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We have investigated the effect of strain on theg-factors of self-assembled InsGadAs dots by single-dot
spectroscopy and an eight-band effective mass calculation taking into account the influence of the strain
distribution and the Zeeman effect. The strain and its distribution in and around the quantum dots are varied by
thermal annealing or by introducing an strain reducing layer. Thermal annealing produces a graded composi-
tion profile due to InuGa intermixing. The graded composition profile reduces both hydrostatic and biaxial
strain near the bottom of the dot, and enhances them near the top. This strain variation results in a large
reduction of the absolute holeg-value and a small reduction of the absolute electrong-value. On the other
hand, the covering of InAs dots with an In0.17Ga0.83As strain reducing layer decreases mainly the hydrostatic
strain. The variation of the strain and the band edge alignment enhance the electrong-value while they reduce
the holeg-value. These results should provide insights to control theg-factors in pyramidal self-assembled
dots.
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I. INTRODUCTION

The possibility of using the spin degree-of-freedom of
electrons for encoding quantum information has recently at-
tracted significant attention. Knowledge of electron and hole
g-factors, which are the coefficient connecting spin moment
with magnetic one, is important to design such spin-based
devices. For example, the system with a largeg-factor is
preferable for controlling spin-qubit while near-zero electron
g-factor is suitable to design a quantum receiver.1,2 In addi-
tion, coherent spin manipulation which is an important re-
quirement for the quantum information processing has been
demonstrated by modulatingg-factor anisotropy.3,4

One of the promising candidates for the basic units of
quantum information processing in solid state systems is
self-assembled quantum dots. The strong three-dimensional
confinement of carriers5 provides the ability to control the
number of electrons,6,7 long spin lifetime and expected long
decoherence time.8–11 The g-factors of self-assembled dots
have been evaluated by optical measurements12–16and trans-
port measurements.17–19 The measured values of the
g-factors are quite different from bulk ones20 due to size
quantization,21–23and probably their peculiar structural prop-
erties such as composition and strain distributions although
their effects and the way to modify theg-factor have not
been well understood.

One way to modify the structural and electronic properties
of quantum dots is thermal annealing. Thermal annealing has
been widely used to tune their emission energies, the inho-
mogeneous broadening,24,25 the fine-structure splitting,26,27

and the exciton dephasing time.28 A significant narrowing
and blueshift of the emission have been attributed to strong
InuGa intermixing and the following variation of strain dis-
tribution. The composition and strain distribution strongly
affect the electronic properties of self-assembled dots.29,30

Although magneto-optical properties of the annealed quan-
tum dots have been also intensively studied,16,31 the roles of

composition and strain distribution have not been clear. An-
other way to modify the structural and electronic properties
of quantum dots is to cover the dots with a strain reducing
layer sSRLd. The covering and embedding of the InAs dots
with SRL have been widely used to decrease the emission
energy to achieve telecommunication wavelengths.32–36 The
decreased emission energy has been mainly attributed to de-
creased hydrostatic strain.

In this paper,g-factor variations due to thermal annealing
or introduction of SRL in InGaAs and InAs quantum dots
have been measured by single dot spectroscopy and mod-
elled by the eight-bandk ·p theory using a realistic three-
dimensional picture. The single dot measurement permits a
separation of the emission lines of single electron-hole pairs
from those of multiparticle states. The separation allows
comparison of the experiment with the eight-band effective
mass calculation of single particle bound-states avoiding the
multiparticle effects of carriers. We obtain good agreement
between the result of single dot spectroscopy and that of the
calculation. These investigations show that theg-factor
modification observed experimentally is not reproduced by
simply weighing the material dependent bulk values with the
charge density, but is caused mainly by strain-induced modi-
fication of the confining potential. The calculation shows
how strain modifies electron and holeg-factors. The results
will serve to find an appropriate way to tune electron and
hole g-factors. The outline of this paper is the following: In
Sec. II and Sec. III, we will present our experimental and
calculation procedures, respectively; Sec. IV A gives the ex-
perimental and calculated results on thermally annealed dots.
We will show that the experimentally measuredg-factors of
the annealed dots agree with the calculated one assuming
nonuniform graded composition profiles while the experi-
mentalg-factors of as-grown dots agree with the calculated
ones assuming uniform composition profiles. We will discuss
the effect strain profile altered by the nonuniform graded
composition. Section IV B provides the effect of an
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In0.17Ga0.83As strain reducing layer on theg-factor of self-
assembled InAs quantum dots. We will show that the intro-
duction of SRL modifies not only the emission energy, but
also the electron and the holeg-factors. In Sec. V we finally
summarize our findings.

II. EXPERIMENT

Self-assembled quantum dots used in this work were
grown on a GaAss100d wafer at 500 °C and 76 Torr by
metal organic chemical vapor deposition. We studied the
self-assembled dots grown with nominal composition of
InAs and In0.5Ga0.5As, which are called “InAs” dots and
“InGaAs” dots, respectively, in this paper. We studied four
samples, two of which are as-grown InGaAs and InAs quan-
tum dots. The third was annealed InGaAs dots which are
annealed at 700 °C for 1 h after the growth. In these three
samples, the dots were covered with a 100 nm GaAs layer.
Finally, we also studied the InAs dots covered with a
5-nm-thick In0.17Ga0.83As SRL layer followed by a 100 nm
GaAs layer. Figure 1sad shows atomic force microscopy
sAFMd image of reference uncapped InAs quantum dots. The
measurement revealed the average dot diameter of 20 nm
with a standard deviation of 3 nm and the height of 7 nm
with a standard deviation of 2 nm, as well as the areal den-
sity of 1.331010/cm2 for both the InAs and the InGaAs
dots. Very similar diameter and height of GaAs-capped InAs
dots to those of uncapped ones were revealed by cross-
sectional transmission electron microscopysTEMd, as shown
in Fig. 1sbd.

Magnetophotoluminescence spectroscopy was performed
in Faraday configuration at 3.5 K on small mesa structures
with lateral dimensions of 200 nm. The photoluminescence
was excited with the 632.8 nm line of a HeuNe laser beam
focused by a microscope objective to a diameter of about
2 mm. The excitation power was limited to 10 W/cm2. The
photoluminescence from a mesa structure was collected by
the objective, dispersed by a double grating monochromator,
and detected by a Si CCD or an InGaAs detector array. By
using these two detectors we could study theg-factors in
almost the whole emission energy range of the four types of
quantum dots.

III. THEORY

Our calculation method is based on an eight-band effec-
tive mass model which includes the conduction, heavy, light,

and split-off carriers for a total of eight bands.37–39 In the
absence of magnetic fields, the eight-band model has been
successfully applied for pyramidal quantum dots.40–42 We
have computed the energies and wave functions by the finite
difference method where the material parameters and strain
are varied from site to site. Our model includes the effects of
strain piezoelectricity, valence bandsVBd mixing, the inter-
action between the conduction bandsCBd and the VB, and
the Zeeman effect. The effective mass Hamiltonian in bulk
materials is given in Ref. 38. In the presence of a magnetic
field, the wave vectork in the effective mass Hamiltonian is
replaced by the operatork =−i ¹ +e/"A, whereA is the vec-
tor potential.

The quantum dots are modelled by a pyramidal shape
with a diagonal length of 21.2 nm and a height of 7.5 nm to
compare the measured dots with a diameter of 20 nm and a
height of 7 nm on average, revealed by AFM and TEM mea-
surement. We note that the dot size is fixed for the calcula-
tion in this paper to focus on the effect of strain. As we shall
show below, the essential feature of theg-factor variation is
reproduced by the calculation assuming the fixed dot size.
Relatively high size-uniformity of our dots and small size-
variation following the annealing and the capping with SRL
are supported by the similar distribution of the diamagnetic
coefficients in the quantum dots. The diamagnetic coeffi-
cients of all the measured dots range from 7 to 11meV/T2.
No systematic difference is found among the diamagnetic
coefficients of the as-grown GaAs-capped dots, the annealed
dots, and the SRL-capped dots in contrast to the apparent
difference found in theirg-factors. In the calculation, wetting
layer is omitted to avoid exorbitant computational expense
and to focus on the strain variation following annealing or
SRL-capping. The wetting layer may be treated separately as
a slight increase of the dot height because it does not signifi-
cantly modify the characteristics of the strain distribution in
the dots.43 The strain in the modelled structure is calculated
by a three-dimensional finite element analysis. To reproduce
the measured dots in the small mesa structure, a free bound-
ary condition is applied at the surface of a cube in which the
pyramidal quantum dot is embedded. We have solved the
Schrödinger equation for the multicomponent spinor of the
envelope functions. The details of the Hamiltonian, the base
functions, and the material parameters used in the calculation
are described in Ref. 44.

IV. RESULTS AND DISCUSSION

A. Thermally annealed quantum dots

Typical magnetic field dependence of the photolumines-
cence spectrum from a single annealed InGaAs dot is shown
in Fig. 2sad. The emission lines have a linewidth of about
50 meV. With increasing magnetic fieldsBd, the unpolarized
emission line splits into an oppositely circularly polarized
doublet. The energy shift of the center of the doublet, which
represents a diamagnetic shift, is quadratic inB with a con-
stant of 9.37meV/T2 fFig. 2sbdg. The splitting magnitude
increases linearly withB fFig. 2scdg. By fitting the data in
Fig. 2scd, we obtain the excitong-factorgex=−1.83, which is
defined in this paper asgex=hEss+d−Ess−dj / smBBd, where

FIG. 1. sad AFM image of uncapped InAs quantum dots.sbd
TEM image of InAs quantum dots embedded in a GaAs barrier.
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Ess+d and Ess−d are the energies ofs+ and s− polarized
emissions, respectively. Such quadratic diamagnetic shift and
linear Zeeman splitting suggests a high symmetry of our
dots.44,45 The magnetic field dependence is very similar to
those of the as-grown InGaAs and InAs dots except for the
splitting magnitude. The experimentally obtained exciton
g-factors of 25 annealed InGaAs dots are plotted in Fig. 3sad
in addition to theg-factors of 30 as-grown InGaAs dots and
10 as-grown InAs dots measured in a previous work.44 The
experimental errors are less than the size of the symbols in
the figure. The scatter beyond the errors represents the inho-
mogeneity of the quantum dots. We find that the absolute
value of the excitong-factor ugexu of the InGaAs dots are
reduced by the thermal annealing. The excitong-factor of the
annealed InGaAs dots ranges from −2 to −1 while that of
as-grown one ranges from −3 to −2.

The effect of thermally induced intermixing is calculated
by taking into account nonuniform composition profiles.
Both In-diluting and In-enriching compositional changes
mainly along the growth direction have been reported.46,47To
reproduce a higher average In content near the top of the dots
than the bottom as well as vertical In-interdiffusion out of the
dots, we use the models B–D with peaked In composition
gradient, as shown in Fig. 3sbd. We focus on the ground
states of the lowest conduction bandsCBd and the highest
valence bandsVBd. The calculation shows that the twofold
degeneratesKramers’s degeneracyd states of the CB and VB
split into doublets in presence of a magnetic field, due to the
Zeeman effect. From the splitting we obtain the CBg-factor
gc;hEsc+d−Esc−dj / smBBd, and the VB g-factor gv
;hEshh+d−Eshh−dj / smBBd, where the signss6d on the top
label the sign of thez-component of the total angular mo-
mentum. Using the optical selection rule, we obtain the en-
ergies ofs+ ands− polarized emissions neglectinge-h Cou-
lomb interaction which does not play significant role in this
weak magnetic field range. The calculation reproduces the
experimental magnetic field dependence such as a nearly
quadratic diamagnetic shift with a coefficient of about

10 meV/T2 and a linear Zeeman splitting. From the splitting
magnitude, we obtain the excitong-factor gex=−gc+gv.

Figure 3sad compares the experimental excitong-factors
of thermally annealed dots and the calculated ones for the
dots with various composition and its gradients represented
by Models A, B, C, and D. The excitong-factors are plotted
as a function of the ground-state transition energy. Most of
the experimental excitong-factors of the as-grown InAs and
In-GaAs dots agree with those calculated for Model A with
uniform composition profiles. Not only the quantitative val-
ues of the excitong-factors, but also smallerugexu of the InAs
dots than that of the InGaAs dots is well reproduced. Such a
characteristic composition dependence is mainly due to
stronger off-diagonalk ·p coupling between the valence
bands in the InAs dots than that in the InGaAs dots.44 On the
other hand, theg-factors of the annealed InGaAs dots agree
with those calculated for Models B, C, and D with nonuni-
form composition profiles. It is important to note that within
the uniform composition modelsModel Ad any composition
variation cannot reproduce the experimentalg-factor of the
annealed dots.48 The variation of theg-factors due to the
thermal annealing can be explained by using the graded com-
position profiles as represented by Models B, C, and D. The
experimentalg-factor distribution ranging from Model B to
D may reflect different degree of intermixing from dot to dot.

In the following, we discuss the cause of the smallugexu in
the dots with graded compositions. Figure 4 plots the CB
g-factor and the VBg-factor separately. Both the absolute
values of the CBg-factor ugcu and the VBg-factor ugvu are

FIG. 2. sad Photoluminescence spectra of the annealed InGaAs
dots for magnetic fields indicated. All the spectra are obtained with-
out polarization selectivity.sbd The center position of the doublet in
sad as a function of magnetic field. The solid curve is a quadratic fit.
scd The splitting magnitude of the doublet insad. The solid line is a
linear fit.

FIG. 3. Excitong-factors plotted as a function of the ground
state emission energy. Open symbols shows the experimentally ob-
tainedg-factors of the InAs dots, the InGaAs dots and the annealed
dots. Solid squares, connected by lines to guide the eyes, give the
excitong-factors calculated for the models shown insbd. The com-
position of the dots are represented by the emission energy.sbd
Schematic representation of the four structural models used in this
work. In Model A, the dots have a uniform In composition. In
Models B, C, and D, the dots have nonuniform In compositions.
The In compositionxIn is represented asxIn= ±asz−0.7Hd+xmax,
whereH is the dot heightsH=7.5 nmd, z is the position along the
growth direction. The solid squares insad correspond toxmax=1,
0.9, 0.8, 0.7, 0.6, and 0.5 in Model A,xmax=1, 0.9, 0.8, and 0.7 in
Model B, xmax=1, 0.9, and 0.8 in Model C,xmax=1 and 0.9 in
Model D.
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decreased as the composition is graded at a fixed emission
energy. There is a tendency that the CBg-factor strongly
depends on the emission energy while the VBg-factor rather
depends on the composition profile. The CBg-factor seems
modified following the variation of the VBg-factor in addi-
tion to the principal variation determined by the emission
energy. In other words, smallerugcu corresponds to smaller
ugvu at a fixed emission energy. This tendency is also seen in
the size and shape dependence of the pyramidal InGaAs
dots.44 In the following discussion, to extract the effect of the
composition and strain profile on theg-factors, we vary the
composition gradients under the condition that the composi-
tion averaged over the whole dot volume is fixed. The con-
dition keeps the emission energy nearly constant. For ex-
ample, when the composition gradienta is varied from 0 to
0.13 in the dots with the average composition of 0.5,ugcu and
ugvu are reduced by 20% and 60%, respectively, although
other electronic properties such as the emission energy and
the wave function spill over are nearly unchanged. The emis-
sion energy ranges from 1.26 eV to 1.28 eV in the dots. The
composition gradient variation increases the electron and the
hole charge densities in the dots only by 4.4% and 0.78%,
respectively. The estimated variations are too small to ex-
plain the reduction ofugcu and ugvu, caused by grading the
composition. It should be noted that the largeg-factor varia-
tion cannot be explained by the composition-dependent bulk
g-values which differ from site to site according to the
graded composition profile. The effect of the composition-
dependent bulkg-values is estimated by weighing the bulk
values with the charge density distributed in and around the
dot. Theugcu and ugvu are estimated to be increased by 27%
and 19%, respectively, as the composition gradienta is var-
ied from 0 to 0.13 at the fixed average composition 0.5. This
reflects the increase of the local In composition at the sites
where the charges are localized. The variation differs from
that obtained by thek ·p calculation even qualitatively.

The large reduction of theg-values despite the increase of
the effective In composition is attributed to the shape change
of the wave function, or the change of its component. They
are induced by the variation of the confining potential deter-
mined by the strain distribution in addition to the band edge
alignment without the strain effects. The strain distributions
in the dots with different composition gradients are shown in
Fig. 5. As the composition is graded froma=0 to 0.13, both

hydrostatic and biaxial strains near the bottom of the dots are
reduced due to the decreased composition difference from
the GaAs barrier while the strains near the top are enhanced
reflecting the increase of the composition difference. The
strain variation modifies the confining potentials to vary the
electron and hole wave functions along the growth direction.

In particular, the modification of the hole confining poten-
tial is important because in pyramidal InGaAs dots the VB
g-factor strongly depends on the dot size and shape or the
confining potential. The hole confining potential is varied
largely by the biaxial strain distribution besides the hydro-
static one. The strain variation modifies the hole confining
potential to delocalize the hole along the growth direction. In
other words, the heavy-hole character of the hole wave func-
tion is reduced. Because the heavy-holeg-value is larger
than the light-hole and split-offg-values in the bulk semi-
conductor in the Faraday configuration, the reduction of the
heavy-hole character decreasesugvu. Thus, the VBg-factor is
modified by the annealing. The variation of the VBg-factor
affects the CBg-factor due to CB-VBk ·p coupling. The
decrease ofugcu with grading the composition at a fixed
ground transition energy is accompanied by the decrease of
ugvu caused by the variation of the shape of the confining
potential. The composition grating results in the decrease of
ugexu because the CBg-factor value is much smaller than the
VB g-factor value in all the calculated dots.

B. InAs quantum dots with SRL

Now we study the strain variation by introducing the
5-nm-thick In0.7Ga0.83As SRL layer and the effect on the
g-factor. Typical magnetic field dependence of the photolu-
minescence emission from a single InAs dot covered with
the SRL is shown in Fig. 6sad. The emission lines have a
linewidth of about 70meV, which is close to those of the
dots without the SRL, ranging from 40meV to 90meV. This
narrow linewidth suggests that the SRL can modify the elec-
tronic states, keeping the long decoherence time of the self-
assembled dots. With increasing magnetic fieldsBd, the un-
polarized emission line splits into an oppositely circularly
polarized doublet. The diamagnetic shift of the center of the
doublet is quadratic inB with a constant of 9.5meV/T2 fFig.
6sbdg. The splitting magnitude increases linearly withB fFig.
6scdg. The excitong-factor isgex=−0.45. Such quadratic dia-

FIG. 4. sad CB g-factor andsbd VB g-factor calculated for the
dots with various composition and profilessee the caption of Fig.
3d, plotted as a function of the ground transition energy. The lines
are to guide the eye.

FIG. 5. sad Hydrostatic andsbd biaxial strain distributions in and
around the quantum dots with various composition gradients repre-
sented in Model A, B, C, and D. The composition averaged for the
whole dot volume is fixed to 0.5.
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magnetic shift and linear Zeeman splitting are very similar to
those of the dots without the SRL except for the splitting
magnitude, or theg-factor value. The experimental exciton
g-factors of 20 InAs dots with the SRL and those of 16 dots
without the SRL are plotted as a function of the emission
energy in Fig. 7sad. The absolute value of the exciton
g-factor ugexu of the dots with the SRL is smaller than that of
the dots without the SRL. The excitong-factor of the dots
with the SRL ranges from −1 to 0 while that without the SRL
ranges from −2 to −1.

We investigate here the SRL effect on theg-factor theo-
retically. We apply Model A with an uniform composition
profile to reproduce the nonannealed dots. The modelded
quantum dot is covered with an In0.17Ga0.83As layer. The
calculated excitong-factors are plotted in Fig. 7sbd as a func-
tion of the ground-state transition energy. The redshift of the
emission energy and the reduction ofugexu with introducing
the SRL are reproduced. The slight disagreement in the emis-
sion energy may be improved by finely tuning the
dot-shape.46 Although the experimental excitong-value of

the InAs dots without the SRL is quantitatively reproduced
by the calculation, the experimentalg-value of the dots with
the SRL is reproduced by the calculation for the modelled
dots with a much thicker SRL than the experiment. This may
be due to the nonflat surface of the experimental SRL in-
duced by the SRL-growth directly onto the quantum dot. In
addition, slight interdiffusion among InAs dots,
In0.17Ga0.83As layer, and GaAs barrier may take place be-
cause the In0.17Ga0.83As layer was grown at much slower rate
than GaAs. In our simple model with the flat uniform SRL as
shown in the inset of Fig. 7sbd, the influence of the nonflat
SRL and interdiffused environment may be represented by
using the SRL thicker than the dot height.

In the following, we discuss the cause of the smallugexu in
the dots with the SRL on the basis of thek ·p calculation
which has reproduced the essential effect of the SRL at least
qualitatively. Figure 8 plots the calculated CBg-factor and
the VB g-factor separately. The absolute CBg-value ugcu in-
creases with increasing the SRL thickness while the absolute
VB g-valueugvu decreases. Consequently the excitong-factor
represented asugexu=−ugcu+ ugvu in our calculated dots de-
creases. The increase ofugcu has been observed also by ca-
pacitance spectroscopy for an ensemble of InAs dots.19 As in
that paper,g-factor variation is widely explained by weigh-
ing the material dependent bulkg-factors with the corre-
sponding charge density distributed in the dot and the barrier
regions. However, theg-factor variation estimated by weigh-
ing the bulk g-values of InAs, In0.17Ga0.83As sSRLd, and
GaAs, with the charge densities in the dot and the barriers
differs from that measured experimentally, and that calcu-
lated by thek ·p model even qualitatively. As the SRL thick-
ness is increased from 0 nm to 15 nm, the electron charge
density in the dot decreases from 87% to 84%, and the hole
charge density decreases from 93% to 89%. The decreased
charge density in the dot with largerg-values than the barri-
ers decreasesugcu and ugvu by 1.0% and 2.0%, respectively.
The variation contradicts an increase ofugcu by 23% and a

FIG. 6. sad Single dot photoluminescence spectrum for the InAs
dots covered with In0.17Ga0.83As layer for magnetic fields indicated.
All the spectra are obtained without polarization selectivity.sbd The
center position of the doublet insad as a function of magnetic field.
The solid curve is a quadratic fit.scd The splitting magnitude of the
doublet well resolved above 3 T, as shown insad. The solid line is
a linear fit.

FIG. 7. sad Experimentally evaluated excitong-factors of the
InAs dots capped with In0.17Ga0.83As SRL and those of the dots
capped with GaAs, plotted as a function of the ground state emis-
sion energy.sbd Calculated excitong-factors of the InAs dot capped
with 0 nm-SRL swithout SRLd, 9 nm-SRL or 15 nm-SRL. Sche-
matic sample structure is shown in the inset. Symbols are connected
by lines to guide the eyes.

FIG. 8. sad CB g-factor andsbd VB g-factor calculated for vari-
ous dots with the same size and shape. Closed symbols connected
by dotted lines to guide the eyes represent theg-factors of the
InxGa1−xAs dots, which are the same ones shown in Fig. 2sModel
Ad. Open symbols connected by solid lines represent theg-factors
of the InAs dots with different SRL thickness.
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decrease ofugvu by 24%, calculated by thek ·p model.
To discuss other causes to vary theg-factor, we show in

Fig. 8 the composition dependence of theg-factors of
InxGa1−xAs dots without the SRL as well as those of the
SRL-capped InAs dots. The CBg-factors of the InAs dots
with SRL almost agree with the extrapolation of the compo-
sition dependence to low emission energy while the VB
g-factor deviates from the extrapolation. This feature is con-
sistent with the size and the shape dependence of the
g-factors calculated by thek ·p theory.44 The calculation has
shown that the CBg-factor strongly depends on the emission
energy rather than the size and the shape in pyramidal
InxGa1−xAs dots while the VBg-factor rather depends on the
size and the shape of the dot, or the confining potential, in
addition to the emission energy. Capping the dot with SRL
should give similar effect because it modifies the strain in
and around the dot, and consequently the confining potential.

The strain induced modifications of the CB and the VB
edges are shown in Fig. 9. By capping the dot with the SRL,
the CB edge of the InAs dot is lowered due to the relaxation
of the hydrostatic strain in the dot region while the VB edge
around the bottom of the dot is nearly unchanged due to the
small hydrostatic deformation potential and the compensa-
tion between the effects of the hydrostatic strain and the
biaxial strain. The variations of the CB and VB edges largely
decreases the emission energy, or the energy difference be-
tween the ground CB state and the VB state, which results in
the enhancement ofugcu. While the VB edge near the bottom

is nearly unchanged, the VB edge near the top of the dot is
raised due to the relaxation of the biaxial strain and the re-
duction of the band offset between the dot and the capping
material. Such a variation of the VB edge corresponds to a
height increase of the dot, and delocalizes the hole along the
growth direction. In other words, the variation decreases the
heavy-hole character of the hole wave-function. Thus, the
VB edge variation reducesugvu.

V. SUMMARY

In summary, the excitong-factors of the as-grown dots
capped by GaAs, the annealed quantum dots, and dots
capped by In0.17Ga0.83As are measured by single-dot spec-
troscopy. Theg-factors are reproduced by the calculation
based on the eight-bandk ·p model. We have shown that
thermal annealing reduces both CBg-value and VBg-value
while SRL-capping enhances the CBg-value and reduces the
VB g-value. Theg-factor variation due to the thermal an-
nealing is reproduced by the variation of the composition
profile from uniform to graded one. The variation of the
biaxial strain is important for theg-factor variation. The
strain relaxation near the bottom of the dot delocalizes the
hole along the growth direction. The decrease of the heavy-
hole character decreasesugvu, and also decreasesugcu through
the CB-VB k ·p coupling. In the dots capped by
In0.17Ga0.83As SRL, the enhancement ofugcu is attributed to
the largely decreased hydrostatic strain while the reduction
of ugvu is attributed to the decreased heavy-hole character
induced by strain and band-offset variation. Thus, the results
give an understanding of the effect of the strain on the
g-factor, and should open the way to engineer theg-factors.
In particular, the way to enhanceugcu is important for spin-
based applications. By using the SRL,ugcu is increased be-
yond the composition dependence. In addition, we have
shown that the capping with the SRL extends the emission
wavelength to approximately 1.3mm, almost keeping the
narrow homogenous linewidth corresponding to the decoher-
ence time. The controllability of theg-factors of the dots
emitting in telecommunication wavelengths should be useful
in the applications to the quantum information devices using
single electron spin and single photon, such as single
photonemitters,49 single photoelectron transistors2 that con-
vert a photon polarization to an electron-spin polarization,
and a basic unit of quantum information processing.9
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