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Exciton binding energies and diamagnetic shifts in semiconductor quantum wires
and quantum dots
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Systematic studies of the effects of confinement and reduced dimensionality on excitons in quantum wires
and quantum dots have been made on systems with widely varying sizes. Diamagnetic shifts are obtained from
low-intensity magnetophotoluminescence spectroscopy, and exciton binding energies are estimated using an
anisotropic bulk exciton model. Modulated barrier and deep-etched In0.10Ga0.90As/GaAs structures are used in
order to study the dependence on the lateral potential offset. Calculations of the diamagnetic shifts and the
binding energies are made using variational techniques, and are found to be in good agreement with experi-
ment. For the sizes studied experimentally, the binding energies are found to be enhanced by up to four times
the bulk value for wires, and by five times for dots. Further, confinement is found to have significant effects on
the excitonic properties for structure sizes up to ten times the Bohr radius.@S0163-1829~98!01612-9#
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I. INTRODUCTION

Excitonic effects play a central role in the optical prope
ties of semiconductors. In semiconductor nanostructures
electron-hole interaction is enhanced by confinement, wh
increases the overlap of the electron and the hole wave f
tions. The electron-hole overlap is determined by the size
the nanostructures and by the height of the confining po
tials. In addition, the overlap is enhanced by reducing
effective dimensionality of the system. Thus the binding e
ergies are expected to increase in going from bulk to qu
tum wells, and further to quantum wires and quantum d
In these structures excitonic effects are important both
the basic optical properties and for potential applications
GaAs quantum wells, for example, excitons are promin
features in their optical properties at room temperature,
though this is not the case in bulk.1

Excitonic effects are of importance in a variety of aspe
of the behavior of low-dimensional systems including th
nonlinear optical properties, time-dependent and trans
properties, and exciton-exciton interactions. Here we are
marily interested in quantum wires and quantum dots. In
ideal one-dimensional system the exciton energy is div
gent. In real quantum wires, however, this divergence is
pected to be weakened, and the oscillator strength distrib
among the interacting electron-hole states. In quantum do
spatial separation of electron and hole is prevented by
three-dimensional geometric confinement. The exciton bi
ing energy is the difference in energy between an electr
hole pair interacting by their mutual Coulomb attraction a
570163-1829/98/57~11!/6584~8!/$15.00
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an uncorrelated electron-hole pair. In order to underst
excitonic effects quantitatively in realistic systems, it is ne
essary to understand the dependence of excitonic prope
particularly the binding energy, on the size, shape, and
tential of structures.

Excitons in quantum wells have attracted considerable
tention in recent years.2 In addition, there have been exten
sive studies of excitonic transitions in microcrystals and
lated structures.3 Theoretical studies of the effects o
confinement and of decreased dimensionality on excit
have been made both for quantum wires4–6 and quantum
dots.3,7–10 For quantum wires there have been few expe
mental studies, and they have been for structures of sim
sizes.11–14 In quantum dots it has often been difficult to o
tain accurate, systematic values of exciton binding energ
from spectroscopic data.15

In the present work we give the results of a systema
study of the effects of confinement and of dimensionality a
also of lateral potential height on excitons in quantum w
and dot systems. Two different types of structures, each h
ing a wide range of lateral sizes, are investigated. Th
structures differ with respect to the height of the lateral co
finement, with the confinement being rather shallow
modulated barrier structures and very large for deep-etc
structures. The diamagnetic shifts of the excitonic emiss
are measured in low excitation magnetophotoluminesce
experiments, and are used to obtain exciton binding ener
from an anisotropic bulk exciton model. The exciton bindi
energies are found to be enhanced substantially over the
value, and the effects of confinement on the exciton bind
6584 © 1998 The American Physical Society
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57 6585EXCITON BINDING ENERGIES AND DIAMAGNETIC . . .
energies are found to begin with sizes as large as ten ti
the Bohr radius. These effects are influenced by the hei
of the confinement potentials. The binding energies and
diamagnetic shifts are shown to be in good agreement w
detailed variational calculations for these structures.

The paper is organized as follows. In Sec. II A we give
short description of the samples and of the experime
setup, and in Sec. II B we present experimental results
Sec. III we describe the theoretical approach used for
calculation of the binding energies and diamagnetic sh
The experimental and theoretical results are compared
discussed in Sec. IV.

II. EXPERIMENT

A. Sample structures and experimental setup

In0.10Ga0.90As/GaAs quantum wires and quantum dots
widely varying sizes are studied in the present experime
These structures were fabricated by electron-beam litho
phy and wet chemical etching on an In0.10Ga0.90As/GaAs
quantum well with a width of 5 nm. Details of the fabricatio
process were given earlier.16 In this way we obtained quan
tum wires with rectangular cross sections normal to the w
axis and quantum dots of cylindrical shapes in the quant
well plane. The lateral sizes of the structures were de
mined using scanning electron microscopy. In the case of
wires we obtained structures with lateral widths less than
nm, and in case of the dots the smallest structure sizes w
slightly more than 20 nm. Thus we were able to investig
wires and dots with sizes comparable to or larger than
exciton Bohr radius in the quasi-two-dimensional quant
well.

In order to investigate systems with varying lateral co
finement heights, both free-standing deep-etched struct
and effectively buried modulated barrier structures were f
ricated. The heights of the lateral confinement potentials
drastically different in these two systems. In the case
modulated barrier structures, the total lateral confinement
tential is about 25 meV, whereas in the case of deep-etc
structures the confinement potential is given by the w
function of the carriers, which is on the order of a few e
Thus in deep-etched structures the lateral confinement po
tial is about two orders of magnitude greater than in bur
structures. From optical spectroscopy and numerical calc
tions, a good understanding of the quantized single-part
states of the quantum wires and quantum dots has b
obtained.16,17

The present experiments were performed in an opt
split coil magnetocryostat (B<8 T) at a temperature ofT
52 K. The measurements were performed in the Fara
configuration, that is, the magnetic field was aligned norm
to the quantum-well plane~see the inset in Fig. 1!. The
samples were excited by a cw Ar1 laser using very low
excitation powers of less than 0.1W cm22 in order to avoid
high density effects. The luminescence was dispersed b
monochromator with a focal length of 0.6 m, and detected
a liquid-nitrogen-cooled Si charge-coupled device camer

B. Photoluminescence studies

Figure 1 gives a series of low excitation photolumine
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cence spectra of large~453 nm! and small~28 nm! modu-
lated barrier In0.10Ga0.90As/GaAs dots for varying magneti
fields. In both cases a spectral line is observed which or
nates from ground-state exciton recombination in the d
We made calculations of the energies of the single-part
states, from which we found that the experimental transit
energies are systematically smaller than the calcula
single-particle electron-hole transition energies. For this r
son, and also because the optical excitation in the exp
ments is very low, we attribute the observed emission
excitonic recombination. As seen in Fig. 1, the lateral qu
tization shifts the emission of the small dots to higher en
gies by about 10 meV, as compared to the wide structur

With increasing magnetic field, the emission is contin
ously shifted to higher energies. At low magnetic fields th
increase is weak, and it transforms into a stronger dep
dence at higher magnetic fields. The dotted lines in Fig
indicate the positions of the spectral lines atB50 and 8 T.
The relative shift is significantly greater for the larger do
e.g., for 8 T it is 4.560.2 meV for 453-nm dots and 1.
60.5 meV for 28-nm dots. The uncertainties in these val
originate mainly from the inhomogeneous broadening of
luminescence due to size variations in the arrays of wires
dots.

A similar behavior is observed for modulated barri
quantum wires. Figure 2 shows the magnetic-field dep
dence of the luminescence transition energies of an un
terned sample~bottom! compared to the energies of wire

FIG. 1. Low excitation spectra of modulated barri
In0.10Ga0.90As/GaAs dots with diameters of 453~left! and 28 nm
~right! for different magnetic field. The lines and arrows indica
the energy positions of the emission atB50 and 8 T for the two
sizes. The inset gives a sketch of the modulated barrier structu
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6586 57M. BAYER, S. N. WALCK, T. L. REINECKE, AND A. FORCHEL
with decreasing widths~from bottom to top!. The position in
energy of the exciton emission atB50 is continuously
shifted to higher energies with decreasing wire width due
the lateral quantization of the exciton. In addition, it is se
that the magnetic-field-induced shifts of the emission
crease systematically for decreasing wire width. In comp
ing these results for quantum wires with the correspond
results for the quantum dots above, we find that the decre
of the shift with decreasing size is greater for quantum d
than it is for quantum wires. For example, at 8 T and for
wires with widths of;30 nm, the shift is 2.560.3 meV,
whereas the shift for a dot with a diameter of 30 nm is 1
60.5 meV.

Figure 3 shows the magnetic-field-induced shifts of
emission of deep-etched In0.10Ga0.90As/GaAs quantum wires
for magnetic fields up to 8 T. Qualitatively the same beh
ior is observed for them as for the modulated barrier wir
The diamagnetic shifts of the emission for large wires w
sizes above 50 nm are similar to the shifts observed for
modulated barrier wires. Below a width of 50 nm, a stro
decrease of the shift is again observed, but the magnitud
the decrease is larger than it is for the modulated bar
structures. For the smallest structures with widths of 15 n
the shift of the emission up to 8 T is less than 1 meV in the
case of deep-etched wires, while it is 1.5 meV in the cas
the modulated barrier wires.

At low magnetic fields (B<4 T) the shift of the transition
energies is diamagnetic,DE5g2B2, where g2 is the dia-
magnetic coefficient. From the diamagnetic coefficients
can obtain estimates for the exciton binding energies
comparing the measured diamagnetic shifts with those f
bulk system having anisotropic masses. This method
suggested in Ref. 12, and was shown to give good result
comparison to detailed calculations for the binding energ
in Ref. 13. In this method the effect of the geometric co

FIG. 2. Magnetic-field dependence of the ground-state exc
transition energies for modulated barrier In0.10Ga0.90As/GaAs quan-
tum wires with lateral sizes down to about 15 nm.
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finement potential is represented approximately by the an
tropic deformation of the exciton wave function in a bu
model. The wave function is taken to be a hydrogenicl
ellipsoid of revolution, which is characterized by effectiv
anisotropic Bohr radiiaB

i , i 5x,y,z parallel to its three prin-
cipal axes or, equivalently, by direction-dependent redu
exciton massesm i , i 5x,y,z becauseaB

i }m i
21. For such an

asymmetric hydrogenic wave function, the diamagnetic s
is given by perturbation theory as18

g25
4p\2«2

e2mmxmy

,
1

m
5

1

3
S 1

mx

1
1

my

1
1

mz
D . ~1!

From the ratios of the experimentally observed diamagn
coefficients for wires and dots to those of the reference qu
tum well, from Eq.~1! we obtain values of the in-plane re
duced massesmx and my . Here the magnetic field is alon
the growth direction (z) of the structures. For the quantum
dots, mx is taken to be equal tomy , and for the quantum
wires only the mass perpendicular to the wires is taken
vary due to the confinement. Then the exciton binding
ergy EB is given by

EB5
e4m

32p2\2«2 . ~2!

III. THEORY

We have made detailed variational calculations of the
citon diamagnetic shifts and of the exciton binding energ
for the In0.10Ga0.90As/GaAs quantum wires and quantum do
investigated in the present experiments. In order to calcu
the diamagnetic coefficient, the exciton Hamiltonian is ge

n
FIG. 3. Magnetic-field dependence of the shift of the groun

state exciton transition energies for deep-etch
In0.10Ga0.90As/GaAs quantum wires with lateral sizes down to abo
15 nm.
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eralized to nonzero magnetic fields by the usual substitu
pi→(pi1eiA i), which gives

H5 (
i 5e,h

S 1

2mi
~pi1eiA i !

21Vc~r i ! D2
1

4p««0
•

e2

ure2rhu
.

~3!

Here the magnetic fieldB is given in terms of the vecto
potentialB5curl(A), and the confining potentials for elec
trons and holes are given byVe and Vh , respectively. We
found that the image charges at the vertic
In0.10Ga0.90As-GaAs interfaces and at the later
In0.10Ga0.90As interfaces have negligible effects on the ex
ton properties, and thus we neglect them and use a si
dielectric constant« in Eq. ~3!. The interaction of the spin
with the magnetic field is also neglected.

In the present quantum wire and quantum dot systems
center-of-mass and relative coordinates no longer separa
they do in bulk and for quantum wells with perpendicu
fields. In order to find the exciton states we first perform
canonical transformation on the Hamiltonian in Eq.~3!. The
canonical transformation is determined by four variatio
parameters. The exciton energy is expanded for smallB and
is minimized with respect to these parameters.

In order to calculate the exciton states and binding en
gies, we use the two parameter nonseparable functions

cexc~re ,rh!

5ze~••• !zh~••• !

3exp$2Aa@~xh2xe!
21~yh2ye!

2#1b~zh2ze!
2%. ~4!

Here ze(•••) and zh(•••) are the single-particle envelop
functions for the quantized electron and hole states in
quantum wires and quantum dots in the absence of
electron-hole interaction.16,17,19For quantum dots~sketch in
Fig. 1!, z i , i 5e,h are functions of (ze ,r e) and (zh ,r h),
wherezi are along the heterostructure growth direction a
r i are the radial coordinates of the cylindrical dot. For qua
tum wiresz i are functions of (ze ,xe) and (zh ,xh), wherexi
are perpendicular to the wire length.a andb are the varia-
tional parameters. The exciton energy is obtained by m
mizing the expectation value of the Hamiltonian with resp
to a andb:

]

]a,b
Eexc5

]

]a,b
^CexcuHuCexc&50.

The exciton binding energies are obtained by comparing
energy with the sum of the electron and hole single-part
energies for zero field. Studies of exciton binding energie
quantum wells using single-parameter (a5b) nonseparable
wavefunctions like that in Eq.~3! have shown that it gives
accurate results for the binding energies for widely vary
well widths.2 Finally, the diamagnetic coefficients are give
by

g25 lim
B→0

dEexc~B!

dB2 ,

where Eexc(B) is the exciton energy as a function of th
magnetic field.
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The following material parameters were used in these
culations: For In0.10Ga0.90As the electron and hole masse
were taken to beme50.0623 andmh50.35, and for GaAs
they wereme50.0665 andmh50.35. The conduction- and
valence-band offsets between In0.10Ga0.90As and GaAs were
taken to beVc569 meV andVv537 meV, respectively, and
a dielectric constant« of 13.0 was used for both semicon
ductors. This set of parameters gives a good description
the exciton binding energy and the diamagnetic shift for
quantum well, and allows us to study the effects of confin
ment in the quantum wires and quantum dots, which is
subject of interest here.

IV. DISCUSSION

A. Diamagnetic shifts

Figure 4 shows the diamagnetic coefficients for the mo
lated barrier quantum wires~a! and quantum dots~b!. To
determine these coefficients from the experimental result
function proportional toB2 was fitted to the observed excito
transition energies. This was done over a magnetic-fi
range from zero to some upper field strengthBmax. The
choice ofBmax is given by the requirement that the cyclotro
energy\vc is clearly smaller than the excitonic Rydberg.
this case the quadratic dependence of the exciton energie
B is obtained. At higher magnetic fields (\vc@Ryd) the
transition energies become more free-carrier-like. For sm

FIG. 4. Diamagnetic coefficients for modulated barri
In0.10Ga0.90As/GaAs quantum wires~a! and quantum dots~b! as
functions of the lateral sizes of the structures. The symbols sh
the experimental results, and the lines give the results of the ca
lations.
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6588 57M. BAYER, S. N. WALCK, T. L. REINECKE, AND A. FORCHEL
fields, however, the shift of the excitonic emission is sm
so there are experimental errors in determiningg2 . In order
to obtain the most reliable results we takeBmax to be 4 T.
From our variational calculations we find that the line
terms in the exciton energy are small compared to the q
dratic terms up to these fields.

From Fig. 4~a! it can be seen that in case of the quantu
wires the diamagnetic coefficient remains almost const
and equal to its value in the quasi-two-dimensional refere
(;70meV T22) down to about a 50-nm wire width. Below
this widthg2 is observed to decrease. For wires of the sm
est widths;15 nm, g2 is reduced to less than 30meV T22.
Qualitatively, the same behavior is observed for the quan
dots. g2 is nearly constant down to a certain dot diamet
after which it decreases. The decrease ofg2 begins at a size
of 100 nm in the case of the dots, as compared to 50 nm
the case of the wires. For the smallest dots with a diam
slightly smaller than 30 nm,g2 is already smaller than
20meV T22. The results of our calculations of the diama
netic coefficient are also shown in Fig. 4 by solid line
There it is seen that the data and the calculated results a
good agreement.

In the case of a quantum well in normal magnetic fie
the diamagnetic coefficient can be related to the expecta
value of the exciton radius in the well plane by

g25
e2

8m
^x21y2&, ~5!

wherex5xe2xh andy5ye2yh . This result depends on th
center-of-mass motion being separable from the relative
tion, which arises from the translational invariance in t
plane of the quantum well. In the cases of quantum wires

FIG. 5. Diamagnetic coefficients for deep-etch
In0.10Ga0.90As/GaAs quantum wires~a! and quantum dots~b! as
functions of the lateral sizes of the structures. The symbols s
the experimental results, and the lines give the results of the ca
lations.
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quantum dots, the motion is not translationally invariant
these directions, and the simple form in Eq.~5! no longer
holds. In these cases the diamagnetic coefficient depend
the expectation values of the electron and hole coordinate
the plane separately, and more complicated forms than
~5! have to be used for the diamagnetic shift of the exciton20

In Fig. 5 we show the diamagnetic coefficients as fun
tions of the lateral sizes for the deep-etch
In0.10Ga0.90As/GaAs wires~squares! and dots~circles!. The
solid lines again show the results of our calculations. T
qualitative behavior in this case is similar to that observ
for the modulated barrier structures. In particular, the
crease ofg2 is significantly stronger for the quantum do
than for the quantum wires. However, for both the wires a
dots the observed reduction ofg2 in the deep-etched struc
tures is greater than for the modulated barrier structures.
example, for 15-nm quantum wires we find a value of ab
30meV T22 for the modulated barrier wires, and abo
15meV T22 for deep-etched wires. For the smallest dee
etched quantum dots with a diameter slightly larger than
nm, g2 is decreased to about 10meV T22.

B. Exciton binding energies

The exciton binding energies are obtained from our
perimental results for the diamagnetic coefficients by app
ing a model of an asymmetric bulk exciton. The bindin
energies for the modulated barrier quantum wires~squares!
and dots~dots! are shown in Fig. 6. For the two-dimension
reference sample, we find a binding energy of 8.8 me
which is, within the experimental error, identical to the val
we obtain from the splitting of the 1s and the 2s excitons in

w
u-

FIG. 6. Exciton binding energies as functions of the late
structure size for the modulated barrier In0.10Ga0.90As/GaAs quan-
tum wires and quantum dots. The symbols show the experime
results, and the lines give the results of the calculations. The b
ing energies in InxGa12xAs/GaAs quantum wells with In content
between 8% and 12% are also shown.
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photoluminescence excitation studies on the quantum-
sample. In the case of quantum wires the binding ene
remains to a good approximation equal to this value down
wire widths of about 50 nm. Below this size the bindin
energies increase continuously due to the lateral confi
ment, and for the smallest wires studied, with a width of
nm, a maximum binding energy of 12.5 meV is found. In t
case of modulated barrier quantum dots, the increase s
for diameters of about 100 nm, and is greater than in cas
the wires. For 30-nm-wide quantum dots the binding ene
is 14 meV, in comparison to about 10 meV for 30-nm-wi
quantum wires.

To obtain a broad picture of the dependence of the exc
binding energy on dimensionality, the results f
InxGa12xAs/GaAs quantum wells of varying widths also a
shown in Fig. 6. The binding energy in the wires and dots
large sizes begins at the value for the 5-nm well. The
content of the quantum wells studied here varied betw
8% and 12%. We note that we examined the dependenc
the binding energy in quantum wells on the In content
InxGa12xAs between 8% and 12%, which changes the b
rier height modestly. We find both experimentally and the
retically that the dependence of the exciton binding ene
on the In content is weak.

For bulk In0.10Ga0.90As the exciton binding energy is 4.0
meV. For In0.10Ga0.90As/GaAs quantum wells the bindin
energy can be increased by more than a factor of 2.
maximum value which can be obtained is about 9 meV, cl
to the value for the 5-nm-wide well which was the starti
material for the fabrication of the quantum wires and qu
tum dots. The lateral patterning of this structure then gi
rise to a further enhancement of the binding energy.

The results of our calculations for the exciton bindi
energies are shown as solid lines in Fig. 6, where it is s
that the agreement between theory and experiment is g
for wells, wires, and dots. A noteworthy aspect of these
sults is that exciton binding energies are enhanced for st
ture sizes much larger than the exciton Bohr radius~;5
times for wires and;10 times for dots!. From our calcula-
tions we trace this behavior to the coupling of the elect
and hole center-of-mass motion with their relative motio
both of which are confined in these structures. These res
show the strong influence of the structure size and dim
sionality on the exciton binding energies.

The exciton binding energies for the deep-etch
In0.10Ga0.90As/GaAs wires~squares! are shown in Fig. 7~a!
together with the results for modulated barrier wir
~circles!. For wires above 50-nm width we find for bot
types of structures that the binding energies converge to
for the quasi-two-dimensional reference (;8.8 meV). Be-
low 50-nm width, the increase ofEB is faster in the case o
the deep-etched wires. For the smallest structures w
widths of about 15 nm,EB is already more than 15 meV i
the case of the deep-etched structures, whereas it is a
12.5 meV in case of the modulated barrier structures.
results of the variational calculations for the binding energ
are also shown in Fig. 7~a! by solid lines.

The calculated binding energies for the two kinds
structures show different behaviors for very small sizes.
the case of deep-etched structures the binding energie
crease continuously with decreasing wire widths due to
ll
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strong lateral confinement potential. In the case of modulated
barrier structures, in contrast, the binding energy reaches
maximum and then decreases for decreasing size. This arise
because for small structures the single-particle states sprea
out beyond the barriers in the quantum well. When this oc-
curs, the electron-hole overlap and the exciton binding de-
crease. This behavior is analogous to that for thin quantum
wells which have a maximum in the binding energy versus
well width ~see Fig. 6!. This turnover does not occur in deep-
etched structures because of their large lateral potentials.

The experimental and theoretical results for the exciton
binding energies of the deep-etched and modulated barrie
quantum dots are shown in Fig. 7~b!. For the smallest deep-
etched quantum dots with diameters slightly less than 25 nm
we find a binding energy of about 19 meV, which is more
than two times the binding energy of the exciton in the 5-nm
quantum well, and almost five times the corresponding bulk
value. For dots with comparable sizes of about 30 nm, the
binding energy is about 4 meV smaller in the buried struc-
tures than in the free-standing structures due to the smalle
lateral confinement potential. We note that the exciton bind-
ing energy in the deep-etched dots can easily exceed th
thermal energy at room temperature for structures with a
diameter smaller than the exciton Bohr radius.

Exciton binding energies are functions of structure size
and also of potential barriers. In the systems studied here th
lateral potentials in the modulated barrier structures are quite
small ~tens of meV!, and those in the deep etched structures
are large (;5 eV). In this way we have been able to study
the dependence of the binding energies on the lateral poten
tials. In Fig. 8 we show the dependence of the exciton bind-
ing energy in wires and dots as functions of the lateral po-
tential offset for different sizes,~10, 27, and 80 nm!. The

FIG. 7. ~a! Comparison of the exciton binding energies as func-
tions of the wire width for modulated barrier and deep-etched
In0.10Ga0.90As/GaAs quantum wires. The symbols show the experi-
mental results, and the lines give the results of the calculations.~b!
Comparison of the binding energies vs dot diameter for modulated
barrier and deep-etched In0.10Ga0.90As/GaAs quantum dots.
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data points shown there are for the modulated barrier and
deep-etched cases. The lines are results of our calcula
for continuously varying potentials. The solid lines show t
results for quantum wires, the dash-dotted lines those
quantum dots.

For the 80-nm-wide structures the binding energies
almost constant over the whole range of confinement po
tials both for wires and dots; that is, we find that the dep
dence of the exciton binding energy on the lateral poten
barrier is fairly weak in the regime of sizes for which th
exciton wave function is well contained inside the nanostr
tures. On the other hand, with decreasing sizes the bin

FIG. 8. Calculated exciton binding energies for 10, 27, and
nm-wide wires and dots as functions of the lateral confinem
potential. The symbols give the experimental results for the mo
lated barrier and the deep-etched structures, for which the con
ment potential heights are indicated by the dotted lines, res
tively. For the 10-nm-wide structures, no experimental data exi
al
go
he
ns

or

e
n-
-

al

-
g

energies depend more strongly on the potential height. T
the binding energies increase fairly strongly for small co
finement potentials, as can be seen for the 27-nm-wide st
ture and particularly for the 10-nm-wide structure. In co
trast, for large potentials, i.e., for strong confinement of
wave function, the energies again show only a rather w
dependence on the potential.

For the 10-nm quantum dots we find for small potential
crossing of their binding energy with the energy in the 1
nm-wide quantum wires, and also with that in the 27-n
wide dots. The reason is that for small quantum dots
single-particle wave functions are pushed more and more
of the dot as the lateral confinement decreases. This lead
a comparatively stronger decrease of the binding energy

V. SUMMARY

We made a systematic study of exciton binding energ
in quantum wire and quantum dot systems. Experimental
theoretical results were obtained for widely varying sizes a
potentials. In this way reliable results were obtained fro
which the physics of exciton confinement can be understo
For the sizes studied here experimentally, it was found t
the binding energy can be enhanced by as much as a fact
4 in wires and 5 in dots. Further, we found that the enhan
ment of the binding energy in these low-dimensional syste
occurs for sizes as large as ten times the Bohr radius.

This clearly indicates that the effects of confinement
the exciton binding energies need to be taken into acco
for a quantitative understanding of optical phenomena
low-dimensional systems, even for structures of quite la
sizes. This is the case, for example, when obtaining inform
tion about the geometry and potentials of the structures fr
their optical properties, as well as in studying such pheno
ena as optical nonlinearities, time-dependent and trans
properties, and exciton-exciton interactions.
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