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Abstract

The potential for implementing quantum coherence in semiconductor self-assembled quantum
dots has been investigated theoretically and experimentally. Theoretical modeling suggests that
coherent dynamics should be possible in self-assembled quantum dots. Our experimental efforts
have optimized InGaAs and InAs self-assembled quantum dots on GaAs for demonstrating
coherent phenomena. Optical investigations have indicated the appropriate geometries for
observing quantum coherence and the type of experiments for observing quantum coherence
have been outlined. The optical investigation targeted electromagnetically induced transparency
(EIT) in order to demonstrate an all optical delay line.
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1.0 INTRODUCTION

The goal of the LDRD has been the observation of quantum coherence (QC) effects in
self-assembled quantum dots (SAQD). Quantum coherence effects are a broad class of
phenomena that occur when the excess carriers generated in a material retain their initial phase
long enough to interact with other carriers coherently. The phenomena include lasing without
inversion, electromagnetically induced transparency (EIT), and dark state spectroscopy.
Technologically this could result in the demonstration of an all-optical delay or an optical
quantum bit, or qubit, in semiconductors SAQD. SAQD are possibly better than quantum wells
for this observation because the coherence lifetimes are longer. The homogeneous lifetime, the
time constant for phase retention in SAQD has been measured to be 250 femtoseconds at room
temperature [1]. This contrasts to 30 to 70 femtoseconds for homogeneous lifetimes in quantum
wells. This lifetime increases significantly at low temperatures for SAQD to 600 to
800 picoseconds at liquid helium temperatures [2, 3]. Our efforts have concentrated on
developing the theory which establishes the conditions for observation of optical coherence
effects, preparing SAQD samples, and identifying conditions optimal for experimental
observation of quantum coherence effects in semiconductors and the types of experiments

needed. The results from each of these efforts will be described below.






2.0 QUANTUM COHERENCE THEORETICAL DEVELOPMENTS

A theory of quantum coherence and interference was developed for a semiconductor
system. This theory predicts LWI, EIT and refractive index enhancement in the transient regime,
even for dephasing rates typical under room temperature and high excitation conditions. It also
indicates important deviations from atomic systems, because of a strong influence of the
continuum comprised of states from the surrounding quantum well. The dot-well Coulomb
coupling gives rise to collision-induced population redistribution and many-body energy and

field renormalizations. Together, they modify the magnitude, spectral shape and time
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Figure 1. (a) Drive pulse, (b) probe signal absorption or gain, and (c) inversion in electron to
heavy (solid curve) and light (dashed curve) transition versus time. Gain is observed without
inverting either transition.



dependence of quantum interference. Figures 1 (a) and (b) show the temporal relationship
between drive pulse and optical response to weak probe signal. At the probe frequency, there is
an abrupt bleaching of the absorption after the onset of the drive pulse. This is followed by the
appearance of gain for a very short duration, after which absorption reappears, but at a smaller
value than prior to the drive pulse. Figure 1 (c) indicates that while the drive pulse creates an
inversion in, there is no inversion on the probe signal, even when the probe signal experiences
optical gain. Carrier density (created by the drive pulse) at the gain maximum is 1.35 x 10'* cm™
which is an order of magnitude lower than the 1 x 10'" cm™ necessary to obtain transparency in

the absence of LWI.
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3.0 SELF-ASSEMBLED QUANTUM DOT GROWTH STUDIES

Previous research on epitaxial growth of SAQD had enabled demonstrations of InGaAs
SAQD heterostructures in the GaAs/AlGaAs system. This potential coupled with the long
homogeneous lifetimes observed for SAQD suggested this as a possible system for
experimentation. The desire early in this LDRD was to develop SAQD that would have optical
transitions in the visible or near infrared (emission less than 1 um) to utilize the optical
equipment (sources and detectors) at these wavelengths. Our efforts on this system are
summarized in Section 3.1. Initial growth efforts demonstrated Ing 4GagsAs SAQD with room
temperature emission at 1075 nm. The problem with these structures is that the inhomogeneous
lifetime is as small as 165 femtoseconds (80 meV). The other disadvantage with these structures
is that there was no clear excited state observed at room temperature to form the three energy
level system needed to observe QC effects. This cooled interest in Ing4GagcAs SAQD and led to
efforts to improve the inhomogeneous lifetime of InAs SAQD. Longer lifetimes of
290 femtoseconds (45 meV) were obtained with clear excited state resonances at room
temperature. This was selected as the target system for further nonlinear optical investigations.

Section 3.2 summarizes the growth investigations in binary InAs SAQD.

3.1  Growth investigations on InGaAs alloy SAQD

The two-dimensional to three-dimensional transformation of compressively strained
epitaxial layers has been identified as a route to self-assembled nanostructures. This
transformation occurs for a large number of semiconductor systems and has been investigated
extensively in an attempt to optimize this process to form self-assembled nanostructures [4,5].
InGaAs on GaAs(001) is one such system that has optoelectronic applications[6,7]. We have

investigated the growth of Ing 4Gag cAs on GaAs by metal-organic vapor phase epitaxy (MOVPE)
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to form self-assembled quantum dots (SAQD) with a band gap greater than 1.24 eV (1.0 um).
Many investigations have discussed the mechanisms associated with self-assembled quantum dot
formation. There is an ongoing debate about the role of thermodynamics relative to kinetics
during the islanding process. My investigations propose that thermodynamics in the form of
surface segregation plays a role. If surface segregation can be controlled, the three-dimensional
transformation can be eliminated to extend planar growth for highly strained films or enhanced
to form uniform dense SAQD with a minimum wetting layer.

Surface segregation occurs during the growth of alloys when one of the components is
rejected from the bulk resulting in a surface phase that is enriched relative to the bulk
composition. The surface phase in the case presented here is an alloy with a different
composition from the bulk. The surface segregation of In during InGaAs growth on GaAs
growth is well documented [8,9,10]. It limits the growth of abrupt quantum wells and introduces
interface scattering in channels of InGaAs/AlGaAs high electron mobility devices [11,12]. For
InAs deposition on GaAs, segregation of In to the surface has been observed using in sifu surface
science tools and strain sensitive techniques. Measurement of the strain induced curvature of
thin substrates suggests an amorphous or adsorbed layer exists on the surface [13]. These results
are consistent with thermodynamic analysis of highly strained heteroepitaxy, which predicts an
amorphous layer [14]. Angle resolved x-ray photoemission spectroscopy and auger electron
spectroscopy have estimated the thickness of the segregated layer to be several monolayers [8]
and reflection high energy electron diffraction has been use to estimate the surface composition
from the two-dimensional to three-dimensional transition [15].

My investigations confirm previous results that growth condition can suppress or enhance

three-dimensional growth. This investigation examines the growth of Ing 4Gay ¢As under
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different AsHj; partial pressures and different growth temperatures. Lower growth temperatures
have been identified previously as reducing surface segregation [11,12], but the role of AsH3 on
QD formation has only been speculated [16,17]. Conditions where surface segregation is
suppressed and enhanced are identified. This work casts these observations and the present
results in terms of surface segregation allowing interpretation of different growth conditions and
prediction of conditions that will limit or enhance QD formation. The results are explained in

terms of modifications to the thickness of the segregated layer on the surface.

3.1.1 Experimental Details

Ing 4Gag 6As was deposited using low pressure MOVPE operating at 70 torr in a high
speed (900 rpm) rotating disk chamber. Triethyl gallium (TEGa) and trimethyl indium (TMIn)
both held at 850 mbar and 20°C were the group III metal-organics used and arsine (AsH3) was
group V hydride utilized. GaAs (001) + 0.1° substrates were heated to 650°C, annealed in AsH3
for 5 minutes to desorb the surface oxide, and followed up with a 100 nm GaAs buffer. After
cooling to 600°C a 200 nm GaAs buffer was then grown. The sample was then cooled under
AsHj to the temperature desired for Ing4GagsAs growth, which was deposited under varied
conditions. The growth rate of Ing4Gag sAs was held constant in these studies at 0.2 nm/second.
After deposition of the Ing 4Gag ¢As the chamber was purged for 10 seconds under hydrogen to
remove AsHjz and metal-organics. After the hydrogen purge, the Ing4Gag ¢As layer was capped
with 3 nm of GaAs grown at the Ing4GasAs growth temperature. The capped sample was
heated to 600°C for growth of 300 nm of GaAs. The sample was subsequently cooled for
growth of uncapped Ing 4Gag ¢As under the same conditions that were used for the buried layer.
Photoluminescence (PL) and atomic force microscopy (AFM) were performed on the same

sample. The InGaAs growth rate and composition were calibrated using high resolution x-ray
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diffraction from InGaAs/GaAs superlattices around the (004) and (224) reflections, analyzing the
results to account for relaxation during growth [18,19].

PL was performed at room temperature using an Accent RPM2000 photoluminescence
mapping system using 785 nm laser with a power density of 4.5 W/cm? and detected through a
530 nm high pass filter with an InGaAs detector. AFM was performed in air at room
temperature using a Digital Instruments Nanoscope III with silicon tips, with an approximately

5 nm radius, using tapping mode.

3.1.2 Results

The morphology of InGaAs films varies dramatically as the growth temperature is
changed as depicted in Figure 2. At low growth temperatures (Figure 2a, 450°C) the
morphology is dominated by a low density (46 pm™) of small elliptically shaped islands. The

islands range from 30 by 20 nm to 45 by 30 nm in lateral size, with heights of 4 £ 2 nm. As the

Figure 2. AFM images of InGaAs surfaces as a function of temperature for high AsHj; partial
pressure. The temperatures used are a) 450°C, b) 500°C, c) 550°C. The inlet AsHj3 partial
pressure was maintained at 0.27 torr and the thickness deposited was 4.5 nm for all the
samples. Top sections showing topography correspond to the horizontal line in each image.
The vertical image scales are 10, 5, and 20 nm, respectively.
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temperature is increased (Figure 2b, 500°C) the density of three-dimensional islands drops to
near zero. Only small two-dimensional, monolayer islands are observed with a density of
approximately 100 pm™. As the temperature is increased further (Figure 2c, 550°C) the density
of larger three-dimensional islands increases dramatically to over 200 pm™, forming patches of
islands, isolated by bare surface. The lateral extent of the islands ranges from 40 x 30 nm to 50
by 30 nm. The island height is 5 £ 1 nm.

The observed discontinuity in the island formation is difficult to understand unless other

parameters beside the growth temperature are considered. Figure 3 shows the effect of

Figure 3. AFM images of InGaAs surface as a function of AsH3 partial pressure at 500°C for a
4.5 nm InGaAs deposition. The AsH3 partial pressure used was a) 0.14 torr, b) 0.06 torr, and
c) 0.02 torr. Top sections showing topography correspond to the horizontal line across each
image. The vertical image scales are 20 nm for a and 10 nm for b and c.

lowering the AsHj3 partial pressure at a growth temperature of 500°C. Figure 3a corresponds to a
factor of two reduction in the AsHj partial pressure to 0.14 torr. Islands formed are 40 by 30 nm
to 60 by 50 nm in lateral extent with heights comparable to those observed in Figure 2c,

5+2nm. The density of islands is low, about 30 pm™. Figure 3b shows the surface obtained

15



for an AsH; partial pressure of 0.06 torr. The island density is 120 pm™ and the lateral extent is
50 by 30 nm to 70 by 50 nm, with island heights of 5 + 1 nm. The AsHj3 partial pressure was
reduced further to 0.02 torr producing the surface in Figure 3c. The density of islands has
increased to over 500 pm™ and the lateral dimensions and height are comparable to those shown
in Figure 2¢ given the uncertainties in evaluating these parameters due to the high island density.
The trend observed suggests that the threshold for island formation is dependent on the AsHj
partial pressure and lower AsHj3 partial pressures induce higher island densities.

The driving force for the two-dimensional to three-dimensional transformation is the
lower total energy state obtained when islanding occurs relative to the energy of the planar film.
Decreasing the thickness of the deposit should recover planar growth. This experiment was
performed for at 500°C and 0.02 torr AsHj; partial pressure. Figure 4 shows the evolution of
island density. A high density of islands is retained for InGaAs thickness of 3 nm and above as

shown in Figure 4a. At 2 nm of growth, the density of islands decreases, but is still high at

e

Figure 4. AFM images of InGaAs surface as a function of the thickness of InGaAs at 500°C and
0.02 torr AsHs;. The InGaAs thicknesses are a) 3.0 nm, b) 2.0 nm, ¢) 1.5 nm. Top sections
showing topography correspond to the horizontal line across each image. The vertical image
scales are 10 nm for a and b and 5 nm for image.
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140 um (Figure 4b). The size of the islands range from 30 by 20 nm to 50 x 35 nm in lateral
extent with heights of 3 to 5 nm. Growth of 1.5 nm of Ing4Gage. As, shown in Figure 4c, results
in large two-dimensional islands with a density of 40 um™, lower in density and larger than the
two-dimensional islands shown in Figure 2b. In addition to the monolayer thick islands, small
monolayer deep pits are formed on the surface with a density of 80 um™. The formation of pits
on strained films has been shown to be a mechanism for strain relief [20]. Further information
about the transition from a planar quantum well (QW) to a SAQD can be determined by PL.
Figure 5 shows the evolution of the PL emission at room temperature for the samples shown in
Figure 4. The two peaks are observed for the sample with 2.0 nm of InGaAs, one at 1287 meV
and another at 1132 meV. The two features are attributed to the coexistence of SAQD with a
QW. The energy of 1287 meV is consistent with energy of segregated QW with a 2.0 nm
thickness. Increasing the InGaAs thickness to 3.0 nm results in a dramatic decline of the QW
emission, which now appears as a high energy shoulder in the spectrum. The QW emission
energy has increased, consistent with conversion of the material from the QW to SAQD. The
SAQD emission has blue-shifted to 1155 meV. Increasing the thickness to 3.4 nm further
quenches the QW emission at 1356 meV, which corresponds to a 0.5 nm QW. A small red-shift
(24 meV) is observed going from 3 to 3.4 nm of InGaAs and the peak energy saturates at

1132 meV for thicknesses exceeding 3.4 nm.
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Figure 5. PL spectra of InGaAs grown using 0.02 torr AsH3 at 500°C buried in GaAs.
The energy levels in the QD are changed as the segregation thickness is exceeded (3.4 and
3.0 nm). For thickness of 2.0 nm the required segregated thickness has not been achieved so

few QD are formed and the emission is dominated by the emission from the wetting layer or
Qw.

The combined results suggest that high AsHj partial pressures and low growth
temperatures stabilize planar growth of strained layers that would otherwise undergo three-
dimensional transformation under different conditions. These results are not the first to suggest
that SAQD formation can be impacted by the magnitude of the AsHj partial pressure.
Investigations of IngsGag sAs on GaAs (001) have shown that more material is required to
nucleate SAQD under high AsHj partial pressure conditions than for SAQD grown under low
AsHj partial pressures for similar conditions. The SAQD formed under higher AsHj partial
pressures had lower densities than the ones grown under low partial pressure conditions [17].

These results are consistent with my observations. These observations are explained by
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postulating that indium can segregate to the surface and promote the transformation of the

morphology forming SAQD.

3.1.3 Discussion

The amount of surface enrichment, or segregation, depends on the growth conditions
(growth temperature and AsHj3 partial pressure) and the magnitude of the coherency strain of the
film to the substrate. The phenomenological model used to describe surface enrichment
introduces a segregation coefficient, R [8, 12]. Physically R is related to the distance 0 (in
monolayers) over which segregation effects are operative through R = ¢/ ° A large R indicates a
large segregation effect, while a small R indicates little segregation is occurring. The

composition of the nth deposited monolayer is given by [11]:
X, =X, (I-R") (1)

Where X is the bulk composition associated with the growth conditions used. The alloy grown
will reach the bulk composition only after the deposition of several monolayers. The
dependence of this quantity on deposited thickness is shown in Figure 6. The non-volatile
material that is not incorporated into the film is left on the surface. The thickness of this

segregation layer, in monolayers, is given by [11]:

(1-R")
1-R

MFI, = X, )
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Figure 6. The segregation coefficient, determined by the growth conditions, sets the
composition profile obtained and the final thickness of the segregated layer on the surface. Low
values of segregation coefficient (R = 0.7 in a) produce an abrupt profile that achieves the
desired composition after 3 nm of growth with a small segregated layer thickness (0.4 nm).
Larger values (R = 0.85 in b) produce a graded profile with a large segregation layer thickness,
resulting in three-dimensional growth when the transition thickness is reached. The density of
islands formed depends on the amount of segregation layer available.

The segregation layer thickness is plotted on the opposite ordinate axis in Figure 6. Under
certain conditions the thickness of the segregated region is very low (~ 1 ML) as shown in
Figure 6a. Conditions that minimize the concentration of group Il adatoms on the surface: low
growth temperatures and high AsHj; partial pressures, have low values for the segregation
coefficient. Conditions that increase adatom concentrations: high growth temperatures and low
AsHj; partial pressures have higher values of the segregation coefficient.[21] Analytical

treatments on the transition thickness from two-dimensional to three-dimensional growth suggest

that for the strain associated with Ing4Gag ¢As relative to the GaAs substrate (0.028
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compressive), the transition thickness should be 2 to 3 nm.[22,23] These theories are based on
the energy of the islanded surface relative to the strained planar surface. Thermodynamic
analysis of the two-dimensional to three-dimensional transition proposes that a “liquid” or
amorphous layer is present on the surface of highly strained films, enabling the large scale mass
transport that occurs when QD are formed [14]. For conditions generating large values of R, the
segregation layer grows and enables the three-dimensional morphology to be generated. The
results shown in Figure 6b predict it takes a 0.6 nm segregation layer for the surface to undergo a
transition to a three-dimensional morphology. Slightly different growth conditions result in
smaller values of R, and produce planar surfaces as observed for Figure 6b. In MOCVD the
arsenic incorporation is coupled to the growth temperature, since low temperatures limit AsHj
thermal decomposition and lower the effective arsenic incorporation to the surface. This is
believed to be the case for the surface shown in Figure 2a grown at 450°C with an AsHj; partial
pressure of 0.27 torr. If the arsenic incorporation could be controlled independently of the
growth temperature, the value of R achieved at 500°C planar growth would be expected at 450°C
resulting in planar growth.

The apparent discrepancy of the results presented here with the literature on this topic
should be addressed. Previous studies have identified that group III stabilized surfaces are stable
against island formation while arsenic stabilized surfaces are not [24]. These results do not
contradict previous observations, but suggest that extremely arsenic enriched heterostructure
surfaces found in the MOVPE environment can be stable against islanding, in contrast to the less
arsenic rich MBE surfaces that almost categorically form QD for Ing4Gag ¢As deposition on

GaAs.
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Subsequent layers deposited on the enriched segregation layer will incorporate the

material forming an interface with a graded composition given by:
X! =X,(1- RV )R 3)

Where N is the number of monolayers of the alloy deposited before the composition is changed.
The well and barrier composition profiles can be modeled using equations (1) and (3) and used to
compute a one-dimensional potential for the segregated QW. The ground state energies for
segregated QW have been calculated as a function of the deposited alloy thickness using
variational techniques with a Gaussian trial function [25]. The results of this calculation as a
function of InGaAs thickness for R = 0.7, corresponding to a 6 = 2.8 monolayers or 0.8 nm, are
shown in Figure 7. Also shown are the results for an abrupt QW model. The emission energy
for the segregated well is higher than the abrupt model for small thicknesses, but converges to
the bulk bandgap for large values of the InGaAs thickness. Figure 7 also summarizes the
experimental emission energy for samples grown at 500°C with low and high AsHj3 partial
pressures. The full widths at half maximum (FWHM) for the peaks observed are plotted on the
right ordinate axis of Figure 7. The FWHM for the high AsHj; partial pressure samples are nearly
constant at 38 meV. These results are in contrast to the samples grown under low AsHj3 partial
pressure at the same temperature. The linewidths for these samples are broad, consistent with an
inhomogeneous distribution of ground state energies. The dependence on thickness is different
for the two conditions. The energy of the low AsHj; partial pressure is nearly independent of
InGaAs thickness with the FWHM decreasing for thicker structures. This trend is consistent
with restricted expansion of the SAQD size with increases in the amount of material deposited.
The emission energies for the high AsHj partial pressure samples decrease nearly monotonically,

consistent with the layer thickness determining the transition energy. While the agreement
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Figure 7. Emission energy of the InGaAs structures grown under high and low AsH; partial
pressure has different dependences as a function of InGaAs thickness. The following key holds
for this figure: high AsH;partial pressure results (o - emission energy, 7— FWHM), low AsH;
partial pressure results (® - emission energy, ® — FWHM). The solid curve corresponds to the
abrupt quantum well ground state energy and the dashed curve corresponds to the segregated
solution with R = 0.7. The horizontal dashed-dotted line is the strained bandgap of

Ing.40Gap s0AS on GaAs. The vertical arrows labeled a and b are thermodynamically predicted
transition thicknesses.

between the data and the segregated well solution is not exact, it is significantly better than the
trend given by the abrupt QW model. These observations support the conclusion that segregation
is active in the growth of InGaAs on GaAs by MOCVD.

The thickness of the segregation layer is correlated to density of islands. Larger
segregation layers appear to produce denser ensembles of islands that are more uniform lateral
extent and height. This is difficult to access quantitatively due to the high density of the islands

in Figures 2 and 3. The segregation layer in all cases is less than the amount of material present
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in the ensemble of QD. This is consistent with the observations made by TEM that material

from the GaAs buffer layer or the InGaAs epilayer is incorporated into the QD during formation.

3.1.4 Conclusions

The formation of Ing4GagsAs QD by MOVPE has been studied. The conditions for QD
formation have been mapped out experimentally. High growth temperatures (550°C and above)
and low AsHj; partial pressures (below 0.14 torr) promote the three-dimensional transformation.
Lower temperatures (500°C and below) and high AsHj3 partial pressures (0.28 torr and above)
inhibit the three-dimensional transformation. These observations were interpreted in terms of the
formation of a surface segregation layer that builds up on the surface of the growing crystal. For
the InGaAs composition investigated the critical segregation thickness predicted to be 0.6 nm.
The material incorporated into the islands is in excess of the material present in the segregation
layer, suggesting that portions of the crystalline layer formed during epitaxy and the underlying

layers of GaAs are incorporated into the islands formed.

3.2 Growth investigations on InAs binary SAQD

Quantum dots (QDs) and other nanostructures provide an additional degree of freedom in
the design of semiconductor devices and heterostructures. Quantum confinement in three
dimensions produces changes to the energy levels and carrier density of states. QD can be
formed through the two-dimensional to three-dimensional growth transformation that occurs for
highly strained films, known as Stranski-Kranstanov growth mode. The islands formed are
believed to coexist with a thin, low indium-content wetting layer that has less strain than the
original strained film.[26,27] The formation of quantum dots is extremely sensitive to a wide
variety of parameters in both MBE or MOCVD.[28,29] From the initial buffer layer morphology

through all the parameters that go into their growth and formation, to the procedure used to cap
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the structures, all parameters and steps have a large impact on the energy levels of the quantum
dots. We have conducted studies on the growth of InAs QD on GaAs using metal-organic
chemical vapor deposition (MOCVD). This report will concentrate on the effect that the growth
parameters of deposited InAs thickness, temperature, growth rate, and AsHj partial pressure,
have on the ground states and morphology of InAs QD. During our studies we have found
conditions that produce 1.3 pm emission. For conditions which produce 1.3 pm emission, we
have investigated the effect different capping layers of InGaAs and GaAsSb have on the QD

energy levels relative to GaAs.

3.2.1 Experimental Details

Metal-organic chemical vapor deposition (MOCVD) was used for the deposition of the
QD structures. Table I contains the details associated with the structure grown for our
investigations with the nominal growth rates and hydride partial pressures used. A thick GaAs
buffer was grown at 650°C on near singular GaAs(100) + 0.1° and then cooled to 600°C for
growth of a 300 nm Al 60Gag 40As cladding and a 70 nm GaAs nucleation layer. We have found
that InAs QDs nucleate more uniformly on GaAs layers that exhibit step flow growth with wide
terraces than on surfaces that are grown at lower temperature that exhibit two dimensional island
growth. The structure grown at 600°C was cooled to the temperature desired for QD growth.
We varied this temperature between 480 and 520°C to evaluate the effect of temperature on QD
formation. After the InAs deposition the metal-organics and AsH; were removed from the
reactor and the film was annealed for 10 seconds in hydrogen. AsHj; was then reintroduced into
the reactor for 2 seconds and followed by the growth of a 5 nm GaAs layer at the temperature of
InAs growth to encapsulate the QDs. The temperature of the sample was ramped to 600°C for

growth of the remainder of the GaAs cap (65 nm) and a symmetric Alys0Gag40As cladding.
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The nominal growth rate of InAs was varied from 0.25 to 1.9 A/second and the thickness
of InAs deposited was varied from 5.5 A to 7.5 A to determine if increasing the amount of InAs
can generate larger QDs. Quantum mechanical arguments suggest that larger QDs have smaller
ground state energies than the smaller QDs and should shift emission to longer wavelengths.
This red shift has been observed experimentally of InAs QD.[*] The partial pressure of AsHj
was varied from 8 x 107 torr to 0.42 torr during the growth and annealing of InAs. The low
temperature (LT) GaAs cap grown after InAs deposition and QD formation was grown with an
AsH3 partial pressure of at least 0.21 torr to insure that non-stoichiometric defects are not
introduced during growth.

Results from the literature suggest that the composition and strain state of the layer used
to cap the QDs can change the ground state energies. InGaAs alloys with low indium
composition have been investigated extensively to reduce the strain imposed on the QD by the
surrounding material and minimize interdiffusion of indium in the QD. [31,32] We have
compared the standard GaAs cap to Ing 1Gago As and GaAsy9Sbg ;. Use of the later material has
not been reported previously for capping InAs QDs. For these experiments the thickness of the
cap has been held constant at 5 nm.

TMIn, TEGa, and EDMAALI were used for the group III precursors and 100 percent AsH;
was the group V precursor. The reactor was a high speed rotating disk system operated at
900 rpm and 70 torr. The growth rates and nominal thicknesses used for layers beside the InAs
QD layer were held constant and are shown in Table I along with the partial pressure of hydrides
used. For some samples, uncapped QDs were grown on top of the high temperature (HT) GaAs
cap layer to allow the size of the QDs to be estimated. The procedure for forming the uncovered

surface QDs was the same as for the QD covered with the LT GaAs cap, except instead of
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covering sample with an additional layer the sample was cooled down to 300°C under an AsHj
overpressure. Room temperature photoluminescence (RT PL) was excited by a 780 nm laser
diode to observe of the energy levels in the QDs. Atomic force microscopy (AFM) performed in
tapping mode using Si tips was performed to image the surface QDs that were grown on top the
structure described in Table I.

Table I. Nominal growth conditions for the structure investigated. The thicker high temperature

(HT) GaAs cap layer was grown when InAs QDs were nucleated on top of the structure for
investigation by AFM.

Layer Description Thickness Growth Rate Growth . AsH; Partial
[nm] [Alsecond] Temperature [°C] | Pressure [torr]

HT GaAs cap 20-70 2 600 0.42
A10.60G30.40AS cladding 300 5 600 0.42
GaAs spacer 65 2 600 0.42

LT GaAs cap 5 2 varied At least 0.21

InAs QD layer varied varied varied varied

GaAs nucleation layer 70 2 600 0.42
A10.60Ga0,40As cladding 300 5 600 0.42
GaAs buffer layer 200 7 650 0.42

3.2.2 Results and Discussion

Our initial effort was to look at the effect of the thickness of InAs deposited on the QD
energy levels. Spectrum 1 shown in Figure 8 was observed at 1270 nm (980 meV) for an InAs
thickness of 6 A grown at 500°C. The amount of InAs was increased to 6.6 A to determine if
emission at longer wavelengths could be obtained at a QD growth temperature of 500°C.
Spectrum 2 is the result, is also shown in Figure 8, and shows that the QD-related PL has been
quenched. This result suggests that the QD formed with a 6 A deposition are near their
maximum size and the additional 0.6 A of InAs results in a loss of coherency of the QD. The

incoherent QDs contain dislocations that act as non-radiative recombination centers that compete
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Figure 9. a)RT PL spectra for InAs QD grown at 480°C using 1) 5.4 A of InAs(——), 2) 6.0 A of
InAs(—mw—), and 3) 6.6 A of InAs (—e——). b) The shifts in the ground state energy with
increasing InAs correspond in an increase in the FWHM of the ground state transition. The blue
shift observed suggests that other factors impact the ground state energies.
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with the radiative pathway through the smaller QD. The transformation of coherent, optically
active QDs to incoherent, dislocated QDs can be suppressed by lowering the QD growth
temperature. This is due to the reduced indium adatom surface diffusion at lower growth
temperatures.[33,34] Using a temperature of 480°C instead of 500°C allows the QD to remain
coherent and optically active for thicker InAs deposits as shown by the spectra in Figure 9a.
However, the energy levels are not modified in the manner initially proposed. For 5.4 A of InAs
(Figure 9a, Spectrum 1) we observe well resolved ground, first, and second excited states at
1280 nm (980 meV), 1230 nm (1010 meV), and 1170 nm ( 1060 meV), respectively. As shown
in Figure 9a, Spectrum 2, the addition of 0.6 A of InAs results in a single peak with a well
defined shoulder that is blue shifted relative to the ground state observed for the 5.4 A sample to
1260 nm (990 meV). This effect persists at 6.6 A of InAs, with a blue shift of the RT PL to
1240 nm (1000 meV) as shown by Figure 9a, Spectrum 3. Figure 9b summarizes the spectra
presented in Figure 9a and shows that as the ground state energy shifts to higher energies with
increasing deposit thickness the FWHM increases. These observations suggest that the size of
coherent QDs and the ground state energy is not monotonic with the amount of InAs deposited
and additional input is needed to understand how the QD are changing as the amount of InAs
deposited increases. Figure 10 shows two AFM images of the QD formed with 5.4 A and 6.6 A
of InAs at 480°C. At 5.4 A of InAs a single distribution of island heights with average height of
3 nm, base diameters of 40 nm, and a density of 30 pm™ is formed. A small density (1 pm™) of
large islands is formed that are 23 nm high and 75 nm at the base. By comparison the sample

with 6.6 A of InAs has a bimodal distribution of island heights.
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Figure 10. AFM micrographs of uncapped QD formed with a) 5.4 A of InAs and b) 6.6 A of InAs.
For a) the islands are 3.0 nm high with a base of 40 nm and a density of 30 um-2. For b) the
two sizes of islands exist: small islands 3.3 nm high with as based diameter of 30 nm and a
density of 30 um-2 and larger islands 12 nm higher with 75 nm base diameter and a density of
10 um-2. This result suggests that the island height is not the only geometric parameter that
impacts the QD energy levels.
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3) 0.48 A/second (__A ), and 4) 0.24 A/second ( ). The red shift, interpreted as
larger island size, observed with decreasing growth rate, follows from kinetic theories of QD
nucleation. Spectra 3 ) and 4) are multiplied by a factor of five to compare them with spectra

1) and 2), suggesting that the areal density of islands is less for samples grown at lower growth
rates. b) An over 400 meV shift in the ground state transition is observed for the range of
growth rates investigated.
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The small islands are 3.3 nm high, a base of 30 nm, and a density of 30 um™. The larger islands
are 12 nm high, with a 75 nm based, and a density of 10 um™. The small islands are likely
coherent and contribute to the optical response, while the large islands have grown so large that
they are probably not coherent. While the 6.6 A sample has small QDs that are taller, the
average base diameter has decreased, presumably due to mass transport to the large islands. The
small islands formed for the 5.4 A deposition are closer to circular in lateral extent, while the
small islands formed for the 6.6 A deposit are elongated along the [0-11] direction. This
suggests that the height of the QD is not the only parameter that controls the energy levels in the
QD and that the aspect ratio, defined as the height divided by the base diameter, and the island
symmetry can impact the energy levels.

Investigations of the impact of InAs growth rate were performed at a temperature of
500°C using an InAs thickness of 6 A. Figure 11a shows the modifications to the spectra as the
growth rate is decreased from 1.9 A/second (Spectrum 1) to 0.24 A/second (Spectrum 4). The
decrease in the ground state emission wavelength with increasing growth rate is attributed to a
decrease in the QD size and can be accounted for with kinetic nucleation theory.[33,35,36] This
theory predicts an increase in the density of the QDs along with a reduction in lateral dimension
with increased growth rate. The larger QDs are formed at low growth rates and have smaller
ground state energies than the smaller QD formed at higher InAs growth rates as shown in
Figure 11b.[37] The trend of higher QD density at higher growth rate is observed in the factor of
five increase in the RT PL intensity observed for the two samples grown at the highest growth
rates (Spectra 1 and 2).[38,39]

The effect of AsHj partial pressure on the QD growth was evaluated at 500°C for 6 A of

InAs. MBE investigations suggest that As4 flux has a nonlinear effect on the QD PL wavelength,
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producing a decrease in wavelength as the As, flux is increased for low fluxes and producing a
increase in wavelength for the highest As4 fluxes investigated.[40] Our investigations have
produced a similar dependence as shown in Figure 12. We observe a dramatic decrease in the
ground state energy as the AsHj partial pressure is increased from 8 x 10~ torr to 0.05 torr. The
ground state energy appears to stabilize as the AsHj; partial pressure is increased further. The

mechanism for this effect is unclear. By increasing the AsHj; partial pressure the incorporation
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Figure 12. a) RT PL spectra of InAs QD grown at 500°C with a InAs thickness of 6 A using
different AsHj; partial pressures: 1) 8 x 10 torr —e——), 2) 0.05 torr(—mw—), 3) 0.21 torr
(—), and 4) 0.42 torr(— ¢——). b) The trend for the ground state energy is plotted as a
function of the AsH, partial pressure. The nonlinear shift of the ground state energy is similar to
what has been observed for MBE.
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length, the distance an indium adatom travels before incorporating is decreasing.[41] The result
of smaller incorporation lengths should be smaller, denser QDs resulting in a spectral blue shift.
The red shift observed suggests that we are enhancing adatom diffusion on the surface at higher
AsH3 partial pressures compared to the low partial pressure case allowing large QDs to form.
The strain state of the QD and its intermixing with surrounding layers impacts the energy levels
observed. By adding a small amount of indium to the QD LT cap layer (see Table I) the strain
imposed on the QD by the cap can be reduced and the interdiffusion of indium atoms in the QD
with the gallium atoms in the cap layer can be reduced. Both of these effects should produce a
red shift of the InGaAs capped QD relative to the GaAs capped ones. This is observed
experimentally in Figure 13 (Spectrum 2) where the InAs QD capped with Ing ;Gag9As have a
small red-shift relative to the GaAs cap sample. The impact of other capping layers, specifically
GaAsSb, has not been investigated. This material can have the same strain as InGaAs, but
having two species that can diffuse, antimony and indium, now enhances the interdiffusion.
Figure 6 (Spectrum 3) shows RT PL for InAs QDs capped with GaAs9Sby ;. The RT PL has
broadened significantly, the intensity has been reduced, and the ground state energy is no longer
clearly defined. This suggests that the dominant effect of the GaAsSb cap is enhanced
interdiffusion with the QD, which results a larger size distribution of QDs and a reduction in the
density of optically active QDs. This opposite effect for two cap materials with similar
magnitudes of strain suggests that strain reduction of the QD by the alloy cap is not the dominant
effect on the QDs and that reduced interdiffusion, in the case of InGaAs, and enhanced

interdiffusion for GaAsSb is a large effect.
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Figure 13. RT PL for different QD cap layers: 1) 5 nm GaAs, 2) 5 nm Ing1GagAs, and 3) 5 nm
GaAspeSbhy.1. This suggests that the red shift observed for the Iny 1Gag ¢As is due primarly to a
reduction in indium interdiffusion and not a strain reduction while the blue shift observed for the
GaAsy ¢Sbhy.1 capped sample is due to enhanced interdiffusion and strain reduction has small
impact.

3.2.3 Conclusions

InAs QD structures have been grown by MOCVD. The ground state energies of these
structures are impacted by many of the growth parameters investigated. In many cases the
effects can be explained using the present understanding of island nucleation by the Stranski-
Krastanov growth mechanism. The growth of QDs is very sensitive to the growth temperature.
No RT PL was observed from samples grown at 520°C, but the window for optically active QD
formation increases as the growth temperature is reduced. We were unable to observe a decrease
in the QD ground state energy by depositing additional InAs during QD formation, instead a
monotonic blue shift was observed with increased InAs thickness at a growth temperature of

480°C. This is attributed to a migration of material from small, coherent QDs to large,
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incoherent QDs, resulting in a size decrease for the optically active QDs. We observed a
monotonic increase in the ground state energy as the growth rate of InAs used to form the QD
was increased. This is related to the decreasing size of the QD at higher growth rates. The AsHj3
partial pressure produces a nonlinear change in the QD ground state energy, producing a
dramatic red-shift at low AsHj partial pressures and saturating at the highest partial pressures
investigated. For capping the QD we have compared the two alloy films, InGaAs and GaAsSb to
GaAs. InGaAs capped QD have a lower ground state energy, but a GaAsSb cap produces a
broadening of similar transitions observed for GaAs capped QDs. This is attributed to reduction

or enhancement in interdiffusion of the QD under different capping conditions.
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4.0 OPTICAL INVESTIGATIONS OF SELF-ASSEMBLED QUANTUM
DOTS

The theoretical development suggests that QC effects could be observed for realistic
homogeneous lifetimes of 100 femtoseconds and inhomogeneous lifetimes of 660 femtoseconds
(20 meV). Calculations suggest that Coulomb interactions between populated quantum dots and
between the quantum dots and the wetting layer modify the magnitude of the effect and the time
scale for observation from what is expected for atomic and molecular systems. These
calculations supported our efforts to look for suitable systems to experimental observe QC
effects.

Several geometries were investigated for optical investigations are depicted in Figure 14.
Normal incidence transmission (Figure 14a) has been used successfully for multiple layer of
SAQD (10 or more layers). This convolves the intrinsic effect of the SAQD with the effect of
assembling many layers. While this was investigated with a single layer, the measured
absorbance was not above the noise level. Slab waveguides with angular end facets (Figure 14b)
were investigated to enhance the absorption by increasing the number of passes through a single
quantum dot layer. This should have the desired effect, but any resonances in the signal were
still overwhelmed by the background absorbance. Planar waveguides (Figure 14c¢), prepared by
polishing crystal edges, proved to be the best geometry for getting large transmission signal from
single SAQD layers. Linear absorbance and photoluminescence were used to evaluate the

energy states of the quantum dots.
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Figure 14. Geometries for optical investigations of SAQD.

To characterize the quantum dot system in the waveguide geometry, we have performed
measurements of gain spectra using the established variable stripe length (VSL) technique with
optical pumping. We have also developed an extension to the VSL technique which allows us to
measure quantitative absorption spectra near the ground state. Typically, it is very difficult to
measure linear absorption spectra for quantum dots due to the short interaction length of only a
few nanometers when propagating normal to the dot layers. With waveguide absorption
measurements, the interaction length is increased, but it is usually not possible to obtain
quantitative values of absorption due to uncertainties in waveguide coupling losses. With our
technique, we measure the reabsorption of the spontaneous emission generated within the
waveguide as an excitation spot is moved relative to the end of the waveguide. Quantitative
values of absorption are obtained by fitting the variation in detected intensity versus excitation
spot position. Aside from providing sample characterization, these quantitative measurements
will be useful both for laser development, and for accurate comparisons with the theoretical

models.
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Initially, we continued to concentrate on InGaAs quantum dot systems with ground state
transitions at 1.34 eV. Figure 15 shows results from the new technique to measure absorption
spectra for both TE and TM polarizations in this system (gain spectra were also measured, but
are not shown). The narrow linewidth of the ground state transition is promising for QC
experiments; however, the lack of excited state resonances makes the identification of a QC level
scheme difficult. On the other hand, this system is particularly interesting due to the lack of a
clear distinction between isolated quantum dots and a quantum well with additional carrier
confinement from interface fluctuations. The experiments so far indicate that this system
appears to have properties of both quantum dots and quantum wells. We are further exploring
the possibility of using this system in QC experiments using a scheme involving optical

transitions with both dot (confined) and well (unconfined) states. We have also performed gain
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Figure 15. Quantitative TE and TM absorption spectra for weakly confined InGaAs quantum
dots.

39



-200

Gain (cm’)

-400

1.20 1.25 1.30 1.35
Energy (eV)

Figure 16. Quantitative TE absorption and gain spectra for InGaAs quantum well. The dotted
line shows the linear absorption, and the solid lines show the gain.

and absorption spectra measurements for an InGaAs quantum well system with a ground state
transition at 1.25 eV. The results from these measurements are summarized in Figure 16. This
system shows a narrow ground state absorption linewidth, and at resonance can be identified. By
characterizing this system, we hope to learn about the differences between QC effects in

quantum dots versus quantum wells.

We have also performed gain and absorption spectra measurements for an InGaAs quantum well
system with a ground state transition at 1.25 eV. The results from these measurements are
summarized in Figure 17. This system shows a narrow ground state absorption linewidth, and at
resonance can be identified. By characterizing this system, we hope to learn about the

differences between QC effects in quantum dots versus quantum wells.
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Figure 17. Photoluminescence from InGaAs quantum dots under high pumping intensity.
Emission from quantum dots (QD), wetting layer (WL), and bulk GaAs is labeled.

The final InGaAs system studied consists of distinct quantum dots with a ground state
transition at 1.15 eV. Attempts to measure absorption and gain spectra failed due to a decrease
in detector response at these energies. However, measurements of PL spectra under high
excitation levels were obtained, and are shown in Figure 18. The spectrum shows a well-
resolved quantum dot transition at 1.15 eV, and a wetting-layer transition at 1.25 eV (identified
through comparison with the InGaAs quantum well discussed above), but no quantum dot

excited state transitions.
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Figure 18. Photoluminescence spectrum from InAs quantum dots under high pumping intensity.
Emission from quantum dot states (QD), wetting layer states (WL), and bulk GaAs is labeled.

Based on our above observations, we have concluded that while the weakly confined
InGaAs quantum dot or quantum well systems have the advantage of possessing optical
transitions which are easier to access for QC experiments, the lack of excited quantum dot states
may limit their use. As a result, we are also considering InAs quantum dot systems, in which the
deeper confinement potential can allow for multiple excited state transitions. Figure 4 shows PL
spectra obtained for high pumping intensity (allowing emission from excited states) for one such
InAs quantum dot system. Three quantum dot transitions can be identified at energies below the

wetting layer and bulk GaAs transitions. We are currently studying the influence of various
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growth conditions on the excited state energy structure of the InAs quantum dots, in order to
further tailor the system toward QC observations.

With the above characterization of the energy levels of the quantum dot systems, we are
now preparing to perform optical experiments to study the QC effects of electromagnetically
induced transparency (EIT) and slow light. These ultrafast pump-probe experiments will be
performed in a waveguide geometry with pump and probe pulses co-propagating. Further
refinements in the generation of the strong pump pulses and the detection of the weak probe
pulses will be made. We will perform frequency resolved optical gating (FROG) on the
transmitted probe pulses, both as a sensitive detection technique, and to allow for direct
measurements of group velocity delays in slow-light experiments. These QC effects will be
examined for a variety of level schemes in both the InGaAs and InAs systems discussed above.

The nonlinear measurements were delayed significantly by the lack of an optical
parametric amplifier (OPA) to perform the high power pump probe spectroscopy that is believed
to be the most successful experiment. The pump laser, a 1 kHz 800 nm, was available early in
the effort, but the ability to dynamically scan the probe wavelength through the selected
resonance was not purchased until half way through the LDRD. Even with the OPA, the 1 kHz

repetition rate limits the experiments that can be performed due to the low signal to noise ratio.

41 Suggested Experiments for Observing Coherence Effects in SAQD

Several types of optical investigations would advance the goal of this LDRD and
generate interesting science. These are summarized in order of their perceived importance for
demonstrating QC effects.

Transient four-wave mixing (FWM) experiments through a waveguide were identified as

the best way to observe QC effects, specifically EIT. Laser systems with high repetition rates
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(70 to 80 MHz) with tunable delays between the pump and probe beams are needed to observe
the coherent effects. The high repetition rate systems may not have the peak fluence needed, but
intermediate systems to with repetition rates between 1 kHz and 80 MHz are available. Similar
experiments would be spectral hole burning or Rabi oscillations [42, 43]. Rabi oscillations of the
photocurrent has been demonstrated [44]. This could be extended to look at manipulations of the
homogenous lifetime using electric fields [45]. FWM experiments sample the ensemble of
SAQD. Alternatively, single SAQD could be measured if the appropriate confocal or near field
microscope system were available [46, 47, 48]. Rabi oscillations have been observed using
emission spectroscopy on single quantum dots [49,50]. For single quantum dots the
inhomogeneous lifetime of the ensemble is not an issue and long homogeneous lifetimes, some
approaching 1 nanosecond at liquid helium temperatures, have been reported for SAQD [51].

Carrier relaxation measurement in the near infrared using interband transitions are of
interest to understand the time scales involved with populating carriers into different energy
levels. This has been done using transient FWM, optically and electrically injected amplified
spontaneous emission, differential transmission, and emission spectroscopy [52, 53, 54, 55, 56].
The carrier dynamics in SAQD is well understood, but it would be interesting to see how the
present samples compare to proposed models of carrier relaxation. This work could be extended
to look at coupled quantum dots (quantum molecules) [57]. The carrier dynamics of the
intrasubband carriers have not been studied as thoroughly as the interband case. Several
measurements have implied the existence of a phonon bottleneck under unipolar carrier
conditions, but clear measurement of the phonon limited rate has not been performed.

The original proposal would use interband (conduction to valence band) transitions of the

SAQD. This assumes that there is a one to one coupling of the electron and hole states of the
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SAQD [58]. The alternative proposal is that there are many hole states and a smaller number of
electron states that do not have one-to-one coupling [59]. While the experimental evidence for
the former case is sound, this is an underlying assumption that should be assessed. Other energy
levels might be accessed using the polarization of the different hole states of the semiconductor,
similar to what was been done for quantum dots formed from interface fluctuations of thin
GaAs/AlGaAs QW[50,60]. This could only be achieved using normal incidence geometry with
multiple layer of SAQD to enhance the absorbance [61,62]. Intrasubband transitions (energy
levels in the conduction band) could provide other combinations of energy levels that could be
accessed. The ground state could be populated by doping the SAQD. These efforts could lead to

demonstration of dark state spectroscopy with SAQD.
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