures greater than 230 K. The decay time of sample C
decreases rapidly with the increasing temperature and goes down to 14 ps at
295 K, close to the 10 ps resolution of the system. The decay time of sample D
increases to a maximum at about 130 K and drops with the increasing
temperature. This indicates a larger contribution of non-radiative recombination in
samples C and D and explains the low luminescence efficiencies of these two
samples.

The PL decay time reflects the competition between radiative and non-

radiative recombination processes,

= + , (5.3)

z-PL de z.non

where 7 9 and 7 ,on are radiative and non-radiative recombination times,

respectively.
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Figure 5.8 Measured (dots) and fitted (solid lines) temperature dependence
of the PL decay times of samples A, B, C and D. The fitting curves were
calculated according to Eq. (5.9) by considering ¢ , 77 for radiative

recombination and Eq. (5.7) for non-radiative recombination.

5.3.2 Radiative recombination processes

Free carrier, free exciton, bound and localized exciton recombination are
responsible for radiative recombination processes in semiconductors. The
lifetimes of bound and localized excitons are independent of temperature and
only a decrease of the emission density is expected with increasing temperature
because of ionization of the bound or localized excitons.”** Obviously, they are
not involved in the radiative recombination processes in the investigated
samples. The lifetime of free excitons has a linear relationship with

temperature.” However, the free excitons could not survive in our samples
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because they would be strongly screened by electrons with an area density of
about 10" ~ 10" cm™. %72 The area density was estimated by multiplying the
measured electron concentrations by the well widths.

Free carrier recombination is the dominant source of radiative
recombination processes in the investigated samples. The PL decay time of
samples A (for 77 K < T < 300 K) and B (for 77 K < T < 230 K) is found to be
proportional to T, where y is 1.4 for sample A and 1.2 for sample B. These
values agree very well with the theory of free carrier recombination in quantum
wells,” where 749 c T" is expected with the value of y between 1 and 1.5.

Since the radiative recombination time z.q is proportional to T9,”° it is
reasonable to express the radiative recombination time as a function of
temperature to be:

T, =al” +b (5.4)
where a and b are constants. The constant « is related to the density of states of
the ground states of electrons and holes, and is proportional to the inverse of
electron concentration of the quantum wells.”> The constant 5 reflects the
background noise and should be zero in the ideal case.

5.3.3 Non-radiative recombination processes

Non-radiative recombination processes in quantum wells include carrier

capture by defect levels, Auger recombination and carrier escape through

thermal emission.®® In the Auger process, recombination energy is transferred to
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a third carrier. The Auger process becomes important at high temperatures while
carrier concentration is high. For example, in p-GaAs with a carrier concentration
of 1.2x10"%/cm?®, Auger process was observed for temperature higher than 450
K. "® 7" Apparently, Auger recombination cannot account for the strong
temperature dependence of the PL decay time in the temperature range of 77 K
~ 295 K shown in Fig. 5.8.

Carrier escape through thermal emission is important when the barrier of
the quantum wells is low. This type of non-radiative process was observed in
InyGai,P/(AlkGa14)1yInyP and InyGas,As/GaAs/Al,GaiAs quantum wells with
low barrier heights, where the numbers of electrons and holes escaping from the
wells were suggested to be equal.”®"® If only one type of carrier escaped, an
electric field would be built up at the barrier/well interface that would prevent
these carriers from further thermal emission. The barrier heights of the
Zno5Cdo 5S€e/Zng 2Cdo2MgosSe MQW samples are high: 736 meV (29 kT at 300
K) for electrons and 184 meV (7 kT at 300 K) for holes. Therefore thermal
emission can be ignored for the non-radiative processes in these samples.

The observed temperature dependence of the non-radiative recombination
time can be well explained by considering hole capture by acceptor-like defect
centers through multi-phonon emission (MPE). Multi-phonon emission was first
/.80

recognized to be a typical non-radiative recombination source by Lang et. a

The MPE capture by a deep level originates from lattice thermal vibrations that



Chapter 5 QWIP structures 90

cause the crossing of the carrier energy band and the defect energy. The
captured carriers will then rapidly relax to their balanced energy position by
emitting lattice phonons.

The capture cross section depends strongly on temperature,°

Ea

o(T)= Joeiﬁ , (5.5)
where oy is the cross section at 7 — o and Ea is the activation energy under the
MPE assumption.

For carrier capture by a single deep level, the non-radiative recombination

lifetime of carriers is,®’

Tnon = 1 ’
c(T)N,

(5.6)

where ¢(7) is the carrier capture coefficient and A, is the density of the non-

radiative recombination centers. Considering the mean thermal velocity of

12

carriers vy, = (3kT/m*)"™ and ¢ = ovy, and combining Eq. (5.5) and (5.6), the

carrier lifetime under MPE capture is obtained to be:

% 1/2 @
o =) g : (5.7)
GH N,

where m* is the effective mass of the carriers. Eq. (5.7) can be simplified as:

Ea

r, =BT e (5.8)

(m*)l/z

(k)2 o, N,

where B = . If the effective mass and the cross section at 7 — «© have

weak dependences on well width, the value of B will represent the density of
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defects. Therefore, the non-radiative recombination process observed in our
samples can be well-described by hole capture through the MPE mechanism.
5.3.4 Competition of radiative and non-radiative processes

The . ~ T curves of samples A, B, C and D in Fig. 5.8 can now be fitted
according to Eq. (5.3) by considering 7,,, =aT” +b for radiative recombination
and Eq. (5.7) for non-radiative recombination. The full expression for fitting z»; vs

T curves is

1 1 1

T :aT7+b+ La
PL BT—l/ZekT

(5.9)

where a, b, y, B and Ea are fitting parameters.

The fitting results are shown by the solid lines in Fig. 5.8 and are in good
agreement with the experimental data. To fit sample A’s data, only radiative
recombination was considered. To fit the data of sample C, only non-radiative
recombination was considered. To fit the 7, ~ T curves of samples B and D, both
free carrier recombination and MPE recombination were considered and
combined by Eq. (5.9). Three important parameters, the y factor, the activation
energy Ea and the B factor, were derived and are listed in Table Ill for each
sample. Note that the Ea values were obtained by fitting the whole 7 vs T curve
defined by Eqg. (5.9) while both non-radiative and radiative recombination
processes were considered. All y factors are between 1 and 1.5 and are

coincident with the character of free carrier recombination.
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The portion of the non-radiative recombination processes in the narrow
wells (samples C and D) was much larger than that in the wide wells (samples A
and B). This was observed in C and D as low luminescence efficiencies and
rapid decrease of the PL decay time with the increasing temperature. The
acceptor-like defects were probably related to the imperfection of interfaces of
the MQWs. The B factor is proportional to the defect density », and can be used
to evaluate material quality. Figure 5.9 shows the B factors for different well
widths. It is clearly seen that the defect density increases with decreasing of the
well width. This strongly supports our conclusion that the defects originate from

the interfaces.

003} m D
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Figure 5.9 The B factor as a function of the well width,

where B is proportional to the defect density N,
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The competition between radiative and non-radiative recombination
processes is directly reflected in the temperature dependence of the PL intensity.
The scattered dots in Fig. 5.10 show the integrated PL intensities of the QWs of
sample A, B, C and D measured at different temperatures. The integrated PL
intensity is expressed as a function of temperature by a phenomena

formula,??8384

— [0
1+ Cexp(-AE/kT)’

I(T) (5.10)

Where [ is the PL intensity at 7— 0, C is regarded as a constant, and AE is the
activation energy responsible for the quenching of PL intensity and is usually
used to evaluate material quality.

In the following, we deduce a full expression of /(T) and demonstrate that
for our samples the activation energy AE originates from MPE and equals the
activation energy Ea for hole capture through MPE.

The luminescence efficiency 7 is determined by the radiative and non-
radiative lifetimes of the carriers to be:

Tpr 1

= = , 5.1
77 T d 1+ z-raal /Tnon ( )

where Eq. (5.3) was used in the derivation. Substituting z.,by a7” +b and z,, by
Eq. (5.8) into the above equation, and considering the PL intensity 7/ = Iy 7, the

full expression of the PL intensity is obtained
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I(T)=——— Ly . (5.12)
1+ BT (aT’ +b)exp(-E, / kT)

Comparing Egs. (5.10) and (5.12), one can obtain AE = Ea and C = B'T"”?
(7, =aT” +b). Eq. (5.12) gives a clear physical picture of the temperature
dependence of the luminescence intensity while the non-radiative recombination

mechanism is MPE.
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Figure 5.10 Measured (dots) and fitted (solid lines) temperature dependence

of the integrated PL intensities of samples A, B, C and D. The solid curves

were fitted according to Eq. (5.12) while the parameters in Table Il were used.

Since the important parameters such as B, y and Ea were already known
by fitting the temperature dependence of the PL decay time, we are able to fit the

temperature dependence of the PL intensities of the four samples using Eq.
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(5.12). To do so, the parameters of B, yand Ea in Table |ll were used for sample
B, C and D. For sample A, B and Ea are considered as fitting parameters. The
fitted 1 vs. T curves for the four samples are shown in Fig. 5.10 by the solid lines
and agree very well with the experimental results. The values of B and Ea for

2ps™ and 11 meV,

sample A were obtained by fitting the data to be 4 X 10° K"
respectively.

It is worthwhile to note that the parameters « and b have no direct
relationship with the well width. The parameter « is related to the densities of
states of electrons and holes, and is proportional to the inverse of the electron
concentration.” The change of the parameter a at different well widths reflects
the change of densities of states and the fluctuation of carrier concentration. This
means that the radiative lifetime that is expressed by 7., =aT” +b is not directly
related to the well width. For instance, the radiative lifetimes for the investigated
quantum wells are all about 400 ps at 77 K, but change to 428 ps for sample A (4
nm width), 1010 ps for sample B (3 nm width) and 671 ps for sample D (1 nm
width) at 300 K.

The excellent fit to the 7. vs. T'and 7 vs. T data for samples A, B, Cand D
is encouraging us to further investigate the well width dependence of the MPE

activation energy. For hole capture by the acceptor-like defects, the activation

energy depends on the quantization energy of the quantum wells by®
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_ 2
Ea:u2+i%$mg), (5.13)

where E; is the energy distance of the defect level from the valence band, Ej is
the quantization energy of the ground state of heavy holes, S is the Huang-Rhys

factor and 7Q is the phonon energy of the emitted phonons.
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Figure 5.11 Measured MPE activation energies as a function of
the quantization energy in the investigated multi-quantum wells

(dots) and the fitting result (solid line) according to Eq. (5.13).

The experimentally determined activation energies Ea are shown by the
dots in Fig. 5.11 as a function of the quantization energies for samples B, C and
D. The data were fitted to Eq. (5.13) and the results are shown by the solid line in
Fig. 5.11. The defect level was determined to be 45 meV above the valence band

maximum and the SaQ value was 28 meV. Taking a LO phonon energy 7#Q of
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30 meV for ZngsCdosSe,®®®” the Huang-Rhys factor was deduced to be 0.93.

This indicates a weak coupling between the defect level and lattice.

Conclusions

In summary, we have grown and investigated the optical properties of
highly doped Zn,Cdi.,Se/Zn,CdyMgix.,Se QWIP structures. The measured
doping level of 10""®/cm® meets the device requirements. Excellent material
quality and growth control of multi-layers by the MBE technique has been
demonstrated by XRD, PL and time-resolved PL measurements. The
calculations’ results show that the Zn,Cd1Se/Zn,CdyMg1.x.,Se material system
can be designed for intersubband device applications, such as QWIPs, operating
in the expected wavelength range. The designed Zn,Cd1.,Se/Zn,CdyMg1.x-ySe
MQWs can be grown with high quality by the well-controlled MBE method. Thus,
the Zn,Cd14Se/Zn,CdyMg1x.ySe material system is a very promising candidate
for fabricating mid-IR intersubband devices.

Temperature-dependent time-resolved photoluminescence spectroscopy
was used to investigate carrier recombination processes in these QWIP
structures. It was found that radiative recombination is dominated by free carrier
recombination in Zn,CdxSe/Zn,CdyMg1.x.,Se MQWs with wider well widths and
non-radiative recombination arises from hole capture by acceptor-like defects

through multi-phonon emission (MPE). Carrier recombination processes in these
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samples were attributed to the interplay between free carrier recombination and
hole capture through MPE. The expressions for the temperature dependent PL
decay time and PL intensity were deduced, and were used to successfully fit the
experimental data. Important features of the non-radiative recombination centers,
such as the activation energy and the defect density, were obtained. The density
of the defects depends strongly on well width, indicating their interfacial feature.

A weak coupling with lattice was found for these defects.
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Chapter 6
Contactless electroreflectance studies of

Zn,Cdq,Sel/Zn,.Cd,Mg1--,Se multiple quantum well structures

Using contactless electroreflectance (CER) and the envelope function
approximation (EFA) we have determined the conduction band offset (CBO) of
the Zn,Cdi«Se/Zn,CdyMgix.,Se material system in a single quantum well
structure (SQW).%8#° In CER, a wide range of the possible optical transitions can
be obtained. From these, the intersubband (ISB) transition energies can be
predicted. Can CER be applied to study the multiple quantum well (MQW)
structures or even the device structures to predict ISB transition energies, a very
important information for fabricating ISB devices? How reliable are the estimated
values of ISB transition energies? Can the estimation be verified using other
techniques? In this chapter, these questions will be answered.

6.1 Introduction

Devices that are based on ISB transitions, such as quantum cascade
lasers (QCLs) and quantum well infrared photodetectors (QWIPs), are of great
interest due to their potential advantages over devices based on interband (IB)
transition in the infrared range.’>®' Intersubband devices are usually made from
MQW structures and need a large band discontinuity to achieve operation at

shorter wavelengths and higher temperatures. Multiple quantum well structures
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made of the wide bandgap II-VI materials Zn,Cd1-,Se/Zn,CdyMgi-x-ySe are very
promising candidates for short-wave mid-infrared ISB device applications due to
their large and tunable band discontinuity.*?

Modulation techniques, such as photoreflectance (PR) and contact-less
electroreflectance (CER), have been recognized as useful methods for
understanding the physical properties of MQW and superlattice

materials, %394 95,96

While PR and CER have previously been used to
characterize many complex structures, including device structures, such as
heterojunction bipolar transistors (HBTs) and high electron mobility transistors
(HEMTs),*” we only found one earlier report using PR® to characterize I1SB
structures.

In the following, two representative Zn,Cdi.Se/Zn,CdyMgix.,Se MQW
structures were investigated, for the purpose of studying the E1-E2 transition
energies. Sample quality was studied by high resolution X-ray diffraction (HR-
XRD) and photoluminescence (PL) measurements. Scanning electron
microscope (SEM) images were taken to demonstrate the layer structure and
interfaces. The interband transitions in these samples were determined using
CER,* and the E1-E2 ISB transition energies were estimated. Fourier transform

infrared spectroscopy (FTIR) measurement at room temperature (RT) was

performed to confirm the estimate.
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6.2 Zn,CdxSe/Zn,,CdyMg1...,-Se MQW samples

Zn,,Cdy,MgocSe, 0.1pum ZnysCdosSe, 0.1 pum

X0 period Mo i T — ——
i i X60 period MQW

Qw Qw
Zng;,Cdy Mg, ¢Se, 14 nm n-Zn, sCd, sSe (n~108), 4 nm
n-Zny ;CdysSe (n~10'8), 5 nm Zn,;,Cd, 3Mgj sSe, 14 nm
Zny,Cdy,MgpeSe, 0.5 um ZnysCdysSe, 0.3 pm

Sample A Sample B

Figure 6.1 Schematic layer structures of samples A and B. For both
samples, the IlI-V buffer layer is InGaAs. Sample A is capped by CdSe to

prevent the oxidation of the ZnCdMgSe layer.

6.2.1 Sample structures

The layer structures of the two MQW samples studied are shown in Fig.
6.1. Sample A has 10 periods of ZngsCdpsSe/Zng2CdooMgosSe QWs
sandwiched between two quaternary Zny,Cdo2MgosSe layers. Sample B has 60
periods of ZngsCdosSe/Zng2CdosMgosSe QWs, in this case, sandwiched
between two ternary ZnosCdosSe layers. The slight differences in the quaternary
compositions were not intentional, but are due to the separation in time of the

growth of the two structures. The nominal thicknesses of the wells are 50 A and
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40 A in samples A and B, respectively, while the barriers are nominally 140 A in
both samples. The QW layers are doped n-type for ISB absorption
measurements.
6.2.2 Sample growth by MBE

The two MQW samples were grown by MBE on semi-insulating InP (001)
substrates following the optimized growth procedure. After the oxide desorption
of the substrate was performed in the IlI-V growth chamber under an As flux, a
lattice-matched InGaAs buffer layer (~0.1 yum) was grown, followed by 20-second
Zn-irradiation and the growth of a ZnCdSe buffer layer (~100 A) at 170 °C. The
substrate temperature was then raised to 270 °C to grow the II-VI MQW structure.
The VI/II beam equivalent pressure ratio was maintained at 3.5 - 4.0 during
growth. In both samples, the QW layers are doped n-type using chlorine (Cl)
obtained from ZnCl, as the dopant source. A doping level of 1~2x10*'®/cm? for
the QW layers and the growth rates (~0.6 um/h for the ternary and ~1.5 ym/h for
the quaternary) were determined from calibration layers grown separately. To
prevent the oxidation of Mg in the last layer of sample A, the structure was
capped by a 90 A thick CdSe layer.
6.2.3 Sample quality

The sample quality was established by SEM, HR-XRD and PL
measurements.

A cross section SEM image of sample A is shown in Fig. 6.2. The abrupt
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interfaces throughout the MQW structure is clearly illustrated, indicating the good

control of the MBE growth.
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Figure 6.2 Cross section Figure 6.3 High resolution X-ray
SEM image of sample A. diffraction curve of sample A.

XRD measurements on the calibration samples showed that for both
samples the ZnCdMgSe barrier and the ZnCdSe QW layers were nearly lattice-
matched to the InP substrate. The ZnSe content in the Zn,Cd1xSe QW layer is
slightly different in the two samples, which are x = 0.50 for sample A and x = 0.46
for sample B, resulting in a ZnCdSe bandgap of 2.18 eV and 2.17 eV at 77K for
sample A and B, respectively. Figure 6.3 is the HR-XRD curve of sample A. The
ZnCdMgSe layer is almost lattice-matched to the substrate, with Aa/a = 0.25%.
The ZnSe and CdSe content in the Zn,CdyMg1-x-ySe were x’=0.20 and y'=0.19,

respectively, corresponding to a bandgap of 3.1 eV at 77K, which was further
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confirmed by PL measurement (see Fig. 6.4(a)). The thickness of one period
(one barrier and one QW) of 197 A was calculated from the XRD satellite peaks

and agrees well with the designed value.
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Figure 6.4 PL measurements on sample A (a) and sample B (b). PL
spectra of sample A at both 77K and RT are shown in (a), while only 77K
PL spectrum of sample B is shown in (b). The FWHMs of 77K PL spectra

are 40 meV and 42 meV for sample A and B, respectively.

The PL measurements were performed using the 325 nm line of a He-Cd
laser as an excitation source. The PL spectra are shown in Fig. 6.4. Due to the
slightly different composition, the bandgaps of the quaternaries in sample A and
B are 3.1 eV (see Fig. 6.4(a)) and 3.0 eV (from calibration layer), respectively at

77K. Intense and narrow PL emission peaks from the QWs in sample A were
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observed at 549 nm (2.26 eV, 77 K) and 569 nm (2.18 eV, RT), shown by the
dashed-dot line in Fig. 6.4(a)], with no trace of any deep level emissions. A
thermal energy shift of 80 meV is observed as well as a slight linewidth
broadening as the temperature increased from 77K to room temperature. Due to
the strong absorption of the two thick ZnCdSe layers, the PL emission from the
QWs in sample B is weak and could only be measured at 77K at 545 nm [2.275
eV, shown in Fig. 6.4(b)]. A small bump is observed at a lower energy level, due
to the PL emission from the ZnCdSe layers and possibly some deep level
emissions. The 77K PL emission peaks are narrow in both samples, with FWHM
being 40 meV and 42 meV for each MQW peak.
6.3 Intersubband transition studies by CER

The CER measurements® were taken at room temperature using the light
from a 150 W Xenon-arc lamp. The light intensity at wavelength A, Ip(A), is
focused onto the sample by means of a lens. The reflected light is collected by a
second lens and is focused onto a Si photodetector. The sample was placed in a
condenser-like system consisting of a front wire grid electrode with a second
metal electrode separated from the first electrode by insulating spacers. The
dimensions of the spacer are such that there is a very thin layer (~ 0.1 mm) of air
(or vacuum) between the front surface of the sample and the wire grid of the first
electrode. Thus, there is nothing in direct contact with the front surface of the

sample. The electromodulation was achieved by applying an ac voltage of 1 kV
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(peak-to-peak), 200 Hz across the electrodes.

The CER spectra of the two MQW samples are shown in Figure 6.5(a)
and (b). In both, the solid line is the CER spectrum measured at room
temperature. The transition energies were obtained using a fit (shown by the
dashed line) based on the first derivative of a Gaussian line shape, which is the
appropriate line shape due to the bound origin of the transitions.*** The arrows
in Fig. 6.5 indicate all the energy values of the transitions resulting from the fit.
These values are also presented in Table IV. The notation EnH(L)m represents
the transition from the n-th conduction subband to the m-th valence subband of
heavy (H) or light (L) hole character, respectively. Comparing the two CER
spectra, the signal from sample B contains more noise than that of sample A.
This may be due to roughening of the surface of sample B after etching. (A 70
second chemical etching was performed on sample B using 0.1 M Bromine-
methanol solution since the signal (at ~2.1 eV) from the thick ZnCdSe top layer
would dominate the CER spectrum.) Furthermore, to avoid the effect of oxidation
on the etched surface, only 2 CER scans were done for sample B, while 20
scans were used for the measurement on sample A, improving the signal to
noise ratio in sample A. Due to the relatively high noise level of the CER
spectrum of sample B, we did not try to fit the EnLm (light hole) transitions which
are usually weaker.

The assignments were done according to the following considerations.
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First, the signals at 3.00 and 2.96 eV were assigned to the ZnCdMgSe barriers
by comparison to the 77 K PL emission from the barriers, which were observed
at 3.1 and 3.0 eV, respectively, and considering the thermal energy shift from 77
K to room temperature. The signals at ~2.1 eV in Fig. 6.5(a) and (b) were
assigned to the transition of the ZnCdSe grown lattice-matched to the InP
substrate according to previous reports.'® The CER transitions at 2.183 and
2.196 eV were assigned to the E1H1 transitions for sample A and B, by
comparing with the PL emission signals, included in Fig. 6.5(a), Fig. 6.5(b) and in
Table IV. The QW PL signal for sample B was only measured at 77K, as
indicated in the experimental section, and a shift of ~80 meV due to the
temperature dependence of band gap was assumed.

In order to assign the remaining transitions calculations were performed
based on the envelope function approximation, considering that the QW was
doped.’®""%? The values for the effective masses and spin-orbit splitting used in
this calculation were obtained from a linear interpolation of the binary values.5®
Following the reported values for the conduction band offset (CBO) in
References 1 and 2, we considered that the CBO is 80% of the band gap
difference between the barriers and wells. Quantum well thicknesses of 52 A for
sample A and 42 A for sample B were obtained from these calculations. The
identified transitions correspond to the symmetry allowed (n=m) and symmetry

forbidden but parity allowed (n=mz2, 4...) transitions. As seen in Table IV, the
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calculations agree well with the measured values. The E1-E2 ISB transition
energies of the two samples can be estimated to be 178 and 233 meV, which

correspond to wavelengths of 6.97 and 5.32 uym.

Table IV. Experimental and calculated transition energies of the MQW structures.

Sample A (dqw = 52 A) Sample B (dqw =42 A)
IB transition Calculation CER (eV) Calculation CER (eV)
(eV) (£ 0.005) (eV) (£ 0.005)
ZnCdSe 2.105 (RT PL) 2.098 2.183 (77K PL) 2.120
E1H1 2.181 2.183 2.191 2.196
E1L1 2.205 2.205
E1H3 2.300 2.306 2.333 2.336
E2H2 2.405 2.412 2.487 2.490
E2L2 2.496 2.483
E3H1 2.606 2.608 2.712 2.724
E3L1 2.630 2.633
E3H3 2.725 2.726
Barrier 3.10 (77K PL) 3.000 3.00 (77K PL) 2.958

ISB transition Estimation FTIR (meV) Estimation FTIR (meV)
(meV) (meV)

E1-E2 178 180 233 231
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Figure 6.5 CER spectra at room temperature (RT) of (a) sample A and (b)
sample B. The solid line represents the experimental data. The dashed line is
a fit based on the first derivative of a Gaussian line shape, yielding the
transition energies indicated by the arrows. The room temperature PL
emission of sample A and the 77K PL emission of sample B, used to identify

the E1H1 transition, are shown in (a) and (b), respectively.
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6.4 ISB absorption measurements by FTIR

Wavelength (pm
0 s eng (um)

RT A D

Sample A Sample B
E, =180 meV E . =231 meV
FWHM=21 meV FWHM=30 meV

Normalized absorbance

100 150 200 250 300
Energy (meV)

Figure 6.6 Intersubband absorption (solid line) measured by FTIR at
RT and Lorentzian fit (dashed line) for samples A and B. The inset

indicates the multiple-pass geometry used in the measurements.

The RT intersubband absorption was measured using a FTIR
spectrometer equipped with a liquid-nitrogen (LN2) cooled HgCdTe detector. The
sample was polished to obtain a multiple-pass geometry (see inset of Fig. 6.6).
Thus, the predicted values of the E1-E2 transition energies were confirmed by
the FTIR measurements. The normalized absorbances of the two samples are
shown in Fig. 6.6. Absorption peaks at 180 meV (6.89) and 231 meV (5.37 um)
are clearly observed and they are strongly polarization dependent. The FWHMs

are 21 and 30 meV, respectively, indicating a ratio of AE/Eyeak 0f 10% for both



Chapter 6 CER studies of MQW structures 111

samples. This suggests that the absorption is due to the bound-to-bound ISB
transition E1-E2. Comparison between the FTIR results and the CER predictions
indicates that an excellent agreement was achieved. This work also
demonstrates the ability to readily tune the absorption wavelength of the ISB

transitions in our materials by changing the QW thickness.

Conclusion

We have grown two Zn,CdiSe/Zn,CdyMgi-x-ySe MQW structures
having different QW thickness, which allows us to tune the ISB transition energy
within the mid-IR region. Excellent material quality, consistent with the
requirements of device applications, has been demonstrated. Using CER and
EFA calculations, the ground state and higher order transitions were observed
and identified. From this, the E1-E2 ISB transition energies of these two
structures were estimated to be 178 and 233 meV. Intersubband absorption
measurements by FTIR yielded peak values at 180 and 231 meV. The excellent
agreement between these two techniques shows that CER is useful to
investigate optical and electronic properties of these complex structures,
including prediction of the ISB transition energy. These results give further
confirmation that MQW of this [I-VI material system can be grown in high quality
and can be designed to fabricate ISB devices whose operating wavelengths can

be readily tuned within the mid-IR range by changing the QW thickness.'®
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Chapter 7
Mid-infrared intersubband absorption in

Zn,Cdq.Se/Zn,Cd,Mg4...,,Se multiple quantum well structures

A key to realize good ISB devices is to have strong intersubband (ISB)
absorption. Intersubband absorption happens between discrete energy levels in
the conduction (or valence) band. The quantum well region, therefore, must be
doped to supply sufficient electrons (or holes) to populate the ground state. In
this chapter, a series of MQW samples with different QW width were grown for
the purpose of studying ISB absorption. All the QWs region were doped n-type
with a carrier concentration of 10'®/cm® order. X-ray diffraction (XRD) and
Photoluminescence (PL) measurements indicate that the samples have excellent
material quality. The ISB absorption was first observed in MQW structures based
on this II-VI material system and the peak absorption wavelengths measured by
Fourier transform infrared (FT-IR) spectroscopy are in the range of 4 ~ 7 um,
which is the region of interest for mid-infrared intersubband devices, such as
quantum cascade lasers (QCLs) and quantum well infrared photodetectors
(QWIPs). The experimental results fit well with theoretical predictions based on
the envelope function approximation (EFA).

7.1 MBE growth of Zn,Cd.xSe/Zn,,CdyMg1...,,Se MQW structures

Lattice-matched Zn,Cdi,Se/Zn,CdyMgi.x.,Se MQW samples for ISB
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absorption studies were designed for the mid-IR range of interest. Figure 7.1 is a

schematic of the layer structure of the samples grown.

Zn0_5Cd0_5Se, 0.1 lJ.m

X N period QW

n-Zny sCd, sSe (n~1018), 2~5 nm
Zng 5Cdg 55sMdg 505€, 15 nm

Zn0_5Cd0_5Se, 0.3 l.l.m

Figure 7.1 Schematic of the MQW samples for ISB absorption studies.

The intensity of ISB absorption is simply proportional to the 2-dimensional
electron (hole) density and the number of quantum wells. As a result, to increase
the absorption one has to either increase the doping density or increase the
number of quantum wells (or both). In the Zn,CdSe/Zn,CdyMg1.x.,ySe material
system, the doping density is limited to the low 10'®cm?®. Increasing doping
density has other drawbacks such as increasing the dark current and thus
decreasing the detectivity of the detector. Therefore, a better approach to

increase the absorption intensity would be to increase the number of quantum
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wells. However, in practice, the thicker the total layer thickness the more likely
that problems during growth will result in poorer material quality. Thus it is a very
challenging task for material scientists to increase the number of quantum wells
significantly while maintaining the high material quality.

By optimizing the growth conditions we have been able to grow Zn,Cd;.
xSelZn,CdyMg1xySe MQWSs with large number of repeats (N > 50) and lattice-
matched to InP (001) substrates. For desired mid-IR absorption wavelength, the
QW width was varied from 2 to 5 nm, which is included in Table V.

After the oxide layer removal process on semi-insulating (SlI) InP
substrates, the growth of a 0.15 um InGaAs buffer layer lattice-matched to InP
followed in the IlI-V growth chamber. The samples were transferred through
vacuum modules to the II-VI growth chamber to perform the Zn irradiation and
LT-ZnCdSe buffer (~ 10 nm) growth at 200°C. The substrate temperature was
then raised to 300°C to grow the subsequent layers. The four samples studied
here consist of different periods of QWs because they were not grown at the
same time. The periods are 10 for sample A (dqw = 5 nm), 60 for sample B (dow
= 4 nm), 80 for sample C (dow = 3 nm), and 100 for sample D (dow = 2 nm),
respectively. The Zn,Cd,Mg1x-.,Se barrier thickness was about 150 A in all the
samples. According to the XRD data on the reference samples, the well had the
lattice-matched composition, x = 0.46. The barrier was near lattice-matched to

InP, with the Zn and Cd contents as X’ = 0.24 and y’ = 0.25, respectively,
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corresponding to a bandgap of ~ 2.9 eV at RT. The MQWs region was doped
with ClI (using ZnCl, as dopant source) to 1~2x10'®/cm?, sandwiched between a
0.3 um bottom and a 0.1 um cap ZnxCd4.xSe layers. The growth rate and doping
concentration were determined from separate calibration layers. These layers
were also grown to optimize the growth conditions.

7.2 Material quality
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Figure 7.2 Cross-section Figure 7.3 HR-XRD curve of MQW sample C.

SEM image of sample C.

The samples were characterized by SEM, high resolution XRD (HR-XRD),
PL measurements. Cross-section SEM images were taken to demonstrate the
layer structure and interfacial property. Figure 7.2 is a SEM image taken on the

cross-sectional edge of sample C. Clear and abrupt interfaces are observed
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indicating the good control of the layered growth.

The XRD results indicate the excellent structural quality of the samples, as
shown in Fig. 7.3, the HR-XRD curve of sample C. Up to 8" order satellite peaks
were observed due to the superlattice structure.

PL measurements were carried out at 77 K and room-temperature with the
UV line (325 nm) of a He-Cd laser as the excitation source. Figure 7.4 shows the
PL spectra of the four samples at 77 K. Sharp peaks from the MQWs can be
seen from all of them with no traces of any deep level emissions. The full widths
at half maximum (FWHM) of the PL emission peaks of these samples are around
40 meV regardless of how many repeats were grown, an evidence of excellent
material quality. As shown in Fig. 7.5, a well-behaved quantum shift is observed,
as the PL emission moves to higher energy with the decrease of well width. In
Fig. 7.5, the solid line is the calculated transition energy as a function of well
width, based on the envelope function approximation. Excellent agreement
between the calculated transition energies and the experimental results is
observed. In the calculations we assumed that Qc = 0.80 determined in our

previous study,'%

where Q¢ = AEc /AEy is the fraction of the bandgap difference
AE4 that is in the conduction band. The band gaps of the Zn,CdyMgix.ySe
barrier and the Zn,Cd4Se well were determined from calibration layers. The

calculation of the effective masses was carried out in the same way that was

described in Ref. 104. The PL data is summarized in Table V.
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Figure 7.4 PL spectra of the MQW samples at 77K.
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Figure 7.5 Theoretical calculation of band-to-band transition energy as a

function of QW width. The bandgaps of ZnCdSe (QW) and ZnCdMgSe (barrier)

were obtained from separate PL measurements.
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7.3 Intersubband absorption studies

Fourier transform infrared (FT-IR) spectroscopy was used to measure the
ISB absorption. Before performing the FTIR measurement on the sample, we
must take care of several issues. First of all, the ISB absorption is a relatively
weak signal due to the small amount of material (QW layers only) that is doped
and thus responds to the incident light. Second, the normal incidence light (with
the electric field parallel to the sample surface) does not produce any absorption
due to the selection rules, as illustrated in Fig. 7.6 and discussed in the section

below.

Growth direction/
Surface normal

Figure 7.6 Schematic diagram of a QW’s conduction band
structure. Only the light with a portion of electric field in the

surface normal direction will produce ISB absorption.

7.3.1 Intersubband absorption selection rules
Intersubband absorption results from transitions between energy levels

within the same conduction or valence band. These levels arise from the spatial
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localization introduced in quantum wells. Assuming infinitely high barrier and

parabolic bands, the energy levels in the well are simply given by'®
hr?

2m*L?

w

Ej:( )]-2, (71)

where L, is the width of the quantum well, m* is the effective mass in the well,
and j is an integer. The ISB transition energy between the lowest and first excited
state is thus

(E,—E)=Q@h’z* 12m*L2). (7.2)
Furthermore this transition has a large dipole matrix element (z) = 16L/97° =~
0.18L, and an integrated absorption strength of

p.N e*hf sin’ @'
desmxcn, cos@'

fawwv=( (7.3)

where p; = NpL, is the two-dimensional density of carriers in the well, Npis the
three-dimensional carrier density, N, is the number of doped wells, », is the index
of refraction, @ is the angle between the direction of the optical beam and the
surface normal (inside the medium), and f'is the oscillator strength. This oscillator
strength is very large (near unity) and is given for this quantum well with infinitely
high barriers as'®

2m * 256
fEh—Z(Ez —E Xz)? = >

-=0.96 (7.4)
T
where z is the direction normal to the quantum well. The oscillator strength has

the feature of being independent of the quantum well width. The same

expression for the oscillator strength can be obtained by using the dipole matrix
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element

16L
97?

1lf2)] = (7.5)
It is even possible to derive a general expression for all allowed transitions in an

infinite quantum well:

64 n’m’

Som = P (7.6)

Only parity changing (odd-even or even-odd) transitions are allowed due
to the inversion symmetry of the potential. As further examples, f;, = 0.03, f3; =
1.87, and so on. Thus, we see that by far the strongest transition is the one with »
= m + 1. The higher ones carry a smaller and smaller oscillator strength. We can
also see that transitions between excited states are much stronger than
transitions from the ground state, a fact well known from atomic physics and
necessary to fulfill the oscillator sum rule. For large n, it can actually be shown
using Eq. (7.6) that £, .+, increases linearly with n.

Thus, by changing the quantum well width L, this ISB transition energy
can be varied over a wide range from the short-wave infrared (IR) (1 ~ 2 um), the
mid-wave IR (41 ~ 4 um), through long-wave IR (1 ~ 10 um) and into the very
long-wave IR spectral regions (1 ~ 14 um).

It should be noted from Egs. (7.3) and (7.4) that since the oscillator
strength only has a component along z, the optical electric field must also have a

component parallel to z in order to induce an ISB absorption; thus, normal
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incidence radiation [i.e., & = 0 in Eq. (7.3)] will not be absorbed. For this reason,
West and Eglash'® used a Brewster’s angle geometry in order to give a large
component of the optical electric field along the growth direction. Levine et al.'®
by using a multiple-pass waveguide geometry increased the net ISB absorption,
thus permitting accurate measurements of the oscillator strength, the polarization
selection rule, and the line shape even for single quantum wells.'®”1%819° The
polarization selection rule & o« cos? ¢ (where ¢ is the angle between the electric
field and the z direction) was found to approximately hold where the absorption
vanishes at ¢ = 90° (i.e., for light polarized in the plane of the quantum wells).
7.3.2 Sample preparation

In our FTIR measurements, the multiple-pass waveguide geometry with
parallel 45-degree facets (see Fig. 7.7) was used to ensure enough ISB
absorption signal. The sample preparation, which consists of three parts:

backside indium (In) removal, backside surface polishing, and 45-degree sides

polishing, is critical to have good ISB absorption measurements.

Figure 7.7 Schematic illustration of the multiple-pass waveguide

geometry with 45° facets used in FTIR measurement. The MQWs

region indicates the epilayers grown on top of the substrate.
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The sample surfaces have to be smooth enough to prevent IR light
scattering. For the MBE growth, all the samples were bonded to the molybdenum
blocks using In, a soft metal, which is hard to remove by polishing. A saturated
chemical solution, dissolving mercury chloride (HgCl,) in N, N-dimethylformamide
(DMF) solvent, was used to remove the In from the backside of the sample.
During the procedure, the front surface (where the MQW structure is) of the
sample was covered by Crystalbond 509 (soluble in acetone) to protect it from
contamination and damage. The In reacted with HgCl,-DMF solution to form an
insoluble precipitate and left a clean surface. Ultrasonic can be used to expedite
the procedure.

After the sample was cleaned by acetone and methanol, it was bonded to
a metallic block for polishing. Polishing films (with alumina or diamond particles)
with different roughness (3 micron, 1 micron, 0.5 micron, etc.) were chosen from
the rougher one to the finer one for step-by-step polishing procedure. The size of
the finest polishing film used depends on our interest wavelength range for
absorption measurements, for the reason that the roughness of the sample
surface has to be smaller than the wavelength of the incident light to minimize
the loss on the surface. Water or methanol was used as lubricant to moisturize
the polishing film surface. The sample surface should look shinny and smooth
after polishing.

The same procedure was used for the two 45-degree facets polishing
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except for using a different metallic block with a 45-degree angle shape. Finally,
the multiple-pass waveguide geometry was achieved on the sample as shown in
Fig. 7.7.
7.3.3 Room temperature FTIR measurements

The absorption measurements were performed at RT using a Nicolet
Nexus-870 FTIR spectrometer. A liquid-nitrogen (LN2) cooled HgCdTe detector

was used for best detectivity.

Wavelength (um)
119 7 5 4 3

A C RT

Normalized Absorbance

01 02 03
Energy (eV)

0.4 0.5 0.6

Figure 7.8 Normalized absorbance due to ISB transitions of MQW
samples A, B and C measured at RT. The absorbance is obtained by

taking the ratio of the P-polarized spectra over the S-polarized spectra.
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Figure 7.8 shows the normalized absorbance of the samples at room
temperature. The spectra were obtained by taking the ratio of the P-polarized
spectrum over the S-polarized spectrum. For samples (A, B and C) with different
well widths from § to 3 nm, peak absorption A, were observed at 6.88 um (0.18
eV), 5.35 um (0.23 eV) and 3.99 um (0.31 eV), respectively. Fitting by a
Gaussian line shape gives the FWHM (AE) values of 21 meV, 30 meV and 46
meV for the three samples. The value of AE / Epeax is of the order 10% to 20%,
which is typical for a bound-to-bound transition and comparable to the values
obtained for the well-studied Ill-V semiconductors.”® For samples A and B, a
second, weaker absorption peak is seen at higher energy side. We tentatively
attribute this peak to the bound-to-continuum absorption in the well, but
additional work is needed to confirm this assignment.

The peak absorption wavelength as a function of QW width was plotted in
Fig. 7.9. The lines are the theoretical curves obtained from the envelope function
approximation calculation for slightly different values of Qc. The values of the
bandgaps of the barrier and the well used in the calculation were obtained from
the 77 K PL emission of the calibration layers. A 70 meV correction is made to
obtain the room-temperature values. The experimental data are in good
agreement with the predicted values within the range of Qc. It is also found that
bound-to-bound ISB absorption is weakly dependent on the band offset. Then we

expect that sample D with a thinner QW width will push the absorption peak to a
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shorter wavelength.
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Figure 7.9 The E1-E2 ISB transition in wavelength as a
function of QW width. The calculation is done based on three

different Q¢ (AEc/AEQ) values.

The solid orange line shown in Fig. 7.10 is the absorption of sample D.
Instead of moving the absorption peak to a shorter wavelength position, the peak
was observed at 4.43 um (0.28 eV). The absorption peak is much wider (AE/Epeak
= 32%) than those of the other three samples and has an asymmetric shape with
a tail at the higher energy side. With all these characteristics being typical of
bound-to-continuum transition, we attribute the unexpected shift to the higher
level of the lower energy state within the well, coupled with the limited barrier
height. With a bandgap of 2.9 eV, the barrier is not high enough anymore to

confine the second level in the QW with a width of 2 nm.
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Wavelength (um)
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Figure 7.10 The ISB absorption of sample D with a thinner QW width (orange
solid line). The ISB absorption of samples A, B and C are also shown for

comparison. A different ISB transition mechanism for sample D is demonstrated.

Table V. Interband and intersubband transitions data for samples A, B, C and D.

Sample A B C D

QW width (nm) 5 4 3 2
PLemission (V)  2.258 2275 2.362  2.407

FWHM (meV) 41 42 40 45

ISB absorption Apeax  6.88 5.35 3.99 4.43

(um) & (meV) 180 231 310 280
FWHM (meV) 21 30 46 89
AE/E peak (%) 12 14 15 32

ISB type B-B B-B B-B B-C
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The results suggest that for the barrier composition used in this study it
would be difficult to achieve shorter wavelength by simply reducing the QW width.
Further reduction of the absorption wavelength should be possible if a wider
bandgap barrier layer is used. A maximum bandgap of 3.6 eV can be obtained
with this material system. Also, the use of strain compensated structures may
result in even shorter wavelength devices.

7.3.4 Temperature dependent FTIR measurements

Wavelength (um)
5 4

—77K
— 110K
150K
— 200K
— 300K

Absorbance

025 030 035 040
Energy (eV)

Figure 7.11 Temperature-dependent FTIR measurements of sample

C with the temperature varying from 77K to 300K.

Temperature dependent FTIR measurements were performed on sample
C. Since the ISB absorption of sample C occurs at ~ 4 um, a LN, cooled InSb

detector was used due to its good performance in the wavelength range of 2 ~ 5
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um. As the temperature decreases from room temperature to 77 K, the intensity,
position, and FWHM of the absorption peak had observable changes, as shown

in Fig. 7.11, Fig. 7.12 (a) and (b).

] | |
= S <m (a) 38.0 (b)
% 315}
~ ~
£ 314 LN 3 a1s
> i ~ £
= i “m —
Q 313} ~ = 37.0
1= N I
[} L N ; ™
< 312} N i
© 36.5
(] | AN
o N
st m 360, g W g
100 150 200 250 300 50 100 150 200 250 300
Temperature (K) Temperature (K)

Figure 7.12 Changes of the peak energy (a) and FWHM (b) of ISB

absorption from sample C as the temperature varying from 77K to 300K.

According to the similar work of Allenman and Covington et al., there are
expected shifts in the peak wavelength and linewidth with temperature.’”'"2 As
the temperature is lowered from room temperature down to cryogenic
temperatures, there is a small (Av ~3%) decrease in the peak wavelength and
also a decrease in the linewidth Av. However, the oscillator strength remains
constant so that the reduction in Av (~ 75% of the room temperature value) is
accompanied by an increase in the peak absorption'™ (by a factor ~ 1.3).

The results of sample C exhibit a trend following similar work on IlI-V

materials. A small increase of ~1.6% in the peak energy (reduction in peak
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wavelength) and an increase of ~1.23 in the peak intensity are obtained as the
temperature decreases. Compared to band-to-band transitions, ISB transitions
are less sensitive to the temperature, thus, making devices based on ISB

transitions more stable under circumstance of varying temperature.

Conclusion

In conclusion, we report the observation of ISB transitions in wide
bandgap Zng 46Cdos54S€/Zng 25Cdo 25Mgos0Se MQWSs grown on InP substrates by
MBE. The experimental data are in good agreement with theoretical predictions.
By further decreasing the well width and increasing the bandgap of the
Zn,CdyMg1.xySe barrier layer, ISB transitions at even shorter wavelength are
expected. These results indicate that Zn,Cd,Se/Zn,CdyMgi.ySe is a very
promising material system for ISB devices operating in the mid-infrared spectral

range between 3 and 5 um.
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Chapter 8

Summary and future directions

8.1 Summary of current work

As we proposed in Chapter 2, we have performed a series of studies on
quantum well structures based on the Zn,Cdi,Se/Zn,CdyMgi.x.,Se material
system and successfully demonstrated the potential of this II-VI system for
fabricating mid-IR intersubband devices with shorter wavelengths and higher
operating temperatures than currently available. The contributions of this work

can be summarized as following.

Using contactless electroreflectance (CER) and the envelope function
approximation (EFA) we have determined that the CBO of Zn,Cd;.
xSel/Zn,Cd,Mg1.x.ySe based heterostructure is ~80% of the total band offset. The
determination of the CBO is essential for guiding the device structure design. In
addition, this large band offset confirms that this system may be a good

candidate for mid-infrared ISB device applications.

Using the available CBO value, a series of Zn,CdSe/Zn,CdyMg1.x.ySe
QWIP structures for device applications in the mid-IR wavelength range have

been designed and grown. Excellent material quality has been achieved. Time-
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resolved PL studies indicate that the transitions are dominated by radiative

recombination.

The contactless electroreflectance (CER) method has been developed
and applied on Zn,Cd1,Se/Zn,CdyMg1x.,Se MQW structures for ISB transition
studies. Multiple QW transitions could be readily observed and identified by the
EFA. The excellent agreement between the CER and FTIR results demonstrates
that we can predict the ISB transition wavelength accurately by this non-

destructive technique.

Intersubband absorption studies were performed by FTIR measurements.
Bound-to-bound and bound-to-continuum transitions in the range of 4~7um were
observed for structures with different QW widths. Shorter wavelength can be
realized by introducing a larger confinement, either by increasing the barrier

height or introducing strain into the QW layers (thus, reducing the QW bandgap).

8.2 Future directions

As stated previously, the identification of this near lattice-matched II-VI
system with large CBO and strong and well-behaved ISB absorption in the mid-
IR, may yield practical alternatives for the design of these complex device
structures. Future directions for this work involve investigations of device design,

optimization and fabrication. Below | will describe some preliminary steps we
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have taken to pursue the design and fabrication of quantum cascade lasers from

our materials.

8.2.1 QCLs structure design

A QCL structure consists of a repetition of a number of identical stages.
Each stage consists of an active region followed by a relaxation-injection region
(injector). The design of QCL is performed by quantum engineering of the
electronic energy levels, wavefunctions, matrix elements and scattering rates to

design population inversion and optimize laser gain and overall performance.

There are three types of transitions typically used in the QCLs: diagonal

29,36

(interwell) transition where the optical transition occurs between different

37,38

levels in adjacent wells, vertical (intrawell) transition where the optical

transition occurs between different levels in the same well, and interminiband

transition3%404

where the optical transition occurs between different levels
formed by miniband in “chirp” superlattices. Figure 8.1 shows the band diagram
of an active region that relies on vertical transitions. An electron injected into the
level 3 relaxes to level 2 and emits a photon with energy Av = E; — E>. To ensure
the population inversion between level 3 and level 2, the carrier lifetime at level 2

must be smaller than that of level 3 scattering into level 2. This is achieved by

designing the structure so that the energy level difference between level 2 and
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level 1, E; — E,, is in resonance with one LO phonon energy.
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Figure 8.1 Conduction band diagram of the active region of a
QCL structure. Three energy levels in a coupled QW structure

are used to realize vertical transition and population inversion.

For realizing a QCL, we propose to concentrate on the design and
investigation of:

1) Single active region with coupled quantum wells. As shown in Fig. 8.1,
the coupled QW active regions provide the desired 3-level systems for efficient
ISB emission. The materials will be investigated by PL, CER, and FTIR. The
structures will be used to study the effect of barrier thickness on the coupling
between adjacent wells.

2) Injectors. The injector region is the section where the electrons cool

down and are re-injected into the next active region. This region must be doped
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to prevent the strong space charge buildup. The doping is usually restricted to
the center of the injector to separate electrons in the ground state from the parent
donors. This helps to reduce electron scattering and thus increases injection
efficiency. The injectors will be designed to minimize the carrier thermal
backfilling so as to ensure the high temperature operation of the device. Doping
and transport properties of the injector layers will be investigated and optimized.
Simulations and modeling will be used to assist with the experimental work.

3) Proto-type QCL structure. Our first step to observe the cascade carrier
transport and intersubband photon emission in a QCL structure is to measure the
intersubband electroluminescence (EL). A first attempt to design a sample for EL
measurements was made by our collaborators at Princeton (ERC-MIRTHE),
applying their modeling techniques to these novel materials. The anticipated EL
emission for this structure is about 4.5 um. Using the proposed band structure of
this EL sample, shown in Fig. 8.2, they also modeled the absorption structures
that had already been grown and measured. The agreement between experiment
and theory was excellent, indicating that the program is good for modeling the II-
VI materials.

We propose to grow this EL structure, the core of a QCL, to demonstrate
the feasibility of the proposed device. Electroluminescence will be studied. The
study may lead the way towards the final success of a practical working QCL

device.
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Figure 8.2 Band structure of a quantum cascade electroluminescence structure.

8.2.2 Device processing

To achieve real devices the device fabrication process must also be
investigated. Some preliminary work on device processing has been done at the
nanofabrication of Pennsylvania State University. The entire processing
procedure can be divided into five parts, as illustrated in Fig. 8.3. A cycle of a
typical silicon lithography procedure would begin by depositing a layer of
conductive metal several nanometers thick on the substrate.

A. Sample and shadow mask preparation

The sample, which is the device structure grown by MBE, must be
cleaned with acetone and methanol to obtain an organic-free surface. The
shadow mask is designed according to our study of interest, and made by

techniques such as E-beam or laser printing.
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Figure 8.3 lllustration of device processing procedure.

B. Photolithography

Photolithography is a process used in semiconductor device fabrication to
transfer a pattern from a shadow mask to the surface of a substrate.
Photolithography bears a similarity to the conventional lithography used in
printing and shares some of the fundamental principles of photographic
processes. Photolithography involves a combination of: i) Coating liftoff and

photoresist deposition; ii) Exposure; iii) Developing.
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There are two types of photoresist, termed positive and negative. Where
the ultraviolet light strikes the positive resist it weakens the resist, so that when
the image is developed the resist is washed away where the light struck it
transferring a positive image of the mask to the resist layer. The opposite occurs
with negative resist, the resist that was not exposed to ultraviolet light is washed
away, and a negative image of the mask is transferred to the resist. A layer liftoff

is used for peeling off the metal layer efficiently in future steps.

In our trials, a positive photoresist was used and the surface was exposed
to the 365nm line of a UV light source for a few seconds. Then the pattern was

formed after washing the weakened photoresist away using a developer.

C. Metal layer deposition

The sample surface was cleaned with oxygen plasma for 1-2 minutes
before depositing a metal layer. A layer (150 A) of Chromium was deposited first
to improve the adhesion of metal layer to the sample surface. Then a thick layer
(~2000 A) of gold was deposited as the metal contact layer for further
measurements. The undesired metal layer was peeled off through a lift-off

procedure. Our desired pattern with a layer of metal contact was obtained.

D. Etching
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For this 1I-VI system, we used Bromine-methanol solution (< 0.1%) to etch
off the material, therefore forming individual microchips. A profilometer was used

to measure the actual depth after etching.

Good control of all the above steps can be demonstrated by images taken

by optical microscope and SEM, shown in Fig. 8.4.

| 60 p |
mesas with size 60 |

Figure 8.4 Images of device microchips. (a) Top view by optical

microscope. (b) Side view by cross-section SEM image.

E. Wire bonding

Wire bonding is a method of making interconnections between a microchip
and the outside world as part of semiconductor device fabrication. Then the
desired measurements on these microchips (a 3D image is shown in the center

of Fig. 8.3 as the final product) are ready to proceed.
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