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Abstract

The purpose.of this dissertation is to-get a.comprehensive understanding of the epitaxy
growth and electronic properties of the self-assembled InAs quantum dots (QDs) and quantum
rings (QRs) to realize long-wavelength quantum structure infrared’ photodetectors with
improved device characteristics.

The manipulation of the sheet density -and” geometry of InAs QDs via fully in situ
molecular beam epitaxy growth control were investigated. A wide range of dot densities and the
control over the geometric change from QDs, through volcano-shaped structures, to QRs, were
achieved. The mechanism of such QR growth by the partial-capping & annealing technique
was studied. Moreover, from simulation, it is found the ring-like potential well depletes the
wavefunctions out of the ring center and thereby raises the state energies and also narrows the
energy separations.

The energy spectra of QDs were investigated using the selective excitation
photoluminescence technique. Three distinct regions in the emission spectra can be identified
as associated with changes in the excitation energy. They can be categorized from high energy
to low energy, as continuum absorption, electronic state excitation, and multi-phonon resonance.



The special joint density of state tail of the QD that extends from the wetting layer bandedge
facilitates carrier relaxation and explains these spectral results.

InAs QDs with different confinement barrier schemes were used in quantum-dot
infrared photodetectors (QDIPs) for the detection wavelength and polarization absorption
tuning. The results show that one can effectively change the device characteristics of QDIPs to
fit different application requirement by tailoring the QD confinement schemes. We design a
new confinement-enhanced dots-in-a-well (CE-DWELL) structure to enhance the wavefunction
confinement of QDs especially in the lateral direction. With this new design, QDIPs with 8-12
pum detection and high normal-incident absorption are achieved. More importantly, the device
quantum efficiency and detectivity are greatly improved.

QDIPs with different CE-DWELL structures were. further investigated. The thickness
and Al content of the AlGaAs confinement enhancing layers are found of crucial influence on
not only the absorption property but also the transport property of the device. With appropriate
device parameters-of CE-DWELL, we present 8-12 um QDIPs with operation temperatures
higher than 200K.

Finally, InAs quantum-ring infrared photodetectors (QRIPs) were also studied. The
higher but closer electronic state energies as well as the extended wavefunctions of QRs in the
lateral directions induce the specific features of QRIPs, such as wider photocurrent spectra,
more stable responsivity with temperature change, and lower dark current activation energy.
With an Aly27Gag73As current blocking layer, the inherently smaller activation energy of
carriers in QRs is effectively compensated and the operating temperature of QRIPs is

improved.
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Chapter 1

Introduction

The advance in technology of III-V semiconductor heterostructures has realized various
optoelectronic devices which are ubiquitous in our modern life. For example, light emitting
diodes, laser diodes, photodetectors and modulators, have been applied in optical display,
optical communication, optical storage/readout, optical interconnect, and image
detection/display [1.1-1.2]. With the advanced growth techniques such as molecular beam
epitaxy (MBE) and metal organicc¢hémical vaporydeposition (MOCVD), the epitaxy of
nanometer scaled semiconductor heterostructures becomes mature and therefore the fascinating
quantum confinement effect can be applied to these devices to manipulate their characteristics
and also drastically enhance their performances. In particular, defect-free, self-assembled,
zero-dimensional quantum structures have made it possible to observe and even exploit the
atom-like physical phenomena in these structures. In this dissertation, studies of the growth and
analysis of self-assembled InAs' quantum dots/rings and their applications on infrared
photodetectors especially for the. long-wavelength infrared (LWIR, 8-12 pm) detection were

executed.

1.1 Zero-dimensional Quantum Structures

Zero-dimensional (0-D) quantum structures are structures with ultimate quantum
confinement so that the confined carriers are constrained in all directions. In such structures,
the quantization for all three dimensions generates the d-function like density of states, i.e.
forms a discrete density of states (Fig. 1.1). With the discrete nature of energy states,
semiconductor 0-D quantum structures mimic the fundamental characteristics of an atom but
provide suitable physical properties allowing the practical application of atomic physics to the

field of semiconductor devices. Furthermore, as Fig. 1.1 shows, sequentially extending the

1
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Fig. 1.1 Density of states for'charge carriers in structures with different dimensionalities [ref. 1.3].

confinement to all three dimensions also sequentially raises the lowest allowed state energy in
the structures withsthe absolute energy level depending critically onsthe size and depth of
confining potential. Thus, the electronic and.optoelectronic properties: of the 0-D quantum
structures can be flexibly manipulated via the confinement engineering.

It is important to appreciate how small a-structure must be to form effective 0-D
quantum structures. In fact, the spacial shrinkage of the potential well in all directions modifies
not only the single-particle density of states (Fig. 1.1) but ‘also the electron-hole Coulomb
interaction. However, while the single-particle energy levels scale as 1/ L?, where L is the
confinement length for each direction, the Coulomb interaction energy scales as only 1 /L.
When L shrinks down to the scale of the bulk exciton radius (~10 nm for GaAs and ~30 nm for
InAs), the correlated motion of the electron-hole pair becomes no longer allowed. The
Coulomb-induced electron-hole correlations become very weak but the quantum confinement
effects become dominant, compelling the electron-hole pair to occupy the lowest-energy pair of
single-particle levels without any level mixing [1.4]. Furthermore, in this regime, the quantum

confinement reduces the electron-hole separation, enhances the exciton oscillator strength, and



thereby enhances the optoelectronic properties.

Similar arguments can be made about the effects of temperature. For quantum effects to
remain important for the operation of 0-D quantum structures, the splitting between the
quantized levels should be substantially greater than kgT to ensure that thermal effects do not
distribute electrons and holes over multiple levels and dilute the concentration of the density of
states provided by the confinement. The actual confinement length required to provide this
splitting depends on the effective mass of electron or hole and the details of the confining
potential. At room temperature, kKgT is about 26 meV. As a useful rule of thumb for room
temperature operation of semiconductor quantum. devices, the energy splittings are large
enough for the L of around 10 nm.

In short, when'the size of confinement structures is reduced in'all directions to the scale
of the bulk exciton radius in material, 0-D quantum structures are formed. The strong quantum
effects generate effective energy quantization/splitting which is not screened by the thermal
fluctuations in structures and govern many fundamental properties of the structures. As a
consequence, the size, shape and petential-depthrof such"0=D quantum structures can be used to
quantum engineer their optical response by tailoring the desired transition energies, transition
strengths, and polarization-dependence, etc. It is the reason why 0-D quantum structures are so

fascinating and are envisioned as the Key for next-generation optoelectronic technologies.

1.2 Infrared Detection with Quantum Structure Infrared Photodetectors
From the basic radiation theory, every object with non zero temperature radiates

electromagnetic waves. The temperature-dependent radiation spectrum is well known and

follows the Planck’s theory. The projected spectral density of the power emitted by a blackbody

per unit area (into the entire hemisphere) is expressed by

27hc? 1 4
M = PE ehc/ikT_l(cmz_ﬂmj (1.1)
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where M is the spectral exitance, h is the Planck’s constant, A is the wavelength. For a normal
object, the radiative spectral density can be approximated by the product of the above
expression and an emissivity factor. Based on eq. (1.1), the radiation peak wavelength can be
determined by Wien’s displacement law:
Apeak T=2898 (um - K). (1.2)

As the temperature increases, the radiation peak wavelength shifts to short wavelength side. Fig.
1.2(a) shows the blackbody radiation spectrum at near room temperature. For 300K objects, the
wavelength region where the exitance decays to one half is around 6 um to 17.5 um. Thus, if
we want to detect the radiation emitted by a room temperature object, the appropriate detection
wavelength should be in this range. However, as shown in_Fig. 1.2(b), because of the
absorption by the atmosphere, most infrared region is opaque. The only two transparent

window regions are'around 3-5 um (MWIR) and 8-12 um (LWIR). This fact restricts the
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infrared detection of objects on the earth at a distance. Comparing with Fig. 1.2(a) and (b), the
most efficient infrared detectors aimed for detecting room temperature objects on the earth
should be with the LWIR detection band. LWIR detectors are quite essential for the
applications including night vision, remote sensing, environmental monitoring, and military
target tracking, etc.

Conventional semiconductor photon detectors are operated via photoexcitation of
carriers across the bandgap. For the detection of LWIR band, the bandgap energy (E,) of the
materials should be in the range of 0.1-0.15 eV. Such small-bandgap semiconductors, e.g.
HgyCd, «Te, are well known to_be more difficult to grow,.process, and fabricate into devices
than are larger-bandgap semiconductors. These difficulties thus.motivate the study of novel
“artificial” low “effective” bandgap materials which use quantum sttuctures in large-bandgap
(Eg>1eV) semiconductors, e.g. AlyGajxAs, In,Ga,P. However, in order to employ these
desired large gap materials for long-wavelength optical devices, the intersubband (i.e. intraband,
mainly aimed at the conduction band) absorption mechanism rather than the usual interband
absorption mechanism should be exploited: In"order-torcreate suitable, quantized energy states
within the conduction band, quantum structures are used. An incident infrared photon with
energy equal to the intersubband spacing of the quantized states in the structure can promote
the ground-state electron to the excited state, where, with appropriate bias, the electron can be
extracted out and then collected as a photoelectron, contributing to the electric signal.

The infrared detection using quantum structure intersubband transition was first
experimentally demonstrated in 1985 by West and Eglash using AlGaAs/GaAs quantum wells
[1.6]. After that, extensive studies have been being done on various quantum well infrared
photodetectors [1.7]. Furthermore, with the breakthrough in self-assembled quantum dot
growth, since 1998, 0-D quantum structures have been also used as the absorption media in
infrared detectors due to the theoretically predicted superior performances [1.8-1.9]. Until now,

development in quantum structure based infrared photodetector (QSIP) technologies, including
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quantum wells, dots, superlattices, and novel heterostructures, has led to the realization of high
performance infrared detectors, large-format focal plane arrays [1.10-1.11], and infrared
cameras that now readily available commercially through several manufacturers. Compared
with HgCdTe detectors, which have been investigated for over 50 years but are still very
expensive in the fabrication cost, faster progress is definitely achieved in QSIP technologies
due to the advantages including the mature GaAs growth and processing techniques, which lead
to high uniformity, excellent reproducibility, and thus large-area, low-cost staring arrays.
However, the operation of high performance QSIPs still requires cryogenic cooling. Cooling
requirements are the main obstacle to the more widespread use of infrared systems based on
semiconductor photon detectors making them bulky, heavy, expensive and inconvenient to use.
For this reason, many-researchers fromyall parts of the world have beén still working to elevate

the operating temperature of QSIPs to make them 'more powerful.

1.3 Organization of This Dissertation

In this dissertation, we try to geta'comprehensive understanding of the growth control
and electronic properties of self-assembled InAs 0-D quantum structures, and then put it into
practice to realize LWIR'QSIPs with improved performances and thus higher operating
temperature. The experimental techniques used are described in chapter 2, including MBE
growth, material characterization methods, device processing procedures, and QSIPs
measurement techniques.

In chapter 3, the growth control on the self-assembled InAs quantum dots (QDs) and
their geometric tailoring into quantum rings (QRs) are studied. Then, the influence of the
geometric change during dot-to-ring evolution on electronic wavefunctions and state energies is
discussed. Finally, the growth condition of high density and high quality QRs which are good
for device applications is presented.

In chapter 4, the energy spectra of self-assembled InAs QDs are investigated using the
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selective excitation photoluminescence technique. Three distinct regions with different
mechanisms in carrier excitation and relaxation are identified in the emission spectra excited
with different photon energies. The special joint density of state tail of the QD that extends
from the wetting layer bandedge facilitates carrier relaxation and is posited to explain these
spectral results.

In chapter 5, InAs QDs with different confinement barrier schemes are used in
quantum-dot infrared photodetectors (QDIPs) for the detection wavelength and polarization
absorption tuning. A novel confinement-enhanced dots-in-a-well (CE-DWELL) structure is
shown to possess both the LWIR.detection and the high normal-incident absorption capabilities.
Most importantly, the device quantum efficiency is greatly enhanced with this new design.

In chapter 6, we  perform  detailed studies on the InAs/AlGaAs/Ing;sGaggsAs
CE-DWELL QDIPs. It is found the thickness and Al content of the AlGaAs insertion layers
influence much not only the absorption property but-also the transport property of the device.
With appropriate device parameters of CE-DWELL, we present LWIR QDIPs with operation
temperatures over 200K.

In chapter 7, the infrared photodetectors using InAs QRs as the absorption media are
investigated. Compared with QDIPs, quantum ring infrared photodetectors (QRIPs) show wider
photocurrent spectra, more stable responsivity with temperature change, and lower dark current
activation energy due to the shallower confined states of electrons. With an Aly,7Gag73As
current blocking layer, the operating temperature of QRIPs is greatly elevated.

Finally, conclusions and a plan for future work are given in chapter 8.



Chapter 2

Experimental Techniques

The samples investigated in this dissertation were all grown by the molecular beam
epitaxy (MBE) technology. After growth, the material characteristics of the samples were
examined routinely by the atomic force microscopy (AFM) as well as the photoluminescence
(PL) spectroscopy. Besides, the transmission electron microscopy (TEM) analysis was also
performed for certain samples. For the samples aimed for infrared detectors, standard
processing techniques including lithography, etching and metalization were used for the device
fabrication. Measurements were then done to characterize the device performance, including
I-V characteristics, résponsivity spectra, and noise level. In this chapter, all of the above

experimental techniques are briefly described.

2.1 Molecular Beam Epitaxy Growth

The epitaxy ‘of nanometer scaled heterostructures is' of increasing importance for both
the physical studies and.the quantum device associated applications: To fulfill this task, precise
control over the epi-layer thickness as well as its composition including doping profile is
essential. The molecular beam epitaxy (MBE) technique, which allows the epitaxial growth
with atomic dimensional precision down to a few angstroms, emerges as the most promising
approach. The MBE is a physical deposition process which takes place in an ultra-high vacuum
(UHV) environment. The epitaxial growth proceeds via the reaction of molecular beams of the
constituent elements with a crystalline substrate surface held at a suitable substrate temperature
under UHV conditions. The high vacuum environment is the key leading to the advantages of
the MBE growth. In the UHV environment, the mean free path of the molecules evaporated
from each effusion cell is longer than the distance between the sources and the substrate, so the

molecules strike directly on the substrate without any scattering event. For that reason, with the
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fast switching action of the shutter in front of each cell, the amount of respective source
molecules sticking onto the substrate can be precisely controlled by time and the cell
temperature. Precise layer structures with abrupt interfaces within the atomic-layer thickness
can therefore be achieved. The UHV environment also limits the amount of impurities inside
the chamber so that the quality of the epitaxy films can be preserved. Moreover, under such
high vacuum conditions, many surface analysis techniques can be performed in situ for the

sample right after or even during the growth process [2.1].

2.1-1 MBE Apparatuses and Pre-growth Procedure

The MBE system in our lab-is the Varian (or Veeco) Gen Ll (solid-source based) system,
one of the most commionly used experimental commercial systems. It includes two individual
epitaxy units (named LM and RN respectively) that are linked by ‘an extension chamber. The
two epitaxy units have basically the same configuration. Fig. 2.1 sketches the configuration for
the LM system. The whole system comprises three chambers: the entry/exit chamber, the buffer
chamber, and the " growth chamber. *Thepumping~machines jare basically oil free. A
turbo-molecular pump cascaded by a scroll pump (by a diaphragm pump for the RN system) is
used for rough pumping. In the growth chamber, a cryopump ‘and an ion pump are used to
maintain high vacuum environment and a titanium-sublimation pump (TSP) is also equipped
and used when the vacuum level is not good. In addition, the liquid-nitrogen-cooled cryopanel
is installed within the growth chamber, surrounding the substrate manipulator and each cell, to
improve the vacuum level during sample growth and also eliminate the cells from thermal
cross-talk. For the buffer chamber, an ion pump and a TSP are used to keep the vacuum level.

In the entry/exit chamber, a smaller cryopump is used.
Eight effusion cells are installed in the LM chamber. Two gallium cells, one aluminum
cell and one indium cell are used for group III sources. One arsenic Kunsden cell and one

arsenic valved cracker cell are used for group V sources. The other two cells are charged with
9



entry/ exit

chamber
- _entry door
_

cryo-pump
substrate manipulator
& heated station I:E
jon ____—EIE heater
pump __——trolley track
LN, - flowed
cryo-panel RHEED heated «——— gate valve
gun station
’ \ 16 wafer trolley
~ bellows
A i
! ion pump transfer
heated \ assemblies
view port ~ | ‘
. ~
effusion cells _ o
(8-cell capacity) — ([l 1~ 17 ~ - |
- l
| transfer nose piece
& | gate valve
I buffer
P [ beam flux  chamber
~ pneumatic RHEED i monitor
shutter screen re5|ldue gas
analyser
growth
chamber

Fig. 2.1 Sketch of the Varian Gen II'MBE system in our lab.

silicon and beryllium as n-type and p-type dopant sources:"Thus, the LM chamber supplies the
growth of arsenide based III-V materials. For example, AlGaAs, InGaAs on GaAs substrates;
InAlAs, InGaAs, and InGaAlAs on.InP substrates. For the RN chamber, there exist ten ports for
source cell installation. Thus, besides the eight cells stated above, one antimony valved-cracker
cell is also used for another group V source. So the RN chamber provides the opportunity for
growing antimony related III-V materials on the substrates with larger lattice constant, such as
InAs, GaSb, etc.

Also equipped in the growth chamber are two analysis instruments: the residue gas
analyser (RGA) and the reflection high-energy electron diffraction (RHEED) monitor. The
RGA is used to analyze the residue gas in the chamber and thereby help us to understand the
cleanness in the chamber. By setting the detection range to only for the atomic mass unit (AMU)

of 4, i.e. only monitoring the helium element, the RGA also serves as a very sensitive leak
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detector. The RHEED is a powerful surface analysis instrument and is commonly used in the
MBE system. More description about it will be given later.

To maintain the cleanness of the growth chamber and ensure the quality of grown
samples, a standard treatment procedure for wafers before growth is necessary. Epi-ready GaAs
wafers are mounted on molybdenum holders with springs and then loaded on a wafer trolley.
After loading the trolley into the entry/exit chamber, the whole chamber is baked at 200 °C to
remove the residual water molecules on the wafers. When the pressure is lower than 1x10™® torr,
the trolley is transferred into the buffer chamber, in which the standby pressure is typically
1-5x107" torr. In this chamber, cach wafer is put on a heated station and then heated up to 400
°C for further removing other contamination such as organic species. After about three hours,
when the pressure in:the buffer chamber is definitely lower than that in the growth chamber
(stand by at around 3x10” torr), the wafer is ready for epitaxy growth and can be transferred
into the growth chamber. It should be noted that, before the cells are warmed up for sample
growth, the cryopanel is fed with continuous-flowed liquid nitrogen to further lower the
pressure of the growth chamber, typically; from=3x10~torr to less than 2x10™"° torr. Just before
growth, the thin native.oxide on the wafer surface is decomposed and desorbed by heating
under enough arsenic flux. The desorption temperature depends on wafer materials and is about
620 °C for GaAs wafers. The temperature of the wafer is read by a pyrometer, which faces the
heated viewport in front of the growth chamber (Fig. 2.1) and detects the thermal radiation

from the wafer.

2.1-2 In Situ Surface Diagnosis and In Situ Growth Rate Calibration by Reflection

High Energy Electron Diffraction

The situation of desorption can be easily traced with the RHEED instrument in the

growth chamber. As mentioned previously, the RHEED is a powerful surface analysis
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technique. It allows us to in situ monitor the surface construction of wafer or epi-layers. By
using high-energy (about 10 keV) incident electron beam with a very small glancing angle
(about 1-2°), the structure of the outermost layers of atoms of the sample can be analyzed with
the diffraction patterns. When the RHEED pattern changes from an obscure pattern to a bright
streaky pattern, it is suggested that the wafer surface becomes clean enough and desorption
process is completed. After desorption, the epitaxy growth can be started. In principle, higher
temperature can improve the quality of epi-layers, but the sticking coefficient of molecules
decreases, especially for the species with smaller chemical bonding energy. In our system, the
growth temperature for AlGaAs and GaAs is roughly at 600 °C, and for the pseudomorphic
growth of InGaAs the stemperature is at about 510 °C. While for the strain-induced
three-dimensional (3-D) island growth of InAs, the so-called self-assembled quantum dot (QD)
growth, the temperature is generally in the range between 480 °C and 520 °C, depending on the
desired QD condition. Such 3-D island growth can-be also In situ identified by use of the
RHEED technique. Specifically, if the epitaxy growth goes in a 2-D layer-by-layer mode, a
streaky RHEED pattern will be obtained in"themeantime (see Fig. 2.2(a)). Once the surface
construction transition from 2-D to 3-D occurs, the growth will' proeceed subsequently in a 3-D
mode with the RHEED pattern also.transiting from the streaky pattern (Fig. 2.2(a)) to the spotty

pattern (Fig. 2.2(b)). Such a spotty RHEED pattern is commonly regarded as the indication

Fig. 2.2 The RHEED patterns that generated by (a) a 2-D surface construction and (b) a 3-D surface construction.
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that the deposition amount of InAs is sufficient for QD formation. More details about the
growth of the self-assembled InAs QDs will be described in the next chapter.

Besides the capability of surface construction analysis, the oscillatory behavior of the
RHEED specular beam intensity also provides us a convenient method to in situ calibrate the
growth rate. An explanatory diagram is shown in Fig. 2.3, in which 0 is the fractional layer
coverage. The equilibrium surface existing before growth is smooth, corresponding to high
reflectivity of the specular beam. As growth starts, nucleation islands will form at random sites
on the surface, leading to a decrease in reflectivity (due to enhanced random scattering). These
islands grow in size until they coalesce into a smooth surface again. It is expected that the
minimum in reflectivity would correspond to 50% coverage by the growing layer. Hence, the
period of the oscillations correspondsiprecisely to the elapsing timie for the growth of one
monolayer. The behavior of layer-by-layer epitaxy growth can be thereby appreciated by

observing the oscillation of the RHEED intensity.

Electron

Time
Fig. 2.3 Real space representation of the formation of the first complete monolayer of (001) GaAs with respect to

RHEED intensity oscillations. 0 is the fractional layer coverage [ref. 2.2].

Fig. 2.4 shows an example for the layer-by-layer growth of GaAs. Clear oscillatory
behavior is observed for the RHEED intensity in spite of damped amplitude. This damping
characteristic suggests that the growth gradually changes from a sequentially layer-by-layer

mode to a stable step-flow mode. A growth rate of about one-fourth monolayer per second can
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be derived from Fig. 2.4. It should be noted that one monolayer contains both Ga and As atoms
and is equivalent to a half of the lattice constant. It is only the beam flux of Ga that determines
the growth rate under As rich conditions [2.3]. For GaAs, the V-III flux ratio used in our lab is
roughly 10 for As; and 20 or higher for Ass. Excess Asy/Assis lost by re-evaporation and
therefore stoichiometric GaAs can be grown. The beam flux ejected from each cell is measured
by a beam flux monitor equipped on the substrate manipulator (Fig. 2.1). The orientation of the
substrate manipulator is changed by 180° for the beam flux monitor to face the effusion cell for

beam flux sensing.
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Fig. 2.4 One of the measured RHEED oscillations for GaAs in our MBE system.

2.2 Material Characterization

2.2-1 Atomic Force Microscopy
Atomic force microscopy (AFM) is a fast and convenient method for nano-scale surface
characterization in semiconductor industry due to its operability in ambient air and minimal
sample preparation for investigation. The AFM operation principle is illustrated in Fig. 2.5. The

instrument consists of a cantilever with a sharp tip mounted on its end. It is the force between
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Fig. 2.5 Schematic illustration of an atemic force microscope.

the apex of the tip and the surface atoms in the sample that produces the AFM operation [2.4].
Such force depends sensitively on the distance between the tip and the sample. Considering the
compromise between high image resolution and minimal damage creation for both samples and
tips, the tapping mode was used throughout in this dissertation. The cantilever is excited close
to its resonant frequency by a driving sighal applied to the piezoelectric ceramic to which the
cantilever is attached..The excited oscillation of the-tip/cantilever is appropriately damped by
the force between the tip and the sample due to an appropriate tip-sample distance, and the
oscillation amplitude is recorded by a positional detector which detects the laser signal
reflected by the end of the cantilever (see Fig. 2.5). With a feedback-control electronics and a
3-D scanning mechanics, when the oscillating tip scans over the surface of the sample, one can
keep the tip-sample distance constant by keeping the oscillation amplitude constant. In this
manner, the topography on the sample surface can be obtained with the resolution reaching ~1
nm. In our lab, the AFM is performed by a Veeco Digital Instrument D3100 commercial
system, primarily for understanding the geometry, sheet density, and uniformity condition of

the 3-D quantum objects in the samples.
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2.2-2 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a very practical and efficient material
characterization method for most III-V semiconductors, in which the process of the
electron-hole (e-h) recombination is mainly radiative. It serves to determine the fundamental
bandgap (E) of the sample, understand the crystalline quality of the sample, and identify the
impurity species in the sample [2.5]. When a sample are excited by an optical source, typically
a laser with photon energy hv > E, e-h pairs are generated, subsequently followed by a carrier
thermalization process (including diffusion, capture, and relaxation of the carriers), and then the
PL signals are obtained from the Spontaneous emission of.the sample due to the radiative e-h
recombination. In our lab, the samples grown by our MBE machines are routinely characterized
by a homemade PL system as shown in Fig. 2.6. Such a system has the capability of, besides
the conventional PL; also the PL-excitation (PLE), resonant PL. and micro-PL measurements.
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Fig. 2.6 The instrument setup for PL, PLE and micro-PL measurements in our lab.
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For conventional PL measurement, an argon ion laser is used as the excitation source and the
samples for investigation are mounted in a helium close-cycled cryostat, where the sample
temperature can be maintained at from ~13K to room temperature. While for PLE or resonant
PL, a Ti-sapphire laser pumped by the argon laser is instead used to excite the samples. The
excitation photon wavelength can be tuned from ~770 nm to ~1030 nm using different lens kits.
The emission signal of the sample was collected by a couple of plano-convex lenses,
transferring through air space, dispersed by a 0.55m monochromator, and then detected by a
thermal-electric cooled InGaAs photodiode. Using mechanical choppers to modulate the laser
beams, the signal-to-noise ratio can be greatly improved by.such a lock-in technique. Besides, a
100 times long-working-distance object lens along with an. OXFORD designed liquid
nitrogen/helium cooled cryostat is used for the micro-PL measurement, where the spot size of
the excitation beam can be focused down to only ~1.5 pm. We take advantage of its ultra-high
excitation density to obtain PL spectra revealing high-lying excited states of the InAs quantum

objects that are studied in this dissertation.

2.2-3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a powerful technique for obtaining highly
magnified sample images with extremely high resolution, approaching 1-2 A [2.6]. A very high
energy electron beam, typically around 100-400 keV, is deflected and focused on the sample by
electro-optic condenser lenses, and passes through the sample, forming a magnified image in
the image plane which is then simply projected onto a fluorescent screen. The sample must be
sufficiently thin (a few tens to a few hundred nm) to be transparent to electrons. Due to such a
thin thickness, few electrons are absorbed in the sample. Thus, image contrast does not depend
very much on absorption, as it does in optical transmission spectroscopy, but rather on
scattering and diffraction of electrons in the sample.

Images formed using only the transmitted electrons are bright-field images and that using
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a specific diffracted beam are dark-field images. On the other hand, if large aperture is used so
that one transmitted beam plus many diffracted beam are all collected in the image plane,
high-resolution images are formed. The image brightness is determined by the intensity of
those electrons transmitted through the sample that pass through the image forming lenses.
Therefore, heavier elements cause stronger scattering, hinder the electrons from reaching the
fluorescent screen, and thus create dark image in the TEM picture. In general, for crystalline
specimen, the contrast in the TEM images may arise from mass contrast, thickness contrast,
diffraction contrast, etc. In this dissertation, TEM pictures are all obtained by a JEOL
JEM-2100F field-emission TEM. system using high-resolution image mode. Different from the
AFM technique, which was routinely performed for every sample, TEM analysis was only
performed for certain‘samples in this dissertation due to the challenging, time-consuming task

on sample thinning.

2.3 Device Fabrication Process

The device samples for the studies of quantum structure infrared photodetectors (QSIP)
in this dissertation were all grown on semi-insulating GaAs substrates with the type of vertical
transport structure, i.e. active region is sandwiched between a top-contact and a bottom-contact
nt GaAs layers. Discrete devices were fabricated by a two-step process using standard
processing techniques. Lithography for pattern definition was achieved by the I-line (365 nm)
exposure source and the 5214E photoresist. First, wet chemical etching (with the solution of
H,SO4: HyO;,: H,O = 1: 8 : 80, etching rate being about 8 nm/sec at room temperature) was
used to etch mesa down to reveal the bottom contact layer. Each mesa has a size of 260x370
um’. Then, E-gun evaporation (30nm Ni/ 70nm Ge / 300nm Au was deposited in sequence for
n-type ohmic metal) was used to metalize the top and the bottom contact-layers at the same
time. The metal contact on the mesa was purposely formed with a ring-shaped geometry to
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allow normal incidence measurement from the mesa top. The optical window has a size of
200200 um®. After lift-off by acetone, the sample was treated by rapid thermal annealing (at
385°C for 30sec) to form good ohmic contact for the devices. The top-view picture of a
completed single device on the wafer, taken by an optical microscope, is demonstrated in Fig.
2.7. It should be noted that the mesa etching does not penetrate through the bottom contact
layer. As a result, the devices, although discrete, all share the same electric bottom contact,

rather than being completely isolated.
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Fig. 2.7 The top view of'a single device for infrared detectors on the wafer.

2.4 Device Characterization

After device fabrication, the sample was stuck onto a sample holder by silver glue. The
sample holder is a good thermal conductor and has ten conductive fingers for wire bonding.
Since all devices in the sample share the same electric bottom contact, nine devices can be
chosen for measurement at most. Wire bonding was performed on the top-contact metal of the

selected nine devices, connecting them respectively to different fingers on the holder. Two to
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three of the bottom-contact metal pads were randomly selected from the wafer and wire-bonded
to the residual finger on the holder. The sample holder carrying sample was then mounted in a
helium close-cycled cryostat with electric feed-through for low temperature measurements.

The detector performance is judged by three important characteristics: [-V
characteristics, responsivity spectrum, and noise level [2.7]. Responsivity is the electrical
output for a given infrared input, and noise is the “clutter” that tends to hide the true signal.
They are usually combined into one parameter, called detectivity, which represents the
signal-to-noise ratio and is an important overall figure of merit for detectors [2.7]. The
characterization procedure for our QSIPs is described in the following. First of all, the low
temperature (~40K) I-V characteristics of the nine wire-bonded devices are examined one by
one through a Keithle§-236 source-measure instrument. To make a fast evaluation of the dark
current level for each device, a polished cold shield inside the cryostat is used to reduce the
background radiation illuminated onto the sample. The device temperature is monitored by a
calibrated temperature sensor installed beside the sample. The purpose of the measurement at
this time is to pick on an appropriate device for-detailed investigations. In long-term statistics,
the device yield is in the range of 15~60 %. Such a low yield-is detrimental for the focal plane
array application and is tentatively attributed to the not-high-enough growth temperature for the
GaAs barrier layers in our QSIPs. Considering the stable growth temperature for InAs active
layers, the GaAs barrier layers were not grown at its proper temperature. More studies about
this issue should be done to improve the device yield.

After finding the appropriate device, we then measure the responsivity spectrum for
QSIPs. This is achieved by Fourier transform infrared spectroscopy (FTIR) [2.5] and a
blackbody radiation source. Fig. 2.8 shows the FTIR measurement system. This method can get
the spectrum faster than using a monochromator. The FTIR used in our lab is made by Nicholet
co. with computer control. It provides the measurement range from 2.5um to 25um. However,

the ZnSe optical window on cryostat blocks the transmission of the photons with wavelength
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Fig. 2.8 The responsivity spectrum measurement setup.

longer than 20um. The cold shield inside the cryostat is removed from the device under testing
(DUT) to allow the .illumination of the infrared .light emitted from the FTIR. The
photo-response signal produced by the DUL is first amplified by an SR-570 current amplifier
and then fed into FTIR. The relative responsivity spectrum is obtained by the software for
QSIPs at different biases and temperatures. After that, the speetra are calibrated by a Graseby
Infrared blackbodyssource set at 1000-°C.' The absolute responsivity imeasurement setup is
shown in Fig. 2.9. Again, the lock-in technique is-used to improve the signal-to-noise ratio.

Besides, a germanium wafer is inserted in the optical path to filter out photons with wavelength
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Fig. 2.9 The measurement setup for obtaining absolute responsivity using blackbody.
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shorter than 2pm to insure that the measured photocurrent comes from the intra-band instead of
the inter-band transition in QSIPs. The DUT detects the chopped blackbody radiation and
produces an ac photocurrent, which is amplified previously by an SR-570 current amplifier and
then by an SR-530 lock-in amplifier. Typically, the chopper frequency is set at 1 kHz for the
measurement. The measured photocurrent comes from the excitation blackbody source which is
a wavelength-continuous light source. Therefore, combined with the relative responsivity

spectrum, the peak responsivity can be calculated by the following equation:

|
il _ (2.1)
A-E-MF T, M T Mg - [R-Q-d 2

R peak =

Where Ipnis the measured. photocurrent, A is the area of-the device optical window (200x200
umz), and Ts are the transmission of the Ge wafer, ZnSe window, and GaAs wafer which are
about 0.64, 0.7 and 0.7, respectively. R- is the peak-normalized responsivity spectrum and Q
is equal to the blackbody spectral exitance expressed by the equation (1.1). MF is the
modulation factor of the chopper, and in our system it is about 0.38. E 1s the normal-incidence
configuration factor given by:

(d/2)

Where d is aperture size of the blackbody source and D is the distance between the source and
the sample. In our case d is 4 mm and D is 140 mm. The absolute responsivity spectrum is
obtained once the peak responsivity is obtained. With different bias points, the relation between
applied voltage and peak responsivity is also obtained by this setup. Frequently, the
voltage-dependent responsivity is measured at different temperatures to understand the
temperature-dependent behavior of QSIPs.

After the above optical measurements taken in the close-cycled cryostat are finished,
the sample is then transferred into a dewar containing liquid helium to measure the dark current

and the noise level of QSIPs. The measurement setup is shown in Fig. 2.10. The sample is
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Fig. 2.10 The setup for noise spectrum measurement (top side) and dark current measurement (bottom side).

mounted on an electrical insert ‘and the device for measurement is soldered with a low-noise
coaxial cable. The noise spectrum is measured by an. SR-770 fast-Fourier-transform (FFT)
spectrum analyzer. The device dark current.is first amplified by the SR-570 and then sent into
the FFT spectrum janalyzer. All the connection is made by the BNCrcable to eliminate the
coupling of outside noises. Besides, proper grounding is needed. The signal from the FFT is the
combination of noises of all the circuit components. Accurate results of QSIP noise can be
obtained by extracting all the equivalent circuit parameters [2.8]. However, since the resistance
of QSIPs is usually higher than 1 MQ at low temperatures, the noise spectral density can be

well described by a simplified equation
VZ=Vi+ Al (2.3)

where V,, is the measured noise voltage (in the unit of V/(Hz)">), Vo is the noise under open
circuit, and A is the gain of the SR-570 amplifier. A typical noise spectrum obtained for QSIPs
is shown in Fig. 2.11. The flat shape characteristic for frequency higher than about 1 kHz
shows that the noise is dominated by the frequency-independent noise mechanisms, which
include Johnson noise and generation-recombination (G-R) noise [2.7]. That is,

12 =12
n — "n,Johnson

+ If’G_R (2.4)

In the case of QSIPs, the Johnson noise is usually far smaller than the G-R noise and can be
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Fig. 2.11 The typical noise current spectrum of QSIPs.

neglected. We use the noise current density measured-at around 1 kHz to calculate the specific

detectivity for our QSIPs through the definition [2.7]

i Rpeak\/E
)

D (2.5)

n

where A’ is the area.of the device mesa (370x260 um”). Due to the limit of the measurement
system, noise current smaller than 2x10"° A/Hz"’ could not be correctly measured in lower bias
range at lower temperatures. So;. for the device with very high resistivity, the operation window
where accurate detectivity can'be measured is especially narrowed. As for the dark current
characteristic, it is directly measured by a Keithley-236 source-measure-unit (SMU). By
making use of the temperature gradient in the dewar, the temperature dependence of the dark
current or the noise current can be also measured.

For photoconductor detectors such as QSIPs, the detector’s responsivity is determined by
two important factors, quantum efficiency, 1, and photoconductive gain, g, through

Reac=(e/h 1) 179 (2.6)

where vis the photon frequency [2.7]. The two parameters 77 and g characterize the optical and

the transport properties of QSIPs respectively. Their physical meanings can be schematically
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clarified by Fig. 2.12. Quantum efficiency is the average number of photoelectrons (or free
electrons) that can be generated from the quantum structures by one incoming photon.
Photoconductive gain is the total number of induced conducting electrons from electrode per
photoelectron for reaching the steady state of the photon absorption. Photoconductive gain can

be approximated by noise gain [2.9-2.10] and calculated by

IzG R I,
~ =_Nn6R __'n 2.7

where gy is the noise gain, lyis the dark current, and |, 1is the measured noise current density at
around 1 kHz. The quantum efficiency can be obtained through equation (2.6) once the
photoconductive gain is_obtained: The factorization of quantum efficiency and gain from
responsivity is commonly performed to understand the inner nature of QSIPs. However, we
should keep in mind that equation (2.7) is only an approximation and it may cause serious

deviation when the avalanche multiplication in QSIPs-becomes prominent [2.11].

(b)

Quantum efficiency _ _
Photoconductive gain

Fig. 2.12 Schematic photon detection mechanism in QSIPs: (a) photo-electron generation (including absorbing
photons and escaping to become free carriers for electrons) followed by (b) current replenishment from electrodes

(the behavior of gain establishing).
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Chapter 3
Manipulation of the Geometry and Sheet Density of InAs Quantum

Dots/Rings by Self-assembly Methods

In this chapter, we investigate the growth conditions to manipulate the sheet density and
geometry of self-assembled InAs quantum dots (QDs) with fully in situ growth control. With
appropriate growth parameters and growth procedures, a wide range of sheet densities from
~1x10%cm™to ~1.2x10" cm™ is obtained. Furthermore, using the partial-capping and annealing
technique, the shape of the QDs"can be tailored into ring-like structures. The evolution of
self-assembled InAs quantum ring (QR) formation is studied by, AFM and PL spectroscopy.
The influence of thé geometric change during the dot-to-ring ‘evolution on electronic
wavefunctions and state energies is also studied by simulation. Finally, the growth condition of

high density and high quality QRs which are good for-device applications is presented.

3.1 Introduction to Self-assembled-Quantum-Dots and Quantum Rings

As mentioned in Chapter 1, zero-dimensional (0-D) quantum;structures are expected to
make revolutionary progress in the technology of optoelectronics due to their discrete density
of states and the enhanced exciton oscillator strength. Experimental studies in this field for
semiconductors started from the late 1980s, via ether the approach of lithography and etching
[3.1] or the approach of strained layer self-assembled island growth [3.2]. The small
nanostructures (= 50 nm in three dimensions) fabricated by etching usually suffer from
serious degradation in quantum efficiency due to the process-induced defects at the interface,
so they are not suitable for practical device applications where elevated operation temperature
is usually required. On the other hand, using Stranski-Krastanow (S-K) mode growth, nano-
islands can be formed spontaneously. These nano-islands, after in situ coverage of host material,

are the so-called self-assembled quantum dots (QDs). They are free of the interface damage
26



problem and are promising for device applications [3.3]. Hence, since the early 1990s, huge
amount of efforts have been expended to the growth and characterization of self-assembled
QDs, especially in the InyGa;As/GaAs system [3.4-3.18]. Until now, the fabrication of
In(Ga)As QDs has been well developed. By manipulating the sheet density, InAs QDs with low
enough density have been put on the studies of single photon sources [3.19] while QDs with
high density have been put into practice in the technologies of laser diodes [3.20] and infrared
focal plane arrays [3.21].

Besides QDs, quantum rings (QRs) are also 0-D quantum structures but have special
nonsimply-connected geometry with rotational symmetry. Because the size is so small, the
energy associated with the carrier motion even along-the ring is quantized. Such special
ring-like nanostructurés have been received a considerable attention for decades [3.22-3.27].
Particular interest on QRs lies in its predicted magnetic property, such as Aharonov-Bohm
effect, persistent current, and magnetization [3:25]: Again, the method of self-assembled
growth, without the problem of interface damage, serves as the most promising approach to
fabricate semiconductor QRs for ether physical studies-or realistic applications. The formation
of InAs ring-like nanostructures by self-assembly was firstly discovered by Garcia et al in 1997
[3.12]. They found that a remarkable morphological change of self-assembled InAs QDs would
happen during growth if a pause was introduced after overgrowing the dots with a few nm of
GaAs. Since then, the fabrication of semiconductor QRs by tailoring the geometry of QDs
using in situ growth control has been studied extensively for different materials in the MBE
technology [3.28-3.36].

Because the fabrication of QRs is achieved by transforming the geometry of QDs, it is
important to appreciate this evolution process and then control it for obtaining quasi-realistic
donut-shaped structures so that the particular magnetic properties of “rings” could be observed.
Furthermore, the different geometric nano-objects at different stages of the evolution process

must have different electronic state energies. The ability of manipulating these nano-objects
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provides us with another freedom in tuning the working wavelength for the photonic devices
operated either by interband transitions or by intraband transitions. In the following, the growth

of self-assembled InAs QDs using MBE technique will be described at the beginning.

3.2 Growth of Self-assembled InAs/GaAs Quantum Dots

The typical growth procedure and the growth mechanism of the InAs/GaAs QDs grown
by MBE in S-K mode are described as follows: at first, after desorption of native oxide, the
GaAs buffer layer is grown in 2-D layer-by-layer mode. Then, InAs is deposited at an
appropriate substrate temperature. The first few monolayers (MLs) growth of InAs on GaAs is
in 2-D mode because of the smaller surface energy of InAs. However, due to the rapidly
increased strain energy induced by the lattice mismatch (7.2%); ‘the surface construction
transition from 2-D'to 3-D occurs for minimizing the total energy [3.3]. The energy relaxation
at this stage is elastic so the resulted 3-D InAs islands are coherent to the substrate. By
carefully controlling the amount of InAs deposition, defect-free InAs QDs form after GaAs
capping. In general, such defect-free InAs/GaAs QDs couldbe obtained reproducibly with InAs
deposition thickness less than 3 MLs. From previous studies, the thickness that would trigger
the surface elastic relaxation was extracted to be 1.5 MLs [3.8]. This is the so-called critical
thickness. So, the InAs QDs by S-Kimode growth must come along with a thin wetting layer
(WL), which will generate a 2-D quantum state in the QD layer. It should be mentioned that,
however, the WL thickness is not a well defined constant but subtly depends on the growth
conditions. The reported InAs WL thickness varies from 1.5 to 2 MLs. Such different
thicknesses for WL means there exists a delay in the 2-D to 3-D phase transition, which is
attributed to the persistence of the metastable 2-D growth during epitaxy [3.3]. After phase
transition occurs, the nucleation of the islands is asynchronous and randomly distributed on the
growth front due to the local fluctuations of the InAs flux that arrives at surface. Hence, due to

such random growth process, the size of the QDs must have a distribution. The size
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non-uniformity in self-assembled QDs is generally known to be the dominant factor for the
inhomogeneous broadening in PL spectrum.

The final characteristics of the self-assembled InAs QDs depend on many factors
including growth parameters, surrounding materials, and growth procedures [3.10-3.18].
Important growth parameters are: substrate temperature (Tg), InAs ML thickness, InAs growth
rate, As species, As pressure, etc [3.10-3.13]. Even if a specific growth recipe is used, the
results may vary from chamber to chamber due to the difference in ether the chamber
conditions or the parameter calibrations. Take the parameter Ty, as an example, the dependence
of PL peak energy (Eo, the representative ground state transition of the QD ensemble) on Ty,
surprisingly showed opposite trends for a wide range of Teyp (480°C ~ 535°C) in ref. 3.13 and
3.14. Therefore, it is' necessary. to master and monitor the growth conditions of QDs in
individual growth chambers before controllably growing device samples.

In point of general optoelectronic devices, QDs with high sheet density are preferred; on
the other hand, low density QDs are required for implementation of single photon sources. For

that reason, it is significant to be able to'manipulate the-QD density:

3.3 Manipulation of the Sheet Density of InAs Quantum Dots

In this section, seven QD samples with different growth conditions are used to study the
AFM images and the PL spectra. The growth parameters and the characterization results are
listed in Table 3.1 for these samples. Parameters are purposely selected so as to enlarge their
difference in QD densities. Each sample was grown with a single active InAs QD layer
sandwiched between 150 nm GaAs barrier layers and a surface QD layer as the uncapped
counterpart for AFM measurement. Besides, concerning that InAs QDs may be still far from
their quasi-stable morphology just after InAs deposition finishes [3.37], a 20~30 seconds of
growth interruption under As overpressure (the As, flux was commonly used) was performed

before depositing GaAs cap layers in every samples.
29



Table 3.1 InAs QDs growth parameters and characterization results.

Sample # | Tap (°C) | As (10 Torr) In GR.(um/hr) [ In. MLs | D (10"%cm? | Eo(eV)
RN0069 515% ~1.3 0.056 0.3 x10 ~0.01 1.102
LM4598 540 ~1.3 0.033 3.2 0.5 1.112
LM4571 520 ~1.3 0.056 2.6 2.3 1.128
LM4572 490 ~1.3 0.056 2.6 8.5 1.185
LM4455 480 ~15° 0.1 2.4 12 1.269
LM4786 520 ~3.3 0.152 2.8 3.0 1.132
LM4563 520 ~13 0.056 3.2 5.3 1.278

* The temperature with star was indicated by a different epitaxy system from the others. The nominal value should
be added by about 20 °C if one would compare it with the others.

# The number with underline means Asy, others are As,.

The AFM images and the low temperature PL spectra of the upper five samples in Table
3.1 are displayed in Fig. 3.1. A large difference in dot density is clearly seen. The QD densities
span a wide range from ~1x10* em™ to ~1.2x10'" cm®. The peak energy of each PL spectrum
(Ep) also varies from 1.102 eV to 1.269 eV due to the different/QD sizes (especially, the height
of the dot). With minor difference in InAs deposition amount,a smaller QD size comes along
with a higher QD density and results 1n a larger Eg as predicted by the quantum mechanics.

We first consider the sample with medium sheet density (LM4571). As indicated by the
AFM image, the QDs are quit uniform in size, with average height about 10 nm. Narrow size
distribution is also reflected by the PL spectrum, of which the full-width-half-maximum
(FWHM) is only 40 meV. With this QD condition (2.6 MLs InAs, 0.056 um/hr growth rate and
520°C Tsu), strong PL emission can be reproducibly obtained even at room temperature. For
that reason, the QD condition of LM4571 was frequently used for device fabrication in our lab.

When we want to lower the QD density but keep the dot size large enough, we choose the
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Fig. 3.1 The 1x1 pm”> AFM images and the low.power (~1 W/em®) PL spectra at 13K of the samples

growth parameters so as to increase the mobility of In adatoms and suppress the island growth
from later nucleations. In this case, high growth temperature, low growth rate, and moderate
deposition thickness for QDs are preferred. Concerning that the sticking coefficient of In will
dramatically decrease when T, raised over ~545°C, we chose 540 °C for QD growth. As
demonstrated by the AFM image of LM4598, low density QDs with large sizes are obtained.
The density is 5x10° cm™ and the average dot height is about 18 nm. The E, of LM4598,
however, is only 16 meV smaller than that of LM4571 despite large difference in the uncapped
dot heights (18 nm versus 10 nm). The result is attributed to the enhanced In-Ga intermixing
during the GaAs overgrowth at such a high temperature of 540 °C [3.18], which results in a
blue-shift in E, that counteracts the red-shift caused by the increased dot size. In fact, this

inference has been confirmed by examining another sample with the Ty, of the GaAs cap layer
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lowered to 505 °C while other conditions are kept the same. In this case, Eq is further reduced to
1.061 eV (Fig. 3.7) due to suppressed intermixing effect. As mentioned, the QD density around
several 10° per cm? can be obtained by high growth temperature along with low growth rate.
This density, however, is sometimes not low enough for isolating a single QD. A special growth
procedure was used in RN0069 for further reducing dot density. Ten periods of 0.3 ML InAs
deposition followed with a 10 seconds interruption step were used for growing QDs, aimed to
further suppressing the possible island formation from later nucleation. In this case, only one
QD was observed in the 1x1 um* AFM image (see Fig. 3.1). QDs with such an ultra-low
density, ~10° cm™, are very promising for single photon sources. However, the reproducibility
of this segmental flux growth is not very good and every so often the dot density of ~2x10°
cm™ is reached. The réason is not clear now and further investigations'are needed.

On the other hand, high density QDs ar¢ always preferred for optoelectronic devices
such as QD lasers'and QD detectors. A direct approach for obtaining high density dots is to
lower the growth temperature of QDs. The Ty in LM4572 was lowered by 30 °C compared to
LM4571, while all other growth parameters-were kept-the'same. Comparing the AFM images,
clear elevation of dot density is identified in LM4572 (Fig. 3.1). The sheet density is increased
to 8.5x10'® cm™ due to a much shorter In migration length at low temperature. However, it is
also noticed that the size uniformity of the QDs obtained by this growth condition is not good.
The FWHM of the PL spectrum in LM4572 reaches 91 meV, over two times larger than that in
LM4571. Such severe inhomogeneous broadening in PL emission is usually unfavorable for
device applications. To improve the size uniformity but not sacrifice the dot density, it is
necessary to eliminate the coalescence of InAs islands during QD growth. In sample LM4455,
the QDs were grown at 480 °C under As, overpressure. The purpose of using As, rather than
As; is to further reduce the In migration length to lower the probability of coalescence. As
indicated by the AFM picture, the number of coalescent dots is obviously reduced and the

obtained QDs are very dense and small. The dot height is only ~1.5 nm (see Fig. 4.2) and the
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dot density reaches 1.2x10"" ¢cm™. Due to the ultra-small QD height, the E, greatly blue shifts to
1.269 eV. Although the QDs are relatively uniform judging from the AFM image, the FWHM
of the PL spectrum reaches 72 meV due to increased sensitivity of confinement energy on size
distribution in such small-size regime.

As described above, high density QDs could be easily achieved by lowering the growth
temperature (to below 500 °C). However, the associate PL spectrum is generally so broad that
the peak intensity is instead reduced. More than that, deteriorated crystal quality due to low
temperature epitaxy around QD layers also makes the QDs unsuitable for room temperature
applications. Hence, alternative.approaches are required to increase the dot density at high
enough growth temperatures (in general, >510 °C). Two approaches are introduced here. One
is to increase the InA§ growth rate and the other is to deposit a few MLs of AlAs before QD
growth [3.17]. Both'methods serve to reduce the'In migration length. The obtained results are
demonstrated in Fig. 3.2. Let us focus on LM4786 first. Compared with LM4571 (Fig. 3.1), the

InAs growth rate here was raised for about 3 times while T, was unchanged. With this

".".‘:..' .

A XT R
$ %4
$‘ (]

WL
.' iy

YR
TN
W
“e0s bana

PL intensity ({ normalized )

110 115 1.20 125 1.30 1.35 1.40 1.45
Photon energy (eV)

Fig. 3.2 The 1x1 pm* AFM images and the low power (~1 W/cm?) PL spectra at 13K of the samples.
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adjustment, the QD density was increased by a factor of 1.3. Note that with a slight increase in
InAs deposition MLs, the QD size scarcely shrinks in spite of the increase in dot density. The
Ey shifts to high-energy side by only 4 meV. Using this growth condition, a sheet density of
3x10" cm™ and a FWHM of 48 meV are achieved. On the other hand, by introducing a 3 A
AlAs layer, the mobility of In adatoms is dramatically reduced and the density of the QDs is
greatly increased to over 5x10' cm™ in LM4563. A relatively narrow size distribution is also
obtained despite high density. It should be mentioned that, the E, reaches to 1.278 eV, an
unexpected high energy. Although the dot size in LM4563 is larger than in LM4455 (5 nm
versus 1.5 nm), the E, is instead higher in LM4563 than in LM4455. It means the Al atoms
somewhat must be incorporated into the QDs and contribute to the electronic states. In general,
the incorporation of Al to the InAs QDs is not preferred because it not only reduces the depth of

confining potential but also deteriorates the material quality of the QDs.

3.4 Manipulation of Geometry: Evolution of Self-assembled InAs Quantum
Ring Formation

In this section, we present detail studies on the evolution of shape transformation from
QDs to QRs by using' self-assembled growth technique. The growth procedure of
self-assembled InAs QRs is schematically described in Fig. 3.3. At first, the InAs QDs are
formed via S-K mode island growth. In the following, a GaAs layer is deposited with thickness
thin enough to cover the QD sidewalls but leave the tips exposed. Due to the strain distribution
on the QD layer, the deposited GaAs tends to accumulate on the region between InAs dots first,
so plane-type coverage rather than conformal-type coverage is achieved. Then, with a proper
duration of annealing (interruption under As flux), InAs materials are torn apart from the tip of
the dots and migrate out to form ring-like structures. After the coverage of GaAs barrier layers,
the QRs are completely formed.

The possible mechanisms of the outward migration of InAs materials from the QDs
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Fig. 3.3 Schematic for the growth process of self-assembled InAs QRs.

have been reported [3.28-3.30]. It was ascribed to (1) a higher In surface mobility (compared
with Ga) which causes the outward “diffusion” of In atoms from the exposed portion of InAs
QDs during the annealing duration [3.28] and (2) an outward driving force for In atoms
generated by the instability at the interface between the exposed InAs droplets and the
surrounding solid GaAs materials [3:29]" Therefore, the whole process is quite complicated.
The surface migration:(referred to. as diffusion in Ref: 3.28) depends on the temperature and the
duration of annealing, while the.imbalanced surface tension.at solid-liquid interface depends on
the shape of the InAs dots and the thickness of the GaAs cap layer. In the following, the
dependence of QR formation on the annealing temperature and that on the cap layer thickness
are both investigated. The geometry and the optical properties of QRs at each stage of ring
formation are recorded by AFM and PL techniques, respectively. The quantum effect associated

with the dot-to-ring geometric changes is also studied by simulation.

3.4-1 Effect of Annealing Temperature and Dot Size on the Ring Formation
Three samples (LM4592-1.M4594) were prepared to investigate the effect of annealing

temperature on QR formation. The typical structure, a single InAs active layer sandwiched
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between two 150 nm GaAs barrier layers with a counterpart of InAs layer on the surface, was
grown in each sample. For all the three samples, before exerting different capping techniques,
the precursor InAs dots are formed with identical growth parameters (T, of 520 °C, 2.6 MLs
of InAs, In_ GR. of 0.055 pm/hr, and ~1.3x10° Torr As, overpressure) followed by an
interruption of 10 sec. For LM4594, after the QD growth, GaAs with 1 um/hr growth rate was
continuously deposited to entirely cover the dots. No additional annealing step was used. But
for LM4593 (LM4592), after the dot growth was finished, the Ty, was ramped down to 450 °C
(470 °C) within 100 sec for the following capping and annealing process: a thin GaAs layer of
2.5 nm was deposited with a growth rate of 1 um/hr and then a 50 sec interruption under As,
flux was performed at the same substrate temperature for annealing. Finally, the GaAs barrier
layer with 1 pm/hr growth rate;was grown to complete the growth process. Note that this high
growth rate for GaAs barrier is essential to minimize the deformation of the as grown
structures.

The AFM images of the three samples are shown in Fig. 3.4. We can see very clearly
that after the capping and annealing process; the shape-of the QDs was dramatically changed.
The original QDs, shown in Fig. 3.4(a) and (a’), changed to a volcane-like structure (Fig. 3.4(b)
and (b”)) or a ring structure (Fig. 3.4(c) and (¢’)) depending on the annealing temperature. At a
lower capping and annealing temperature of 450 °C, the outward migration of In atoms from
the uncovered tip of each dot left behind a volcano shaped structure as shown in Fig. 3.4(b’).
When the capping and annealing temperature was raised to 470 °C, more In atoms moved out of
the dot leaving behind a deep crater in the center depleted of InAs. In this case, a complete ring
was formed. It should be mentioned that the surface profiles in Fig. 3.4 have different
elevations, or height references. In LM4594, with the dot profile shown in Fig. 3.4(a”), the QD
stands on the WL and the whole dot is visible. For LM4593 and LM4592, however, the base
height is elevated because of the cap layer coverage. Although the nominal deposition thickness

of the cap layer was 2.5 nm, the base height was estimated to be ~3.4 nm due to the presence of
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Fig. 3.4 The 1x1 um*AFM images of (a) LM4594 (quantum dots), (b) LM4593 (quantum volcanos), and (c)

LM4592 (quantum rings), and the representative surface profile of individual structure in each sample.

the QDs (Based on'the size and density of the-dots; 26% of the surface was occupied by the
dots in the QD layer). Se for these two samples, a large portion ‘of the InAs volcanos and rings
lies below the surface of the cap layer. The actual height of the volcano shown in Fig. 3.4(b’) is
5.4 nm measured from the surface of'the WL and the height of the ring shown in Fig. 3.4(c’) is
4.4 nm.

If we look very closely at the surface image of LM4594 shown in Fig. 3.4(a), two
groups of dots with different sizes are seen. Such bimodal size distribution is quite common in
self-assembled QD growth [3.38]. It is because that at a given growth condition, there is an
optimum number of nucleation sites and QD size. When the optimum size is reached, further
deposition of In atoms will tend to form new nucleation and new dots (due to the attachment
barrier around the edge of the old dots [3.39]). So the larger dots are the ones with the optimum

size and the smaller ones are from the later nucleations. The typical size of the larger dots is
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shown in Fig. 3.4(a’). The height is around 14 nm and the base diameter is around 45 nm. For
the smaller size dots, the typical height was measured to be ~9 nm and the diameter was ~38
nm (not shown). Now as these dots are covered by a thin cap layer, the uncovered portion of
the dots is different depending on the size of the dots. Obviously the larger ones have a larger
portion exposed and the smaller ones have a smaller portion exposed. When the samples are
annealed, these two types of dots evolve into rings differently. A closer look at Fig. 3.4(b),
which underwent 450 °C capping and annealing, indeed reveals two groups of dots, one with a
small depression at the center and the other without. Fig. 3.4(c) of LM4592, annealed at a

higher temperature of 470 °C, also’shows two groups of rings with two different sizes.

The PL emission spectra of the three samples described above are shown in Fig. 3.5. The
excitation power was purposely kept low to ensure only ground state emission is allowed. The
bimodal distribution of the QDs in LM4594, which was not annealed, is clearly seen with two
emission peaks. After annealing at 450 °C, the emission peak of LM4593, shifts to a higher
energy. Although it-appears to be onlya single peak, a careful fitting. with Gaussian curves

reveals there are actually two Gaussian distributions.(see dash-line curves), a higher sharp peak
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Fig. 3.5 The PL spectra of LM4594 (no annealing), LM4593 (anneal at 450 °C), and LM4592 (anneal at 470 °C)

under low excitation power (~1 W/cm?) at 13K.
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at 1.163 eV with a FWHM of 27 meV and a lower broad peak at 1.176 eV with a FWHM of 52
meV. We attribute the larger peak to the emission from the nano-volcanoes, which were
evolved from the larger QDs. The shift in energy is readily understood because the height of
the dots has been reduced as the nano volcanoes were formed (see Fig. 3.4(a’) and (b’)). The
smaller peak was from the smaller dots. Because the emission wavelength of this peak is almost
the same as that of the smaller dots in LM4594 (no annealing), it is most likely that there has
not been any change in the shape of the dots. The inability to change shape suggests that their
tips were not exposed but instead covered by the GaAs layer during the annealing step. The
reason for the coverage is probably due to the poor mobility of the deposited Ga adatoms at the

Tou 0f 450 °C.

Further shift in emission peak to higher energy is observed for LM4592, which was
annealed at 470 °C, due to further reduction in the height of the dots as rings are formed. Again
two peaks are seen. The larger peak, at 1.301 ¢V, is-originated from the rings evolved from the
group of QDs with a larger size. The shoulder peak at a lower energy of 1.276 eV comes from
another group of rings that are evolved from the original smaller QDs. These small dots, which
were unchanged after 450 °C annealing, now have also changed to ring structures. The higher
capping/annealing temperature causes the tips of the smaller dots also exposed due to the
increased surface mobility of Ga atoms. Because a less amount of InAs is removed from the tip,

the shift in energy of the emission peak is less than that of the larger rings.

Let us look carefully into Fig. 3.4(c). The larger rings, which originated from the larger
dots, have also larger sizes in their craters (a crater depth of ~1.7 nm could be observed in Fig.
3.4(c’)). For the smaller rings that originated from the smaller dots, the crater is not as wide and
deep as that of the larger rings. So clearly, the ring formation is at an earlier stage comparing to
the larger ones. In other words, the smaller dots, after being partially capped have smaller
driving force for shape transformation than the larger dots. As will be described in the
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following, this can be explained by the difference in the degree of surface tension imbalance for

the different size dots as they are partially covered.

3.4-2 Effect of Cap Layer Thickness on the Ring Formation and the Formation

Mechanism

As described above, the difference in the amount of cap layer coverage for the QDs
with different sizes causes difference in the final ring structure. So to get a better picture of the
effect of cap layer on the ring formation, we have also prepared another group of QD samples
(LM4600~LM4602 and LM4641)..In this group of samples, QDs with larger sizes were grown.
3.2MLs of InAs were deposited at a higher growth temperature of 540 °C and a lower growth
rate of 0.033 pum/hrySuch growth condition alse gave a better size.uniformity for the QDs.
After the QD growth was finished, the Ty was ramped down rapidly to 505 °C for the
following capping process. In LM4641, the contimuous capping of GaAs was used for the QD
reference. In the other samples, the partial-capping and annealing process was used for the QR
formation. The cap layer thickness used was 5.5 nm, 4 nm and 2.5 nm for samples LM4602,
LM4601 and LM4600, respectively. Following the deposition of the cap layer, the samples

underwent 50 sec annealing at the same temperature of 505 °C.

The AFM images of these samples and the surface profiles of the representative
individual nano-structures are shown in Fig. 3.6. As shown in these pictures, the QDs (Fig.
3.6(a) and (a”)) again transformed via volcanos (Fig. 3.6(b) and (b)) to rings (Fig. 3.6(c), (¢’),
(d) and (d’)) after the capping and annealing process. However, this time the factor that
determines the final shape of the ring structure is not the temperature but the cap layer
thickness. The amount of In that migrates out from the center portion of the dots depends on the

amount of coverage of the cap layer.

In LM4602, which had a thicker cap layer of 5.5 nm, the QDs turned into volcano-like
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Fig. 3.6 The 1x1 um® AFM images'of (a) LM4641 (quantum dots), (b) LM4602 (quantum volcanos), (c) LM4601

v

(quantum rings), and (d) LM4600 (quantum rings), and the representative surface profile of individual structure in

each sample.

structures with the center crater about 1.4 nm deep. The rim of the volcano was 2 nm above the
GaAs cap, which was ~6.7 nm thick (based on .5.5nm deposition amount and 18% occupation
of the surface by the precursor dots). So the height of the InAs voleano was about 8.7 nm,
which is a great reduction from the original 18-nm height for the QDs. The InAs material that
moved from the top of the dots spread out to the adjacent area above the GaAs cap. The base of
the volcano that rose above the ' GaAs surface was widened to 99 nm. We need to bear in mind,
however, the bottom base of the volcano underneath the cap layer should be still the same as
that of the original QD. Judging from the AFM picture, this volcano structure is still far from a
ring. However, for LM4600, which had a thinner cap layer of 2.5 nm, the final structure had a
very deep hole with the In atoms almost totally depleted (see Fig. 3.6(d”)). The rim of the ring
was only about 1 nm above the cap layer. In other words most of the ring was buried below the
GaAs cap, which was about 3 nm thick. The outer diameter of the rim reached 110 nm, which
is much wider than the original base diameter of the QD. Although the ring-shaped geometries

of the QRs had been undoubtedly revealed by the surface scan in Fig. 3.6(d) and (d’), the
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Fig. 3.7 The plan view TEM image of the imbedded QRs.

practical material distribution condition of the imbedded QR layer should be still verified with

the TEM technique. Fig. 3.7 demonstrates such a plan view TEM picture (taken for LM4643, a

i s

sample with the growth pax*dr-fl'et?rs for QRs nearly the $ame as that in LM4600). The

.. -
ring-shaped dark images confirm the ring-shaped agcumulation's.. of the InAs materials and

somewhat the strain field of the QRs. |_ 18 Ty
. o | i) s 1
The PL spectra of the four samples deslcribe,d in Fig. 3.6 are shown in Fig. 3.8. Only one
r -1

primary peak is seen for all the samples. Beciuise.'o.f the growth condition chosen, we were able
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Fig. 3.8 The PL spectra of LM4641 (continuous capping), LM4602 (5.5 nm cap layer), LM4601 (4 nm cap layer),
and LM4600 (2.5 nm cap layer) under low excitation power (~1 W/em®) at 13K.
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as quantum rings are evolved from the original QDs due to the reduction of the height. The
peak energy, Ej, changes from 1.061 eV for QDs to 1.342 eV for QRs. A vary wide range
difference in Ey (281 meV) was then achieved by such geometric manipulation for
self-assembled dots. Moreover, the quantum ring formation is accompanied by a peak width
shrinkage, which can be observed clearly from Fig. 3.8. The FWHM of the emission peak from
the QDs decreases dramatically from 43 meV to 23 meV after the dots are transformed to QRs.
This is attributed to a better uniformity in the height of the rings after annealing. Since the
thickness of the cap layer should be very uniform, the fluctuation of the height of the original
dots results in different exposed,top areas. Subsequent annealing and the outward migration of
InAs will tend to smooth out the original height fluctuation and.cause the height of the final

structure more uniform:

Since the QD sizes are the same for all the samples discussed here, the sample with a
thicker cap layer will have a less amount of the exposed portion that can move outward upon
annealing. Not only.that, the migration of the In atoms from the tops of the QDs depends on the
imbalance of the surface tension at the interface between the cap layer and the QD droplet.
Based on this so-called dewetting model [3.29], it is not hard to picture that the driving force
for the outward migration of In depends on how thick the cap layer is. Fig. 3.9(a) and (b) show

the scenarios of a lens-shaped dot capped by a thicker GaAs layer and a dot capped by a thinner

@ 4 vapor e (b) -
AAS g FY s
YO - o /ﬁ Asvapor A
T InAs T v, 2 InAs
___________________________________________________ Ry, ey
GaAs yCGaAs/nAs GaAs

Fig. 3.9 Scenarios of a lens-shaped InAs island partially covered by (a) a thicker GaAs layer and (b) a thinner
GaAs layer respectively. The three arrows indicate different interfacial tensions acting at the borders between

GaAs, InAs, and As vapor.
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GaAs layer, respectively.

Because of the curvature of the lens-shaped QDs, the net forces at the corner of the
interface between the dot and the cap layer are different for these two situations. Let y54%, yA8
and y¥**" denote the interfacial tension forces between GaAs and As vapor, InAs and As
vapor, and GaAs and InAs, respectively. The net horizontal surface tension that pulls the InAs
away from the dot would be

F = y03As _ (ylnAs _, Gas/lnAs y g 3.1)

As a result of these imbalanced forces, InAs is pulled away from the tips of the dots to form
volcanos or rings (note that y54% > yIASI>S yOASINAS 4o sed here [3.40]). The reason why the
removal of InAs materials.is primarily from the tip of the dot can be attributed to its weaker
binding force than that of the surrounded rim. Based on equation (3.1), the pulling force
depends on the interface angle 0. As Fig. 3.9 shows, 0 is larger as the cap layer is thinner. So
the force that exerts on the dots is increased when a thinner cap layer 1s,used. In other words,
more InAs will be pulled out of the centers of the dots to the surrounding areas. Comparing to
the case with a thicker cap layer, the crater is deeper and the base of the rim is wider. This
explains why different volcano or ring structures are obtained when: cap layer with different
thicknesses are used.

In addition to the four samples described above, another sample (LM4599) with an even
thinner cap layer (only 1 nm) in the capping/annealing process was also prepared for the AFM
and PL studies. The results are shown in Fig. 3.10. As shown in Fig. 3.10(a), disk-like QDs
rather than ring-shaped structures are seen. As the inset shows, the diameter of the QD is about
62 nm and the total thickness of the dot is about 2.6 nm (again, the 18% surface occupation by
QDs was used to estimate the base height). Although an even thin cap layer was used to tailor
the geometry of the dots, ring structures were not obtained. We attribute the reason to be: for
the GaAs cap layer with such a thin thickness, the region with In-Ga intermixing due to the In

segregation [3.41] from the wetting layer becomes not negligible. In this case, the surface
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Fig. 3.10 (a) The AFM image and (b) the PL spectra with different excitation power at 13K of LM4599. The inset

in (a) shows the surface profile of the InAs dot pointed by the arrow.

tension of the cap layer is reduced so that the net outward force for pulling InAs dots instead
decreases. Consequently, the driving force is so small that it cannot tear the tips of the InAs
dots into crater-like structures to form rings. Judging from the power dependent PL spectra
shown in Fig. 3.10(b), the Ey 1s 1.313 eV and the first excited state emission energy, E;, is
1.340 eV. The high ground state energy.is due to the small QD height, and the small energy
separation between Eg and E, is'due to.the small height-to-width aspect ratio for QDs [3.42].
Let us compare with the geometry and the ground state transition energy for the sample
LM4600 with deep-crater rings and the sample LM4599 with disk-like dots. The rim thickness
of the ring in LM4600, which is ~4 nm (see Fig. 3.6(d”)), is larger than the thickness of the dot
in LM4599, which is ~2.6 nm (see Fig. 3.10(a)). However, the ground state energy of the QRs
in LM4600 (1.342 eV) is instead higher than that of the dots in LM4599 (1.313 eV). This fact
suggests that, for the QR with the volcano-like geometry, the dominant factor determining the
ground-state confinement energy lies in the condition of the center crater but not the thickness
of the peripheral hump. In the following, the influence of the crater formation on the electron

energy states in a volcano-like QR will be studied by modeling and calculation.
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3.4-3 Effect of Crater Depth on the Single-particle Electron States in a Volcano-like
Quantum Ring
The QD was modeled as a cone-shaped structure standing on a thin wetting layer. The
transformation of the QD into the volcano-like QR, is then modeled by digging down through
the tip of the cone. The modeled geometry is defined in cylindrical coordinate with azimuthal
symmetry shown in Fig. 3.11(a). The center height of the structure, h, is the variable for
simulating dot-to-ring evolution. The one-band Hamiltonian with material-dependent effective
mass approximation was used to calculate the single-particle electron states [3.43]. We used the
commercial software, COMSOL, to solve this 3-D Schrodinger equation using finite difference
method. The constant-confining-potential model was used here and the input parameters such
as potential well depth (V) and effective mass (m.) in each. domain were quoted from Ref. 3.44
where the effect of the local strain has been included. Assume 85% In composition in QDs
(QRs) to account for the intermixing effect, we assign'the parameters as follows: Vo= 356 meV,
me (InAs) = 0.05my, m. (GaAs) = 0.067my, where my is electron mass. Also illustrated in Fig.
3.11(a) is the formulation of the electron-wavefunction: Because of the azimuthal symmetry, the
azimuthal part of the wavefunction can be treated independently, generating the quantum
number m, which is associated with the orbital angular mementum along z-direction. The radial
part (for both z-axis and r-axis) of the wavefunction gives the other quantum number n. Hence,
the electronic state excluding spin is designated by (m, n) in this calculation.

The calculated energy levels of the low-lying electron states are plotted as functions of h
in Fig. 3.11(b), where h is the intersection between the z-axis and the InAs domain illustrated in
Fig. 3.11(a). From Fig. 3.11(b), it is observed that when h is reduced, the energies of the (0, 0),
(0, 1) and (£1, 1) states are raised with the speeds higher than the other states. When h is
reduced to significantly lower than 6.15 nm, i.e. a ring-like structure emerge (see the geometry
defined in Fig. 3.11(a)), the energy separation between (0, 1) state and (+2, 0) states and that

between (£1, 1) states and (%3, 0) states, which are both negligible at the high end of h, become
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Fig. 3.11 (a) Half of the side-view cross=section of the volcano-like structure illustrating the evolution from QD to
QR and the formulation for the.time-independent eigenstate wavefunctions. (b) The calculated electron energies of
the low-lying states as functions'of volcane’s center height, h. (¢) 2-D plots of some electron wavefunctions of the

QD (h =9 nm) and the QR (h = 0.65 nm).

very prominent. Hence, we can get some observations if we make comparisons for the two
extremes of h: First, as the QDs (h = 9nm) are evolved into QRs (h = 0.65nm), the original
quasi-degeneracy in QDs will be removed apparently in QRs. Second, with the QR formation,
more than one states with non-zero angular momentum (such as (£1, 0), (£2, 0), (£3, 0), etc.)
will appear between the (0, 0) state and the (0, 1) state in the energy axis. Last, compared with
the QDs, the electronic state energies increase but the energy separations shrink for the QRs.

In order to clarify these observations, the wavefunctions of the (0, 0), (0, 1), and (1, 0)
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states in QDs (h = 9nm) and QRs (h = 0.65nm) are plotted respectively in Fig. 3.11(c). In QDs,
for the states with zero orbital angular momentum, i.e. (0, 0) and (0, 1) states, the maximum of
the wavefunctions all occur at the center of symmetry (z-axis) despite the difference in the
number of “zeros” in r-direction. For the (1, 0) state, which has non-zero angular momentum,
the wavefunction tend to accumulate away from the center of symmetry at the cost of the
elevation in total energy. In the case of QRs, the wavefunctions of (0, 0) and (0, 1) states,
despite zero angular momentum, are pushed away from the center of symmetry by the potential
barrier at the center. For that reason, the state energies of (0, 0) and (0, 1) are significantly
elevated. As for the (+1, 0) state, the influence of the cénter barrier of the QR is less evident
because the wavefunction of the state with non-zero angular momentum naturally tends to
accumulate out of the' center. Such argument holds for all (+m, 0) states in QRs. In fact, the
influence of the center barrier is even weaker for the higher-lying (+m, 0) states as the
wavefunctions locate more distantly from the center. As a result, the energy separations of the
electron states in “QRs'are smaller than in-QDs. The simulation results also explain the
experimental observation in the last sub=section:"For QRs;the deeper the center crater is, the
outer the ground state wavefunction will be pushed, so the higher the ground state energy will
be. It is the central thickness of the ring rather than the rim height of the ring that dominantly
determines the ground state energy of QRs.

The quasi-degeneracy between the (0, 1) state and the (+2, 0) states in QDs (as
calculated for the high end of h in Fig. 3.11(b)) was further confirmed by the magneto-PL
spectroscopy. The QD sample RN0069 (which has been described previously in section 3.3)
was chosen for examination here. The sample was inserted in a magnet-surrounded dewar
cooled by liquid helium. The magnetic field was perpendicular to the sample surface with the
intensity adjustable from 0 T (Tesla) to 14 T. The photo-excitation and the signal collection are
performed by coupling through an optical-fiber bundle to the pumping laser and the

monochromator, respectively. The supplied excitation power density was about 0.8 W/cm®.
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Despite such low power density, the PL spectrum revealed clear state-filling characteristics due
to the ultra-low dot density of the sample. Fig. 3.12 shows such spectra with the magnetic field
changed from O T (bottom) to 14 T (top). It is clearly observed that the first two excited-state
transition peaks (p-shell and d-shell) at 0 T evolves into five different peaks (guided by
dash-lines) with increasing magnetic field due to the orbital Zeeman splitting as well as
diamagnetic shift [3.45]. The originally undistinguishable (0, 1) state and the (+2, 0) states in
d-shell is clearly separated when the magnetic field is higher than about 10 T. Because of the
dipole-allowed transition selection rule, the PL emissions are dominated by the recombination
of the electrons and holes from. the respective shells of the same quantum numbers. So the
resolved three features split from the d-shell peak in Fig. 3.12.indeed confirm the previous

calculation for electron states.

PL intensity (a.u.)
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Fig. 3.12 The PL spectra of the QD sample at 1.5K in magnetic field perpendicular to the sample surface.
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3.5 High Density Quantum Rings with Strong Photoluminescence Emission
at Room Temperature

As described in the last section, the geometry of the QRs depends critically on the
cap-layer thickness and the annealing temperature. By controlling the amount of In migration at
the annealing step and then continuously depositing GaAs with high growth rate to “freeze” the
as grown InAs morphology, the shape of the quantum rings can be controlled. Because the ring
formation has such a kinetically controlled growth property, we have another freedom to
control the ring evolution, i.e. the annealing duration. In fact, high annealing temperature along
with short annealing time can. give the same stage of ring evolution as low annealing
temperature with long annealing time does. Despite obtaining identical ring morphology, the
former growth condition commonly makes the quality of the epilayef better, especially for the
subsequently grown GaAs barrier layer, which should be grown at high enough temperature for
high quality epitaxy. Also, in point of the growth of multi-layer QRs, another concern is the
stable control on substrate temperatures, for both the precursor QDs and the subsequent ring
evolution are very sensitive to the substrate-temperature:In this case, using identical substrate
temperature for both” the QD growth step and the capping/annealing step without any
temperature ramp is preferred. For that reason, the effect of annealing time on the QR
formation was also investigated, with a substrate temperature of 520 °C throughout the growth
of the QR layer. Two samples were studied, both with 2.8 MLs of InAs at the growth rate of
0.056 um/hr and 2 nm of GaAs cap layer for ring formation. One (LM4729) was annealed with
5 sec while the other (LM4693) was annealed with 30 sec. Their AFM images and PL spectra
are compared in Fig. 3.13. For the sample with 5 sec annealing, clear ring-shaped structures are
seen (Fig. 3.13(a)), and the ground state energy is at 1.204 eV (Fig. 3.13(c)). While for the
sample with a longer annealing time of 30 sec, structures with the larger crater-like holes as
well as the smeared outer rims are observed in Fig. 3.13(b). The ground-state emission peak, as

expected, shifts to a higher energy, at 1.289 eV (see Fig. 3.13(c)). The borders of the QRs being
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Fig. 3.13 (a),(b) The 1x1 um”> AFM images and (c) the PL spectra at 13K of the QRs with different

annealing duration for ring formation.

smeared indicates that the outward.migration of Ingsadatoms is so distant that the overlap
between each QR occurs.. Thus, an annealing duration of 30.sec is definitely too long for
growing isolated QRs. From Fig. 3.13, it is observed that the sample with isolated rings in the
QR layer has stronger PL emission as well as narrower emission line-width than the sample
with overlapped QRs.

It should be mentioned that for the surface QR layer, the migration of In adatoms cannot
be quenched instantly after the annealing-step is finished due to the finite heat capacity of the
substrate holder. For the case where short duration of high temperature annealing is used for
QR growth, over-estimation on the ring evolution for the imbedded QRs may be significant if
we refer to the morphology of the surface rings. Hence, for the samples studied in this section,
in order to make the surface QRs resemble the imbedded counterpart as good as possible, the
substrate temperature was additionally ramped down by 20 °C before the capping/annealing
process for the surface QR layer.

Finally, with the optimum growth parameters (2.8 MLs InAs, 0.056 um/hr, Tq, of 520 °C,
2 nm GaAs cap layer, and 10 sec annealing time), high density QRs with good optical quality
were obtained via this dot-to-ring shape engineering. The power-dependent PL spectra taken at
room temperature and the 3-D AFM pictures are shown in Fig. 3.14 for both the InAs QDs ((a)

and (a”)) and its transformation, InAs QRs ((b) and (b”)). Due to the excellent epitaxy quality
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Fig. 3.14 The power-dependent PL spectra with normalized ground-state peak intensity of (a) QDs and (b) QRs.
Also illustrated in the inset.is the representative surface profile of a single structure. At the right hand side are the

3-D AFM images of (a”) QDs and (b”) QRs.

obtained, both the QDs and QRs show strong PL signals at room temperature. The emission
signals due to the higher-lying shells of the QDs/QRs appear sequentially as the excitation
power is raised. For QDs, the Ey, E;, E; and E;are at 1.028eV, 1.101eV, 1.169¢V and 1.237¢V,
respectively. While for QRs, because of the reduced center thickness and widened lateral
dimension, the Eo, E;, E; and E; blue-shift to 1.159¢V, 1.210eV, 1.253eV and 1.297e¢V
respectively. Besides the discrete states of QDs or QRs, the signal of the WL also appears under
high excitation power. The WL ground-state energy locates at about 1.348eV for both the two
samples, indicating after the annealing process the thin GaAs cap layer only modifies the

electronic structure of the InAs islands but by no means affects the imbedded wetting layer.
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Judging from the AFM image, the QRs have well defined outer peripheries and the sizes are
quite uniform. The sheet density is also very high, reaching 2.6x10' cm™. The QR condition
obtained here is very promising for fabricating photonic devices with the QRs as the active

media, such as quantum ring infrared photodetectors, which will be described in chapter 7.

3.6 Summary

We investigated the growth conditions of self-assembled InAs/GaAs QDs to get wide
ranges of sheet densities. The dot densities ranging from ~1x10* cm™to ~1.2x10"" cm™ were
achieved by adjusting the growth’parameters and the growth procedure. We also studied the
formation mechanism of ‘self-assembled InAs QRs in GaAs matrix obtained by the
partial-capping and ahnealing process: The gradual transformation’ from QDs to QRs was
captured by the AFM surface scan and the PL' measurement. The process depends on the
annealing conditions and the cap layer thickness. The imbalance of surface tensions at the
interface between InAs' QDs and the cap layer provides the driving force for the outward
migration of the InAs from the tips of the dots to the surrounding areas. The outward driving
force depends on the interface angle and thus the cap layer thickness for the QDs with the lens
shaped geometry. A thinner cap layer, because of a larger angle, results in a larger driving force
and therefore more matured rings iwith deeper center craters. The annealing temperature
provides the thermal energy needed for the migration of InAs. The annealing duration also
determines the migration length of InAs. By controlling these growth parameters, we were able
to manipulate the geometries and therefore the electronic properties of 0-D quantum structures
by the way of self-assembly. By solving effective mass based Schrodinger equation, we found
that the formation of the ring-like potential inhibits the wavefunctions from accumulating to the
ring center so that the state energies are raised while the energy separations are reduced. With
optimized growth conditions, we have realized high density InAs QRs with uniform size and

strong room temperature PL emission that are very promising for device applications.
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Chapter 4
Energy-dependent Carrier Relaxation in Self-assembled InAs

Quantum Dots

In this chapter, selective excitation PL (SEPL) spectroscopy is employed to study
InAs/GaAs self-assembled QDs. Under different excitation energies, different groups of QDs
are selected and then emit light. The excited carriers relax to the ground state through different
mechanisms when excited at different energies. Three distinct regions with different
mechanisms in carrier excitation and relaxation are identified in the emission spectra. These
three regions can be categorized from high energy to_low energy, as continuum absorption,
electronic state excitation, and multi-phonon.resonance. The special joint density of state tail of
the QD that extends from the wetting layer bandedge facilitates carrier relaxation and is posited

to explain these spectral results.

4.1 Introduction to the Selective Excitation Photoluminescence Spectroscopic

Studies on Carrier Relaxations

As mentioned in the last chapter, self-assembled QDs in the InyGa,.<As/GaAs material
system achieved by S-K growth mode are very promising to serve as the active media of the
photonic devices, including QD laser diodes and QD infrared photodetectors. For both devices,
the carrier relaxation in QDs plays a crucial role in the operation mechanisms. It governs the
light-emission efficiency for the QD lasers and determines the carrier life time for the QD
photodetectors. On the other hand, the coupling condition between carriers (ether for electrons
or excitons) and phonons as well as the associated relaxation dynamic in localized systems is

itself of physical interest [4.1-4.2]. In particular, the fascinating anti-crossed dispersion
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relations of the so-called polarons have been evidenced by the magneto-spectroscopy of the
InAs/GaAs QDs recently [4.3-4.4]. Such experimental results confirm the theoretically
concerned strong coupling regime, where the electronic states of the QD system are entirely
altered by the lattice vibration. In that case, the concept of the Fermi-golden rule is no longer
adequate but a more complete, nonperturabative approach should be employed. Hence, the
relaxation mechanism of carriers in such systems with discrete density of states is indeed an
important subject. Numerous efforts have been made in this area using various spectroscopic

approaches [4.3-4.15].

Despite the evidence of the polarons, the concept of weak coupling approximation still
applies to most experiment results under zero magnetic fields. [4.5-4.15]. Based on the
Fermi-golden rule, the energy relaxation of.carriers in QDs cannot be simply achieved by the
interaction between carriers and-acoustic phonons because of the large separation between
quantized energy levels. Such a restriction slows down the relaxation of electrons/excitons to
be slower than the radiative recombination, leading to the so-called “phonon bottleneck” effects
[4.16-4.17]. Other channels such as Auger-type_scattering [4.18] ‘and/or multi-optical phonon

scattering [4.19] are required to bypass the phonon bottleneck to enable the relaxation process.

The carrier relaxation through multi-optical phonon scattering can be studied using
photoluminescence (PL). The discreteness of the phonon energy and the inhomogeneity in the
quantized energy levels of the QDs support the application of the selective excitation PL (SEPL)
or PL-excitation spectroscopy (PLE) techniques to probe the energy spectrum of selected QDs
and examine the carrier relaxation process, even though these approaches are basically

time-independent.

Carrier relaxations both with and without multi-optical phonon “filtering” have been
observed [4.6-4.15]. These two behaviors can be distinguished in the spectra because of the

difference between the characteristics of the relaxation mechanisms. Without multi-phonon
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filtering, the SEPL or the PLE spectra should reveal information on the energy levels of the
QDs selected by resonant excitation. In contrast, if the relaxation undergoes multi-phonon
filtering, such that only the QDs with relaxation energies equal to multi-phonon energies can
emit light, then the spectra instead reveal certain longitudinal optical (LO) phonon replicas. For
those filtered out QDs, which do not satisfy multi-phonon energy conservation, the excited
carriers cannot relax to the ground state but are depleted either through non-radiative
recombination [4.15] or through excited-state emission. The two aforementioned phenomena
have been observed from different samples by different research groups [4.6-4.15]. However,
the inter-relationship between these two phenomena, and the detailed mechanism of the
efficient carrier relaxation between QDs’ discrete states that bypasses LO phonon filtering, are

still unclear.

In the following, we describe the observation:from a single sample that the carrier
relaxation with and without LO phonon filtering are both revealed under different excitation
energies. For the first time, this energy-dependent relaxation mechanism is investigated and

explained.

4.2 Sample Growth and'Basic Characterization

The QD samples used herein were grown using our MBE system on (001) n+ GaAs
substrates. Two samples with InAs/GaAs QDs of different sizes were investigated. They were
both grown with the typical layer structure, i.e. a single active QD layer sandwiched between
two 150 nm GaAs barrier layers with a counterpart of QD layer on the surface for AFM
measurement. In sample A (RN0083), large QDs were purposefully grown. 2.6MLs of InAs
with a 0.056 um/hr growth rate were deposited at 505 °C (~525 °C if compared to the LM-
series samples) under 3x10° Torr As, overpressure (the cracking zone of the As cell was set at

840 °C). However, for sample B (LM4455), ultra-small QDs were prepared with 2.4MLs of
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InAs grown at a rate of 0.1 pm/hr and a lower growth temperature of 480 °C. As, atmosphere
(the cracking zone was lowered to 500 °C) at a pressure of 1.5x107 Torr was used to minimize
the probability of coalescence of the QDs. The layers except the regions near QDs were grown
at around 600 °C to ensure the growth of high-quality epi-layers.

The AFM measurement was achieved by a commercial machine using the tapping mode
scan. Fig. 4.1 and Fig. 4.2 present the AFM images and the surface profiles of sample A and
sample B, respectively. The AFM data reveal that the QDs in both samples have lens-shaped
geometry. For sample A, the typical QD height is 9 nm, the base diameter is 47 nm, and the
sheet density of the dots was about 2x10'®.cm™. In sample B, the QDs are very small and dense,
but they still look quite uniform-in size (see Fig. 4.2). The measured dot height and base
diameter was about 1.5nm and 17 nmrespectively; the density reached 1.2x10"" cm™.

The SEPL or the PLE spectra of the QDs were measured using a Ti-sapphire laser that
was pumped with an argon ion laser, while the conventional PL (or non-resonant PL) spectrum
was obtained directly using the argon ion laser. The samples were mounted in a helium
close-cycled cryostat for low-temperature-measurements:"The emission signal of the sample
was transferred through air space, dispersed by a 0.85m double-grating monochromator (rather
than the 0.55m single-grating monochromator shown .in Fig. 2.6), and then detected by a
thermal-electric cooled InGaAs photodiode. Lock-in technique was used to improve the
signal-to-noise ratio,. Since the QDs in these two samples are of different sizes, the samples
exhibit different ground state transition energies. At 13K, the measured peak energies for

samples A and B were at 1.168 eV and 1.269 eV, respectively.
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4.3 Discussion for Large Quantum Dots: Electronic State Relaxation and

Optic-phonon Filtered Relaxation

The SEPL spectra of sample A, shown in Fig. 4.3, were obtained as the excitation energy
was varied from 1.378 eV to 1.211eV. (The spectra are arranged with decreasing from top to
bottom.) The excitation energy for each spectrum is marked by a cross on the right-hand side.
All excitation energies were below the wetting layer (WL) ground state energy (which was
approximately 1.45 eV, as determined from the high-power PL spectrum shown in the inset) to
ensure that only the QD layer could absorb the pumping photons. The excitation power was

around 1 W/cm?, which was purposely chosen to be low enough to avoid any emission from an
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Fig. 4.3 SEPL spectra of large QDs (sample A) obtained at 13K. The cross on the right-hand side of each spectrum

indicates the excitation energy. The inset shows the high-power PL spectrum.
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excited state and to reduce the possibility of Auger scattering. When the excitation energy (Ecx)
exceeds 1.34eV, the luminescence spectra show a broad peak, indicating that all QDs are
excited. As the excitation energy decreases, fine structures with narrower peaks are observed,
because of the selective excitation of QDs with specific sizes that allow carrier relaxation

through discrete energy levels.

The spectra obtained in Fig. 4.3 are better understood by plotting them as functions of
relaxation energy, Ee - Eger, which is the difference between the excitation energy and the

emission energy of each QD. This plot, in Fig. 4.4, reveals three distinct regions. At the low end
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Fig. 4.4 SEPL spectra of sample A with the intensity normalized, exhibited as a function of relaxation energy
(Eex — Eqget)- The three regions I, 11, and III correspond to different excitation and relaxation mechanisms.
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of the excitation energy, the sharp peaks in the bottom few spectra line up vertically in the same
positions. The peak values of Ec - Eger correspond exactly to particular multi-LO phonon
energies, suggesting that only the QDs with excited states at multiple phonon energies above
their ground state are selectively excited. At the high end of the excitation energy, with energies
of over about 1.338 eV, only one broad peak (indicated by the filled circle) is observed in each
spectrum. These broad peaks have the same emission energy as in the conventional PL
spectrum, suggesting that all the QDs are excited and participate in the light emission. When
the excitation energy is in the middle range, a different excitation scheme is observed. Both the
emission energy (Fig. 4.3) and "E¢x - Eget (Fig. 4.4) of the selective excited QDs vary
continuously with the exeitation energy. The sharp peaks associated with selective excitation
via a multi-LO phonon process are norlonger there, but the broad emission peak observed at
high excitation energies is also absent. As will be discussed in the following, the quantized
energy levels in the selected QDs are responsible for the emission spectra in this energy range.

The three distinct regions in the PL.spectra under various eXcitation energies are
designated as regions I, Il and III (from high to-lowenergy): The origin of these three regions is
explained by the different excitation and carrier relaxation.mechanisms, as follows. The
pioneering work of Toda et al. [4.20] demonstrated the existence of a continuum of tail states
below the WL band edge in the PLE spectrum of a;single QD. Vasanelli et al. explained that a
such broad band is the result of the crossed transitions between the discrete states in the QD
and the continuum states in the WL [4.21]. The joint density of states between the localized and
the delocalized states give rise to the continuous background in the excitation spectrum of the
QD.

In Fig. 4.5, we plot qualitatively the joint density of states of a QD for understanding the
observed energy-dependent spectra. The diagrams present three discrete states with the upper
most state lying within the continuum tail. The positions of the excitation energy and the

emission energy (lowest discrete state) in the three different situations described above are also
61



indicated. Figures 4.5(a), (b) and (c), explain the excitation and relaxation schemes for regions I,
IT and III in Fig. 4.4.

When E is lower than the WL peak but higher than the discrete states of the QD, as
shown in Fig. 4.5(a), the excited carriers can relax to the ground state by rolling down the
continuum tail (through acoustic phonon emission) and then cascading through multi-LO
phonon emission. Because the excitation energy which lies within the continuum tail generates
a localized electron/hole in the QD and a quasi-free carrier with opposite charge in the wetting
layer, the quasi-free carrier can be readily captured by the QD due to a Coulomb attraction.
Hence the relaxation of excited carriers is efficient 'in this regime. Moreover, through
quasi-continuous absorption, all of the QDs are excited, although the E.is lower than the WL
band-edge. Therefore, under this excitation condition (region I or high-energy excitation), all of
the QDs emit light and the emission spectra are basically the same as that from conventional PL

measurement.
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Fig. 4.5 Schematic excitation and relaxation processes for (a) region I, (b) region II, and (c) region III in Fig. 4.4.
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The density of states associated with the continuum tail declines gradually as the energy
decreases. Once the excitation energy of the pumping photons is sufficiently low to reach the
discrete states of the QD, the sharp levels enhance absorption by resonant excitation. At
moderate excitation energies (region Il in Fig. 4.4), the carriers are resonantly excited to the
upper discrete states, which lie within the continuum tail of the joint density of states. As shown
in Fig. 4.5(b), in addition to the multi-LO phonon scattering, the relaxation of the excited
carriers can be still achieved via the continuum states. The QDs whose upper states resonate
with the excitation energy thus yield ground state emission. In this case, the energies of the
discrete states of the QDs can be extracted from the spectra. Since the QDs are inhomogeneous
not only in size but also.in shape and alloy profile, the emission energy of the resonantly
excited QDs may still have a distribution. Therefore, the observed' emission peak is not as
narrow as that from'a single QD.

Notably, the continuum in the joint density of states arises from the continuous states
above the WL band-edge either of the conduction band or of the valence band. Once an
electron-hole pair has been excited-into-astate-within the'continuum, the energy of this pair can
be relaxed through the continuous states by either the electron or the hole. This is basically the
energy relaxation mechanism associated with regions.I and I in Fig. 4.4. The difference
between the two, however, is in the selective excitation process in region II, which is governed
by the sharp peaks associated with the discrete energy levels that overlap the continuum in the
joint density of states. The enhanced absorption due to these peaks selectively excites the QDs
whose peaks resonate with the excitation energy. These resonantly excited electron-hole pairs
can undergo electron-hole scattering [4.22] and then release energy through continuous states in
either the conduction band or the valence band. Since the quantized energy levels in QDs are
functions of their size, information can be gained on the size-dependent energy levels of the
QDs from the spectra in region II.

At very low excitation energies, as shown in Fig. 4.5(c), when the carriers are resonantly
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excited to states below the continuum tail, they can relax to the ground state only via a
multi-phonon process. The sharp peaks in the bottom few emission spectra in Fig. 4.4 (region
IIT) are therefore signatures of multi-LO phonon filtered relaxation. These phonon resonant
peaks have been confirmed to arise from an excited-state absorption followed by multi-phonon
relaxation but not from a resonant Raman process [4.14]. The emission peaks in region III are
even narrower than those in region II because the selected QDs need to be consistent with not
only resonant absorption but also a multi-phonon resonant relaxation. Three phonon lines,
marked by vertical straight lines in Fig. 4.4, are ascribed, from left to right, to the 2LO WL
phonon peak (56meV), the 3LO ‘WL phonon peak (83meV) and the 3LO QD phonon peak
(100meV). These assignments yield the energy of the WL phonon as ~27.8meV and that of the
QD phonon as ~33.3meV. These values are very close to those obtaihed by Steer et al. [4.12],
which were ~28.4meV as the WL phonon energy and ~34meV as the QD phonon energy. The
value for the WL ‘phonons is lower than the L.O- phonon energy of the bulk InAs, 29.9 meV,
because of the strong phonon confinement in'the thin WL; the higher phonon energy for the
QDs follows from the strong strain effectassociated with the QDs [4.13]. It deserves to be
mentioned that, in such regime where energy relaxation in QDs is efficient only via a
multi-LO-phonon resonance process, an extremely long relaxation time of ~7.7 ns indeed has
been reported for the first-excited-state excitons with the relaxation energy off-resonant with

multi-phonon energy, demonstrating the existence of a pronounced phonon bottleneck [4.17].

4.4 Discussion for Small Quantum Dots: Electronic State Relaxation with No
Optic-phonon Filtering Effect
The distribution of the joint density of states and the relative positions of the discrete
states to the continuum are functions of the QD size. As the QDs become smaller, their discrete
states move to the high energy side faster than does the continuum, so they may lie deeper in

the continuum tail [4.21]. In this case, the energy relaxation of carriers via the continuum is
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each spectrum is normalized for clarity. The inset displays the PLE spectrum detected at 1.269 eV.

more pronounced. The SEPL study ofsample"B;which has extremely small QDs, was also
conducted. Figure 4.6 displays the spectra of sample B that are plotted versus Eex - Egec. The
peak intensity is also normalized for clarity. All excitation energies were below the WL band
edge, which was 1.43eV (as determined from the PLE spectrum in the inset). The shapes of the
upper few spectra are similar to those of region I in Fig. 4.4. Hence, the carriers were excited to
the continuum portion of the density of states. When the excitation energy is lower than 1.41eV,
two resonant peaks are observed (see guided lines (1) and (2)). The fact that they do not line up
at the same horizontal positions suggests that energy relaxation proceeds not only via the
multi-LO phonon process, as in region III in Fig. 4.4. Rather, the process is of the type
associated with region II in Fig. 4.4. This result confirms the continuum tail assisted relaxation
under resonant excitation in such a sample with small QDs. In fact, afterward we also

performed the SEPL spectroscopic studies for a quantum ring sample (LM4643), whose
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discrete states (ground state energy is 1.329eV) lie even closer to the WL bandedge than the
above small QDs. The obtained spectral result was similar to Fig. 4.6. It is then confirmed once
more that continuum tail assisted relaxation indeed happens in samples with shallow discrete
states. Figure 4.6 also includes another very sharp peak at Ecx - Egqet= 35meV. The particularly
small peak width (~ 2meV) suggests a resonant Raman process, in which the carriers are
directly excited to the ground state of the QDs. The characteristic peak energy, 35meV, suggests
that this Raman process is associated with the interface phonons in the QD structure [4.13,
4.23].

Since the relaxation process in sample B need not to meet the multi-LO phonon
resonance condition, size-dependent excited state separations can be obtained by plotting the
relaxation energy (Ec<= Eg) versus therground state energy (E,) for the two resonant peaks in

Fig. 4.6. Figure 4.7 1s such a plot, and it demonstrates that E., - E initially increases with E,
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Fig. 4.7 Relaxation energy as a function of ground state energy plotted for the two resonant peaks in Fig. 4.6. The
dash-line curve is the PL spectrum of the sample showing the size distribution of the QDs. The band diagram in
the inset is constructed for the most populated QDs.
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but then declines. For the QDs with an E4 of lower than about 1.28 eV, the increased excited
state separations exhibit a typical quantum size effect. However, for the small dots whose
ground state energies exceed 1.28 eV, the quantum shape effect masks the quantum size effect
[4.10]. In other words, these small QDs have a much lower height-to-width aspect ratio. This
finding is expected because in the early stage of Stranski-Krastanov island growth, the
deposited atoms do not support three dimensional growth until the nucleation sites are
completely formed. Figure 4.7 also plots the size distribution of QDs in sample B, which is
represented by the PL spectrum (dash line). For the most populated QDs, in which the ground
state energy is 1.269 eV, the first éxcited state is separated.by an energy separation of 77 meV
from it, and the second excited state is separated by another.32 meV. Given the relaxed
transition selection rule for the self-assembled QDs due to the broken symmetry, we believe
that the large energy separation of 77 meV 1s associated with that between the e, state and the
e; state. The small‘energy separation of 32 meV, on the other hand, follows from that between
the hy state and the h; state. The possible band diagram for the most populated QDs is then
constructed as shown in the inset. Assuming that*70% bandgap locates at the conduction band,
this band diagram indicates that 48 meV is required to delocalize the bound holes in the hy state.
Accordingly, when the hy hole and the e; electron are generated by the first excited state
excitation, the e, electron first releases energy to enter the ey state by transferring 77 meV to the
hy hole and making the hole free. The free hole can then release energy easily through the
continuous states in the valence band. Therefore, the relaxation of carriers from this resonant
excitation is not restricted by particular LO phonon energies. Similarly, the relaxation of
carriers from the second excited state excitation proceeds even easier because the energy
transfer from the e; electron is evidently sufficient to delocalize the h; hole. This band diagram
thus verifies the feasibility of the continuum tail assisted relaxation scheme described in Fig.

4.5(b).
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4.5 Summary

The energy spectra of InAs/GaAs self-assembled QDs were investigated using the
selective excitation photoluminescence technique. The dependence of the emission spectra on
the excitation energy provides important information about the carrier relaxation mechanism.
Three distinct regions can be identified as associated with changes in the excitation energy. At
high excitation energies, all quantum dots are excited and participate in the light emission with
the help of the continuum states. At low excitation energies, the absence of the continuum
states is such that the carrier relaxation is restricted to a multi-LO phonon process. Only the
QDs with excited states at particular multi-LO phonon energies above the ground state can
absorb and emit light. At medium energy, the QDs are resonantly excited through discrete
electronic states, but the relaxation of the carriers does not need to, meet the multi-phonon
resonance condition with the help of a continuum tail. For these resonantly excited
electron-hole pairs, intra-dot electron-hole scattering provides an efficient channel for the

release of energy via the continuous states of either electrons or holes.
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Chapter 5
Manipulation of Detection Wavelength and Device Performance in

InAs Quantum Dot Detectors by Tailoring the Confinement Schemes

In this chapter, InAs QDs with different confinement barrier schemes are used in
quantum dot infrared photodetectors (QDIPs) for the detection wavelength and device
performance tuning. Compared with the simple InAs/GaAs QD structure, the QDs sandwiched
by InGaAs well layers pushes the detection band to a longer wavelength to meet the 8-12 pm
atmospheric transmission window. In addition, it enhances the TE-to-TM response ratio by a
factor of 2.4, which is attributed to the reduced confinement of QDs in the vertical direction.
The structure with QDs covered by a thin AlGaAs layer also serves to.enhance the TE/TM ratio
due to the enhanced lateral confinement of dots. Integrating these two functional structures, we
design a modified InAs/Ing15GaggsAs dots-in-a-well (DWELL) structure for QDIPs with high
degree of normal-incidence sensitivity :and the detection peak of 8 pm. A thin Aly3Gag;As
layer is inserted onitop of the InAs QDs to enhance the confinement of QD states in the
DWELL structure especially in the lateral directions. Besides additionally raising the TE/TM
ratio by a factor of 1.8, the better confinement of the electronic states increases the oscillator
strength of the infrared absorption and ‘also the escape probability of the photoelectrons.
Compared with the conventional DWELL QDIPs, the quantum efficiency increases more than
20 times and the detectivity is an order of magnitude higher at 77K under normal incidence
configuration. Moreover, multi-color detection is achieved by replacing the InGaAs layers
underneath QDs with GaAs for this confinement-enhanced structure. Tailoring the confinement
barrier schemes of the QDs can extensively change the device characteristics of QDIPs and

therefore provides the flexibility in QDIP design to fit different application requirements.
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5.1 Introduction to the Confinement Dependency of the Polarization
Intraband Transitions in Self-assembled Quantum Dots

As mentioned in chapter 1, infrared photodetectors based on intraband transitions in the
III-V quantum structures are of great potential to be economical alternatives to the present
leading HgCdTe based interband detectors. Particularly, with three-dimensional (3-D) quantum
confinement, quantum dots (QDs) can restrain interaction of the bound-state electron with
phonons and also relax the transition selection rule in quantum wells (QWs) [5.1] so that the
radiation from all directions can induce the transitions. For that reason, it is anticipated that
quantum dot infrared photodetectors (QDIPs) are more promising than commercial quantum
well infrared photodetectors (QWIPs) to get breakthrough in coest down of the large-format
imaging focal plane arrays (FPAs).

The normal“incidence absorption capability of QDIPs is of great benefit because it
avoids the necessity of fabricating grating couplers in'the standard QWIP imaging arrays [5.1].
The grating coupler, regardless of its more fabrication cost, usually has high coupling
efficiency only for a narrow bandwidthand~becomes" insufficient when broadband or
multi-color detection 1s needed. Indeed, with the mature self-assembled QD growth, the normal
incidence response in QDIPs with different spectral ranges has been reported since the
pioneering work in 1998 [5.2-5.5]. However, from the polarization-dependent photoresponse
measurements using the 45° edge-coupling scheme, QDIPs were found still more sensitive to
the radiation with the electric field perpendicular to the epilayers (TM response) [5.6-5.10],
similar to QWIPs. The response of normal-incident radiation (TE response, where the radiation
electric field is parallel to the epilayers) was found dominant only for photons with very long
wavelengths (= 15 pum) [5.11]. These findings are believed to result from the small
height-to-width aspect ratio of the self-assembled QDs.

From the single-band calculation for QDs modeled as square-flat plates, strong

confinement in the vertical direction creates large enough quantization with energy separation
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accounting for the typical response band observed for QDIPs, while weak lateral confinement
of the dot contributes to the deep-lying states with much smaller energy quantization. For such
a square plate QD, the photo-induced transition of electrons between the bound states arising
from a specific directional confinement is only allowed when the radiation has electric field
component parallel to the confinement direction. This is the so called transition selection rule.
In real case, QDs have a lens-shaped geometry instead of a plate-like geometry. Thus, each
discrete state cannot be exclusively attributed to a certain directional confinement. The TE
response and TM response may both have non-zero oscillator strength for a specific transition.
Nevertheless, because the height-to-base-width aspect ratio.of the dots is far smaller than unity
(typically in the range of 1/10 --1/3), the TE response dominates for up-transitions of the
ground-state electrons/to the deep-lying excited states while the TM résponse dominates for the
photo-excitation to the high-lying excited states. The' electrons that are excited to the
higher-lying states have higher escape probability to contribute to the photocurrent, so the
associated transition signals usually govern the photocurrent spectra of QDIPs. Such transition
energies can be tuned to cover the important mid-wavelength infrared (MWIR, 3-5 um) band
and long-wavelength infrared (LWIR, 8-12 um) band with different QD structures. Although
the response of QDIPs in this wavelength range has lower sensitivity for TE-polarized photons
than for TM-polarized photons, in principle, one canistill enhance the TE mode response by
means of tailoring the confinement scheme of the QDs in QDIPs. That is, to improve the lateral
confinement of the dot while somewhat to reduce the vertical confinement of the dot.

The idea to enhance the TE response by improving the lateral confinement of the dot
would be more appreciable if we examine the polarization absorption behavior of the wire-like
quantum structures with clear asymmetry in the x-y directions [5.12]. It has been reported that,
for the elongated InAs/Ings;AlpasAs QDs, the normal-incident polarization-dependent
absorption [5.12] or photocurrent [5.13] measurement unambiguously shows the dominant

sensitivity to the polarized photons with the electric field parallel to the short axis of the dot ([1
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1 0] direction ), in which direction the quantum confinement is much stronger than in the long
axis. On the other hand, for the In(Ga)As/GaAs QDs with more symmetric shapes on the x-y
plane, such different “in-plane” polarized absorptions virtually disappear [5.10]. Hence, it is
expected that the absorption coefficient of the normal-incident radiation, whose electric field is
parallel to the epilayers, can be elevated by improving the lateral confinement of the QDs.

In the next section, for examining the effect of barrier confinement on the polarization
intraband transition of InAs QDs, five QDIP samples with different QD confinement schemes
were used to investigate the polarization-dependent photocurrent spectra under the 45 degree

edge-coupling configuration.

5.2 Tuning of the'Detection Wavelength and Polarization Response in InAs
Quantum Dot Infrared Photodetectors

The active regions of the five QDIPs used in this study all contain ten layers of active
structures separated by 50-60 nm GaAs barrier layers and have the same total thickness of 660
nm, which in turn are sandwiched between two 500-nmn*GaAs contact layers. A 5-doped Si
layer with a concentration of 1x10'®em™ was inserted 2nm underneath each InAs QD layer to
provide electrons to the dots. This doping method, whereonly the shutters of Si cell and As cell
were opened during the doping duration, was used so that the Si dopants could effectively
occupy the cation sites to be the donors but not the acceptors. The QD growth in these five
samples can be distinguished into two different situations. One is InAs QDs grown on GaAs,
and the other is InAs dots grown on a 2nm Ing;5GaggsAs pseudomorphic layer. In order to
exclude the complex influence of the dot sizes and shapes, different InAs deposition amounts
were purposely used in these two growth situations to form QDs with similar sizes. On GaAs
surface 2.8 MLs of InAs were deposited, while on Ing;5GagssAs only 2.2 MLs of InAs were
used because of the pre-accumulated strain energy in the Ing5Gag ssAs layer. In both cases the

growth rate and the growth temperature of the QDs were at 0.1 um/hr and 510°C respectively.
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The QD morphologies were checked by AFM scan for the uncapped QDs on the sample
surfaces. The images are compared in Figure 5.1. The QD conditions obtained from the two
different growth situations turned out to be very similar. Both exhibited similar dot sizes and
good size uniformity. Similar sheet densities were determined in both conditions to be
~2.1x10" cm™. Given the doping density used, we estimated an average number of original
carriers in each QD around 0.5. With such a small carrier number, the possibility that the
infrared response originates from the absorption of the excited state electrons should be very
small so is ruled out in our analysis. In the following, basic device characteristics pertaining to
the five samples with different. QD confinement schemes. are described first. After that, the

polarization dependence of the responsivity of the five structures will then be discussed.

20.0 nm

10.0 nm

» - 0.0 nm
2.2MLs InAs on 2 nm In, ;sGa,g; As

Fig. 5.1 1x1 um* AFM images of the QDs grown.on(a) the GaAs surface and (b) the InGaAs strained layer.

Fig. 5.2 shows the photocurrent spectra of the five samples and also schematically plots
the respective single-layer active structures on the right hand side. The exhibited spectra were
obtained with no polarizer. The sample with simple InAs/GaAs QD layers (RN0172) shows a
response peak at 6.5 um. By use of the state-filling PL spectroscopy, this response peak is
believed to be from the intraband transition between the QD ground state and the wetting layer

(WL) state. With such a simple QD structure, the device usually suffers from a very high dark
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Fig. 5.2 Responsivity spectra of the five QDIP samples with negative bias at around 40K. Each active-layer
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structure is illustrated on the right hand side respectively. The QD layers are all grown with InAs materials.

current level, indicating the excellent electron transport property in GaAs materials. In order to
reduce the dark current to an acceptable level, a 3nm AlGaAs layer is introduced on each QD
layer to restrain the current flow across the WL region where no QD stands on it (RN0218).
With this design, the device performance is greatly enhanced [5.14]. Also, the detection band
slightly blue-shifts to around 6 um because the AlGaAs layers push the WL state to a higher

energy. Although the detector RN0218 has evidently enhanced device performance, the
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detection band unfortunately is outside the atmospheric transmission window. As described in
chapter 1, it is desirable to push the detection band to the long wavelength side into the LWIR
transmission window (8-12 um). Such a detection band not only allows longer distance
detection but also corresponds to the maximum of the thermal radiation of room temperature
objects. In order to fit the detection band into the LWIR window, the QDIPs designed with
InAs/InGaAs dots-in-a-well (DWELL) structures have attracted more and more attentions
recently [5.5, 5.15-5.23]. The detector RNO176 is such an example. The InAs QDs are
imbedded in a 9 nm Ing;5GaggsAs well, which in turn is positioned in the GaAs matrix. The
photocurrent spectrum covers the' wavelength range of 8.3-10.2 um, which is good for the
LWIR detection. Inspecting the spectrum carefully, the response band actually comes from two
closely-separated tran$ition peaks withithe larger one at ~9.3 um and the smaller one at ~8.8
um. Both response peaks have relatively narrow bandwidths of'about 10% (AA/Ap). Such
narrow bandwidths along ‘with the reduced transition energies suggest that the transitions are
from the bound-to-bound (B-B) transitions of the QDs in the DWELL structure (which could
be assigned more definitely by the state=filling~PL-spectroscopy shown in Fig. 5.7). With the
help of the InGaAs well layers, the photo-electrons from the QDs’ B-B transitions can be
extracted outside so that longer wavelength detection. is achieved. With the desired LWIR
detection band, however, QDIPs with conventional DWELL structures suffer from their
inherently poor quantum efficiency. The confinement barrier for QDs is lowered with the
surrounded Ing;5GagssAs materials so that the oscillator strength of the infrared response
suffers. To solve this problem, we design a modified DWELL structure as schematically plotted
in Fig. 5.2 for the sample RNO175, which use a 2.5nm Aly3Gag;As layer on InAs QDs in the
DWELL structure to provide enhanced wavefunction confinement, especially for the lateral
confinement that is inherently weaker for self-assembled QDs. Again, relative to RNO176,
transition wavelength in RNO175 blue-shifts to 8 um due to the enhanced confinement effect

for QDs by the insertion of AlGaAs layers. For also examining the influence of the InGaAs
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layer below QDs on the device characteristics for the confinement-enhanced DWELL
(CE-DWELL) QDIPs, another CE-DWELL structure was also studied by the sample RN0174.
Compared with RN0O175, the only difference of RNO174 lies in the replacement of the 2nm
Ing 15Gap gsAs layer underneath QDs by GaAs materials. With this adjustment, the shape of the
photocurrent spectrum changes dramatically, which is seen clearly in the bottom side of Fig.
5.2. The spectrum of RN0174 shows a multi-color detection. In addition to the sharp peaks with
wavelength longer than 7 um (A, at 8.3um) that are associated with the B-B transitions in QDs,
a broader transition signal spanning the 4.5-7 um band also emerges unambiguously in the
spectrum (the dip at 5.8 pum could be observed for all the different QDIP structures, so we
regard the neighboring response signal as one broad peak rather than two narrow peaks). This
broad signal is most likely from the transition from the QD ground state to the 2-D state in the
CE-DWELL structure (such a higher-lying state 1s recognized in Fig. 5.7), and the reason for its
emergence could be ascribed to the enhanced confinement for the 2-D state wavefunction due
to the substitution of the GaAs materials for the InGaAs materials underneath QDs. Such an
enhanced wavefunction confinement makes-the-oscillator strength between the 2-D state and
the QD ground state high enough to'contribute to the photoresponse.

Due to the strain distribution, the deposited thin Alyg3Gaj;As layer was expected to
aggregate in areas without QDs first. Such a property is favored since with a proper AlGaAs
thickness the structure can provide barriers that enhance the confinement in the lateral direction
but do not deteriorate the carrier transport through QDs in the vertical direction much. In order
to confirm this, the active layer structure of RNO175 was examined by the cross-sectional TEM
image shown in Fig. 5.3. It is clearly seen that the AlGaAs layer is flat instead of conforming to
the shape of the InAs dots. Besides, the coverage of 2.5 nm AlGaAs is thin enough to leave the
QD tip exposed. The height of the QD is about 5 nm and the base width is about 26 nm. For the

QD structure as shown in Fig. 5.3, the confinement barrier for InAs QDs is elevated by AlGaAs
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Fig. 5.3 Cross-sectional TEM image of the confinement-enhanced DWELL structure with a thin AlGaAs layer.

materials in the lateral directions while lowered by InGaAs materials in the vertical direction.
In this case, the unbaldnced confinement effect for QDs due to inhereftly small height-to-width
aspect ratio now is partly compensated. As a result, it is also expected that with such a
confinement scheme, the TE response could be enhanced relative to the TM response.

The polarization dependence of the integrated responsivity of the aforementioned five
QDIP samples, as well as a B-B type GaAs/AlGaAs QWIP sample, is compared in Fig. 5.4.
The measurements were performed under the 45° facet-coupled configuration as schematically
illustrated in the inset. It should be mentioned that, here the metal contact on device mesa was
purposely evaporated with no optical window to avoid incorporating stray light from the mesa
top. A polarizer was put into the optical path to polarize the incident infrared light. When the
polarizer angle was changed, the responsivity spectrum of each sample varied accordingly. It
was found that the variation lies mainly in the intensity but scarcely in the spectral shape. The
photons with 0° polarization induce photocurrent in the sample with 50% from the TM
response and 50% from the TE response, while the 90° polarized photons generate photocurrent
from pure TE response. As shown in Fig. 5.4, all the samples reveal a monotonic decay for the
integrated responsivity when polarizer angle changes from 0° to 90°, showing dominance of the

TM response over the TE response due to the dominant confinement effect in the z direction.
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Fig. 5.4 Polarization dependence of the integrated responsivity of the five QDIPs measured under the 45° edge-

coupling configuration illustrated in the inset. Also added on to the figure is the data (empty circles) of a GaAs-

AlGaAs QWIP with B-B type transition, demonstrating the polarization selection rule predicted for QWIPs.

The decay in the QWIP sample is-especially fast, with.the intensity becoming negligible for the
polarization angle larger than 70°. Almost zero TE résponse is obtained in this case, confirming
the polarization selection rule predicted for the n-type QWIPs with B-B transitions [5.1]. While
for the five QDIP samples, remarkable TE response is obtained due to significant quantum
confinement in the x-y-directions. Among them, the detector with the CE-DWELL structure
(RNO175) as shown in Fig. 5(3 reveals the highest capability of TE response as expected, for it
has both enhanced lateral confinement and reduced vertical confinement. The TE-to-TM
integrated response ratio of RNO175 is deduced to be ~48%, over four times higher than that of
the QDIP with a simple QD structure (RN0172, ~11%). Such a great improvement in normal
incidence absorption makes the CE-DWELL QDIPs promising for the FPA applications.
Looking into the distribution of the relative TE response (at 90°) of the five QDIPs, the
correlation between the TE mode sensitivity and the confinement scheme of QDs can be
understood as the following. First, RN0218 has the TE/TM ratio higher than RNO172, for the

introduced thin AlGaAs layer on QDs enhances the QD confinement mainly in the lateral
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directions. Then, the other three samples (RN0174-176) with InGaAs layers adjacent to the
QDs show even higher TE/TM ratios, which are attributed to the reduction of the vertical
confinement of QDs. This confinement reduction may be due ether to the reduced barrier height
by InGaAs materials or to the strain reducing by capping QDs with InGaAs that makes the dots
steeper in shapes. Comparing RN0O175 with RNO176, the thin AlGaAs layer on QDs improve
the lateral confinement for the dots in the DWELL structure and thus further contributes to the
increase of the TE/TM ratio by another factor of 1.8. Finally, RN0174, which has the
CE-DWELL structure however with the InGaAs layer underneath QDs replaced by GaAs,
demonstrates a slightly lower TE/TM ratio than RNO175,due to the increase in the vertical
confinement of QDs. The 2 nm thin InGaAs layer underneath QDs turns out to be beneficial for
improving the TE mode sensitivity by lowering the confinement barrier for QDs in the vertical
direction.

It should be mentioned for getting optimal signal quality in each device, the different
polarization-dependent behaviors shown in Fig. 5.4 were measured for the five QDIPs at
different temperatures (within 20K-77K) with-different bias conditions. To check if such a
comparison has general validity, 0° polarized and 90° polarized photocurrent spectra were
compared for RNO175 under different operation temperatures and bias polarities. The results
are shown in Fig. 5.5. Two conclusions about the polarization can be obtained: (1) The spectral

shape has little dependence on the polarization angle for all operation conditions. (2) The peak
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Fig. 5.5 0° polarized and 90° polarized photocurrent spectra of the CE-DWELL QDIP at different temperatures ((a),
(b)) and different bias polarities ((b), (c)).
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intensity ratio of 0° response to 90° response in each operation condition is nearly the same,
about 1: 0.63. It is thus confirmed that the operation condition is not decisive to the
polarization-dependent behavior of the device. However, it may be suspected that the
polarization dependence of the responsivity depends critically on different transition states
(final state) rather than the confinement schemes of the QDs. This concern could be verified by
comparing the 0° polarized and 90° polarized photocurrent spectra of RN0174, for its response
signals include the photo-excitation to both the QD bound excited-states (B-B) and the 2-D
associated states (B-2D), as shown in Fig. 5.6. Judging from the figure, the intensity ratios
between 0° polarization and 90° polarization for both the B-B type and the B-2D type
transitions are very similar. No discriminating polarization dependency is observed for the two
transitions with very/different, final states. So, the QD confinement scheme should be the
governing factor of'the polarization absorption property of QDIPs. The previous discussion for

the five QDIP samples with different confinementschemes is confirmed.
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Fig. 5.6 0° polarized and 90° polarized photocurrent spectra of the CE-DWELL QDIP with multi-color detection.

5.3 Comparison between the LWIR Quantum Dots-in-a-Well detectors with
and without Thin AlGaAs Layers

As described in the last section, we can tailor the detection wavelength as well as the
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polarization response for InAs QDIPs by using different confinement barrier schemes for QDs.
Among the five examined QDIPs, the structures with InGaAs layers adjacent to the QDs
(RN0O174-RNO0176) show the capability of LWIR detection and, because of more balanced
confinement effects, reveal higher TE/TM ratios. So, they are more favorable than the others to
the FPA applications. In this section, we further look into and compare their device
performance under normal incidence configuration, with a view to picking out the most
promising active structure for further development.

At first, state-filling PL spectroscopy was performed at 77K for the three samples,
RNO174-RN0176, to understand.the distribution of energy states in each QD structure and also
identify the transition states for the infrared response. The measured spectra are compared in
Fig. 5.7 with the verti¢al scale shifted apart for clarity. Each spectrum'reveals several QD states
(filled up to the fourth or the fifth energy shells) as well as a 2-D bound state in the active

structure. In addition, the emission from the n* GaAs contact layers is also clearly seen (with
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Fig. 5.7 PL spectra of the three QDIP samples under high power excitations at 77K.
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identical peak energies as aligned by the dashed line). The confinement of the QD states of the
samples gradually increases from RN0176 to RN0174 due to higher barrier surrounding the
QDs. This is confirmed by the spectra in Fig. 5.7. Compared with RNO176, the ground state
energy blueshifts by 62 meV in RNO0175, while it blue-shifts by 88 meV in RN0174. We
attribute the observed blueshift to arise from the enhanced confinement effect of the QDs rather
than the composition change of the dots that might result from different capped materials,
because it has been reported that capping the InAs QDs with an Al contained layer should
instead cause a redshift for the ground state energy due to the suppression of the In segregation
[5.24]. Given that the ratio of the confinement energy in.conduction band to that in valence
band is typically about 2°: 1, we can identify the infrared response peaks observed for
RNO174-RN0O176 in Fig. 5.2 to_be from the transition(s) between the ground state to the
high-lying state(s) that is/are marked by the downward arrow(s) in each spectrum in Fig. 5.7.
For ether RNO176 or RNO175, the infrared response-only involves the B-B transitions of the
QDs. While for RNO174, beside the QDs’ B-B transitions, the transition from the QD ground
state to the 2-D state in the active structure(B=2D)-alsorcontributes to the responsivity spectrum
(see Fig. 5.6). Such a multi-response property makes the structure of RN0174 a potential
candidate for the MWIR and LWIR dual band detection [5.25].

After perceiving the state energy distribution in the active structures, the detailed device
performance at 77K were then compared and discussed. Fig. 5.8(a) shows the comparison of
the dark current curves. The dark current in RNO174 is higher than that in RNO175, which in
turn is higher than that in RN0176. Such a result is understandable because higher ground state
energy for QDs corresponds to smaller carrier activation energy which could generate higher
dark current. At 77K and -1V, the dark current in RN0174, RN0175, and RN0176 is 3.00x10®
A, 3.68x107 A, and 3.17x10™® A respectively. All three values are far lower than what measured
for the sample with simple QD structures (4.22x10™ A for RN0172), showing the advantage of

smaller dark current level pertaining to the QDIPs based on DWELL designs. Moreover, the
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Fig. 5.8 Comparison of the voltage dependence-of (a) the dark current, (b) the peak responsivity, (c) the current

gain and (d) the quantum efficiency for the three samples at 77K.

inserted thin AlGaAs layers also .contribute to the dark.current suppression. Compared with
RNO176, the dark current in RNO174 increases for about 100 times with the ground state
elevation of ~60 meV. In principle, the dark current should increase for more than 8800 times if
we consider pure thermal excitation (~ exp(AE/kT)). However, due to the high barrier of
AlGaAs layers, the increase of the dark current is much less than expected. This reduces the
drawback of the higher ground state energy.

The photocurrent measured for the three samples showed an inter-relationship similar to
the dark current result. RNO174 revealed the highest photocurrent while RN0176 showed the
lowest photocurrent. However, such a sequence relation changed when referring to the peak

responsivity of the photocurrent spectrum due to the significant difference in the values of the
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integral term in equation 2.1. RNO174 had a particularly broad photocurrent spectrum so its
(peak) responsivity suffered even if its photocurrent was obviously larger than the other two.
The comparison of the responsivity curves is shown in Fig. 5.8(b). The responsivity turned out
to be very similar for the two CE-DWELL detectors in the bias range from -1.2V to 1.3V,
which then surmounted that in the conventional DWELL detector by over one order of
magnitude. At -1.1V and 77K, the responsivity for the two CE-DWELL samples are 0.242 A/W
(RN0O174) and 0.284 A/W (RNO0175) while it is only 0.011 A/W for the conventional sample
(RNO176).

To further probe the origin ‘of the large elevation in responsivity for the two detectors
with thin AlGaAs layers, the current gain and the quantum efficiency (QE) were separated from
the responsivity and compared in Fig.5.8(c) and Fig. 5.8(d) respectively. The data with very
low bias voltage is"absent due to the limit of noise measurement. It is clearly seen that the
current gain for RNO174 is higher than the other samples while RN0176, which has the
conventional DWELL structure, shows the lowest current gain. The result is ascribed to the
following: in DWELL structures, the InGaAs QWsreffectively capture the carriers and reduce
the current gain. As parts of the InGaAs well layer 1s replaced by the, AlGaAs and GaAs barrier
layers in RN0174, the transit time through the QW is shorter and the current gain is enhanced.
Although it might be expected that the inserted AlGaAs wide bandgap layer could deteriorate
the carrier transport in RNO175, the barrier is thin enough so that such a gain reduction
balances the reduced InGaAs thickness and similar current gain was achieved for RN0175 and
RNO176 in the bias region between -1.3V and 1.25V. The difference in responsivity for
RNO175 and RNO176 is thus primarily attributed to the difference of QE. Comparing with the
QE of the DWELL sample (RN0176), the QE of the CE-DWELL sample (RNO175) is much
higher over the measured bias range and increases faster with the applied voltage (Fig. 5.8(d)).
The highest QE in CE-DWELL is around 2% at -1V, which is clearly superior to that in

DWELL (0.08% at -1.7V).
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The calculated excited state wavefunctions of the QDs in the conventional DWELL and
the CE-DWELL structures are shown respectively in Fig. 5.9(a) and Fig. 5.9(b), represented by
the contour plots. In the conventional DWELL (Fig. 5.9(a)), the electronic excited state
wavefunction extends out a lot to the Ing;5GagssAs QW region. With the introduced InGaAs
QW, the absorption strength associated with the B-B transition becomes weaker due to the
decreased dipole element. On the other hand, in the CE-DWELL (Fig. 5.9(b)) the wavefunction
spreading is apparently restrained due to the inserted thin AlGaAs layer. Such a wide bandgap
layer confines the excited state wavefunction to be more localized and therefore enhances the
absorption strength due to better,wavefunction coupling: In.addition, the excited state energy in
the CE-DWELL sample (RNO175) is about 41 meV higher than that in the DWELL sample
(see Fig. 5.7). The escape probability of the photo-excited carriers is thus higher and as a result
the operation voltage needed for maximal QE is lower for the CE-DWELL sample. Such a bias
point occurs even earlier for RNO174 (Fig. 5.8(d)), for its photo-excited carriers have even
higher escape probability. For RN0174, which has also a confinement enhanced structure, the
promotion in QE is however not as‘large-as that-forRNO175 (Fig. 5.8(d)). This result is readily
understood because the absorption strength of the ground state electrons is shared by different
transition paths in RNO174 so that.each absorption peak becomes weaker. The highest QE in

such a multi-color QDIP with A, at 8.3um is around 0.24% at -0.9V, still higher than that of the
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conventional DWELL sample by a factor of three, showing the advantage of employing the
confinement enhancing layers.

The measured noise current as a function of bias voltage and the specific detectivity
obtained in turn were then compared for the three samples in Fig. 5.10(a) and (b) respectively.
As shown in Fig. 5.10(a), the two CE-DWELL samples (RN0174 and RN0175) reveal higher
noise current than the DWELL sample (RN0176), with the sequence arranged the same as in
the case of the dark current (Fig. 5.8(a)). This is expected since the device with higher dark
current usually generates larger noise current. Comparing RN0175 with RN0176, although the
CE-DWELL detectors have higher noise level, the large .increase in the QE overcomes this
drawback and makes their.overall performance far superior to that of the conventional ones. As
Fig. 5.10 (b) shows, at 77K, the highest detectivity measured for the CE-DWELL detector
(RNO0175) is 1x10'em Hz"*/W (at -0.9V). which is ten times higher than that in the DWELL
detectors (1x10° cm Hz"*/W at -1.2V measured for RN0176). As for RN0174, which also has
thin AlGaAs CE-layers on QDs however . without InGaAs layers underneath QDs, the highest
detectivity at 77K was measured to be 1:15x10>cmHz*/W (at -0.75V), similar to that in the
conventional DWELL detectors. Despite the inserted confinement enhancing layers, little
improvement in the overall performance was achieved in this case. Comparing the device

characteristics carefully for RN0174 and RN0176, the outperformance of responsivity in
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detectivity for the three samples at 77K.
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RNO174 is found primarily from a much higher current gain but rarely from the QE (see Fig.
5.8(b), (c), and (d)). The GaAs barrier layer instead of the InGaAs well layer positioned
underneath QDs greatly increases the current gain. However, such a current gain improvement
contributes little to the signal-to-noise ratio because it indicates an improved carrier transport
for both the photocarriers and the thermal carriers. The responsivity and the noise level are both
raised in RNO174, thus leaving the detectivity scarcely improved.

From the above discussion, it is clear that to increase the QE is more essential than to
increase the current gain for advancing the overall performance of QDIPs. The CE-DWELL
structure of RNO175, in which, the InAs QDs are grown.on a 2nm Ing;5GaggsAs layer and
covered by 2.5nm Al 3Gag,7As/4.5nm Iny ;5Gag gsAs structure, demonstrates the highest TE/TM
response ratio, the highest quantum efficiency, and also the highest detectivity so is the most
promising QD confinement scheme for high performance QDIPs. The inserted AlGaAs wide
bandgap layer in the DWELL structure greatly enhances the confinement of the electronic
states and thereby largely enhances the device performance.

Finally, it was also noticed-thattherasymmetric-confinement barriers surrounding QDs
generated the bias tunable detection in RNO174 as shown in Fig. 5:11. As the inset shows, the
barrier materials covering the QD.tips are InGaAs while that adjoining the QD bottoms are
GaAs. With such an asymmetry in the vertical direction, the spectrum at positive bias reveals a
very different shape from that at negative bias. As shown in Fig. 5.11, the difference lies in the
long wavelength portion of the spectrum, which belongs to the B-B transitions of the QDs. At
positive bias, the photoelectrons are extracted upward through the InGaAs well layer and then
to the GaAs barrier. With the help of the InGaAs well layer, the escape probability of the
photoelectrons greatly increases so that the B-B transition with a longer wavelength (of around
10 um) can dominate the spectrum due to higher oscillator strength. While at negative bias, the
photoelectrons must escape directly to the GaAs barrier layer underneath QDs with a reduced

probability. Thus, the 10 um signal is fully suppressed and the transition peaks with shorter
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Fig. 5.11 Responsivity spectra at different bias polarities of the asymmetric CE-DWELL QDIPs.

wavelengths (at 7.6 um and 8.3 pm), because of a relatively higher escape probability for
carriers, dominate the'spectrum. As forithe other samples discussed in this chapter, the spectral
shapes under different bias polarities were relatively similar, which was attributed to the
relatively symmetric QD barriers. The asymmetric confinement scheme for QDs provides the

bias tunable detection for QDIPs.

5.4 Summary

We investigated several QD . confinement schemes for QDIPs by examining the
polarization-dependent photocurrent. spectroscopy. Both the peak wavelength and the
TE-to-TM response ratio were manipulated by putting different barrier schemes on QDs. In this
way, we demonstrated that the TE/TM ratio could be increased either by enhancing the lateral
confinement or by weakening the vertical confinement for QDs. Compared with the simple
InAs QD structure, the InAs/InGaAs DWELL structure enabled the detection wavelength
tuning to the LWIR band for QDIPs. Also, the TE/TM response ratio was greatly increased,
which was attributed to the vertical confinement reduction for the QDs that were sandwiched
by InGaAs layers. On the other hand, the structure with the QDs covered by a thin AlGaAs

layer also revealed an enhanced TE/TM ratio over the simple QD structure due to the enhanced
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lateral confinement of QDs. Combining the above two schemes, we designed a modified
DWELL structure for QDIPs. A thin AlGaAs layer was inserted on top of the QDs in the
DWELL structure as a confinement enhancing layer. This novel design simultaneously
improved the lateral confinement and weakened the vertical confinement for the inherently flat
shape self-assembled dots, making the QDs’ wavefunctions more localized and steeper. The
sample with such a confinement enhanced DWELL (CE-DWELL) structure showed highest TE
mode sensitivity. Besides, the advantage of the LWIR (8-12 um) detection capability was also
preserved. Most importantly, the enhanced confinement effect greatly increased both the
absorption quantum efficiency and the escape probability. of photocarriers, while the carrier
transport was almost maintained. At 77K, the maximum quantum efficiency was increased by
about 25 times and the peak detectivity was increased by about ten times with a lower bias
voltage under normal incidence configuration. Our results demonstrate that the CE-DWELL
structure is a very promising approach toward the realization of high performance QDIPs with
LWIR detection. In addition, the thin InGaAs layer underneath QDs in the CE-DWELL
structure was also ‘confirmed to play a significant roleron the device characteristics and is
preferred for high performance single-color detectors. For the sample without such InGaAs
layers which mediate between QD.layers and the underneath GaAs barrier layers, multi-color
detection was achieved, and the peak responsivity was also maintained due to the greatly
promoted carrier transport. However, the dark current also increased significantly and therefore

the overall performance was degraded.
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Chapter 6
Confinement-enhanced Quantum Dots-in-a-well Infrared

Photodetectors

In this chapter, InAs/AliGa;As/Ing15GagssAs confinement-enhanced dots-in-a-well
(CE-DWELL) structures are studied in detail for QDIPs. The AlyGa; xAs layer inserted above
the InAs QDs effectively enhances the confinement of QD states in the Ing ;5GaggsAs DWELL
structure and therefore upgrades the device performance. With the CE-DWELL design, we
have demonstrated the LWIR. QDIPs with operating temperature over 200K. Moreover, the
thickness and Al content of the AlGaAs insertion layers influence much not only the absorption
property but also the transport property of.the CE-DWELL QDIPs. The device with thinner
Alp3Gag7As layers: possesses stronger normal-incident absorption and higher responsivity,
while the device jwith thicker Aly3Gag;As layers possesses -better suppression of the dark
current and is more suitable for the high temperature operations. Furthermore, compared with
the Alp>GaggAs CE-layer, the Aly3Gap;As CE-layer provides stronger barrier confinement and
causes less In-Ga intermixing for the InAs QDs and thereby generates better performance of the
device. With appropriate device parameters of CE-DWELL, it is possible to achieve high
quantum efficiency, high operating temperature, and long-wavelength detection at the same

time.
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6.1 Introduction

As mentioned, LWIR detectors are essential to the thermal radiation detection of room
temperature objects. With such long detection wavelengths, traditional high quality detectors
require low operating temperature which is undesirable from commercial point of view. QDIPs
utilizing intersubband transitions inside QDs are widely known to be of great potential for the
thermal imaging with high operating temperature. The three dimensional carrier confinement of
the QD induces the phonon bottleneck which suppresses the interaction between electrons and
phonons [6.1] and thereby enables the high temperature operation of QDIPs. With low defect
S-K growth mode QDs, several eéncouraging results have . been demonstrated with operation
temperatures over 200K [6.2-6.3] and even up to room.-temperature [6.4-6.5]. However, the
detection wavelengths'of these devices are out of the LWIR atmosphefic transmission window.

In order to'fit the detection band into the LWIR window, many efforts have been
focused on the dots-in-a-well (DWELL) structure [6.6-6.10]. The additional quantum well
relaxes the limitation due to the QD formation process and provides the possibility to tailor the
detection wavelength. More than that, the-QDIPs'made with the DWELL structures have an
additional advantage of lower dark ‘current due to the lower ground state energy. In particular,
640x512 large format LWIR DWELL QDIP focal plane arrays have been demonstrated
recently [6.11]. Nevertheless, conventional DWELL QDIPs suffer from their inherently lower
quantum efficiency. This is a primary drawback since the poor quantum efficiency of QDIPs
has always been a concern during the development of the device. With the introduced InGaAs
quantum well, the excited state wavefunction spreads out to the well region so that the
oscillation strength of the infrared response is reduced. Besides, the photoexcited electrons in
the DWELL QDIPs have lower energy relative to the GaAs barrier, making the extraction of
photoelectrons more difficult.

In order to solve these problems, in the last chapter, we have developed a new DWELL

structure to enhance both the oscillation strength and the escape probability of the electrons. A
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thin Aly3Gag7As layer is inserted on top of the InAs QDs in the DWELL structure to provide
better confinement for the excited state wavefunction in the QD region and also elevates the
excited state energy. The overall quantum efficiency was therefore enhanced by over 20 times.
In this chapter, we further improve such confinement-enhanced DWELL (CE-DWELL)
detectors by optimizing the device structure. With our improved CE-DWELL design, LWIR
QDIPs with operating temperature over 200K is achieved for the first time.

In the following, the device characteristics of CE-DWELL QDIPs at different
temperatures will be discussed in detail first. Then, two samples with different thicknesses of
the Aly3Gag;As CE-layers will be compared at different temperatures to study the device
performance. Thick AlGaAs layers can elevate the dark-current.activation energy so that the
device, although unfavorable for low temperature operations, shows much better performance
at higher temperatures. Finally, the samples with ‘Al,>GapgAs and with Aly3Gay7As CE-layers
will be also compared. Aly3Gay;As CE-layers give more concentrated electron wavefunctions

so that the device reveals higher quantum efficiency and thereby higher detectivity.

6.2 Detailed Device Characterization for CE-DWELL.QDIPs

The CE-DWELL sample (RN0157) investigated in this section has the structure as
shown in Fig. 6.1(a). Compared with the samples described in chapter 5, thicker GaAs barrier
layers were purposely grown. The thicker GaAs barriers can provide longer acceleration path
for conductive carriers to enhance the current gain and thereby the responsivity [6.3]. Besides,
the strain energy accumulated in the active region due to In(Ga)As layers is reduced which is
favorable for a better epitaxial quality. 2.4 MLs of InAs QDs (510°C, 0.1 pum/hr) were
deposited on a 2 nm Ing;5GaggsAs layer and covered by 2nm Al 3Gag;As/4nm Ing ;5GaggsAs
structure to comprise the CE-DWELL unit. 8-doped Si layers with a concentration of 2x10"

cm™ were used to provide a doping density ~le/dot. Fig. 6.1(b) shows the 3-D AFM image of

92



(a)

n+ GaAs top contact

72 nm GaAs
2nm 4 nm Iny ;sGaAs X10
Al, ;GaAs _
2.4 MLs 2nm Ing;;GaAs
InAs QD 72 nm GaAs

n+ GaAs bottom contact

S.l. GaAs substrate

Fig. 6.1 (a) The schematic diagram of the CE-DWELL QDIP and (b) the 3-D AFM image of the sample.

the sample. The QD density is determined to be about 2.6x10'° ¢cm™, which is slightly higher
than for the previous sample due to the increased InAs MLs. The measured uncapped dot size is
about 13-17 nm for the height and about 40-55 nm for the base length.

Figure 6.2(a) shows the 77K PL spectra-of the sample with two different excitation
powers. The low power spectrum reveals a single peak with FWHM of 51meV, showing a well
controlled QD distribution for the-sample: Therhigh-power spectrum, because of state filling,
additionally generates four well-resolved excited-state peaks as well as a 2-D state peak. With
such a confined-state distribution, LWIR photocurrent response is achieved as shown in Fig.

6.2(b). A strong response peak at 8.2 um with the responsivity reaching 0.33 A/W is obtained at
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Fig. 6.2 (a) The PL spectra with different excitation powers and (b) the photocurrent spectra of the sample.
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+1.35V and 77K. Given that AE.: AE, = 2:1, the response peak corresponds to the transition
between the ground state (1.092eV) and the 4™ excited state (1.319¢V) of the QDs (see Fig.
6.2(a)). The narrow relative bandwidth (AA/A;,) of 10% also agrees with this B-B type transition.
The nearly unchanged spectral shape under different bias polarities suggests that the QDs’
confinement barrier scheme is basically symmetric along z-direction.

Not only for different bias conditions, the photocurrent spectra have similar shapes also

for different temperatures, as shown in Fig. 6.3. However, the situation is quite different for the
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Fig. 6.3 Photocurrent spectra of the sample at different temperatures.
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Fig. 6.4 Voltage dependence of responsivity of the sample at different temperatures.
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absolute responsivity. Fig. 6.4 shows the responsivity of the sample at different biases and
temperatures. The responsivity increases exponentially with voltage. As the temperature rises,
the responsivity also increases dramatically from 60K to 180K and saturates after 180K (for the
bias range within +1V). Such dependence pertaining to QDIPs is quite different from what has
been observed in QWIPs. In QWIPs, the responsivity keeps almost constant at different device
temperatures and changes linearly with the bias voltage for B-C type devices.

In order to investigate the temperature dependence of the responsivity, the current gain
and the quantum efficiency (QE) were separated from the responsivity and shown in Fig. 6.5(a)
and Fig. 6.5(b) respectively. The data at lower biases with.lower temperatures is not available
due to the limit of noise measurement. Obviously, the current gain has a similar trend as the
responsivity does. Thé current gain inereases more than 50 times from 120K to 200K. One
major difference is'that the gain increases without saturation even at 220K. This shows the
increase of responsivity is primarily due to theincreased current gain. The increasing dark
current with the temperature injects more carriers inside the QDs. The repulsive potential of the
extra carriers suppresses the carrier capture process-and-therefore the current gain is enhanced
[6.12]. On the other hand, in Fig. 6.5(b), the peak QE decreases by an order of magnitude with

the increase of temperature from 77K to 220K. For such.device with B-B type transitions, the
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Fig. 6.5 Voltage dependence of (a) current gain and (b) quantum efficiency of the sample at different temperatures.
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photoexcited carriers need additional energy to escape from potential trap before being trapped
back to the ground state. At higher temperatures, however, it was found the excited electrons
are more likely to be trapped in the QDs than to contribute to the photocurrent, for the
relaxation rate increases faster with temperature than the escape rate [6.13]. Besides, at higher
temperatures, the thermal distribution of carriers will depopulate the ground state electrons for
absorption and reduce the QE. The opposite temperature dependent behaviors for the gain and
the QE show that the high responsivity in QDIPs at elevated temperature originates from the
excellent current gain. By the way, the current gain of this sample (3.7 at -15 kV/cm at 77K) is
higher than that of the sample RNO175 (1.2 at -15 kV/em.at 77K), showing the advantage of
thicker GaAs barrier for QDIPs.

Figure 6.6 shows'the detectivity of the sample at different tempetratures. Again, the data at
lower biases with lower temperatures is absent due to the limit of our measurement system. At
low temperatures, the detectivity decreases rapidly with the bias voltage. As the temperature
rises, such voltage dependence gradually becomes weaker. This property is favored since the
device provides wider bias range: at high-temperatures:=At 77K, the highest detectivity is
3.6x10' cmHZz"*/W at 1:4V: This shows the superior performance of the CE-DWELL structure.
When the temperature is higher than 200K, the device still has the detectivity higher than ~10’

cmHz"*/W. In the following, this sample will be compared with another sample with thicker
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Fig. 6.6 Voltage dependence of specific detectivity of the sample at different temperatures.
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AlGaAs layers in the CE-DWELL structures to study the device performance.

6.3 Comparison between the CE-DWELL detectors with thin and thick

Al 3Gag;As CE-layers

The two samples compared in this section were grown with different CE-DWELL
structures as shown in Fig. 6.7. While the thiner AlGaAs layer was thin enough to only cover
the QD side walls, the thicker AlGaAs layer was grown to virtually cover the entire QD. Fig.
6.8 shows the TEM image of the test sample with 3 nm AlGaAs layer deposited on the InAs
QDs. It confirms the coverage condition of RNO158 as shown in Fig. 6.7. The two different
thicknesses of the AlGaAs layers-also provide different degrees.of confinement enhancement
for the DWELL structiire. Fig. 6.9 shows the PL spectra of the two samples at 77K. The ground
state energy of the thick AlGaAs sample is 27 meV higher than that of the thin AlGaAs sample

due to the better quantum confinement from the thicker AlGaAs layer. Such difference in

RNO157 RNO158

4 nm Ing sGaAs 3 hm Ing,;GaAs
QD Qb

2 nm Iny 4sGaAs 2 nm Ing 4sGaAs

Fig. 6.7 Schematic diagram of the CE-DWELL structures with thin and thick AlGaAs CE-layers.

Fig. 6.8 Cross-sectional TEM image of the sample with 3 nm AlGaAs layer on the QDs.
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Fig. 6.9 High power PL spectra of the two samples at 77K.

confinement effect is even pronounced for the 2-D like electronic state in the structure because
of a more extended wavefunction. The 2-D state has the emission energy 36 meV higher for the
thick AlGaAs sample-than for the thin AlGaAs sample.

Fig. 6.10 shows the photocurrent spectra of.the thin AlGaAs:sample and the thick
AlGaAs sample as well as the bias dependent responsivity curves at 77K and 200K. Both
CE-DWELL samples reveal suitable response band for LWIR detection. The response peak of
the thin AlGaAs sample is-at 8.2 pum, while that of the thick AlIGaAs sample is slightly shorter,
at about 8 um. The thicker AlGaAs layer in the CE-DWELL structure pushed the response
peak toward short wavelength as expected. Both of the spectra show small relative bandwidths
(AMX,,) of about 10% with the B-B type transitions. It should be mentioned that, in the thick
AlGaAs sample, the QD fully covered by the AlGaAs layer breaks the symmetry of the QD
confinement in DWELL structure along z-direction. Fig. 6.11 shows the photocurrent spectra
of the thick AlGaAs sample under different bias polarities. Different from the case for the thin
AlGaAs sample (see Fig. 6.2(b)), the photocurrent spectrum of the thick AIGaAs sample shows
different shapes for the positive and negative bias conditions. The single peak structure at
negative bias split into two peaks when the bias polarity changed to be positive. Comparing the

responsivity of the two samples (Fig. 6.10), the thin AlGaAs sample shows higher reponsivity
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at both temperatures. At 200K, it reaches 0.37 A/W at 0.8V. Although there is a stronger
confinement effect in the sample with thicker AlGaAs layers, the responsivity instead degraded.
However, its responsivity (37 mA/W at -1.6V at 77K) is still higher than that of the sample
without AlGaAs layers (23 mA/W for RNO176 under the same electric field), showing the

advantage of the confinement-enhanced DWELL structure.
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Fig. 6.10 The voltage dependence of the peak responsivity of the two samples at 77K and 200K. The inset shows

the responsivity spectra of the two samples at -1.35V and 77K.
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Fig. 6.11 The photocurrent spectra of the thick AlGaAs sample under positive bias and negative bias at 77K.
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To understand the origin of the inferior responsivity in the thick AlGaAs device, the
comparison of current gain for the two samples at 77K and 200K is shown in Fig. 6.12. Clear
degradation of current gain is shown in the thick AlGaAs sample due to the thicker AlGaAs
layers. Furthermore, the two samples show distinct gain behaviors. The current gain of the
thick AlGaAs sample possesses a clear asymmetry between the positive bias and the negative
bias. Because of thicker AlGaAs layers used, the QDs in the thick AlGaAs sample are virtually
covered. When positively biased, the photo-generated electrons have to overcome the potential
barrier of AlGaAs and pass through the InGaAs well. The capture probability of the excited
carriers into the adjacent InGaAs well is high when the bias.is low. Higher positive voltages are
needed to reach the same current gain as that in the reverse bias. On the other hand, in the thin
AlGaAs sample, becatise of thinner AlGaAs layers, the current gainis more symmetric under
different bias polarities and it has a much "higher ‘gain than that of the thick AlGaAs sample
under the same positive bias. The current gain difference of the two samples also depends on
the device temperature. ‘At higher temperatures, because of the additional thermal energy, the
capture probability ‘of electrons decreases in bothbias-polarities. The gain increases in both

samples and the asymmetry reduces‘in the thick AlGaAs sample:
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Fig. 6.12 The current gain curves of the two samples at 77K and 200K.
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The decrease of responsivity in the thick AlGaAs sample cannot be only explained by
the gain degradation. In fact, the QE also degraded for the thick AlGaAs sample. To further
investigate the QE, the polarization-dependent photo-response of our devices was measured
using the 45° edge coupling scheme. The results are shown in Fig. 6.13(a) and (b) for the two
samples. The spectra changed differently for the two samples as the polarizer angle varied from
0 degree (induce mixed TM and TE response) to 90 degree (induce pure TE response). For the
thin AlGaAs sample, the TE response is ~49% of the TM response. While for the thick AlGaAs
sample, the TE to TM response ratio is only ~28%. A stronger absorption or higher QE is
expected for the thin AlGaAs sample when the radiation is normal to the surface of the devices.

The better normal incident-absorption (TE response) for the thin AlGaAs sample comes
from a better lateral confinement of carriers in QDs. Because the AlGaAs barrier layer is thin
enough to leave the tips of the QDs uncovered, this additional barrier is mainly in the lateral
direction. This lateral confinement enhances normal incident absorption as mentioned in
chapter 5. For the thick ‘AlGaAs sample, the tips of the QDs are covered by the thick AlGaAs
layer. Since the vertical confinement is-also-enhanced in this case, the advantage from the
lateral confinement is reduced. This explains why the QE of the thin AlGaAs sample is better
than that of the thick AlGaAs sample under the normal incidence configuration. This also

shows the importance of having a proper AlGaAs layer thickness in the devices.
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Fig. 6.13 The polarization-dependent photocurrent spectra of (a) the thin AlGaAs sample and (b) the thick AlGaAs
sample at 40K under the 45° facet-coupled configuration.
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The AlGaAs layer in the thick AlGaAs device, although is too thick from the
responsivity point of view, is effective to reduce the dark current. This is especially true at high
temperatures and low bias voltages. The dark current density for the thick AIGaAs sample and
the thin AlGaAs sample are 1.4x10® A/em® and 4.1x10° A/cm? respectively at -1V and 77K.
The thicker AlGaAs layers effectively block the low energy part of the dark current, so the
detectivity of the thick AlGaAs device is not necessarily worse than that of the thin AlGaAs
device. Fig. 6.14 shows the specific detectivity of the two samples at different temperatures. At
77K, the highest measured detectivity for the thin AlGaAs sample is 3.6x10' cmHz">/W at
1.4V. However, as the temperature increases, the thick AlGaAs sample starts to show better
performance. At 220K, the highest detectivity measured for the thick AlGaAs sample is
4.85x10" cmHz"/W at -0.15V, which s about 2.4 times higher than that of the thin AlGaAs
sample. When the temperature is further raised to 240K, the detectivity reaches 1.4x10’
cmHz"*/W at -0.1V for the thick AlGaAs sample, while for the thin AlGaAs sample the dark

current is too high for the measurement.
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Fig. 6.14 The specific detectivity curves of the two samples at 77K, 120K, 160K and 220K.

The comparison of the two samples shows an important factor for the high temperature
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operation. The thin AlIGaAs sample is a typical high performance detector at 77K with good
carrier collection capability. However, as the temperature increases, the superior carrier
transport property induces high dark current which is not acceptable in real applications. On the
other hand, although the insertion of the thicker AlGaAs layer in the thick AlGaAs sample
degrades the responsivity, the dark current is suppressed even more especially at small biases.
As the temperature increases, the thermal energy helps the photocarrier collection and provides
a better performance at higher temperatures. This indicates the importance of the current

suppression for the high operating temperature devices.

6.4 Comparison between the CE-DWELL detectors with Aly,GaggAs and

with Aly;Gag7As CE-layers

In principle, to increase the Al content in AlGaAs layer for the CE-DWELL structure
can increase the confinement state energies accordingly. However, the epitaxial process of the
QDs makes the issue more complicated. A series of single layer CE-DWELL structure was
prepared with different Al content in the AlGaAs-layer ranging from 0% to 30%. Fig. 6.15
shows the PL spectra of the samples as well as the PL spectrum of the conventional DWELL
structure. Surprisingly, opposite trend of the ground state energy shift is clearly shown in the
figure. The sample with the weakest confinement (i.e. the sample with GaAs layer) generates
the highest ground state energy. The intermixing effect during the epitaxial process dominates
the behavior. As published, strong intermixing of the Ga atoms with InAs QDs is observed
when the InAs QDs are covered by the GaAs layer [6.14-6.15]. With the increase of the Ga
content in the QD, the ground state energy is thus raised. When the Al content in AlGaAs layer
increases, the intermixing effect decreases and the ground state energy is thus lower. When the
Al content is around 20%, the decrease of intermixing effect and the increase of the quantum
confinement are balanced. No obvious ground state energy shift is observed when the Al

content is higher than 20%.
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Fig. 6.15 The PL spectra of the samples with different Al content in the AlGaAs confinement enhancing layer. The

PL spectrum of the conventional DWELL structure is also included.

However, the device performance can be different even though. the state energies are
almost the same. In principle, lower Al content (20%) is preferred from the material quality
point of view, but higher Al content (30%) is preferred from the wavefunction confinement
viewpoint. To find out the better solution, two device samples with Al 3Gay;As (RN0615) and

Alp,Gap sAs (RN0613) confinement enhancing layers were compared. Fig. 6.16(a) shows the

(a)

zannf]

.

n+ GaAs top contact

73 nm GaAs
2.2 nm
Al,Ga, ;As 2.8 nm InysGaAs X10
2.4 MLs 2 nm Iny;GaAs
InAs QD 73 nm GaAs

n+ GaAs bottom contact

S.l. GaAs substrate

Fig. 6.16 (a) Schematic diagram of the CE-DWELL QDIPs and (b) the 3-D AFM image of the sample RN0615.
104



sample structure. In the two samples, the thickness of the Ing ;5GaggsAs QW above the AlGaAs
layer was reduced to 2.8 nm to reduce the strain energy accumulation. Moreover, the growth
temperature for QDs was lowered to 495°C to improve the QD density. Fig. 6.16(b) shows the
AFM image of the sample. With the reduced growth temperature, the dot density was increased
to ~4x10'" cm™, about 1.6 times higher than for the samples in previous sections. The lower
growth temperature also caused reduced In-Ga intermixing. Fig. 6.17(a) shows the high power
PL spectrum of the sample (both the Aly3Gay;As sample and the Aly,GagsAs sample show
very similar results). Compared with the sample in section 6.2 (see Fig. 6.2), the ground state
energy for the samples here is lowered by 25 meV due to the reduced intermixing of Ga atoms
with InAs QDs. More than that, with the reduced intermixing, the energy separations between
QD states are also enlarged and therefore, the infrared response shifts to a shorter wavelength
of 7.2 um as shown in Fig. 6.17(b). Again, the response peak corresponds to the transition
between the ground state (1.067¢V) and the 4™ excited state (1.324eV) of the QDs assuming
that AE; : AE, = 2:1. With the thin_enough AlGaAs layer, the symmetry of the QD
confinement barriers along z-direction is-alsopreserved-and the spectral shapes under different

bias polarities are nearly-the same (Fig. 6.17(b)).
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Fig. 6.17 (a) The high power PL spectrum and (b) the photocurrent spectra with different bias polarities of the
sample RNO615.
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Fig. 6.18 shows the responsivity curves for the two samples at 77K and 140K. It is clear
seen the lower barrier of Aly,GagsAs layers does improve the responsivity due to the batter
carrier transport property. At 77K and 1V, the responsivity of the Aly,GaysAs sample reaches
1.2 A/W, which is about 2.4 times higher than that of the Aly3Gag;As sample. Fig. 6.19(a)
shows their comparison for the QE and the current gain. With the lower effective barrier height,
the Aly,GapsAs sample indeed shows higher current gain. However, in the Aly3Gag7As sample,
the suppression of the intermixing effect gives a smaller effective QD size and more
concentrated electron wavefunctions. The QE is thus higher for the sample with Aly3Gag;As
layers. The result also suggests that the material quality does not suffer severely for the thin

enough AlGaAs layer grown on QDs even with a higher Al content. The highest QE measured
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Fig. 6.18 The voltage dependence of responsivity of the two samples at different temperatures.
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Fig. 6.19 The voltage dependence of (a) quantum efficiency, current gain and (b) detectivity of the two samples.
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for the Aly3Gag;As sample is 3.5% at 1.2V and 77K, which is higher than for the previous
samples due to the improved QD density. With the higher QE, combined with the lower dark
current, the sample with Aly3Gag;As layers also revealed higher detectivity as expected (Fig.
6.19(b)). At 77K, the peak detectivity of the Aly3Gag7As sample is 4.7% 10'° cmHZz">/W at 1.1V,
which is about 1.7 times higher than that of the Aly,GaysAs sample.

In order to further reduce the dark current and elevate the operation temperature for the
device with Aly3Gag;As CE-layers, another sample with an additional 50 nm Aly,sGag75As
current blocking layer [6.16] just above the bottom contact layer was also prepared (RN0614).
Fig. 6.20 shows the photocurrent spectrum at 140K and the responsivity curves with different
temperatures of the sample. With the inserted 50 nm Alp25Gag7sAs current blocking layer, the
device performance at higher temperatures was indeed improved. The photocurrent spectrum
measured by FTIR showed a clear signal-at around 7.1 um even at 140K. While for the sample
without such blocking layer (RNO615), the spectrum can be measurement with acceptable
signal quality up to only ~125K. As expected, the inserted AlGaAs layer in the device however

located far from the QDs did not influence the detection"wavelength much. The responsivity
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Fig. 6.20 The voltage dependence of responsivity of the sample at 77K, 140K and 170K. The photocurrent

spectrum is also included in the insert.
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curve can be measured up to 170K with the lock-in technique. At 170K, the responsivity curve
reveals a clear asymmetric behavior for different bias polarities showing the effect of the
single-sided blocking layer. At positive bias, the carrier replenishment for QDs is injected from
the bottom contact and is readily hindered by the 50 nm Aly,sGag7sAs layer so the
photo-response suffers. Fig. 6.21 shows the measured detectiviy for the sample at different
temperatures. When the temperature is raised to higher than 160K, the detectivity decreases
faster for the positive biases than for the negative biases due to the inferior responsivity under
the positive bias condition. At 170K, the peak detectivity at the negative bias is 2.3x10’
cmHz"*/W, which is about 2 times higher than for the positive bias. However, the asymmetry in
the device characteristics.1s not clear for the temperature lower than 140K. It is therefore
expected that the devi€e performance can be further improved by using a higher barrier current
blocking layer. In this way, a more pronounced asymmetric operation condition with a higher

operating temperature at the negative bias is expected.
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Fig. 6.21 The voltage-dependent specific detectivity of the sample at different temperatures.
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6.5 Summary

In summary, we performed the detailed studies on the QDIPs with
confinement-enhanced dots-in-a-well (CE-DWELL) structures. A thin AlGaAs layer was
inserted on top of the QDs in the DWELL structure to enhance the wavefunction confinement
and device performance. With proper device parameters, LWIR QDIPs with operation
temperatures higher than 200K and detection wavelength of 8.2 um were achieved for the first
time. Two CE-DWELL structures with different thicknesses of Aly3;Gag;As CE-layers were
investigated. The device with thin AlGaAs layers showed much higher normal-incident
absorption capability and superior 77K device performance. On the other hand, thick AlGaAs
layers greatly elevate the dark -current activation energy so. that the device, although
unfavorable for low! temperature operations, showed much higher detectivity at high
temperatures. To the realization of high temperature operation QDIPs, better suppression of the
dark current is the key. Two other CE-DWELL detectors with Aly3Gay;As CE-layers and
Alp,GapsAs CE-layers were also compared. Although the state energy distribution was nearly
the same due to the balanced intermixing-effect-and quantum confinement effect, the device
performance was very different forthe two samples. The Alp3GagzAs layer provided stronger
barrier confinement for the QDs and thus resulted in higher quantum efficiency for QDIPs.
Although the current gain was sacrificed, the device with Aly3Gag7As layers showed a better
overall performance than the device with Aly,GagsAs layers. By employing a proper current
blocking layer to suppress the dark current, the device operating temperature can be further

elevated.
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Chapter 7

InAs/GaAs Quantum Ring Infrared Photodetectors

In this chapter, InAs quantum rings (QRs) are used as the absorption media in infrared
photodetectors and the device characteristics are investigated under normal incidence
configuration. Compared with QDIPs, quantum ring infrared photodetectors (QRIPs) show
wider photocurrent spectra, more stable responsivity with temperature change, and lower dark
current activation energy. The wide detection band comes from the transitions from the QR
ground states to different excited states. The shallow confinement states generate higher dark
current and enhance the carrier flow between the QRs within the same QR layer. This carrier
flow partly smoothes ¢ver the repulsive potential and makes QRIPs béhave similarly to QWIPs
instead of QDIPs. With an Alyz7Gag73As current blocking layer, the operating temperature of

QRIPs is greatly raised.

7.1 Introduction

As mentioned, Infrared detectors based on intraband transitions in III-V materials are
expected to be the economical alternatives to the II-VI based interband detectors for the
implementation of large format imaging focal plane arrays. With this motivation, quantum well
infrared photodetectors (QWIPs) and quantum dot infrared photodetectors (QDIPs), especially
for the n-type devices, were widely studied with different spectral ranges in past decades
[7.1-7.14]. With the intersubband transitions, the fractional spectral widths (AA/A) of the
photocurrent spectra are usually smaller than 30% in both QWIPs and QDIPs. However, these
two kinds of detectors possess distinct characteristics because of the differing quantum

confinement in their structures. In quantum wells (QWs), the electrons are confined within the
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potential wells in the vertical direction but are free to move along the wells. As a result, QWIPs
are only sensitive to radiations with the electric field polarized perpendicular to the quantum
wells [7.2]. The current conductive gain of QWIPs is usually low and quite stable at different
temperatures [7.1]. In contrast, with the three-dimensional quantum confinement for the active
media, QDIPs exhibit strong in-plane polarized photo-response [7.12-7.14], much higher
current gain, and strong temperature dependence of responsivity as discussed in section 6.2.
With the advances in nanostructure growth, e.g. the growth of ring-like structures as described
in chapter 3, it is expected that new structures with different confinement geometry will
generate detectors with different properties. Recently, quantum rings (QRs) were used as the
absorption media in infrared detectors and the response spectra showed wide fractional spectral
widths (AL/L) larger than 60% [7.15]. By exploiting the much shallower bound-state energies of
the QR structure (see Fig. 3.14), Dai et al. demonstrated that it is easy to extend the detection
band into the terahertz regime [7.16]. Quantum ring infrared photodetectors (QRIPs), therefore,
provide a new approach for the long-wavelength broad-band infrared detection. However, the
detailed characterization for QRIPs-and their-optimization-have not been reported so far and the
reported performance 1s still much worse than those of QWIPs-and QDIPs.

In this chapter, the detailed characteristics of InAs/GaAs QRIPs are investigated and
compared with those of QWIPs 'and QDIPs. Although the physical distribution of QRs is
discrete and similar to those of QDs, the closely separated shallow bound states of QRs make
the device perform differently from QDIPs but rather similarly to QWIPs. With a proper design
and the use of an AlGaAs current blocking layer, the performance of QRIPs is greatly

enhanced.

7.2 Basic characteristics of the sample
The sample used in this study contained 30 layers of InAs QRs separated by 50 nm

GaAs barrier layers as the active region, which was sandwiched between two n” GaAs contact
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layers. A 75nm Aly,7Gag 73As layer was added on top of the bottom contact layer as the current
blocking layer [7.3]. An additional surface QR layer was also deposited for the AFM
measurement. The growth procedure of the QRs began with 2.8 MLs of InAs QDs covered
with 2nm of GaAs layer. Twelve second growth interruption was followed for the formation of
QRs. Finally, a high growth rate GaAs layer was deposited to minimize the deformation of the
as grown ring structures. A Si 8-doped layer with a concentration of 5x10° cm™ was inserted 2
nm under each QR layer. Fig. 7.1(a) shows the AFM image of the surface QRs. QRs with

uniform sizes are clearly observed with a density around 1.8x10'”cm™. The average outer and

inner diameters are about 60 nm.and 15 nm, and the height is around 2~3 nm. The structure of

m
"

the imbedded QRs was also confirmed with cross-sectional transmission electron microscopy,

as shown in Fig. 7.1(6) and (c). The lateral and vertical dimensions of the imbedded QRs are

n

‘ L]
very close to the AFM result obtained from QRé on the surface. The high growth rate of the
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Fig. 7.1 (a) 1 x 0.5 um® AFM image of the surface QRs. (b)(c) The cross-sectional TEM images of the imbedded
QR-layers and a single imbedded QR.
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The sample was then examined with the PL spectroscopy to probe the electron energy
states in the QRs. Fig. 7.2 shows the 77K PL spectra with two different excitation powers. The
ground state energy of the sample is 1.238eV. As mentioned in chapter 3, the ground state
energy of the QRs is much higher than that of QDs with the same nominal InAs thickness due
to the reduced height of the QRs. The shape of the low power spectrum is very close to a
Gaussian function with a full-width-half-maximum (FWHM) of 43 meV, indicating the single
size distribution and good uniformity of the QRs. Under high excitation power, four excited
states and one wetting layer (WL) state were revealed. The transition energies of these excited
states are at 1.290, 1.325, 1.364, and 1.40 eV, respectively. Compared with QDs, the spacing
between the energy levels, however, are reduced due to-the reduced center thickness and the

larger lateral extent ofithe rings;
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Fig. 7.2 The PL spectra of the sample at 77K with different excitation powers. The excited state peaks are

indicated in the high excitation spectrum.

7.3 Investigation of the Device Characteristics

After the device fabrication, the photocurrent spectra were measured by FTIR under
normal incidence configuration first. Fig. 7.3 shows the response spectra at 30K and 77K.
Although QRIPs are expected to be less sensitive to the normal incident radiation due to the

flattened geometry of QRs, the normal incident photocurrent signal is still strong and clear. The
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polarization dependent response was further examined with the 45° edge-coupling scheme. The
TE (E-field polarized in the QR plane) to TM (E-field polarized in the growth direction)
response ratio of the sample was measured to be about 11% as shown in Fig. 7.4. This number,

although smaller than that in QDIPs, is still stronger than that in QWIPs (see Fig. 5.4).
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Fig. 7.3 The photocurrent spectra of the sample at 30K and 77K. The insert shows the transitions associated with

the response peaks:
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Fig. 7.4 Polarization-dependent photocurrent spectra of the sample at 22K under 45° facet-coupled configuration.
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The photocurrent spectrum shows a broadband detection with the center wavelength
around 8um and a bandwidth of Sum (AA/A~60%). Unlike the single peak usually seen in
QWIPs or QDIPs, multiple peaks were seen in the spectrum. From the AFM image and the PL
spectrum, the QRs are quite uniform in size, indicating the wide detection band is not from the
multi-modal distribution of the QRs. Instead, the multi-peak spectrum is caused by the
transitions of electrons from the QR ground state to different excited states including QR bound
states, WL states and GaAs continuum states. It is known that the GaAs bandgap at 77K is
1.507eV [7.17], and the WL transition energy determined by the high power PL spectrum is
1.426eV. Assuming a 7:3 ratio for the conduction/valence band discontinuity at the
hetero-interface and with a given ground state energy of 1.238eV,.any radiation with the photon
energy higher than 188 meV will be able to excite electrons in a QR to the GaAs barrier. The
broad peak around 6.2pm (200 meV) is-thus from the transition from the ground state to the
GaAs continuum states. The two response peaks at'7.4 pm and 8.36 pm correspond to the
transitions from the ground state to the WL states. Finally, the lowest energy peak at 9.33um is
from the transition to the fourth QR excitedrstaterTherabove four excitation schemes are also
schematically plotted in.the insert of Fig. 7.3. It might be suspected. that some of the response
peaks are from the first excited states to the higher states. However, those transitions will have
energy lower than the peaks detected. Furthermore, the doping density used in our sample is
much lower than the QR density, and the probability for electrons to populate the excited states
is quite low. Finally, given that no obvious change of the response spectra at different bias
levels was detected, we conclude that the responsivity peaks are unlikely to be originated from
the excited states.

On the other hand, for the QDIPs with the same 2.8ML InAs QDs as in the QRIP
sample, only the signal associated with the WL transition was observed (see Fig. 5.2). The
quantum states in QRs are weakly confined, and the state energies are closer to the GaAs

bandedge when compared with the quantum states in QDs. The ground state electron
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wavefunction extends further outside of the QR region and enhances the bound to continuum
transitions in QRIPs. Due to the higher states energy with respect to the GaAs bandedge, the
escape probability for the transition to the QR fourth excited states is much higher in QRs. The
deep bound states in QDs prohibit the generation of photocurrent from such transitions.

It is also evident in Fig. 7.3 that the responsivity spectra at 30K and 77K are slightly
different at longer wavelength. The long wavelength peaks (8.36 pum and 9.33 um) decrease
from 30K to 77K while other peaks remain at the same level. As mentioned, the carriers excited
to the lower energy states need more energy to escape from potential trap before being trapped
back to the ground states. At higher temperatures, it was found the relaxation rate increases so
much that the excited electrons are more likely to be trapped in the QRs than to contribute to
the photocurrent [7.18]: Due to the lower excited state energy, this effect is more severe for the
9.33 um peak, and it decays more than the 8.36pum peak from 30K to 77K.

The absolute responsivity was then calibrated by a 1000 °C blackbody radiation source
using the lock-in technique with the chopper frequency set at 1 kHz. Due to the inserted
AlGaAs layer, the responsivity is: quiterweak under-positive biases [7.3], so the following
discussions are limited to the negative biases only. The peak responsivity at different negative
biases and temperatures are plotted in Fig. 7.5. The responsivity is quite stable from 40K to
100K for a wide bias range (-2.8V'~1=0.6V). This phenomenon is different from that in QDIPs,
in which the responsivity usually increases over a decade in this temperature range. As
discussed in section 6.2, for QDIPs, the dramatic increase in responsivity with temperature is
due to the rapid increase in current gain, which is the result of the repulsive coulomb potential
caused by the extra carriers inside the QDs. For QRIPs, however, the repopulation of carriers is
faster within individual QR layer because of the higher ground state energy. Thus, the current
gain and therefore the responsivity are more stable against temperature variation. This
temperature stability is similar to that of QWIPs in which carriers flow freely in the QW plane.

The fast carrier flow and the large lateral extent of the QRs with higher ground state energy
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Fig. 7.5 The voltage dependence.of the peak responsivity of-the sample at different temperatures.

also increase the probability for the conductive free carriers being captured into the QRs. The
current gain of our QRIP sample at -1V and 77K is only '0.003, which is much lower than that
measured under the same conditions in QDIPs with.a sumilar device structure. The carrier flow
within the QR plane and the high capture probability of free carriers make QRIPs behave like
QWIPs in the transport charactetistics:

To verify the difference of the carrier -flow -within a QR layer and a QD layer, two
samples, each with a single layer of QDs or QRs, were prepared. The same amount of InAs was
used in both samples, but the QR sample had an additional partially-capping and annealing
process for the ring formation. The carrier flow information could be extracted by examining
the temperature dependent PL line width variation [7.19]. The PL spectra of the two samples
and their FWHM as functions of temperature are compared in Fig. 7.6. As expected, the ground
state energy for the QRs is higher than that of the QDs for more than 100meV. The widths of
the PL spectra of the two samples both decreased first and then broadened with the increase of
temperature. At extremely low temperatures, the width of the PL signal is from the
non-equilibrium and random distribution of carriers in QRs or QDs, and is usually wider. With

the increase of temperature, the carrier distribution will be closer to the quasi-equilibrium
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Fig. 7.6 Temperature dependent FWHM of the PL spectra of single-layer QRs (Solid symbol) and single-layer QDs
(unfilled symbol). The insert shows their spectra at 20K.

condition with a common Fermi level for the whole ensemble. The temperature with minimum
spectral width indicates that, above this temperature (T,,), the thermal energy is high enough for
carriers to flow freely between the QRs or'QDs. For the QD sample, Ty was found to be around
230K. But, for the QR sample, the line width-shrank-much faster and T,, occurred at 130K.
Such a large difference in Ty, indicates that electrons within a QR layer can move more freely
to repopulate the QRs. The facilitated carrier repopulation’in the QR layer makes the current
gain and the responsivity in QRIPs insensitive to the temperature change.

The dark current of the device was also measured at different temperatures with a

helium dewar. The measured dark current curves and the extracted activation energy (Ea) are

E
shown in Fig. 7.7. The Ea shown here was calculated assuming |, oc T exp( kTaj [7.1]. Both

the dark current and Ea exhibit two distinct regions in the figure. Ea drops dramatically at a
lower bias region but then decreases with a lower slope when the bias is over -0.65V.
Accordingly, the dark current curves also show two different increasing rates with biases for the

temperatures higher than 60K. By extrapolation, the zero bias Ea could be estimated to be in
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Fig. 7.7 The voltage dependence of the dark current of the sample with different temperatures and the dark current

activationrenergies (Ea) at different bias voltages.

the range of 250~260 meV, which agrees well with the conduction band discontinuity of the
Aly27Gag73As/GaAs hetero-interface (256 meV._[7.17]); It means that the voltage drop is
essentially on the Alj27Gag73As layer from OV to -0.65V and the dark current is limited by the
wide bandgap material. When the bias further increases, the applied voltage starts to drop on
the active region, and Ea is then dominated by the effective Fermi-level in the QR layer. In this
domain, the activation energy at=0.7V was 112 meV, which is close to the reported activation
energy for the QRIP without the. AlGaAs barrier [7.15]. Such small activation energy in QRIPs
prohibits high temperature operation and is the result of the higher ground state energy. Hence,
the adoption of a wide bandgap layer in QRIPs is necessary for the operation at elevated
temperatures.

The noise current spectra of the device were then measured and the noise current
density at 1 kHz was used to calculate the specific detectivity. The result is shown in Fig. 7.8.
The detectivity measured at 77K and -1V is 2.8x10° cmHz’*/W. At 140K, the highest
detectivity measured for the QRIP was 2.5%10" cmHz">/W at -0.1V. In this regime, the dark

current was highly suppressed by the AlGaAs layer, so the performance of the QRIP could be
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Fig. 7.8 The voltage dependence of specific detectivity of the sample at different temperatures.

measured up to 140K. It should be mentioned that the device performance measured here is
based on the normal incident configuration without any grating couplers. The device

performance can be enhanced with a properly designed grating coupler.

7.4 Summary

The characteristics of InAs' QRIPs wererinvestigated. The thinner InAs thickness and
wider extent of the QR structure generated higher but closer electron state energies and weaker
wavefunction confinement. This .induces the specific features of QRIPs such as wider
photocurrent spectra, more stable responsivity with temperature change, and lower dark current
activation energy. The broad spectral response comes from the transitions of electrons from the
QR ground state to the QR excited bound states, the WL states and the GaAs continuum states.
The higher confinement state energy and the extended wavefunction in QRIPs induce better
carrier flow within each QR layer as well as lower current gain. Such behaviors makes QRIPs
have similar transport properties with QWIPs instead of QDIPs. For high temperature operation
of QRIPs, wide bandgap layer should be inserted into the devices to compensate for the
inherently small ionization energy of carriers. The performance of LWIR QRIPs was greatly

enhanced with an Aly,7Gag 73As current blocking layer.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions of the Present Studies

In this dissertation, comprehensive studies on the self-assembled, zero-dimensional
InAs quantum structures and the associated infrared photodetectors are presented. The primary
conclusions are summarized as follows:

(1) The growth techniques:1to manipulate. the sheet density and geometry of
self-assembled InAs quantum dots (QDs) with fully in Situ growth control were investigated. A
wide range of dot densities from ~1x10* ¢m™ to ~1:2x10" em?, and the control over the
geometric change from QDs, through volcano-shaped structures, to quantum rings (QRs), were
achieved. The evolution level of the InAs QR formation depends on, the thickness of the
partial-capping GaAs layer and the annealing condition. A thinner cap layer, because of a larger
interface angle, results in a larger driving force for pulling out the InAs materials from the tips
of the dots and therefore more matured rings'with- deeper centér craters. The annealing
temperature and duration’provide the thermal energy and time needed for the migration of InAs.
By simulation, we find the formation of the ring-like potential inhibits the wavefunctions from
accumulating to the ring center and therefore raises the state energies and also narrows the
energy separations. With optimized growth conditions, uniform QRs with a density of 2.6x10'°
cm™ and strong room temperature PL emission are obtained.

(2) The energy spectra of self-assembled InAs QDs were investigated using the
selective excitation PL technique. The dependence of the emission spectra on the excitation
energy provides important information about the carrier relaxation mechanism. Three distinct
regions can be identified as associated with changes in the excitation energy. At high excitation

energies, all QDs are excited and participate in the light emission with the help of the
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continuum states. At low excitation energies, the absence of the continuum states is such that
the carrier relaxation is restricted to a multi-LO phonon process. At medium energy, the QDs
are resonantly excited through discrete electronic states, but the relaxation of the carriers does
not need to meet the multi-phonon resonance condition with the help of a continuum tail. For
these resonantly excited electron-hole pairs, intra-dot electron-hole scattering provides an
efficient channel for the release of energy via the continuous states of either electrons or holes.

(3) Quantum dot infrared photodetectors (QDIPs) with different confinement barrier
schemes for InAs QDs were investigated. Compared with the simple QD structure, the InAs/
Ing15GaggsAs dots-in-a-well (DWELL) structure pushes. the detection band to a longer
wavelength to meet the [8-12 pm atmospheric transmission window and enhances the TE
absorption due to the feduced QD confinement in the vertical direction. By means of inserting a
thin AlGaAs layer on top of the InAs QDs in the DWELL structure, we design a new
confinement-enhanced DWELL (CE-DWELL) sstructure which further enhances the TE
absorption by about 2 times due to the enhanced lateral confinement of the QDs. More
importantly, due to the enhanced -oscillator-strengthrand the increased escape probability of
photo-excited electrons; the quantum efficiency increases more, than 20 times and the
detectivity is an order of magnitude higher at 77K. By tailoring the confinement schemes for
QDs, one can effectively change the idevice characteristics of QDIPs to fit different application
requirements.

(4) The device parameters of the CE-DWELL QDIPs were further investigated to
enhance the device performance. The thickness and Al content of the AlGaAs insertion layers
influence much not only the absorption property but also the transport property of the device.
The device with thinner Aly3Gag7As layers possesses stronger normal-incident absorption and
higher responsivity, while the device with thicker Alp3Gag;As layers possesses better
suppression of the dark current and is more suitable for the high temperature operations.

Furthermore, compared with the Aly>GagsAs layer, the Aly3GagsAs layer provides stronger
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barrier confinement and causes less In-Ga intermixing for the InAs QDs and thereby generates
better performance of the device. With appropriate device parameters of CE-DWELL, it is
possible to achieve high quantum efficiency, high operating temperature, and 8-12 um LWIR
detection at the same time.

(5) Quantum ring infrared photodetectors (QRIPs) with the broadband, LWIR detection
were investigated. The thinner InAs thickness and wider extent of the QR structure generates
higher but closer electron state energies and weaker wavefunction confinement. This induces
the specific features of QRIPs such as wider photocurrent spectra, more stable responsivity
with temperature change, and lower dark current activation.energy. The broad spectral response
comes from both the bound-to-bound and the bound-to-continuum transitions. The higher
confinement state energy and the extended wavefunction in QRIPs induce better carrier capture
into and carrier flow within each QR layer and therefore the temperature-insensitive but lower
responsivity, similar to the QWIPs. In order to compensate for the inherently smaller ionization
energy of carriers in QRs, an Alj»7Gag73As high barrier layer is inserted into the QRIPs and the

device operating temperature is effectively improved:

8.2 Future Work

In order to successfully accomplish the next generation optoelectronic technologies,
epitaxy techniques to in situ growth semiconductor zero-dimensional quantum structures
should be continuously promoted, especially for improving the uniformity and epitaxial quality
of the quantum objects. In our work, the MBE based growth techniques of self-assembled InAs
QDs and QRs have been carefully studied. However, the control over the desired size and
density should be further improved. QDs with very low density (~10° cm™) and large enough
size (dot height = 5nm) are important for the single QD studies and also the precondition for
the more advanced single QR studies. As mentioned in section 3.3, the reproducibility of the

segmental indium flux growth QDs is unfortunately not good. More efforts to obtain
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well-controlled growth conditions for such low-density but large-size QDs are needed. Once
such QDs are reproducibly obtainable, ultra-low density quantum rings or quantum volcanos
can be readily achieved using the capping/annealing technique described in section 3.4, and
then the PL, PL-excitation and magnetic-PL can be performed on a single ring/volcano to study
the energy spectra without inhomogeneous broadening. The possible physical changes on
electronic states with the geometric change from dots to rings should be very interesting. On
the other hand, for high performance QD detectors and QD lasers, high density QDs (= 5x10'"
cm™) with appropriate dot size and epitaxial quality are definitely required. From our
accumulated experience, the growth control for QDs with the density about 2-3 x10'® cm™ has
been well developed. However, when it comes to the range of 5x10'° cm™, the QDs’ uniformity
and optical quality be¢ome hardly controlled. Moreover, severe strain energy accumulation for
the growth of multi-layer, high density QDs which are needed for optoelectronic devices would
be an issue. More detailed studies on growth control for the optimal QD conditions for QD
devices are needed.

For infrared detectors aimed for the"EWIRdetection, we have developed a promising
CE-DWELL structure for high performance QDIPs. It 1s worthwhile to further optimize the
device parameters for CE-DWELL QDIPs. From the application point of view, the way to
enhance the quantum efficiency (QE) is essential no matter how it is achieved. Unfortunately,
the weakest point of QDIPs is exactly the poor QE. The state-of-the-art QE reported for the
QDIPs with LWIR detection band is only about 5% [8.1], much lower than that commonly
reached by QWIPs (20~30%). In QWIPs, the average carrier density in one well is 3x10" cm™
with 30~50 QWs in the active region. In contrary, the usual QD density is less than 5x10'® cm™
and increasing the QD layer number is not trivial due to the difficulty in the strained layer
epitaxy. For the QDIPs investigated by us previously, the QD density is commonly around
2.5x10" cm™ and the stacked layer number is only ten. Although dramatic improvement in QE

have been achieved with our CE-DWELL design, there still exists a large space to further push
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the QE by increasing both the dot density and the QD layer number. By appropriately lowering
the growth temperature and increasing the deposition thickness for QDs, we have increased the
dot density to ~4x10'° cm™ with good size uniformity and the device QE does increase to 3.5%,
as described in section 6.4. However, because of the suppressed In-Ga intermixing, the state
energy separations of the QDs were enlarged, making the detection peak shifted to a shorter
wavelength of 7.2 um. The first task should be to tune it back into the LWIR transmission
window while keeping the high dot density (not less than 4x10'® cm™). The post growth
annealing technique to create appropriate intermixing effect for QDs is an approach to reduce
their state energy separations and also make the crystal quality better. As for the increase of QD
layer number, S. Chakrabarti et al: have ever grown 70-layered devices successfully with the
GaAs barrier layers grown at high temperature [8.2], indicating thé possibility of achieving
large number stacked QDIPs. With careful growth control, at least 40-layered devices should be
achievable using our MBE system. Besides, in order to further improve the device operating
temperature, a 50-80 nm single-sided AlGaAs-current blocking layer with optimized Al content
can be used in device to suppress the dark-current:*The"doping profile should be also adjusted
to make the electric field distribution in the active region more efficient for the collection of
photocarriers. We expect a normal.incidence LWIR QDIP with'a quantum efficiency of over
15% and a specific detectivity of over 2x10"" cmHz"?/W at 77K would be achieved after the
aforementioned device optimizations. With the optimized device structure, we also plan to
develop the imaging focal plane arrays (FPAs). With the collaboration with Chunghwa Telecom
Ltd, we plan to develop 640x480 pixels LWIR QDIP FPAs to demonstrate the advantage of

CE-DWELL QDIPs.
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