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Exciton binding energies and diamagnetic shifts in semiconductor quantum wires
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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-etchggGa, gAs/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 rddi0$63-182608)01612-9

[. INTRODUCTION an uncorrelated electron-hole pair. In order to understand
excitonic effects quantitatively in realistic systems, it is nec-
Excitonic effects play a central role in the optical proper-essary to understand the dependence of excitonic properties,
ties of semiconductors. In semiconductor nanostructures thgarticularly the binding energy, on the size, shape, and po-
electron-hole interaction is enhanced by confinement, whichential of structures.
increases the overlap of the electron and the hole wave func- Excitons in quantum wells have attracted considerable at-
tions. The electron-hole overlap is determined by the size ofention in recent yearsin addition, there have been exten-
the nanostructures and by the height of the confining potersive studies of excitonic transitions in microcrystals and re-
tials. In addition, the overlap is enhanced by reducing thdated structure3. Theoretical studies of the effects of
effective dimensionality of the system. Thus the binding enconfinement and of decreased dimensionality on excitons
ergies are expected to increase in going from bulk to quanhave been made both for quantum wifésand quantum
tum wells, and further to quantum wires and quantum dotsdots®’~1° For quantum wires there have been few experi-
In these structures excitonic effects are important both fomental studies, and they have been for structures of similar
the basic optical properties and for potential applications. Irsizes!*~**In quantum dots it has often been difficult to ob-
GaAs quantum wells, for example, excitons are prominentain accurate, systematic values of exciton binding energies
features in their optical properties at room temperature, alfrom spectroscopic dafa.
though this is not the case in bulk. In the present work we give the results of a systematic
Excitonic effects are of importance in a variety of aspectsstudy of the effects of confinement and of dimensionality and
of the behavior of low-dimensional systems including theiralso of lateral potential height on excitons in quantum wire
nonlinear optical properties, time-dependent and transpodnd dot systems. Two different types of structures, each hav-
properties, and exciton-exciton interactions. Here we are pring a wide range of lateral sizes, are investigated. These
marily interested in quantum wires and quantum dots. In arstructures differ with respect to the height of the lateral con-
ideal one-dimensional system the exciton energy is diverfinement, with the confinement being rather shallow for
gent. In real quantum wires, however, this divergence is exmodulated barrier structures and very large for deep-etched
pected to be weakened, and the oscillator strength distributestructures. The diamagnetic shifts of the excitonic emission
among the interacting electron-hole states. In quantum dotsae measured in low excitation magnetophotoluminescence
spatial separation of electron and hole is prevented by thexperiments, and are used to obtain exciton binding energies
three-dimensional geometric confinement. The exciton bindfrom an anisotropic bulk exciton model. The exciton binding
ing energy is the difference in energy between an electronenergies are found to be enhanced substantially over the bulk
hole pair interacting by their mutual Coulomb attraction andvalue, and the effects of confinement on the exciton binding
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energies are found to begin with sizes as large as ten time

the Bohr radius. These effects are influenced by the height: z

of the confinement potentials. The binding energies and the

diamagnetic shifts are shown to be in good agreement with T4Vx T B

detailed variational calculations for these structures. I%;ﬁ
The paper is organized as follows. In Sec. Il A we give a LI

short description of the samples and of the experimental [nGaAs

GaAs

setup, and in Sec. Il B we present experimental results. In
Sec. Il we describe the theoretical approach used for the
calculation of the binding energies and diamagnetic shifts.
The experimental and theoretical results are compared an
discussed in Sec. IV.

INg.10G0g 90AS/GaAs dots

4530m 3 5 28nm

B[T]
Il. EXPERIMENT

A. Sample structures and experimental setup

normalized intensity

Ing 18G&.9AS/GaAs quantum wires and quantum dots of
widely varying sizes are studied in the present experiments
These structures were fabricated by electron-beam lithogra
phy and wet chemical etching on anglGa) oAS/GaAs
guantum well with a width of 5 nm. Details of the fabrication
process were given earli&t.In this way we obtained quan-
tum wires with rectangular cross sections normal to the wire

O-=NWOTOO N

sl b e by b na by g 1oy

axis and quantum dots of cylindrical shapes in the quantum- 1.455  1.460 1.465 1.470 1.475  1.480
well plane. The lateral sizes of the structures were deter- energy [eV]

mined using scanning electron microscopy. In the case of the

wires we obtained structures with lateral widths less than 15

nm, and in case of the dots the smallest structure sizes were

FIG. 1. Low excitation spectra of modulated barrier

. ; . Ny.1dGa 9oAS/GaAs dots with diameters of 458ft) and 28 nm
slightly more than 20 nm. Thus we were able to investigat right) for different magnetic field. The lines and arrows indicate

wires and dots with sizes comparable to or larger than th e energy positions of the emissionB&0 and 8 T for the two

ex?;ton Bohr radius in the quasi-two-dimensional quantunyj,es. The inset gives a sketch of the modulated barrier structures.
well.

In order to investigate systems with varying lateral con-
finement heights, both free-standing deep-etched structuré§nce spectra of largg53 nm and small(28 nm modu-
and effectively buried modulated barrier structures were fablated barrier 1g;¢5a.s0As/GaAs dots for varying magnetic -
ricated. The heights of the lateral confinement potentials aréields. In both cases a spectral line is observed which origi-
drastically different in these two systems. In the case ofiates from ground-state exciton recombination in the dots.
modulated barrier structures, the total lateral confinement po/e made calculations of the energies of the single-particle
tential is about 25 meV, whereas in the case of deep-etchegtates, from which we found that the experimental transition
structures the confinement potential is given by the workenergies are systematically smaller than the calculated
function of the carriers, which is on the order of a few eV. single-particle electron-hole transition energies. For this rea-
Thus in deep-etched structures the lateral confinement potefion, and also because the optical excitation in the experi-
tial is about two orders of magnitude greater than in buriednents is very low, we attribute the observed emission to
structures. From optical spectroscopy and numerical calculggXcitonic rgcombmanpn: As seen in Fig. 1, the Ia_teral quan-
tions, a good understanding of the quantized single-particl§zation shifts the emission of the small dots to higher ener-
states of the quantum wires and quantum dots has beegies by about 10 meV, as compared to the wide structures.
obtainedt®1” With increasing magnetic field, the emission is continu-

The present experiments were performed in an opticapusly shifted to higher energies. At low magnetic fields this
split coil magnetocryostatR<8 T) at a temperature of  increase is weak, and it transforms into a stronger depen-
=2 K. The measurements were performed in the Faradagence at higher magnetic fields. The dotted lines in Fig. 1
configuration, that is, the magnetic field was aligned normaindicate the positions of the spectral linesBat 0 and 8 T.
to the quantum-well planésee the inset in Fig.)1 The The relative shift is significantly greater for the larger dots,
samples were excited by a cw Adaser using very low €.g., fo 8 T it is 4.520.2meV for 453-nm dots and 1.3
excitation powers of less than O/ cm™2 in order to avoid +0.5 meV for 28-nm dots. The uncertainties in these values
high density effects. The luminescence was dispersed by @riginate mainly from the inhomogeneous broadening of the
monochromator with a focal length of 0.6 m, and detected byuminescence due to size variations in the arrays of wires or
a liquid-nitrogen-cooled Si charge-coupled device camera. dots.

A similar behavior is observed for modulated barrier
quantum wires. Figure 2 shows the magnetic-field depen-
dence of the luminescence transition energies of an unpat-
Figure 1 gives a series of low excitation photolumines-terned sampldbottorm) compared to the energies of wires

B. Photoluminescence studies
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FIG. 2. Magnetic-field dependence of the ground-state exciton FIG. 3. Magnetic-field dependence of the shift of the ground-

transition energies for modulated barriep |§G&, o/AS/GaAs quan- state exciton transition energies for  deep-etched
. €rg . 61820 q Ing 1G& oAS/GaAs quantum wires with lateral sizes down to about
tum wires with lateral sizes down to about 15 nm.

15 nm.

with decreasing width&rom bottom to top. The positionin o _ _
energy of the exciton emission &=0 is continuously fmement potent_|al is represen'ged approxmate!y by the aniso-
shifted to higher energies with decreasing wire width due tdropic deformation of the exciton wave function in a bulk
the lateral quantization of the exciton. In addition, it is seenmodel. The wave function is taken to be a hydrogeniclike
that the magnetic-field-induced shifts of the emission deéllipsoid of revolution, which is characterized by effective
crease systematically for decreasing wire width. In comparanisotropic Bohr radiag , i =x,y,z parallel to its three prin-
ing these results for quantum wires with the correspondingipal axes or, equivalently, by direction-dependent reduced
results for the quantum dots above, we find that the decreagciton masseg,; , i =x,y,z becausege u; *. For such an
of the shift with decreasing size is greater for quantum dot@symmetric hydrogenic wave function, the diamagnetic shift
than it is for quantum wires. For example, & T and for  is given by perturbation theory ¥s
wires with widths of ~30 nm, the shift is 2.50.3 meV,
whereas the shift for a dot with a diameter of 30 nm is 1.5 4wh?e® 1 1
+0.5 meV. LCe I 3 —t—+—

Figure 3 shows the magnetic-field-induced shifts of the Hhxtty — # Mx My Hz
emission of deep-etched Gay ocAS/GaAs quantum wires  From the ratios of the experimentally observed diamagnetic
for magnetic fields up to 8 T. Qualitatively the same behav-oefficients for wires and dots to those of the reference quan-
ior is observed for them as for the modulated barrier wirestum well, from Eq.(1) we obtain values of the in-plane re-
The diamagnetic shifts of the emission for large wires withduced masseg, and uy . Here the magnetic field is along
sizes above 50 nm are similar to the shifts observed for thehe growth direction ) of the structures. For the quantum
modulated barrier wires. Below a width of 50 nm, a strongdots, 4, is taken to be equal tp,, and for the quantum
decrease of the shift is again observed, but the magnitude @fires only the mass perpendicular to the wires is taken to

the decrease is larger than it is for the modulated barrieyary due to the confinement. Then the exciton binding en-
structures. For the smallest structures with widths of 15 nmergy E;; is given by

the shift of the emission umt8 T isless than 1 meV in the

1 1 1

. (1)

case of deep-etched wires, while it is 1.5 meV in the case of etu
the modulated barrier wires. Ee=rr=553- (2
At low magnetic fields B<4 T) the shift of the transition 32t e

energies is diamagneti®\E= y,B?, where vy, is the dia-
magnetic coefficient. From the diamagnetic coefficients we
can obtain estimates for the exciton binding energies by
comparing the measured diamagnetic shifts with those for a We have made detailed variational calculations of the ex-
bulk system having anisotropic masses. This method wasiton diamagnetic shifts and of the exciton binding energies
suggested in Ref. 12, and was shown to give good results bipr the Iny 1dGa& ogAS/GaAs quantum wires and quantum dots
comparison to detailed calculations for the binding energiesvestigated in the present experiments. In order to calculate
in Ref. 13. In this method the effect of the geometric con-the diamagnetic coefficient, the exciton Hamiltonian is gen-

Ill. THEORY
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eralized to nonzero magnetic fields by the usual substitution wire width [nm]
pi— (pi+€A;), which gives 0 50 100 150 200
e .
1 82 80-—
= —(p+eA )2+ A . ] |
H= 2 | 5oy (PHeAD*HVelr) | = g

()
Here the magnetic fiel® is given in terms of the vector
potential B=curl(A), and the confining potentials for elec-
trons and holes are given by, and Vy,, respectively. We
found that the image charges at the vertical
INg 1C& oAS-GaAs interfaces and at the lateral
Ing 18G&.9dAS interfaces have negligible effects on the exci-
ton properties, and thus we neglect them and use a single
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, the
center-of-mass and relative coordinates no longer separate as
they do in bulk and for quantum wells with perpendicular
fields. In order to find the exciton states we first perform a
canonical transformation on the Hamiltonian in E8). The
canonical transformation is determined by four variational
parameters. The exciton energy is expanded for sBhalhd
is minimized with respect to these parameters.

In order to calculate the exciton states and binding ener-

8

3

Ing,10G%.90A8/GaAs quantum wires

diamagnet. coefficient [ueVT 2]

N
(=]
T

(a)

3

Ing.44Gag00A8/GaAs quantum dots

diamagnet. coefficient [uevT 2]
3
———

gies, we use the two parameter nonseparable functions ) N s 200

dot diameter [nm]

‘pexc,(re-rh)

=L ) n(-+) FIG. 4. Diamagnetic coefficients for modulated barrier
Ing 18G& 9AS/GaAs quantum wiresa) and quantum dotgb) as
X exp— \/a[(xh_xe)2+(yh_Ye)2]+,8(Zh_Ze)2}- 4) functions of the lateral sizes of the structures. The symbols show

) ) the experimental results, and the lines give the results of the calcu-
Here {(--+) and ¢{n(---) are the single-particle envelope |ations.

functions for the quantized electron and hole states in the

quantum wires and quantum dots in the absence of the The following material parameters were used in these cal-
e[ectron—holg interactiotf:” .For quantum dotssketch in  cyjations: For 19.185% 9AS the electron and hole masses
Fig. 1), ¢, i=e,h are functions of £,re) and @,.rn),  were taken to ben,=0.0623 andm,=0.35, and for GaAs
wherez; are along the heterostructure growth direction a”dthey werem,=0.0665 andm,=0.35. The conduction- and
r; are the radial coordinates of the cylindrical dot. For quany,gjence-band offsets between, IgGa iAs and GaAs were
tum wires{; are functions of £.,xe) and (.x,), wherex;  tajen to bev,=69 meV andv, =37 meV, respectively, and
are perpendicular to the wire length.and 8 are the varia- 3 dielectric constané of 13.0 was used for both semicon-
tional parameters. The exciton energy is obtained by miniyyctors. This set of parameters gives a good description of
mizing the expectation value of the Hamiltonian with respectne exciton binding energy and the diamagnetic shift for the
to a and g guantum well, and allows us to study the effects of confine-
J J ment in the quantum wires and quantum dots, which is the
(W oy d H| W 0y =0. subject of interest here.

da,B Eexc= da,B

The exciton binding energies are obtained by comparing the IV. DISCUSSION
energy with the sum of the electron and hole single-particle _ o
energies for zero field. Studies of exciton binding energies in A. Diamagnetic shifts
guantum wells using single-parameter= 8) nonseparable Figure 4 shows the diamagnetic coefficients for the modu-
wavefunctions like that in EqQ3) have shown that it gives lated barrier qguantum wire&@) and quantum dotgb). To
accurate results for the binding energies for widely varyingdetermine these coefficients from the experimental results, a
well widths? Finally, the diamagnetic coefficients are given function proportional t? was fitted to the observed exciton
by transition energies. This was done over a magnetic-field
range from zero to some upper field strenddh... The
L dEe.dB) choice ofB . is given by the requirement that the cyclotron
2= lim de2 '’ energyf w, is clearly smaller than the excitonic Rydberg. In
B—0 . . . .
this case the quadratic dependence of the exciton energies on
where E.,{B) is the exciton energy as a function of the B is obtained. At higher magnetic fields ¢.>Ryd) the
magnetic field. transition energies become more free-carrier-like. For small
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quantum dots, the motion is not translationally invariant in
these directions, and the simple form in E§) no longer
holds. In these cases the diamagnetic coefficient depends on
the expectation values of the electron and hole coordinates in
the plane separately, and more complicated forms than Eq.
(5) have to be used for the diamagnetic shift of the exciton.

In Fig. 5 we show the diamagnetic coefficients as func-
tions of the lateral sizes for the deep-etched
Ing 10G& oAS/GaAs wires(squares and dots(circles. The
solid lines again show the results of our calculations. The
qualitative behavior in this case is similar to that observed
for the modulated barrier structures. In particular, the de-
crease ofy, is significantly stronger for the quantum dots
than for the quantum wires. However, for both the wires and
dots the observed reduction ¢4 in the deep-etched struc-
tures is greater than for the modulated barrier structures. For
example, for 15-nm quantum wires we find a value of about
30 ueV T2 for the modulated barrier wires, and about
15 ueV T2 for deep-etched wires. For the smallest deep-

1'50 etched quantum dots with a diameter slightly larger than 20
lateral size [nm] nm, vy, is decreased to about 10eV T2
FIG. 5. Diamagnetic coefficients for deep-etched

INg.1Ga oAS/GaAs quantum wirega) and quantum dotgb) as ) o . )
functions of the lateral sizes of the structures. The symbols show The exciton binding energies are obtained from our ex-

the experimental results, and the lines give the results of the calcerimental results for the diamagnetic coefficients by apply-
lations. ing a model of an asymmetric bulk exciton. The binding

energies for the modulated barrier quantum wieguares
fields, however, the shift of the excitonic emission is small,2nd dots(dotg are shown in Fig. 6. For the two-dimensional

so there are experimental errors in determinjng In order ~ 'éference sample, we find a binding energy of 8.8 meV,
to obtain the most reliable results we taRe,, to be 4 T which is, within the experimental error, identical to the value
ax .

From our variational calculations we find that the linearWe obtain from the splitting of thesland the & excitons in

terms in the exciton energy are small compared to the qua-
dratic terms up to these fields. 16

From Fig. 4a) it can be seen that in case of the quantum
wires the diamagnetic coefficient remains almost constant,
and equal to its value in the quasi-two-dimensional reference
(~70ueV T2 down to about a 50-nm wire width. Below
this width vy, is observed to decrease. For wires of the small-
est widths~ 15 nm, v, is reduced to less than 30eV T2,
Qualitatively, the same behavior is observed for the quantum
dots. y, is nearly constant down to a certain dot diameter,
after which it decreases. The decrease/pbegins at a size
of 100 nm in the case of the dots, as compared to 50 nm in
the case of the wires. For the smallest dots with a diameter
slightly smaller than 30 nm;y, is already smaller than
20 neV T2, The results of our calculations of the diamag-
netic coefficient are also shown in Fig. 4 by solid lines.
There it is seen that the data and the calculated results are in
good agreement.

In the case of a quantum well in normal magnetic field,
the diamagnetic coefficient can be related to the expectation I
value of the exciton radius in the well plane by 0 50 100 150

lateral size [nm]

B. Exciton binding energies

N
~
|

® quantum dots

B quantum wires

exciton binding energy [meV]
o ) ]

(o]

e?
v2=g, (CHY), O FlG. 6. Exciton bind - i

. 6. Exciton binding energies as functions of the lateral
structure size for the modulated barrieg |gGa o/AS/GaAs quan-
wherex=Xg—X; andy=y—Yy,. This result depends on the tum wires and quantum dots. The symbols show the experimental
center-of-mass motion being separable from the relative maesults, and the lines give the results of the calculations. The bind-
tion, which arises from the translational invariance in theing energies in IfGa _,As/GaAs quantum wells with In contents
plane of the quantum well. In the cases of quantum wires antdetween 8% and 12% are also shown.
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photoluminescence excitation studies on the quantum-we
sample. In the case of quantum wires the binding energ
remains to a good approximation equal to this value down tc 18
wire widths of about 50 nm. Below this size the binding
energies increase continuously due to the lateral confine |
ment, and for the smallest wires studied, with a width of 15%',,|
nm, a maximum binding energy of 12.5 meV is found. In the.E
case of modulated barrier quantum dots, the increase stai &
for diameters of about 100 nm, and is greater than in case (g | 4
the wires. For 30-nm-wide quantum dots the binding energy 212 4
is 14 meV, in comparison to about 10 meV for 30-nm-wide 8 [
guantum wires.

To obtain a broad picture of the dependence of the excitol 2
binding energy on dimensionality, the results for
In,Ga _,As/GaAs quantum wells of varying widths also are
shown in Fig. 6. The binding energy in the wires and dots for
large sizes begins at the value for the 5-nm well. The In s}
content of the quantum wells studied here varied betwee
8% and 12%. We note that we examined the dependence « g 351553560 025268080 700"
the binding energy in quantum wells on the In content of wire width [nm] dot diameter [nm]
In,Ga, _,As between 8% and 12%, which changes the bar-
rier height modestly. We find both experimentally and theo- FIG. 7. (@ Comparison of the exciton binding energies as func-
retically that the dependence of the exciton binding energyons of the wire width for modulated barrier and deep-etched
on the In content is weak. Ing 1G& oAS/GaAs quantum wires. The symbols show the experi-

For bulk Iny 1038 oA the exciton binding energy is 4.03 mental r_esults, and tl_1e _Ilnes glve_the results _of the calculat{bns.
meV. For In,,d3a .AS/GaAs quantum wells the binding Con_wparlson of the binding energies vs dot diameter for modulated
energy can be increased by more than a factor of 2. ThBaer and deep-etchedolpGa, oAS/GaAs quantum dots.
maximum value which can be obtained is about 9 meV, close
to the value for the 5-nm-wide well which was the starting strong lateral confinement potential. In the case of modulated
material for the fabrication of the quantum wires and quan-barrier structures, in contrast, the binding energy reaches a
tum dots. The lateral patterning of this structure then givesnaximum and then decreases for decreasing size. This arises
rise to a further enhancement of the binding energy. because for small structures the single-particle states spread

The results of our calculations for the exciton binding out beyond the barriers in the quantum well. When this oc-
energies are shown as solid lines in Fig. 6, where it is seeours, the electron-hole overlap and the exciton binding de-
that the agreement between theory and experiment is goagtease. This behavior is analogous to that for thin quantum
for wells, wires, and dots. A noteworthy aspect of these rewells which have a maximum in the binding energy versus
sults is that exciton binding energies are enhanced for struavell width (see Fig. 6. This turnover does not occur in deep-
ture sizes much larger than the exciton Bohr radittb etched structures because of their large lateral potentials.
times for wires and~ 10 times for dots From our calcula- The experimental and theoretical results for the exciton
tions we trace this behavior to the coupling of the electrorbinding energies of the deep-etched and modulated barrier
and hole center-of-mass motion with their relative motion,quantum dots are shown in Fig(bJ. For the smallest deep-
both of which are confined in these structures. These resultstched quantum dots with diameters slightly less than 25 nm
show the strong influence of the structure size and dimenwe find a binding energy of about 19 meV, which is more
sionality on the exciton binding energies. than two times the binding energy of the exciton in the 5-nm

The exciton binding energies for the deep-etchedquantum well, and almost five times the corresponding bulk
INg 165 & oAS/GaAs wires(squares are shown in Fig. &  value. For dots with comparable sizes of about 30 nm, the
together with the results for modulated barrier wiresbinding energy is about 4 meV smaller in the buried struc-
(circles. For wires above 50-nm width we find for both tures than in the free-standing structures due to the smaller
types of structures that the binding energies converge to thdateral confinement potential. We note that the exciton bind-
for the quasi-two-dimensional reference-8.8 meV). Be- ing energy in the deep-etched dots can easily exceed the
low 50-nm width, the increase &g is faster in the case of thermal energy at room temperature for structures with a
the deep-etched wires. For the smallest structures witkdiameter smaller than the exciton Bohr radius.
widths of about 15 nmEg is already more than 15 meV in Exciton binding energies are functions of structure size
the case of the deep-etched structures, whereas it is aboamd also of potential barriers. In the systems studied here the
12.5 meV in case of the modulated barrier structures. Théateral potentials in the modulated barrier structures are quite
results of the variational calculations for the binding energiesmall (tens of meV, and those in the deep etched structures
are also shown in Fig.(@) by solid lines. are large -5 eV). In this way we have been able to study

The calculated binding energies for the two kinds ofthe dependence of the binding energies on the lateral poten-
structures show different behaviors for very small sizes. Irtials. In Fig. 8 we show the dependence of the exciton bind-
the case of deep-etched structures the binding energies iitg energy in wires and dots as functions of the lateral po-
crease continuously with decreasing wire widths due to théential offset for different sizeg(10, 27, and 80 nim The
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exciton binding energy [meV]
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energies depend more strongly on the potential height. Then
the binding energies increase fairly strongly for small con-
finement potentials, as can be seen for the 27-nm-wide struc-
- ——wires D i ture and particularly for the 10-nm-wide structure. In con-
—— dots Pre - trast, for large potentials, i.e., for strong confinement of the

-7 wave function, the energies again show only a rather weak
/ dependence on the potential.

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

(]
o
|

k4 L=10nm

N
(=]
I
~
|

V. SUMMARY

exciton binding energy [meV]

We made a systematic study of exciton binding energies
in quantum wire and quantum dot systems. Experimental and
theoretical results were obtained for widely varying sizes and
potentials. In this way reliable results were obtained from
which the physics of exciton confinement can be understood.
For the sizes studied here experimentally, it was found that
the binding energy can be enhanced by as much as a factor of
4 in wires and 5 in dots. Further, we found that the enhance-

. . : ment of the binding energy in these low-dimensional systems
FIG. 8. Calculated exciton binding energies for 10, 27, and 80-Occurs for sizes ag Iargeg)::ls ten times the Bohr radiug.

nm-que wires and dOtS. as functlon.s of the lateral confinement This clearly indicates that the effects of confinement on
potential. The symbols give the experimental results for the modu:

lated barrier and the deep-etched structures, for which the confin?he exciton binding energies need to be taken into account

|

10' 10? 10° 10*
lateral potential [meV]

ment potential heights are indicated by the dotted lines, respe or a quantitative understanding of optical phenomena in

tively. For the 10-nm-wide structures, no experimental data exist. ow-dimensional systems, even for structures of quite large

sizes. This is the case, for example, when obtaining informa-
data points shown there are for the modulated barrier and th#gon about the geometry and potentials of the structures from
deep-etched cases. The lines are results of our calculatiomiseir optical properties, as well as in studying such phenom-
for continuously varying potentials. The solid lines show theena as optical nonlinearities, time-dependent and transport
results for quantum wires, the dash-dotted lines those foproperties, and exciton-exciton interactions.

guantum dots.

For the 80-nm-wide structures the binding energies are
almost constant over the whole range of confinement poten-
tials both for wires and dots; that is, we find that the depen- T.L.R. gratefully acknowledges the financial support of
dence of the exciton binding energy on the lateral potentiathe Alexander von Humboldt Foundation and the hospitality
barrier is fairly weak in the regime of sizes for which the of the Max Planck Institute, Stuttgart. The financial support
exciton wave function is well contained inside the nanostrucof the State of Bavaria and of the U.S. Office of Naval Re-
tures. On the other hand, with decreasing sizes the bindingearch is gratefully acknowledged.
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