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We generate in especially designed heterojunction crystals one-dimensional electron wires
and zero-dimensional electron dots with a �eld-e�ect controlled number of electrons oc-
cupying the lowest quantum states. Very strong and well controlled con�nement of one-
dimensional quantum wires is achieved with patterned �eld electrodes, that allow us to
study the electronic properties of quantum wires as function of the sti�ness of the con�ne-
ment potential. For experiments on smallest electron dots with very large energy spacing of
the quantum dot levels we study structurally con�ned electrons in self-assembled InGaAs
islands that are grown in the Stranski-Krastanow mode. The electron systems are char-
acterized with capacitance spectroscopy and with far-infrared absorption experiments that
probe the electronic ground states and the fundamental excitations, respectively.

I. Introduction

Many physical properties of an electron system are

critically dependent on its dimensionality. This is

mainly due to modi�ed screening and di�usion and the

reduced density of states (DOS) in lower-dimensional

electron systems. The latter arises from the fact that

con�nement of the electrons reduces the degree of free-

dom for free motion and thus the dimensionality of the

quasi-continuous regions in phase space. Thus energy

levels of electron systems con�ned in one or two di-

mensions form two- or one-dimensional subbands. Of

course, con�nement into all three spatial dimensions

leads to a fully quantized energy spectrum like in an

atom. So-called two-dimensional electron systems are

usually generated in the plane of a semiconductor-

insulator or semiconductor heterojunction interface and

are well known for more than three decades[1] . The

tunability of the electron density as well as the advan-

tages associated with the reduced dimensionality have

given rise to a vast number of technological applications

among which the best known are �eld e�ect transistors

and heterostructure lasers[2].

Within the last decade growing interest has been

devoted to the fundamental properties of one- and zero-

dimensional electron systems, so-called quantum wires

or quantum dots[3]. Such systems are preferentially

prepared from a high mobility two-dimensional elec-

tron system at the interface of a modulation-doped

heterojunction crystal. Their geometry is usually de-

�ned either by etching patterns into the crystal surface

or by means of patterned �eld-e�ect electrodes biased

to deplete the areas beneath the electrodes of mobile

electrons[4] . Then electron stripes or discs are left in

the unetched areas or in the gaps between the elec-

trodes. Although these techniques have become quite

sophisticated and many intriguing results are obtained,

important parameters like the energy quantization due

to the lateral con�nement and the number of electrons

occupying the one-dimensional subbands of the wires

or the energy levels of the dots is often not well known

and determined quite indirectly if at all. Furthermore,

the inuence of the density of states on transport and

optical properties is quite involved, so that in general

it is impossible to determine this fundamental quan-

tity from such experiments. For instance, in transport

experiments electron localization and in optical tran-

sitions selection rules as well as collective e�ects are

important aside from pure density of states e�ects.

The experiments on quantum wires and quantum

dots described in the following are performed with
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devices especially designed to have very well de�ned,

strong con�nement and a good control of the electron

density. We present capacitance spectra that clearly

reect the quantization of the electronic energies due

to the lateral con�nement. Indeed, capacitance spec-

troscopy has previously been very successfully applied

to two-dimensional electron systems in order to obtain

information about the two-dimensional thermodynamic

DOS[5�8]. There with a re�ned method[7] it was even

possible to determine quantitatively many-particle cor-

rections to the single particle DOS, which are found to

be very important at small electron densities or in high

magnetic �elds. For technical reasons, that will become

obvious in the following, this re�ned method cannot

be applied to one- or zero-dimensional electron systems

and a sophisticated quantitative analysis is only pos-

sible with self-consistent numelical calculations basing

on parameters that are less well controlled. Neverthe-

less, the substructures observed in the di�erential ca-

pacitance can be interpreted on basis of very simple

models yielding a good notion about important param-

eters such as quantization energies, electron occupa-

tion and typical widths of the structures. Furthermore,

the electron wires realized in our experiments are of

such good quality, that unlike in previous experiments

the substructures are clearly observed in the direct ca-

pacitance signal rather than in the derivative making

a comparison to self-consistent numerical calculations

less ambiguous.

The parameters obtained from the capacitance spec-

tra are used to understand the high frequency conduc-

tivity of the quantum wires. These exhibit characteris-

tic resonances in the Far-Infrared (FIR) that are associ-

ated with transitions between the one-dimensional sub-

bands of the wire or the energy levels of the dot. Com-

parison of the subband spacing extracted from the ca-

pacitance data to the resonance energies tells us about

the collective contributions to the intersubband transi-

tions, and in the case of the quantum dots it substan-

tiates our interpretation of the capacitance data.

II. Samples

The samples of our experiments are basically metal-

insulator heterojunction (MIS) diodes[9]. The hetero-

junction is grown by molecular beam epitaxy. A typical

epitaxial layer sequence and an idealized band structure

are sketched in Fig. 1a and 1b. On the [100] surface

of a GaAs substrate wafer an undoped GaAs bu�er, a

highly doped GaAs layer with typical thickness of 20

nm, an undoped GaAs spacer layer and an undoped

barrier layer are grown. The highly doped GaAs con-

tains an electron system of low mobility, which is con-

ducting (sheet conductivity typical � �10mS) even at

the low temperatures and high magnetic �elds of our

experiments. It forms a back electrode buried in the

heterostructure sample. The front barrier is made of an

undoped short period AlAs/GaAs superlattice (SPS),

each layer typically 10 epitaxial monolayers thick. Such

a barrier exhibits a low leakage current and serves here

as an undoped insulator. The thickness of the SPS is

typically 32 nm and covered with a 10 nm thick un-

doped GaAs layer to protect the AlAs against oxida-

tion. On this heterojunction crystal a metal gate (typ-

ically 30 nm Ti) is thermally evaporated.

Figure 1. (a) Cross section through the epitaxially grown
layers of a MIS-diode. The distances between back elec-
trode and heterojunction interface zb as well as top gate zt
are indicated. The thickness of the GaAs spacer layer on
top of this electrode is typically zb = 100 nm. (b) Sketch of
the conduction band edge as function of the coordinate in
growth direction at gate voltage below and above a thresh-
old voltage Vtll as described in the text.

Note that unlike in a conventional modulation-

doped[10] heterojunction our MIS- diodes generally do
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not contain mobile electrons at the heterojunction in-

terface at zero gate voltage as indicated in Fig. 1b.

Like in a Si metal-oxide-semiconductor diode the car-

riers have to be �eld induced by a positive gate volt-

age applied between the back electrode and the front

gate. If the gate voltage Vg is larger than a threshold

voltage Vth the conduction band edge forms a mini-

mum at the interface between the GaAs spacer layer

and the front barrier into which electrons are injected

from the back electrode. In all experiments discussed in

the following charge injection through the shallow tun-

nel barlier formed by the undoped spacer layer happens

su�ciently fast that we can assume equilibriumwith re-

spect to charge exchange between the electron system

at the heterojunction interface and the back electrode.

The advantage of our MIS-diodes is that no intentional

dopants are contained in the layers between the �eld

induced electron system and the front gate. This is im-

portant if we want to generate very small electron sys-

tems with high mobility and precisely controlled, strong

lateral geometry at the heterojunction interface. In

a conventional modulation-doped heterostructure large

areas would have to be depleted from mobile electrons

in order to de�ne small electron wires or dots. The re-

maining dopants in the front barrier are left unscreened

and thus seriously deteriorate the potential in the wires

or dots[11].

Beneath a homogenous large gate electrode a two-

dimensional electron system is formed at the hetero-

junction interface at Vg > Vth. If the gate is patterned

in the plane of the crystal surface the geometry of the

electron system will represent an according replica of

this pattern. In Fig. 2 the gate pattem, that we use for

the generation of �eld-induced quantum wires, is de-

picted together with the back electrode. The so-called

interdigital gate consists of two electrodes that can be

biased at di�erent voltages with respect to the back

elect ode. As indicated in Fig. 2 they form a grating of

parallel metal stripes with every second stripe biased at

a voltage Vg with respect to the back electrode and with

a voltage di�erence Vd to the adjacent stripes. We de-

�ne the geometry of our interdigital gates by electron

beam lithography with a bilayer PMMA resist. The

metal stripes are prepared by thermal evaporation and

a lift-o� process. As indicated in Fig. 3 the width of

the metal stripes is 100 nm, the gap between adjacent

stripes is 150 nm so that at Vd 6= 0 the period of the

surface potential is a=500 nm.

Figure 2. Sketch of the electrode con�guration for the gen-
eration of �eld-induced quantum wires. The gate voltage Vg
is applied between the back electrode in the heterostructure
crystal and one of the interdigital electrodes. The voltage
Vd is applied between the two interdigital electrodes.

Figure 3. (a) Cross section through a MIS-diode with an
interdigital gate. (b) Potential superlattice induced by the
interdigital gate in the plane of the heterojunction interface.
Electrons are injected from the back electrode into the po-
tential minima if the gate voltage Vg is su�ciently high. The
corresponding location of the electron wires is indicated in
(a).

The interdigital gate o�ers a good control of the

periodically modulated surface potential of our hetero-

junction devices. At the open crystal surface in the

gaps between the metal stripes the surface potential

is not well known. The unknown boundary condi-

tions for the open surface regions cause considerable

arbitrariness in model calculations of the potential be-

neath split gate devices[12;13] However, with split gate

devices the modulation amplitude of the surface po-

tential is �xed, if stress e�ects[12] caused by di�erent
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thermal contraction of the electrode and semiconduc-

tor material can be neglected. In Fig. 3 a cross section

through a MIS-diode with a interdigital gate and the

superlattice potential in the plane of the heterojunc-

tion interface are indicated. The Fourier components

of the surface potential decay rapidly in the z-direction

according to sinh[q(zt�z)]=sinh[qzt]. Here q = n2�=a;

(n = 1; 2; :::); is the wave vector of the corresponding

Fourier component and z is the distance of the plane

in which the superlattice potential is calculated from

the plane of the gate. However, since in our structures

the distance d = zt � zb between the heterojunction

interface and the surface is small (typically d = 40

nm) a considerable fraction of the modulation ampli-

tude is still present in the plane of the electron system.

We estimate that the �rst Fourier component of the

unscreened superlattice potential is reduced by about

50% at the heterojunction interface. At this point it

becomes apparent that modulation doped heterojunc-

tions with very large spacer layers in the front barrier

to preserve high mobility even at low densities are in-

adequate for our purposes. The separation between the

planes of the electron system and the front gate would

be too large to ensure strong potential modulation.

Thus the amplitude of the superlattice potential is

controlled by the voltage Vd as long as the potential

landscape at the heterojunction interface is not �lled

with electrons. The gate voltage Vg controls the align-

ment of the potential landscape with respect to the

Fermi energy in the back electrode. Once the potential

minima are �lled with electrons as indicated in Fig. 3

the external potential induced by the gate electrodes

is partly screened. The distinction between the so-

called bare potential induced by the external electrodes

and the e�ective potential, that includes the electron-

electron interaction and thus determines the subband

spacing, will become important for the discussion of the

high frequency response of the quantum wires.

Although zero-dimensional electron discs can be

also de�ned by pure �eld e�ect[14] we shall discuss in the

following a recently employed method[15] to generate

extremely small quantum dots that takes advantage of

the so-called Stranski-Krastanow growth modus. Here

a coherently strained InGaAs layer is grown on top of

the undoped GaAs spacer layer of our MIS-diodes, as

is depicted in Fig. 4[16]. It is well known that the

growth of a strained InGaAs layer on a GaAs sub-

strate leads to spontaneous formation of semiconductor

islands with very small sizes. This so-called Stranski-

Krastanow growth mode emerges after growth of a few

monolayers as is judged by the reection high-energy

electron di�raction (RHEED) pattern[15]. At this point

the InGaAs layer spontaneously relaxes into dislocation

free, lens-shaped InGaAs islands randomly distributed

and embedded in a very thin InGaAs wetting layer.

Inspection with scanning an atomic force microscope

(AFM) and a transmission electron microscope (TEM)

reveal that at optimized growth conditions the islands

have a diameter of typically 20 nm in the plane of the

wetting layer and are about 6 nm high in the direc-

tion perpendicular. Furthermore, it is found that the

size distribution is remarkably narrow with the diam-

eter uctuating only by about 10% and the height by

only one monolayer[15;17]. The dot densities are ad-

justable between typically 109 cm�2 and several 1010

cm�2.

Figure 4. (a) Cross section through a MIS-diode contain-
ing a thin InGaAs quantum well with lens shaped Stranski-
Krastanow islands at a distance zb from the back electrode.
(b) Conduction band edge along a line in the growth direc-
tion that intersects the InGaAs-island of the structure in
(a). Two energy levels are indicated schematically in the
quantum well of the InGaAs-island.

After formation of the InGaAs islands a 5 nm thick

GaAs spacer layer is deposited before the growth is �n-
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ished with the SPS barrier and the cap layer of the

MIS-diode. Here the GaAs acts like a barrier in which

almost ideal type I InGaAs quantum boxes are embed-

ded. As will be demonstrated in the following the oc-

cupation of the electronic energy levels in the InGaAs

dots can be nicely controlled by means of the gate bias

applied between the homogeneous front gate and the

back electrode of our MIS-diodes.

III. Experiments

We would like to �rst discuss capacitance measure-

ments on quantum wires de�ned with interdigital gates.

In Fig. 5 we depict typical results[18] obtained on a

MIS-diode with d=42 nm and zt=142 nm. Each elec-

trode of the interdigital gate consists of 300 stripes.

Each stripe is 180 �m long. Stripe width W and period

a are as indicated in Fig. 3. The di�erential capac-

itance is measured by slightly modulating the voltage

Vg at a frequency f=lOkHz and with an amplitude of

dV = 5 mV. The di�erential capacitance is calculated

from the excited ac current through the sample.

If all the electrodes involved would be perfectly

metallic the capacitance would be entirely determined

by the geometric arrangement of the electrodes. In our

case, however, the center electrode formed by the one-

dimensional wires is not perfectly screening the elec-

tric �eld due to the �nite DOS in the electron sys-

tem. To charge the wires with electrons the conduc-

tion band edge has to be lowered so that the electro-

chemical potential of the electron wires is kept aligned

with the chemical potential in the back electrode. Con-

sequently, net charge has to be simultaneously induced

in the back electrode and an electric �eld is maintained

between the back electrode and the wires. The de-

vice capacitance thus deviates from the value that pure

metallic electrodes would have. This fact is well known

from similar measurements on two-dimensional electron

systems,[5�8] where e g. in a magnetic �eld the forma-

tion of Landau levels in the DOS is clearly reected. In

the reduced DOS between the Landau levels results in

pronounced minima of the capacitance signal at integer

�lling factors.

Figure 5. Capacitance of a wire array as function of the gate
voltage Vg . The experimental arrangement is indicated in
the inset. Di�erent traces have been recorded at di�erent
magnetic �elds applied pelpendicular to the sample surface.
The capacitance scale refers to the top trace that has been
recorded at zero magnelic �eld. The �eld has been increased
in steps of 1 T in the lower traces, which are o�set for clarity.
The voltage bias between the electrodes of the interdigital
gate is Vd=1.0 V. As described in the text the indices at
the top trace denote the one-dimensional sub-bands that
are �lled in the corresponding gate voltage ranges. A sub-
structure in the spectra, that is discussed in the text, is
highlighted by an arrow. (From Ref.[18]).

We thus expect that the capacitance signal in Fig.

5 reects the density of states of the one- dimensional

subbands in the wire. At the threshold voltage Vg =

Vth � 1:13 V the capacitance signal increases rapidly,

reecting the generation of the quantum wires which

represent a third electrode between the front gate and

the back electrode. At larger gate voltages pronounced

structures are apparent even if no magnetic �eld is ap-

plied. The strong steps numbered with indices in Fig.

5 reect the one-dimensional subband onsets as can be

veri�ed by their dependence on the voltage di�erence

Vd and on a magnetic �eld applied perpendicular to the

wires. A straight forward quantitative analysis of the

capacitance data at zero magnetic �eld is hampered

in our case by the fact, that a parasitic capacitance

between the front electrode and the back contact con-
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tributes to the signal even when the electron wires are

formed. We expect the wires to widen with increas-

ing electron occupation, so that the parasitic capaci-

tance as well as the geometric contribution of the wire

capacitance are not constant when the gate voltage is

changed. Indeed, the overall increase of the capacitance

signal in Fig. 5 reects this behavior. Hence, the ca-

pacitance can only be modelled with a self-consistent

numerical calculation that still needs to be performed.

However, a simplemodel can be applied to approach

a quantitative analysis from the magnetic �eld depen-

dence of the capacitance data. We assume that the ef-

fective con�nement potential V (x) in the lateral direc-

tion can be described by a harmonic oscillator potential

with characteristic frequency 
 : V (x) = m�
2x2=2.

Here m� = 0:07me is the e�ective conduction hand

mass in GaAs. Furthermore, we assume that this ef-

fective con�nement potential does not change consid-

erably in the density range where only the lowest one-

dimensional sub-band is occupied. Accordingly, we de-

rive the number nql of carriers that has to be �lled into

the lowest one-dimensional subband when the chemical

potential crosses the onset of the second subband from

the ideal single particle DOS

nql =
gs
�

r
2m�

~

!3=2



;

where gs = 2 is the spin degeneracy of the GaAs

conduction band. The separation between the �rst

and the second one-dimensional subband increases with

magnetic �eld according to ~! = ~(
2 + !2
c )

1=2; and

!c = eB=m� is the cyclotron frequency. The steps in

the capacitance signal at least partly arise from the

DOS maximaat the subband edges. Since both the sub-

band separation and the DOS within the subbands rise

with the magnetic �eld it is plausible that the voltage

separation between the subband onsets also increases

with the magnetic �eld.

Assuming that the wire capacitance CW per unit

length does not change in the densily range considered

we also have nql = cwUql, where Uql is the separation

between the onset voltages of the �rst and the second

one-dimensional subbands. The magnetic �eld depen-

dence of the voltage di�erence between the subband

onsets thus can be described by

U
4=3
ql = �4=3(
2 + !2

c ) ;

where � = egs
p
2m�=�2~=cw
. In Fig. 6 the experi-

mental values obtained on a sample with di�erent volt-

ages Vd applied between the electrodes of the interdig-

ital gate are presented together with best �ts to the

data according the above equation. As expected at zero

magnetic �eld the voltages Uql increase with increasing

Vd, i. e. with increasing sti�ness of the con�nement

potential. The data are surprisingly well described by

the above model even at high magnetic �elds. From the

�ts to the data we derive subband spacings, which are

depicted in the inset of Fig. 6, and a wire capacitance

of cw = 150pF=m; which does not change signi�cantly

with Vd:

Figure 6. Experimental data of the voltage di�erences
Uql between the onsets of the �rst and the second one-
dimensional subband in a quantum wire array measured
with di�erent voltages Vd applied between the electrodes of
the interdigital gate. The exponents of Uql and B are chosen
such that from a simple model described in the text a lin-
ear relation is expected. Best �ts to the model are depicted
by straight lines. The inset shows the subband spacings
obtained from the �ts to the model.(From Ref.[19]).

As apparent from the inset of Fig. 6 the sub-

band spacings increase linearly with Vd with a slope

of 1.4 meV/V. Surprisingly, the extrapolation of the

data to zero gate voltage gives a �nite energy of 3.2

meV rather than zero. At present this result is not
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understood. It may indicate non-parabolicity of the ef-

fective con�nement potential or a �nite potential mod-

ulation at Vd = 0: Such a potential may arise from

charges trapped in the gaps of the interdigital gate or

from stress e�ects[12] .

Reduction of the temperature at which the capac-

itance is recorded to 100mK does not alter the spec-

tra signi�cantly except that the spin polalization of

the subbands becomes noticeable at smaller magnetic

�elds[19]. Clearly the experimental capacitance spec-

tra are broadened and do not reect the singularities

of the ideal one-dimensional single particle DOS. Im-

purities as well as inhomogeneities of the con�nement

potential may considerably broaden the DOS. Indeed,

the overall length of the wire probed in Fig. 5 is about

5.4 cm and it is interesting to investigate how the spec-

tra might alter, if the length of the wire is consider-

ably reduced. A 5.4 cm long wire has been used for

the experiment in Fig. 5 to guarantee a large signal

to noise ratio and to reduce the inuence of parasitic

contributions to the signal from the measurement set-

up. Fig. 7 demonstrates, however, that it is possible

to record with a re�ned measurement technique capac-

itance spectra on wires with length that is reduced by

more than a factor of 300. Here the capacitance signal

is detected with a bridge arrangement using an unbi-

ased MIS-diode as reference. In order to minimize the

inuence of parasitic capacitances the signal is picked

up with an impedance transformer mounted very close

to the sample. A similar technique has been used by

Ashoori and co-workers to measure capacitance spectra

of a single quantum dot[20].

Metal stripes enclosed in tuning-fork shaped elec-

trodes form the gate of the sample in Fig. 7. The

tuning fork is biased by the voltage �Vd with respect

to the stripes to control the con�nement potential. In

spite of the considerable reduction of the wire length

the spectra of Fig. 7 are qualitatively very similar to

those in Fig. 5. Obviously, the mechanisms that lead to

a broadening of the capacitance traces act on a length

scale below 100 �m, whereas uctuations on a macro-

scopic length scale do not play a signi�cant role. Aside

from the very pronounced signatures of the size quan-

tization this proves the high quality and homogeneity

of our MIS-diodes with interdigital gates.

Figure 7. Capacitance spectrum recorded on a wire of
150,um length. Here the signal was recorded in a capaci-
tance bridge arrangement with an impedance transformer
attached close to the sample. The steps at the threshold
voltage Vth � 0:95 V correspond to an increase of the ca-
pacitance of about (8 � 2)fF . The top trace is recorded at
B=0, the magnetic �eld is increased in the lower traces in
steps of 1 T. The traces are o�set for clarity.

We would like to note, that in Fig. 5 as well as

in Fig. 7 a substructure is clearly visible in the ca-

pacitance spectra which has not been discussed so far.

It occurs close to the threshold voltage in the one-

dimensional quantum limit, i. e. at gate voltages,

where only the lowest one-dimensional subband is oc-

cupied. Such a substructure is not observed on two-

dimensional electron systems generated, e. g., in MIS-

diodes with a homogeneous gate. It becomes more

pronounced at higher magnetic �elds as is obvious in

both �gures. Spin splitting can be excluded as origin

of the structure. At �elds beyond 7T an additional

structure arises at higher gate voltages, that can con-

sistently be associated to the spin polarization of the

one-dimensional subbands[18]. Reduction of the tem-

perature does not signi�cantly alter the substructure[19]

and at higher temperatures it remains even visible when

the steps arising from the size quantization are consid-

erably temperature broadened[21]. The structure has

been tentatively associated to a rapid renormalization

of the wire potential once it becomes occupied,[18] but
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due to lacking self-consistent calculations this interpre-

tation remains speculative up to now[22].

From the strong size quantization veli�ed with

above capacitance measurements we expect a drastic

modi�cation of the high frequency conductivity of our

wires as compared to a two-dimensional electron sys-

tem. In particular, if the electric �eld is polarized

perpendicular to the wires the conductivity is associ-

ated with transitions between the one-dimensional sub-

bands, so that the zero frequency conductivity van-

ishes and resonances, so-called intersubband plasmons,

are expected at �nite frequencies in the FIR regime.

One-dimensional intersubband plasmons have been in-

tensively studied with conventional Fourier-transform

spectroscopy on large wire arrays with an overall wire

length of several dozens of meters[4;23] Hence in those

experiments the wire arrays had to be fablicated with

methods in which the con�nement potential and the

subband occupancy are less well controlled. In Fig. 8 a

measurement technique is described with which we are

able to perform FIR absorption spectroscopy even on

our relatively small wires in interdigital MIS-diodes[24].

Figure 8. Measurement set-up for photo-current measure-
ments. Charge ow from the wire system is detected with
a current-voltage converter (I/U) and an ampli�er (lock-in)
phase locked to the modulated laser radiation.

The experimental set-up sketched in Fig. 8 resem-

bles the set-up for measurements of di�erential capac-

itance spectra like those in Fig. 5. However, rather

than modulating the gate voltage here the sample is

irradiated from a FIR-laser with intensity-modulated

radiation. The sample is e�ectively heated by the ab-

sorbed FIR if the laser wavelength is in resonance with

an elementary excitation in the electron system. If the

relaxation time for heat conduction from the electron

system into thermal baths like the sample substrate or

contacts is su�ciently long, a signi�cant modulation of

the temperature in the electron system will occur. This

results in charge ow, if the thermodynamic density of

states is not constant.

Figure 9. (a) Far-infrared absorption as function of a mag-
netic �eld detected by the photo-current of a MIS-diode with
interdigital gate. Di�erent traces are recorded with di�erent
voltages Vd between the electrodes of the interdigital gate.
The gate voltage Vg is adjusted close to the threshold voltage
so that the quantum wires are in the one-dimensional quan-
tum limit. The sample is illuminated with FIR radiation of
constant wavelength � = 118 �m and the magnetic �eld is
used to tune the resonance condition to the laser frequency
as indicated in (b). (b) Resonance energies calculated in a
harmonic oscillator model assuming characteristic energies
of ~
0 = 7:8meV, ~
0=9.8 meV and ~
0=0 for the full,
the dashed and the dotted line, respectively. The dashed
dotted line indicates the energy of the laser radiation. The
inset presents the zero �eld resonance energies ~
0 derived
from the experiment versus Vd.

The photo-current on the MIS-diode of Fig. 5 is de-

picted in Fig. 9a as function of a magnetic �eld applied
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perpendicular to the wires[24]. The data nicely demon-

strate that the photo-current is resonantly dependent

on the magnetic �eld and the resonance condition can

be tuned by the gate voltage Vd. The behavior can

be most easily understood with the generalized Kohn

theorem[25;26]. This theorem bases on the assumption

that the bare potential, i. e. the potential induced by

the extemal electrodes, is of parabolic shape. For the

sake of simplicity we pursue this assumption although

it is not perfectly consistent with the assumption of a

parabolic elfective potential that we have used in above

analysis of the magneto-capacitance data. In an elec-

tron wire con�ned by a parabolic bare potential the

radiation �eld couples only to the center of mass mo-

tion whereas the intemal electron distribution of the

wire remains unchanged. Consequently, the resonances

are expected to behave like single particle transitions

in a harmonic oscillator potential. If the bare poten-

tial is characterized by the frequency 
0, the magnetic

�eld dependence of the transition energies is given byp

2
0 + !2

c as depicted in Fig. 9b. In the inset of Fig. 9

we depict the energies ~
0 as determined from the com-

parison of the experimental resonance positions with

the intersection.s of the calculated resonance disper-

sions with the laser energy.

We note, that like in Fig.6 the energies almost lin-

early rise with the voltage Vd. However, both the zero

voltage intercept of 6.2meV and the slope of 1.7meV/V

are considerably larger than the values in Fig. 9. This

is expected, since according to our models the data in

Fig. 9 reect the unscreened bare potential, whereas

the data in Fig. 6 reect the e�ective electron po-

tential at a medium value of the electron density in

the one-dimensional quantum limit. The bare potential

and the e�ective potential are equal only at very small

electron densities close to the threshold voltage where

the Coulomb repulsion between the electrons canbe ne-

glected. From the quantization energy ~
0 = 7:8 meV

at Vd = 1:0V we determine a typical wire width of 24

nm in this case. As soon as more electrons are �lled into

the wire the Coulomb repulsion results into an increased

wire width as determined by the e�ective con�nement

potential. From the quantization energy ~
 = 4:4 meV

we determine an e�ective wire width of 31 nm.

A more sophisticated model would have to start

with a self-consistent electron potential and then calcu-

late the resonance energies from the polarizability in-

cluding many-particle e�ects[27] . It is well known from

calculations in random phase approximation, that col-

lective contributions result in signi�cantly larger reso-

nance energies than the single particle level spacings.

This, again, is qualitatively consistent with our exper-

imental �ndings. We would like to note that recent

conventional FIR transmission experiments on wire ar-

rays with non-parabolic con�nement potentials have re-

vealed that in such wires the overall magnetic �eld dis-

persion of the intersubband-plasmons still behaves sim-

ilar to the dispersion in Fig 9.b[28;29] However, there are

distinct magnetic �eld regimes, where pronounced split-

tings of the resonances are observed and expected from

theory[28�30] Corresponding experiments on quantum

wire arrays generated by interdigital gates remain to

be performed in future.

Measurements of the di�erential capacitance have

also been very successfully applied to investigate very

small zero-dimensional electron systems. As described

in the previous section we generate such electron dots

in InGaAs islands that are randomly distributed on a

plane embedded in the GaAs spacer[16]. The di�erence

between capacitance spectra obtained on samples with

and without InGaAs islands is demonstrated in Fig. 10.

The broken line represents the di�erential capacitance

of a sample with an InGaAs layer that is too thin for the

relaxation in three dimensional growth, so that no In-

GaAs islands are formed. The capacitance signal below

gate voltage Vg=0.6 V reects the capacitance between

the homogeneous top gate and the back electrode. The

steep rise of the capacitance at Vg=0.65 V reects the

generation of a two-dimensional electron system at the

heterojunction interface. A very similar behavior is ob-

served in a sample containing self-assembled InGaAs

dots as demonstrated by the full line in Fig. 10. In this

sample an In0:5Ga0:5As well was grown until relaxation

into islands of about 20 nm diameter with a density of

about 1010dots/cm2 occured. Again a rapidly increas-

ing di�erential capacitance at gate voltage V=0.65 V

indicates the threshold of a two-dimensional electron

system. This is further veri�ed by the Shubnikov-de

Haas oscillations in the magneto-capacitance depicted

in the inset of Fig. 10.
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Figure 10. Capacitance spectra of a reference sample with
a very thin strained In0:5Ga0:5As layer (dashed line) and
a sample containing InGaAs islands (full line). The anow
denotes 20% of the capacitance between gate electrode and
back electrode. The distance between these electrodes is
zt 95 nm and the InGaAs well is separated from the back
electrode by zb=50 nm. The inset depicts the magneto-
capacitance of the dot-sample measured at a gate voltage
beyond the threshold of a two-dimensional electron system.

However, in the dot-sample pronounced capacitance

maxima are observed in the sub-threshold regime. As

will be further veri�ed in the following we associate the

two peaks observed in this regime with the charging of

the two lowest quantum levels in the quantum dots[16.

We expect the lowest s-like energy state of the quantum

dots to be twofold spin degenerate and the next level to

be p-like and fourfold degenerate due to the lens-shape

of the InGaAs islands. Maxima arise in the capacitance

signal if charge exchange between the dots and the back

electrode is energetically favourable, i. e. if the total

energies of the system with N and N + 1 electrons in

quantum dots are degenerate. In a simple but widely

pursued model[31] the total energy of electron systems

in the quantum dots is divided into a sum of two contri-

butions one regarding the single-particle level spacing

due to the size quantization of non-interacting electrons

and a second term considering the Coulomb interaction

of the electrons. We estimate values for these two con-

tributions from independent measurements and deter-

mine from these the expected voltage spacing of the

capacitance peaks.

The single-particle level spacing between the two

lowest quantum states is determined from FIR reso-

nances of the quantum dots measured with conventional

Fourier-transform spectroscopy[16] . Assuming that the

collective contributions to the resonance energy is neg-

ligible in dots occupied with very few electrons we ob-

tain a level spacing of 41 meV. The Coulomb energy

of the electrons in the dot is estimated from the self-

capacitance C = 4��0d of a disc-shaped electrode with

diameter d=20 nm as determined from the AFM or

TEM inspections: e2=C = 18 meV. With these energies

we calculate the voltages, at which charge exchange be-

tween the dots and the back electrodes takes place and

thus an increased capacitance is expected. In Fig. 11a

and 11b we present experimental spectra and results

of such a model calculation, respectively. For compar-

ison with the experimental spectra in Fig. 11b a phe-

nomenological broadening is introduced. Broadening

is expected to mainly result from uctuations of the

threshold voltages of di�erent dots in the sample[16].

The only parameters adjusted for comparison be-

tween the experimental spectra and the modelled ca-

pacitance is the center value and the width of a Gaus-

sian distribution accounting for the distribution of the

threshold voltages of the probed dots. Whereas a small

broadening of 5 mV width would make the charging

with every single electron discernible the experimen-

tal spectra are better described with a broadening of

25 mV, where the Coulomb energy is not resolved any

more. The resolved maxima reect the size quantiza-

tion into the twofold and fourfold degenerate dot lev-

els and their separation describes surprisingly well the

separation of the capacitance maxima in the experi-

mental spectra. Fulthermore, the magnetic �eld depen-

dence calculated in our simple model accounts well for

the behavior of the experimental data. As apparent in

Fig.11 the p-level splits into two branches while the s-

level is hardly a�ected by the magnetic �eld. Again,

for the sake of simplicity we estimate the magnetic

�eld dispersion of the energy levels in the dot from

a parabolic con�nement model. In Fig. 11b the sep-

aration of the branches from the s-level is calculated

according to the harmonic oscillator potential model:

0:5~(
p
4
2

0 + !2
c � !c) with ~
0 = 41 meV and no fur-

ther adjustable parameter.

The experiments demonstrate that we can �eld-

e�ect control the number of electrons that occupy the

six lowest quantum states of the InGaAs dots. Capaci-

tance and FIR spectra provide a rather comprehensive

picture about the level spacing between the
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Figure 11. Experimental capacitance spectra of a MIS-diode
with InGaAs quantum dots at di�erent magnetic �elds ap-
plied perpendicular to the crystal surface. The sample pa-
rameters are zb=50 nm and zt 95 nm as in Fig. 10. The
vertical scale refers to the trace recorded at B=0, the other
traces are o�set for clarity (b) Capacitance traces calcu-
lated in a simple model for parameters E01=41 meV and
e2=C = 18 meV. As described in the text, Gaussian broad-
ening with standart deviations of 5 mV and 25 mV are used
for the dashed and the full lines, respectively.(From Ref.
[16]).

lowest energy states. A variety of experiments are

presently under way that further probe the optical[32]

and the electronic properties of these interesting quan-

tum systems[33]. For example in Fig. 12 we present

more recent data demonstrating that with improved

growth conditions it is possible to resolve the spin de-

generacy of the s-state in the charging spectra. The

gate voltage regime depicted in Fig.12 retlects the sub-

threshold range with two capacitance maxima reect-

ing the charging of the s- and p-states. However, unlike

in Fig.10 and Fig.11 the �rst maximum at Vg=0.1V

exhibits a substructure indicating that it actually con-

sists of two peaks. These we associate with the charg-

ing of the �rst and the second electron into the s-state.

The voltage separation of the peaks is consitent with

a Coulomb charging energy of 24 meV. Measurements

on single self-assembled dots as well as on dot systems

with controlled spatial arrangement remain to be per-

formed in the future. Although prepared in situ dur-

ing epitaxial growth without any lithography the self-

assembled InGaAs quantum dots so far represent the

smallest man-made zero-dimensional electron systems

with a tunable number of eleclrons. If there is found a

way to arti�cially control the location of the dots, e.g.

by creation of nucleation centres, they represent very

interesting systems also for possible applications[34].

IV. Summary

Very well de�ned electron wires and dots are �eld-

e�ect induced in especially designed MIS-diodes as

demonstrated by the capacitance and FIR spectra dis-

cussed in this article. With interdigital gates electron

wires are investigated in the quantum limit, i.e. at elec-

tron densities where only the lowest one-dimensional

subband is occupied. Parameters like the subband spac-

ing and the one-dimensional electron density are deter-

mined in simple analytical models for the con�nement

potential. For the subband spacing we �nd typical val-

ues between 4 meV and 6 meV depending on a voltage

with which we control the con�nement potential.

Well resolved onset voltages for the �rst and the sec-

ond one-dimensional subband in capacitance measure-

ments and a narrow FIR resonance even at low elec-

tron densities in the quantum limit demonstrate the

high quality of the electron systems Unlike in previ-

ous works on electron wires and dots where the struc-

tures of interest have been only resolved with a deriva-

tive technique,[35;36] here the experimental data can be

more directly compared to results of more involved self-

consistent model calculations. Such calculations, how-

ever, remain to be done for our devices. The elementary

excitations in the wires are probed with FIR absorption

experiments with a new measurement technique. This

technique is very sensitive even if the wire is in the

one-dimensional quantum limit. E�orts are under way

to considerably reduce the length of the wire system

probed in capacitance and FIR absorption experiments

as is demonstrated by capacitance data obtained on a

single 150 �m long wire.



H. Hansen et al. 121

Figure 12. Experimental capacitance spectra of a sample
with su�ciently small broadening to resolve the Coulomb
charging of the spin degenerate lowest quantum state. The
traces recorded at B=0 and 8 T are o�set for clarity.

The concept of a semiconductor type I quantum dot

with structurally con�ned electrons and holes has been

realized almost ideally with self-assembled InGaAs is-

lands grown in the Stranski-Krastanov growth mode

on GaAs. Here a homogeneity at extremely small

dot sizes is accomplished with relative ease that has

not been accessible with lithographic techniques so far.

Sandwiched in our MIS-type heterostructures between

a front electrode and a back contact the electron oc-

cupation of dots can be easily controlled by a voltage.

The experimental results yield a comprehensive picture

of the nature of the electron quantum dots. The en-

ergy separation between the two lowest energy levels is

determined to about 40 meV.
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