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Abstract 

We report a magneto-optical study of InAs-InGaAs-GaAs self-assembled quantum dots (QDs) 

subjected to post-growth thermal annealing at different temperatures. At low temperatures 

annealing strongly affects the bimodal distribution of QDs, at higher temperatures a strong blue 

shift of the emission occurs. Magneto-photoluminescence reveals that the annealing increases 

the QD size, with a larger effect occurring along the growth axis, and decreases the carrier 

effective masses. The main contribution to the blue shift is deduced to be an increase in the 

average Ga composition of the QDs. The inadvertent annealing which occurs during the growth 

of the upper AlGaAs cladding layer in laser structures is also studied.  

 

 

                                                 
a) Electronic mail: D.Mowbray@sheffield.ac.uk 

 1



I. Introduction 

Semiconductor quantum dots (QDs) exhibit a number of unique properties which makes 

them attractive for the active region of injection lasers. For example, their discrete density of 

states is predicted to result in reduced threshold current densities (Jth) and increased 

temperature stability [1,2], and the strong spatial localisation of charge carriers reduces the 

device sensitivity to processing or radiation induced damage [3]. Following over a decade of 

optimisation, lasers utilising self-assembled quantum dots [4] now demonstrate many 

advantages [5,6] in comparison to quantum well lasers, despite less than ideal intrinsic 

properties which include significant inhomogeneous broadening of the optical transitions, 

multiple confined energy states and a high density of electronic states external to the dots.  

Whilst changes to the growth parameters can be used to modify the intrinsic QD 

properties, including size/composition (and hence emission energy and energy level 

separations) and density, controlled variation over a wide range can be difficult to obtain. 

However, a continuous and controllable variation of the emission energy can be achieved by 

subjecting the QDs to post-growth thermal annealing at temperatures above the growth 

temperature. This results in a significant blue shift of the emission, with shifts as large as ~300 

meV having been reported [7]. Thermal annealing is also found to reduce the separation 

between the confined energy levels and to decrease the inhomogeneous broadening of the QD 

ensemble [8]. The majority of previous annealing studies have been performed on InAs QDs 

grown within a GaAs matrix. The annealing is believed to result in Ga and In diffusion, thereby 

increasing the Ga content of the QDs. In addition, the effective size of the QDs is believed to 

increase [9] and the confinement potential softened [10].  

Despite a number of reports of the effects of annealing on the properties of In(Ga)As-

GaAs QDs, these as-grown dots generally emit significantly below 1.3µm at room temperature 

and there have been relatively few studies of the effects of annealing on QDs designed to emit 

at 1.3µm with the required high density for laser applications [11, 12, 13]. In addition, very 

few optical studies of the effects of annealing have related the observed changes directly to 

changes in the structural properties [9]. In this paper we report a detailed study of the effects of 

thermal annealing on the properties of 1.3µm emitting QDs, which have been shown previously 

to allow the fabrication of lasers with excellent characteristics [14]. The inadvertent annealing 

that occurs during the growth of the upper AlGaAs cladding layer in laser structures is 

investigated and magneto-optical studies, in fields up to 50T, are used to probe the physical 

structure of the annealed QDs. 
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II. Experimental details  

InAs self-assembled QDs were grown in a thin InGaAs-GaAs quantum well (a so-called 

dot-in-a-well or DWELL structure) by molecular beam epitaxy (MBE) on Si-doped GaAs 

(100) substrates. Placing the QDs in an InGaAs-GaAs quantum well allows the growth of high 

density dots emitting at 1.3 µm with a high optical efficiency at room temperature [15]. Two 

samples are studied in the present work. The first sample contained 5 DWELLs, each 

consisting of dots formed from 3 monolayers (MLs) of InAs grown within an 8 nm 

In0.15Ga0.85As quantum well. The growth temperature for the QDs and InGaAs quantum well 

was 510 °C. Each of the DWELLs was separated by a 50 nm GaAs spacer layer in which the 

initial 15 nm was grown at 510 °C, with the temperature increased to 580 °C for the remaining 

35 nm. This gives the High Growth Temperature Spacer Layer (HGTSL) growth technique 

which improves the photoluminescence (PL) efficiency for multi-layer QD structures via a 

reduction in the density of defective QDs [14]. This growth technique has been shown 

previously to result in 1.3 µm emitting QD lasers with excellent characteristics [16]. The 

second sample contained only a single DWELL. The as-grown wafers emitted close to 1.3 µm 

at room temperature. After growth, parts of the wafers were annealed at 650, 700 and 750 °C 

by rapid thermal annealing (RTA) for 10 minutes. The samples were ‘sandwiched’ between 

two GaAs wafers to prevent As loss during the annealing process. PL at 77 K was excited using 

a 532 nm solid-state laser, dispersed by a 0.75 m monochromator and detected with a liquid 

nitrogen cooled Ge detector. Magneto-PL spectra were recorded at 4.2 K in fields up to 50 T in 

a pulsed magnet system. 532 nm exciting light was transmitted to the sample via a 200 μm-core 

optical fibre, with a bundle of six similar fibres used to collect the resultant PL [17]. The PL 

was detected by a cooled InGaAs diode array. Up to 23 spectra were obtained during each 20 

ms field pulse. Spectra were recorded for the field applied both normal (Faraday geometry) and 

parallel (Voigt geometry) to the QD plane.  

 

III. Experimental Results 

A. Zero-field photoluminescence 

Figure 1 shows PL spectra, recorded for a sample temperature of 77 K, for the as-grown 

five layer sample and the same sample annealed at three different temperatures. Of particular 

note is the presence of a bimodal emission for both the as-grown sample and the sample 

annealed at a temperature of 650 °C. The spectra of both samples exhibit a constant form as the 

excitation power is reduced to very low levels, indicating that the higher energy emission does 
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not result from an excited state transition but 

instead that the bimodal emission results from 

the presence of two sub-sets of QDs. Fitting 

both spectra with two Gaussian functions 

allows the parameters of these two sub-sets of 

dots to be determined. This gives central 

emission energies (line widths) of 1.034(32) 

and 1.070(72) eV (meV) for the as-grown 

wafer and 1.036(25) and 1.073(55) eV (meV) 

for the 650 oC annealed sample respectively. 

The integrated intensity ratio of the high to 

low energy emission changes from 0.8 to 5.5 

with annealing. Hence annealing at 650 °C has 

little effect on the emission energies of the two 

subsets of QDs but reduces their 

inhomogeneous broadening and significantly 

alters their relative contribution to the total 

emission, with the higher energy subset 

becoming dominant following annealing. A similar effect is observed in as-grown, full laser 

structures which, in addition to the present structures, contain thick (~1.5 µm) AlGaAs 

cladding layers grown at 680 °C over a period of ~ 1 hour.  The inset to Fig. 1 compares low 

temperature emission spectra of a multiple DWELL structure, similar to the present structure, 

and a full laser structure. The addition of the AlGaAs cladding layer is seen to produce a 

similar change to post-growth annealing at 650 °C, with a relative enhancement of the emission 

from the higher energy sub-set of QDs.  

 
Figure 1. PL spectra recorded for a sample 
temperature of 77K for the as-gown wafer and three 
annealing temperatures. The dashed lines are fits to 
the as-gown and 650 °C sample spectra with two 
Gaussian functions. The inset shows PL spectra of a 
test structure consisting of 5 DWELLs but no 
AlGaAs cladding and a full laser structure with 
~1.5μm upper and lower AlGaAs cladding layers. 
 

With increasing temperature the intensity of the emission from the higher energy subset 

of QDs decreases as carriers are thermally excited to the wetting layer / InGaAs QW and are 

subsequently recaptured by the lower energy subset of dots. By room temperature the emission 

is essentially mono-modal, with the lower energy sub-set of QDs giving emission at 1.3 µm. 

Hence, the higher energy sub-set of dots does not act as a parasitic recombination channel at 

high temperatures but, assuming a constant total number of QDs, their presence in the structure 

acts to reduce the number of dots emitting at 1.3 µm, and hence the maximum gain available in 

a laser device. If the emission at 77 K represents the full distribution of QD sizes then it is 
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possible to estimate the fraction of QDs 

emitting in a small band around 1.3 µm. 

This decreases by a factor of ~1.8 

between the as-grown and 650 °C 

annealed samples. These results indicate 

that the growth conditions of the upper 

AlGaAs cladding layer are critical for 

optimum device performance, with a 

high temperature needed for high quality 

AlGaAs, but too high a temperature 

resulting in a decrease in the number of 

dots able to contribute to 1.3 µm lasing 

at room temperature. 

The change in the QD emission 

properties when annealed at relatively 

low temperatures (650 °C) appears to be 

related to the loss of small amounts of 

InAs from the dots. Fig. 2 shows low 

temperature PL spectra of three single 

layer DWELL structures (grown without 

AlGaAs cladding layers) for different amounts of InAs (2.60, 2.75 and 2.90 ML) deposited to 

form the QDs [15]. All three samples exhibit a bimodal emission, with the emission intensity 

shifting from the high to low energy sub-set of QDs as the amount of deposited InAs is 

increased. It is seen that reducing the amount of InAs deposited results in a significant increase 

in the relative strength of the emission from the higher energy subset of dots, similar to the 

behaviour observed when annealing at 650 °C. 

 
Figure 2. 4.2K PL spectra of three single DWELL 
structures with different amounts of InAs deposited to 
form the QDs. Fits to each spectra with two Gaussian 
functions are shown by dashed lines. The inset plots the 
excited state – ground state energy separation as a function 
of absolute ground state emission energy for a single 
DWELL structure both as-grown and annealed at different 
temperatures. 

Annealing at 650 °C produces relatively little change in the emission energies of the 

QDs (2 and 3 meV for the low and high energy subsets respectively). However, with increasing 

annealing temperature a significant blue shift occurs, with a maximum blue shift of 90 meV 

obtained for a temperature of 750 °C. By increasing the excitation power, emission from the 

first excited state is observed, allowing the ground state – excited state separation to be 

determined. This separation is plotted against the ground state emission energy for different 

annealing temperatures in the inset to Fig. 2 for the single layer sample. For this sample it is 
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easier to observe, and hence to more accurately determine, the excited state emission. However 

the ground state emission of this sample shifts more rapidly with annealing temperature than 

occurs for the five layer sample, for reasons that are not totally clear. For example, the shift 

between the as-grown wafer and the 750 °C annealed sample is 180 meV for the single layer 

structure compared to 90 meV for the five layer sample. The data plotted in the inset to Fig. 2 

indicates that the excited state shifts less rapidly with annealing than does the ground state. For 

the present data the ratio of these shifts (excited state : ground state) is determined to be 0.86. 

 

B. Magneto-PL 

The application of a magnetic field to a semiconductor nanostructure provides a known 

perturbation of the electronic structure, allowing information on the size of the exciton, and 

hence size of the nanostructure, and carrier effective masses to be determined. For low 

magnetic fields the field provides a perturbation weaker than the exciton binding energy and 

the emission energy increases quadratically with field. This diamagnetic behaviour is given by 

2 2 2
, , / 8e h e h e h,E e B mρΔ =  where 2

iρ  and mi are the electron (hole) effective wave function 

radius and mass in the plane perpendicular to the field direction and ΔEe,h is the field induced 

shift of the electron or hole states. In this regime the exciton size is determined by the physical 

size of the QD. For high fields the magnetic perturbation exceeds the exciton binding energy 

and a linear Landau shift   of the emission energy occurs, with a small correction for 

the exciton binding energy, 

,/ 2 e heB mh

2 / 2 2μ ρ−h , where µ is the reduced mass of the exciton. By 

fitting the experimentally determined shift of the emission using a function of the form: 
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where E0 is the emission energy for zero field and both parts of the equation and their 

derivatives are constrained to be continuous at the boundary field 
2

2=
e

B
ρ
h , it is possible to 

determine values for µ and 2ρ , the exciton effective mass and effective radius [17,18]. The 

 6



transition between the diamagnetic 

and linear behaviour occurs when the 

magnetic length 0 /l e= h B  

becomes comparable to the QD size. 

To determine both the exciton radius 

and reduced mass both the quadratic 

and linear regimes must be observed, 

requiring the use of high magnetic 

fields for nanostructures with a small 

spatial size. In the present analysis it 

is assumed that ρe=ρh; this is 

believed to be a reasonable 

assumption when both carrier types 

are localised in the QD [18]. The 

value extracted for 2
iρ  will be 

the smallest dimension in the plane 

normal to the applied field. In 

general, for self-assembled QDs the dot height is significantly less than the base length and 

hence it is the latter dimension which is determined in the Faraday geometry (field applied 

along the growth axis) but the former in the Voigt geometry (field applied normal to the growth 

axis). However in the present dots it will be seen that the two dimensions extracted from the 

magneto-PL are in some cases comparable. 

 
Figure 3. PL spectra recorded for 0, 30 and 50T for the 750 °C 
annealed sample in both the Faraday and Voigt geometries. 

Figure 3 shows representative spectra of the emission from the 750°C annealed sample 

as a function of magnetic field and for both the Faraday and Voigt geometries. As expected a 

blue shift of the emission is observed with increasing field, with a larger shift observed for the 

Faraday geometry. Figure 4 plots the magnetic field induced shift of the emission at 4.2 K for 

the as-grown, 700 and 750°C annealed samples for both the Faraday and Voigt geometries. 

Data for the 650 °C shows similar trends but is omitted from the figure to aid clarity. For all 

samples a larger shift is observed for the Faraday geometry, consistent with a larger value for 

the combination 2 /ρ μ  in this geometry. With increasing annealing temperature a larger field 

induced shift of the emission is observed for both geometries. Referring to the above equations 

this behaviour indicates that annealing either increases the physical size of the quantum dots or 
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reduces the carrier effective mass, or a 

combination of both effects. Table I 

summarises the parameters extracted 

from the experimental data by fitting 

with the above equations. 

 

IV. Discussion of results 

Previous magneto-optical studies 

of single layers or uncoupled multiple 

layers of InAs QDs grown within a GaAs 

matrix have been able to determine 

parameters for the Faraday geometry. 

However, for the Voigt geometry the 

relatively small height of the dots 

generally prevents the high field limit 

2

2>
e

B
ρ
h  being attained over a sufficiently large field range, hence preventing a determination 

of the reduced mass and the extent of the exciton along the growth axis [17,19,20]. In the 

present studies the high field limit is reached for both geometries at relatively low fields, 

allowing a comparison of inplane and growth direction parameters.  

 
Figure 4. Energy shift as a function of magnetic field for 
the as-grown and 700 and 750 °C annealed 5 DWELL 
structure. For clarity data for the 650 °C sample is omitted 
from the figure. Closed (open) symbols refer to the 
Faraday (Voigt) geometry. The sample temperature for the 
measurements is 4.2K. 

 

 Faraday Voigt 
Sample µ / m0 aB / nm µ / m0 aB / nm 
As grown 0.099±0.002   6.41±0.06 0.190±0.015   5.8±0.2 
650oC 0.095±0.002   6.73±0.05 0.186±0.008   6.31±0.1 
700oC 0.089±0.002   6.73±0.05 0.185±0.007   6.6±0.1 
750oC 0.082±0.002   7.00±0.06 0.165±0.008   7.6±0.1 
Table I. Parameters extracted from fits to the magneto-PL data for the as-grown and annealed samples. 

 

For the as-grown and all annealed samples the inplane (Faraday geometry) reduced 

exciton mass is approximately half that of the growth direction (Voigt geometry) mass. The 

ground hole state in the QD is calculated to have a predominantly heavy-hole like character 

[21] and for the majority of III-V semiconductors the heavy-hole mass is significantly greater 

than the electron mass; this results in a reduced exciton mass close to that of the electron. 

However, in quantum wells the mass of the highest hole state reverses for motion normal to the 

 8



growth axis and for small wave vectors, with the mass being much smaller than the growth 

direction heavy hole mass [22,23]. For bulk InAs calculations give a mass reduced by a factor 

~10, for GaAs the reduction is by a factor ~3.5 [24]. A similar behaviour in QDs, which 

because of their smaller height than base length behave in many cases like quantum wells, 

would explain the different Voigt and Faraday determined reduced masses. The Faraday 

geometry reduced mass would represent the combination of the electron mass and a small hole 

mass, with the Voigt mass being close to that of the electron. The present masses determined 

for the Faraday geometry are reasonably consistent, although slightly lower, than values 

(0.11~0.13m0) previously reported for InAs QDs and determined using the same magneto-PL 

technique [17,19]. However, if the Voigt geometry mass does reflect that of the electron it 

appears rather large, for example Pryor [24] calculates a spatially averaged electron mass in 

InAs QDs of ~0.042m0 although it is unclear if this includes enhancements due to non-

parabolicity. The inclusion of any Ga within the QDs (even intentional InAs QDs have been 

shown to contain significant amounts of Ga [25]) may also enhance the electron mass. 

Awirothananon et al [26] have reported a reduced mass of ~0.066m0 for as grown InAs-GaAs 

QDs from the measured Zeeman splitting of the first excited state. 

The magneto-PL results give a direct determination of the physical size of the exciton. 

Although the exciton size has been shown previously to be proportional to the physical size of 

the QDs [27] the coefficient of proportionality will depend on the precise nature of the 

confined wavefunctions. Hence, in the following we make no attempt to deduce absolute QD 

sizes but instead use the magneto-PL data to probe fractional changes in the QD size due to 

annealing. Only relatively low resolution structural images of as-grown DWELL structures are 

available, hence a precise determination of the size of the as-grown QDs is not possible. 

However from available transmission electron microscope (TEM) images approximate values 

for the base length and height of 17 and 6nm respective can be extracted [14].  

Thermal annealing of InAs QDs will result in a number of changes to their physical and 

electronic structure. The potential profile will change as Ga diffuses into the dots, resulting in 

larger effective dots with a smoother potential variation at the interfaces. In addition, an 

increased Ga composition will decrease the strain state of the dots and increase the effective 

band gap. Furthermore both the direct change in composition and change in strain will alter a 

number of parameters, including the carrier effective masses. For both geometries (Faraday and 

Voigt) annealing is seen to increase the size of the exciton and this is assumed to reflect an 

increase in the physical size of the quantum dots. However this effect is much larger for the 

height of the QD (Voigt data) where an increase of 31% is observed between the as-grown and 
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750 °C annealed sample, compared to only a 9% increase for the inplane dimensions (Faraday 

data). 

Between the as-grown sample and the sample annealed at 750 °C the magneto-PL data 

indicates increases in both spatial dimensions of 9% (inplane) and 31% (growth direction) and 

decreases in the effective masses of 17% (inplane) and 13% (growth axis). The former 

increases will act to decrease the emission energy whilst the latter decreases will act to increase 

it. To estimate the effects of small variations in the QD size we use the calculations of Pryor 

[28] for truncated pyramidal QDs, which provide a reasonable approximation to the shape of 

the present dots. In these calculations the energies of the confined QD states are found to be 

relatively insensitive to the dot height, a behaviour attributed to the counteracting effects of 

strain and confinement. Hence it is the change in the inplane dimension that makes the major 

contribution to the confined energy levels, an increase of 9% from an initial value of 17nm is 

calculated to decrease the confinement energies contributing to the lowest energy transition by 

10%, corresponding to an absolute shift of 28 meV [28]. If it is assumed that the confinement 

energies scale inversely with the reduced mass then the effect of the average decrease of the 

reduced masses (~15%) will almost fully compensate the size induced shift.   

The calculations of [28] also show the first excited state transition to be more sensitive 

to changes in the inplane dot size than the ground state transition. The data plotted in the inset 

to Fig. 2 is for the single layer sample for which no magneto-PL data is available. However, as 

the PL for this sample shifts twice as much with annealing as it does for the multiple layer 

sample, it is assumed the changes in the QD dimensions are twice as great. Using the 

calculations of [28] the ground state and first excited state transition separation is predicted to 

decrease by 17 meV between the as-grown and most annealed sample, in reasonable agreement 

with the measured decrease of 24 meV.  

The above considerations indicate that changes to the physical size and reduced exciton 

mass resulting from annealing effectively cancel, this leaves changes to the composition as the 

main factor contributing to the strong annealing-induced blue shift of the emission. Only a very 

approximate estimate of this effect can be made as the composition is expected to be very non-

uniform. Pryor and Pistol [29] calculate the band edge energies of QDs grown on a range of 

different substrates. For InGaAs QDs grown on a GaAs substrate the effective band gap 

changes by ≈680 meV as the dot composition changes from pure InAs to pure GaAs. Hence 

based on these calculations the 90meV shift observed when annealing the multi-layer sample at 

750 °C corresponds to an absolute increase in the Ga composition of ≈ 0.13.  
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Given this increase in the average Ga composition of the QDs, the measured decrease in 

the reduced masses is difficult to understand. For unstrained, bulk In1-xGaxAs the electron mass 

increases from 0.023 to 0.067m0 (190% increase) as the composition x varies from 0 to 1. 

Calculations for strained InGaAs QDs grown on GaAs predict a weaker (20%) increase [24] 

but the sign of this change (increasing as the Ga content is increased) is still opposite to that 

determined experimentally (~ -15%, see table I). The reason for this behaviour is unclear but 

we note that a weak decrease in the electron effective mass was also observed by 

Awirothananon et al [26] when annealing InAs QDs.  

 

V. Conclusions 

Optical and magneto-optical spectroscopy has been used to probe the electronic and 

structural properties of thermally annealed InAs QDs grown within an InGaAs-GaAs quantum 

well. Annealing is found to increase the effective size of the dots, with a significantly larger 

increase occurring along the growth direction in comparison to the inplane direction. The 

exciton reduced mass decreases with annealing, the opposite effect to that expected from the 

deduced increase in average Ga content of the QDs. The increased QD size and decreased mass 

affect the transition energies in opposite directions, and in the present studies these two 

contributions approximately cancel. Hence the main contribution to the blue shift of the 

emission is an increased Ga composition of the QDs. For low annealing temperatures there is 

little change in the emission energy of the QDs but a strong redistribution between the emission 

from two subsets of different size QDs. Low annealing temperatures makes the QD ensemble 

more bimodal. A similar effect is seen in full laser structures where annealing of the QDs 

occurs during the growth of the upper AlGaAs cladding layer. 
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