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Chapter 1

Introduction

1.1 Historical Background

Semiconductor electron devices are necessary for the contemporary life. Most industrial
electronic devices are silicon metal-oxide-semiconductor (MOS) devices, but semiconduc-
tor heterostructures mainly consisting of III-V compound materials have also attracted
considerable attention. Since the middle of the 1970’s the number of researchers in the
field of compound semiconductor has increased. Esaki and Tsu proposed a one dimen-
sional periodic potential with a scale of ~10 nm, a so called “superlattice” (SL) in 1970. [1]
. They predicted that in such artificially modulated semiconductor structures one can ob-
serve various quantum mechanical effects which have been well-known but not observed
in bulk materials.

In order to fabricate high-quality semiconductor microstructures, much effort has been
devoted to develop epitaxial growth techniques in the last quarter of a century. Molecular
beam epitaxy (MBE) is one of the most reliable methods to grow smooth and thin films
with an accuracy of the order of one atomic layer. [2] A pioneering group observed negative
differential resistance (NDR) due to the resonant tunneling (RT) effect in a GaAs /
AlGaAs double barrier (DB) structure prepared by MBIE. [3] This has had a great impact
on electronics engineering as well as on the experimental study ol quantum mechanics.
Many applications of (resonant) tunneling in DB or SL struclures have been proposed
and examined as high-speed devices up to ~ THz [4-6], novel functional devices [7], and
as a detector or a source of light in the [ar-infrared (FIR) region. (8]

Llectronic properties of two-dimensional systems have also deserved much attention.
The reduced degree of {reedom for cleclron motion results in a modification ol the density
of states Nyp, which is eflective for optical lasers. [9] In-planc transport properties of
a 2DEG have been extensively studied, too. The fact thal the mobility of a 2DEG

is sreatly improved by modulation doping techniques [10] as well as the reduclion of

4




1.1. Historical Background 5

(a) Coupled Quantum Wires (CQWTI) (b) Coupled Quantum Boxes (CQB)

Figure 1.1: Examples of various forms of planar superlattices (PSL’s): (&) coupled quan-
tum wires (CQWI) and (b) coupled quantum boxes (CQB) structures.

residual impurities has made it possible to realize high- -performance field effect transistors
(FET’s). [11] Besides, a number of fascinating phenomena such as integer and fractlonal
quantized Hall effects (QHE) [12 ,13] have been observed in the high-mobility 2DEG.
In particular, the latter caused lively dlSCLlSSlOIlS in the field of physms of many-body

systems. [14]

By the way, in the 1980’s, nano- plocessmfr technologles such as electloll—beam (EB)

lithography have been much developed to reduce the size of devices down to ~ 0.1 pm for
large-scale integration of circuits. The Quantum size effect caused by lateral confinement
of carriers may become a serious problem in practical applications. On the other hand,
unique properties of quantum wires (QWI's) or quantum box (QB) structures, whele fur-
ther confinement of carricrs reduces the degrees of {freedom to one- (1) or zero- dimension
(0D), have been theoretically studied and demonstrated. It has been predicted that high-
quality QWI or QB structures could provide high-performance devices like a remarkably
high-mobility FET [15] or a laser with very low threshold current. [16] F'rom the point of
view of industry as well as physical interest, many attempts have been made to {abricate

those promising device structures. Moreover, faacmatmg, fealures of planar super lattice

(PSL) structures, which consist of QWI or QB arrays as shown in Ilig. 1.1, have also been -

examined theoretically. [17, 18]
Although some characteristic [catures of lateral confinement have been observed ex-
perimentally [19], it is hard to expect thal actual devices exhibit the high-performance

which is promised in ideal QW1's or QB’s at present. This is mainly because they make
! !
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L 6 Chapter 1. Introduction

rigorous demands on nano-fabrication techniques, such as small fluctuations in the size

and the uniformity, and damage-free processing.

From another point of view, such semiconductor nano-structures have become the
center of attention. Since the capacitance becomes smaller with the size of the devices,
the energy for charging one electron becomes larger than other energies such as thermal or
excitation energies, resulting in a Coulomb blockade. [20] This effect opens a possibility
to realize switching devices [21] or memory cells [22] working with a single electron,
ultimately small devices for future integrated circuits. In each case, further efforts must
be made to improve processing techniques for the fabrication of ultra-fine devices and

structures.

1.2 FElectronic Properties of Double Quantum Well Struc-
tures

In a coupled quantum well (CQW) structure or SL’s, various phenomena of interest are
expected to appear since the motion of carriers in the direction perpendicular to the layers
can be systematically modulated by changing such parameters as width or height of the
barriers, [23] and also can be controlled by an external electric field. [24] Recently, double
quantum wells (DQW’s), which are the simplest of CQW structures, have attracted much
attention from many points of view. Recent developments of epitaxial growth, especially

of high-quality inverted heterointerfaces, allow us to s:tudy electronic properties in DQW's

which arise from the fact that an extra degree of freedom is added to those of a single

2DEG. In this section, I make a review of the studies on electronic properties in a DQW.

1.2.1 Resonant Coupling and Coherent Tunneling in Double Quan-
tum Wells -

In a DQW structure, carriers in one QW interact in many ways with those in the other
QW. Resonant coupling is one of those interwell interactions in DQW’s, which can be
conlrolled by an external electric field as shown in IMig. 1.2, while the coupling strength
is primarily determined by the barrier thickness or heighl. Wave lunctions are drastically
changed from isolated stales to symmetric and antisymmelric states when these two
quantized states reach resonance. These facts have been disclosed particularly in optical -
experiments such as anti-crossing of encrgy levels with an external field in absorption
spectra or as quantum-beat in the dynamic response Lo an ultra-short excitation pulse. [23]

Thus the unique properties which come from coherent tunneling in DQW'’s arc highly

attractive for optical applications such as modulators or tunable lasers [26].
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(c) double quantum well (off-resonance)

Figure 1.2: (a) An isolated quantum well (QW) potential and the quantized energy Eo.
(b) The potential profile of coupled QW’s (double quantum well: DQW) at resonance,
and (c) that of off-resonance. At resonance, the degeneracy of the energy level Eqy of
isolated QWs is lifted with a tunnel gap AFsas.

Coherent tunneling in DQW’s can give rise to a modulation of electron transport
properties parallél to the layers as well. Since a QW layer is a “slab” waveguide for
electrons, DQW structures can be prototypes for coupled electron waveguides consisting
of quantum well wires. [27-30] These electron waveguides may be one of the key features
in potential future “quantum wave electronics”. One should note, however, that the loss
of coherence of electron waves due Lo dissipation is fatal for such devices. In order to
make quantum interference effective, the mean free path [, or phase coherence length Ly,

which are ~'1 pum for high mobility samples, must be long enough.

1.2.2 Mobility Modulation by Wavefunction-Dependent Scattering

Another approach has been proposed and experimentally examined to control the trans-
port properties in a DQW with the resonant deformation of wavclunctions. In 1982,
Sakaki proposed a velocity modulation transistor (VMT), in which the channel conduc-
tivity is modulated by controlling the mobility rather than the density of carriers in the
channel as in a conventional FET. [31] If the mobility can be controlled without changing
the number of carriers, this principle saves the carrier transit time which arises inevitably

from the gate-source capacitance and hence limits the speed of operation. The “mobility
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modulation” by the deformation of wavefunctions in front- and back-side gate config-
urations [31] has been experimentally examined in a normal modulation-doped single
heterostructure [32] and in a partly-doped wide QW. [33]. However, the observed ef-
fects were too small to control the channel conductivity: The features appear only in the
analyzed data of Hall measurements.

An 1dea to improve the mobility modulation effect was proposed by Vinter and
Tardella. They employed resonant tuﬁneling in a double channel FET structure where
ionized impurities are used as dopant in one of several coupled channels. They demon-
strated theoretically the possibility of negative transconductance. [34] This concept has
been examined by Palevski et al. using a DQW structure which has two closely-separated
QW’S with very different mobilities. [35] They observed a resistance peak at resonance,
referred to as “resistance resonance”, due to the enhancement of scattering only for the
wavefunctions extended over both QW’s. In this method, as shown in Fig. 1.3, a gigantic
negative transconductance has been realized. [36, 37]

The modulation of the transport properties in DQW’s with other wavefunction-
dependent scattering mechanisms such as the interface roughness scattering [38] or neutral
impurity scattering [39] has been also investigated. These unique characteristics should
be useful to inspect the physics of resonant coupling by m-pla.ne transport measurements

as well as by vertical transport measurements

1.2.3 Resonant Tunneling in Wé;aldy—'COupled Double Quantum
Wells

Coherent tunneling and consequent modulations ‘O‘f:parallel in-plane transport character-
istics are achieved in DQW'’s of relatively strong coupling. In weakly-coupled DQW'’s,
on the other hand, the effect of transverse tunnel-coupling should be too small-to be
observable in parallel transport experiments. If the energy gap ALsas of symmetric and
antisymmetric states is smaller than the collision broadening of the energy level in either
QW , namely, electrons sufler al lcast one scatlering event during onc tunnel process, it is
unacceptable to describe the clectronic states by wavelunctions which are the solutions of
the time-independent Schrodinger equation. In particular, introduction of an additional
scaltering mechanism which is essential for the scheme of mobility modulation should
prevent the tunnel-coupling. This restricts the range of possible experiments.

These limitations are forced by the technical difficulty to form independent ohmlc
contacls Lo one of two closely separated 2DEG’s. Thus most of the transport experiments
in DQW’s have been done in parallel mode. Recently, some attempts have been made

to realize independent ohimic contacts in elaborate ways in order to measure the tunnel
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Figure 1.3: (a) The cross-sectional view of an impurity-doped double quantum well (1D-
DQW) field effect transistor (FET), and (b) its channel conduclance vs. gatc voltage-
characteristics at 4.2 K. After [37].
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Figure 1.4: A schematic view of the mesa layout (upper inset) and a cross section in
“tunnel” configuration (lower) are shown. The upper line indicates the conductance G2
between two contacts in “parallel” configuration, where both contacts are connected to
two 2DEGs. With a negative bias voltage V; applied to the tunnel gate, the top QW reach
depletion first, and the bottom QW in sequence, resulting in the step structure. The lower
trace in “tunnel” configuration exhibits a peak at ¥, = 0.1V due to the resonant tunneling.
After [43]

conductance between two 2DEGs in close proximity, [40] as well as to study their transport
properties individually. [41] Eisenstein et al. started a study of 2D-2D tunneling in a novel
DQW field effect structure in which an ohmic contact primarily connected to both QWs
can be switched between cither of them by a selective depletion technique. [42] A typical
result of this scheme is shown in Fig. 1.4. (43] The upper insct in Ifig. 1.4 shows a schematic
view of the mesa layout, and the lower depicts the simplified cross section in “Lunnel”
configuration, where the ohmic contact 1 is electrically cut off from the top 2DIEG by
applying negative bias vollage L;) a front gate, while the ohmic contact 2 is isolated from
the bottom 2DEG by a back gate in a similar manner. T'he zero-biased conductance G2
between these two electrodes was measured as a function of tunnel gale voltage ¥ in
“tunnel” configuration (a lower line), exhibiting a prominent peak at ¥, = 0.1 V. In this
case, conservation of in-plane momentum allows the tunneling only when the two levels

are closely aligned, resulting in a distinct and sharp tunnel conductance peak.
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This method has opened a new class of experiments in DQW’s. First, it allows us
to investigate the mutual interactions between symmetric and very high mobility 2DEGs
since introduction of an additional scattering mechanism is not necessary. In addition, the
electronic properties in the vicinity of the Fermi energy can be extracted from the data,
for the electrons on the Fermi surfaces can paﬂ:icipate in a tunnel event. [44] Secondly,
one can make magnetotunneling experiments in this scheme. [45-49] Most of them have
been done by studying the vertical tunnel current in such semiconductor heterostructures
as DB-RTD. [50] In “parallel” configuration, on the other hand, the resonance features
originated from the mobility modulation will disappear, since the wavefunction-dependent
scattering mechanism may not function any longer when a high magnetic field is applied

and quantizes the in-plane kinetic energy of electrons.

1.2.4 Resonant Tunneling and Coulomb Interaction in Strong Mag-
netic Fields

When a strong magnetic field B is applied perpendicular to a single 2DEG sheet, the Hall
resistance is quantized and the magnetoresistance tends to vanish when the filling factor
v = nh/eB is an integer number or an odd-denominator fraction, where n is the electron
density, h the Plank constant, and e the elementary charge. [14] The former (integer
quantum Hall effect: IQHE) is associated with the Landau-quantization of the energy
spectrum, which «can be explained by a single particle model. For the latter (fractional
quantum Hall effect: FQHE), on the other hand, the mutual Coulomb interaction is
essential to give rise to an energy gap at the Fermi energy due to the formation of stable
many-body ground states. [14] |

In DQW structures, in which such intéresting properties of high mobility 2DEG’s are
preserved, one can expect further new finding of IQHE or 'QHI states not present mn
single-layer systems because of the addition of extra degrees of {reedom, namely, direct
tunneling of a particle and inter-layer Coulomb interaction. [51-56] Indeed, new FQHLE
states were observed at even-denominator filling factor v = 1/2 in double-layer 2DEG sys-
tems. [57,58] Conditions [or Wigner cryslallization are also believed to be more faborable
in double lyers systems. [39]

It has also been found that the energy gap. ALsps resulting from a single-particle
tunneling between two QW's is destroyed by intra-layer Coulomb correlation, leading to
missing the IQHI stales al small odd-integer filling factors. [60-63] In IMig. 1.5(a), an
energy diagram for a DQW at resonance is shown schematically. When a magnetic field
B is applied perpendicular to the layers, the symmetric and anlisymmetric states cach

form a pair of spin-split Landau levels separated by the Zeeman cnergy g™ pg B3, where ug
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is the Bohr factor. As long as tunneling of electrons can take place, the system can be
treated as a single QW, and IQHE should be observed at both even and odd integer filling
factors v. Note that v = nyh/eB, where ni,, is the total electron density in the DQW.
When the Fermi energy lies between the spin-polarized symmetric- and antisymmetric
states, the excitation costs an energy AFEsas, which will be compensated by the gain in
electron correlation energy. This becomes much more important in sufficiently strong
magnetic fields, resulting in the collapse of AFsas at v = odd integers. [60] Figure 1.5(b)
summarizes such phase transition of quantized‘states in DQW’s. [64]

Recently, Eisenstein et al. measured directly the tunnel current between two 2DEG's
in DQW structures with a strong magnetic field applied normal to the 2D planes by using
the selective depletion technique. [46,47] They found the zero-field resonant tunneling to
be suppressed for a wide range of B which satisfies v < 1, as well as in the IQHE regime
where the path of in-plane current flow is restricted to the boundary region at the mesa.
For the former, they attribute the tunnel anomalies to the intra-layer Coulomb correlation
of a 2DEG throughout the lowest Landau level. [46] However, some complications exist
with this interpretation. [49, 65] '

These experimental studies on magnetotransport in multi-layered 2DEG systems have
revealed unique properties related to many-body effects, and still further interest has been
directed to these systems, because fascinating phenomena are predicted by theoretical

investigations. [66]

1.3 Electron Transport in One Dimension and Fabri-
cation of Quantum Wires

Recently, an interest on eflects, such as the resonant tunneling and / or the mutual
Coulomb interaction has been extended to the case of one-dimensional (1D) systems. 18,
67) Here, we make a briefl review of the results of recent studies on electron transport m
quantum wires (QWI’s).

The description for the transport properties in 1D systems will change drastically
with the size (length and width) ol the channel, the mean free path (coherence length)
of electrons, or the degree of disorder. One representative of the unusual features of 11D
systems is the quantization of the conductance. When the channel length L is sufficiently
shorter than the mean frec path [, electrons can propagale through the 1D channel
without suffering any scattering event. In this casc, however, the conductance does not

become infinite. but converges to a finite value, i.e. the quantized conductance G [GS] can
) ] 1
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Figure 1.5: (a) Energy diagram for a double quantum well. The cyclotron (fiw,), Zeeman
(g"pupgB), and symmetric-antisymmelric (AFsas) energies are indicated. (b) Schematic
phase diagram of the quantized states at v = odd in a double quantum well. The dashed
arrows represent increasing magnetic field for a given sample fixed the layer separation
d, ALlsss, and n. d and Alisys ave scaled by the magnetic length [ = (7‘L/cl5’)l/2 and
characteristic Coulomb energy e?/clg, respectively. Filled / open symbols denote observed
/ missing quantum Hall states labeled by filling factor v. The solid lines are schematic
boundaries representing the Coulomb-driven destruction of the single particle tunneling
QHE, and re-emergence of a many-body QHIE in the regime ol d/ly ~ | and Aligps = 0.
Taken from Rel. [64].
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be expressed as
Ng

e?

G= ,f\; — (1.1)

where Ng ~ kpW/m is the number of 1D-subbands in the channel, W the width of the

channel, and kp the (2D-) Fermi wave number. This situation has been achieved in

quantum point contacts (QPC’s) [69,70]; in which the width of a high-mobility 2DEG

channel was reduced to ~ 100 nm by the depletion beneath two Schottky gates defined
on the top of the 2DEG.

This quantization of the conductance should collapse when the QWI's become long. In
actual QWTI’s, it is technically impossible to remove the residual impurities and to control
the size of QWUI’s perfectly. Therefore, electrons will be scattered by ionized impurity or
interface roughness potential. In addition, it has been emphasized in theoretical studies
that in 1D systems the electron-electron interaction can play a crucial role. [71] Taking
the mutual Coulomb interaction into account, the resistivity of a “dirty” QWI is predicted
to diverge in the limit of low temperatures even when the scattering matrix element is
finite. [72-74] The results of these theoretical studies present a contradiction with other
predictions that in quantum wire (QWI) structures in which electrons occupy only the
lowest subband, the scattering due the ionized impurities is suppressed and extremely
high mobility exceeding 10® cm?/Vs could be achieved. [15]

To reveal the unique and complicated features of a 1D electron system, experimental
studies are highly desirable. For these purposes, however, one must fabricate a QWI
sample which satisfies severe requirements in the scale and the uniformity of the size of the
lateral-confinement potential. So far, QWI or QB structures have been fabricated mostly
by narrowing the width of a high-mobility 2DEG in modulation-doped heterostructures
with Schottky gates formed by nano-processes. [75] In the latest experiments, quantized
conductance has been observed in remarkably long (2~10 pm) QWI samples fabricated
by a refined method. [76] An alternative approach to fabricate QWI structures in a scale
of ~ 10 nm has been also progressed by utilizing advanced crystal growth techniques such

as in-silu processes [15,77] or selective growth on patlerned substrates. {78, 79

1.4 Aim of This Thesis

In the beginning of the 1990’, when I started rescarch in this field, fundamental tech-
nologies for the fabrication of semiconductor microstructures had been highly advanced:
one can obtain a 2DEG of very high mobility exceeding 10 000 000 cm?/Vs al low tem-
peratures, and draw a finc pattern on a wafer with resolution of 0.01 pm. Although a

number of articles have been devoled to studies of electron Lransport in low-dimensional
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systems, less attention was directed to coupled systems. We considered that only part
of the unique properties of coupled quantum wells (CQW’s) or coupled quantum wires
(CQWT’s) had been investigated previously, and that they should deserve more attention
from the point of view of electronic engineering because of their potential for applications
for high-performance and novel functional devices. We also found that no reliable method
has been established to fabricate high-quality CQWI structures in which inter-QWI inter-
action can be systematically controlled as in a CQW structure, while high-quality CQW
is available by standard MBE. |

The aims of the present thesis are as follows:

e To design and fabricate novel electron devices in which such quantum mechanical

effects such as resonant tunneling are utilized to realize unique functions.

o To investigate the effects of the gate-controlled resonant coupling of electron wave-
functions on the in-plane transport characteristics in novel double quantum well

(DQW) structures under various situations.

o To develop growth methods for the fabrication of high-quality QWI structures for

the future study of electronic properties in coupled QWI structures.

In Chapter 2, we describe the principle of mobility modulation in DQW'’s in which
ionized impurities are intentionally doped in one of two QW'’s. The actual shapes of the
electron wavefunctions have been experimentally investigated by studying the magnetore-
sistance. '

In Chapter 3, the resonant coupling of electron wavefunctions in DQW’s is studied in
the presence of in-plane magnetic field. A simple theory is presented to explain the ob-
served anisotropic dependence of the in-plane magnetoresistance on the mutual directions
between the current and the magnetic field.

In Chapter 4, resonant tunneling between two 2DIEG’s in high-mobility DQW'’s is
studied in the quantum Hall regime. Clear featlures of the suppression of the resonant
tunneling at JQHI are shown.

In Chapter 5, we present a novel scheme to modulate the eflective mass of elecirons
by the gate voltage. Controllability of electronic states in a DQW, which consists of a
QW and a PSL separated by a thin barrier, is theorctically analyzed.

In Chaptler 6, we describe the in-situ cleavage and overgrowth method to flabricate
narrow edge quantum wire structures. The magnetoresistance oscillations, which were
observed in 50 nm-wide QWI's, indicale not only the presence of the lateral confinement

but also unique features of 1D electron systems.




Chapter 2

Resonant Coupling in Impurity
Doped Double Quantum Wells

2.1 Introduction

As described in Section 1.2.2, the resonant coupling influences parallel in-plane trans-
port characteristics in a double quantum well (DQW) with a wavefunction-dependent
scattering mechanism. In particular, “resistance resonance” observed in a DQW of asym-
metric scattering allows us to investigate the resonant coupling by a simple resistance
measurement. (35] Moreover, it has been experimentally demonstrated that quite a large
modulation of the channel resistance can be realized by appropriate choice of the param-
eters such as the coupling strength and the impurity densities. [36,37] In this chapter,
we study the resonant coupling in asymmetrically impurity-doped DQW'’s (ID-DQW?’s)
further in detail. | |

In the next section, we describe the principle of mobility modulation by gate-controlled
resonant coupling. A set of results of self-consistent calculations and numerically com-
puted mobilities are presented to illustrate the mobility modulation effect more quantita-
tively.

In the third section, we investigate the resonant modification of wavelunctions and
transport properties in ID-DQW’s by magncloresistance measurcments. Although this
phenomenon is based on a simple quantum mechanical effect, “resistance resonance”
reveals only the fact that the scattering is enhanced ab a resonant condition. It does not
provide any information on whether or not symmetric and antisymmetric wavelunctions
are aclually formed as seen in a text book of quantum mechanics. This 1s because the
random potential due to ionized impurities or fluctuations ol the layer thickness is likely

to cause the breakdown of such a simple picture of quantum mechanical effects.

In order to clarify these questions, we carried out magnetic-field dependent Hall mea-

16
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Figure 2.1: A model of a modulation-doped double quantum well (DQW) with a Si*
§-doping layer buried at the center of the top QW.

surements to inspect the resonance features. In particular, magnetoresistance of ID-
DQW'’s is systematically studied to estimate the difference in mobilities between two
subbands at various gate voltage. The resonance features predicted by the theoretical

analysis are tested with respect to the degree of disorder.

2.2 Mobility Modulation by Gate-Controlled Resonant
Coupling

As an approximate expression for wavefunctions and the tunnel coupling energy in DQW'’s,
linear combirnations of eigenfunctions in two isolated QW’s are widely employed. [80] This
is, however, insufficient to describe the electronic states in tightly coupled systems and,
in particular, in modulation-doped structures. The electrostatic potential due to the
space charges needs to be included and a sell-consistent calculation is required to obtain
more realistic wavefunctions. In this section, we describe briefly the procedure of our

sell-consistent calculation, the details of which can be found in Ref. [S1].

2.2.1 Self-Consistent Calculation of Wavefunctions

A model of a modulation-doped GaAs / AlGaAs ID-DQW structure is schematically

shown in I'ig. 2.1.
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The DQW consists of two 15 nm-wide GaAs QW'’s separated by a 2 nm-thick AlGaAs
barrier. Electrons are partly supplied by the remote impurities in the AlGaAs. At the
center of the top QW (near the gate electrode), a Sit é-doping layer of 3 x 10! cm™? is
inserted to degrade the intrinsic mobility of electrons.

We solved the Schrodinger equation

(e T V) explir) = Ea(z) exp(se) 1)

and Poisson’s equation

2
mdjz(;) = eNp(z) — eNa(z ﬁz }_:1 ()2 (Ep — E) (2.2)
self-consistently, where 7 is the reduced Plank constant, e the elementary charge, Er the
Fermi energy, ¢(z) the electrostatic potential, and 1;(z) the normalized wavefunctions of
the i-th subband. For simplicity, both the effective mass m* of electrons and the dielectric
constant ke are assumed to be constant both in GaAs and AlGaAs. Np(z) and Nu(z) are
the donor and the residual acceptor densities, respectively. The temperature T was set
to be zero K since we consider only the transport properties in a low-temperature range
where ionized impurity scattering dominates the electron mobility. All the é-doped Si*
donors are assumed to be ionized and counted in Np(z), even when Er is higher than the
donor levels in GaAs. The exchange-correlation potential energy Ve.(z) was taken into
account [81], but we ignored further exchange effect associated with the charge transfer
from one QW to the other. [82, 83]

The calculated electron densities ng; of the occupied ith subbands are plotted in
Fig. 2.2 as functions of the gate voltage V. They correspond to the energy levels with
respect to the Fermi energy Er since ng = Nop(Lr — Ei), where Nop = m™/7h? is the.
two-dimensional density of states. As V increases from the threshold voltage, electrons
populate the lower subband [, first. As Vg reaches —0.9 V, electrons starl to populate
the upper subband [, in sequence. Further increase of Vi induces electrons mainly in the
upper subband, while ng; remains almost constant. As shown in Flig. 2.2, the two levels

reach resonance with the energy separation Aligys = 1.3 meV at Vy = =0.25 V.

2.2.2 Wavefunction-Dependent Electron Mobilities

Using the wavelunctions and electron densities obtained from self-consistent calculations,
we calculated the mobility of cach subband dominaled by ionized impurity scattering. [84]

Within the Born approximation, a 2 X 2 scatlering matrix was computed by numerical
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Figure 2.2: Calculated electron densities ny:, and the energy difference AE = B, — E, are
plotted as functions of the gate voltage V4.

integration of spatial overlap between the wavefunctions ¥:(z) and the impurity distri-
bution e{Nx(z) + Np(z)}. Screening effects were taken into account for both intra- and

inter-subband processes in random-phase-approximation (RPA). [85]

In Tig. 2.3, the computed mobilities py, o are plotted by solid and dotled lines,
respectively, as functions of V. Nole thal p; rcaches ils maximum 250,000 cm?/Vs
at Vg = —0.8 V, at which the higher subband is slightly occupied by clectrons. This
is probably because the induced clectrons in the top QW screen the §-doped 1impurity
polential. py also increases with Vg, bul rcaches at most 10,000 em™2 When V; increases
further, then g decreases duc Lo the enhanced scaltering with the impurities in the
top QW. AL resonance, i is reduced to 10,000 can?/Vs, and gets equal Lo p12. When
Ve > —0.25 V, the wavelunction ol upper level 12, primarily confined in the top QW

moves into the bottom QW, resulling in rapid recovery ol py.
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Figure 2.3: Calculated mobilities for the lower level E; (solid line) and the upper level E,
(dotted line) are plotted as functions of gate voltage Vg.

2.2.3 Mobility Modulation via Gate-Controlled Resonant Coupling

Using the calculated electron density ng and the m'obility ui, the sheet channel conduc-

tivity o can be expressed as
2
o= Zens;ug (2.3)
=1

In Fig. 2.4, we plot ¢ as functions of ¥ to illustrate the principle of the mobility

modulation operation with figures of the electron wavefunctions and the potential profile.

When V; is increased only slightly from the threshold voltage, electrons occupy only
the ground state [2,. As shown in TFig. 2.4(a), the wavefunction P, (z) is well confined
in the undoped bottom QW. As a result, o increases wilth 14, leading lo a usual I'IYT
operation. When V is further increased to bring the energy /2, of the excited state below
B, o starl decreasing with V. As shown in I'ig. 2.4(b), o is reduced to about a lenth ol
that of maximum at resonance. Thus a negative transconduclance operation is achieved.
As V, increases fui-(.hcr, the resonant condition is broken. Both wavelunctions start to
localize in each QW, resulting in recovery of o. In Ilig. 2.4(c), the transconductance

do [V, in “mobility modulation” mode is found to be slightly higher than that in “FET?
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mode.

2.3 Examination of Resonant Coupling by Magnetore-
sistance Measurement

2.3.1 Theory of Magnetoresistance in Multi-Subband Systems

As shown in the previous section, electron mobilities should change with the shape of the
wavefunctions, which are controlled by the gate voltage. In particular, the mobilities of
delocalized states should get equal to each other at resonance. Therefore, one can probe
the actual form of wavefunctions if the mobility of each subband is known experimentally.
However, when there exist two or more channels electrically connected in parallel, they
can not be determined simply by a conventional Hall measurement. Here, we consider
the magnetotransport properties in a multiple~subband system.

When a weak magnetic field B is applied perpendlculal to the 2DEG layers, the

conductivity tensor o is expressed as

epin;
U;r:z ZUzm = Z 1+ M‘u., ) (24)

1B i
Oy (B ZUzyv = Z 1 j__# 'utn (2.5)

where e is the eléctron charge, y; and ng are the mobility and the density of electrons
for the ith subband, respectively. When the channel is isotropic, Oyy(B) = 022(B), and
03y(B) = 05y(B). :

The resistivity p;.(B) can be derived from Bq.(2.5) as

02z(B)

0zz(B)? + 04y (B)? (2.6)

pzx(B) =

It is thus possible to deduce ng and j; of each subband from the pzx(B) and pg, (B) by
Iqgs.(2.5) and (2.6) (86].

In a two-subband system (z = 1, 2), the magnetic field dependence of Pz divectly
reflects the diflerence of mobilitics s, and 3. When 1, 8 > 1 and fol3 K 1, prp(3) can

be approximated as [S7]
(B) = L + 21y
E34 = —(Najly
! PRl Nty 132

or, the magnetoresistance Apzz(B) = pua(B) — pra(0) is expressed as [38)]

Apy,(B) _ (1 — p2)?0y 09 B2
/71'2:(0) (Ul + 02)2 + (/LQUI + /LIU'.’)Q‘BE
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Figure 2.5: Schematic cross sections of the sample structures.

Following Eq.(2.8), one can readily see that Ap.;(B) vanishes when p; = p,, while
Apes(B) o« B* when p; # pa. One should note that this formalism is based on a
semi-classical model, and valid as long as B is small énough to prevent the oscillation
of psz(B). Note also that it can not be applied to a heavily disordered system where
localization of in-plane electron motion occurs due to interference effects, resulting in

negative magnetoresistance. [89)]

2.3.2 Magnetoresistance Measurement of Impurity-Doped Double
Quantum Wells |

2.3.2.A  Sample Preparation and Experimental Setup

Three DQW’s with asymmetric donor-impurity distribution were grown by molecular
beam epitaxy (MBE). Schematic cross-sections ol three samples are shown in IMig. 2.5.
Except for the Sit doping profile, structural parameters such as the well width Lw or the
barrier thickness Ly are identical for three samples 2A, 213, and 2C. The DQW consists
of two 15 nm-wide GaAs QW’s and a 2.25 nfn-thick Alg26GagrqAs barricr embedded
between two QW’s. Lower n-AlGaAs layer is placed 20 nm away from the backside of
the DQW. Sample 2A has no undoped AlGaAs between the cap n-AlGaAs and the upper
QW. In samples 2B and 2C, a SiT §-doping layer is inserted at the center of the top
QW while they have a 3 nm-thick undoped AlGaAs between the upper QW and the cap

n-AlGaAs layer. The densities of Sit donors are 1 x 10 em™2 for sample 2B and 2 x 10"
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cm™? for sample 2C, respectively.

The MBE growth was carried out at lower temperatures (~ 530 °C), at which migra-
tion of Sit donors in the lower n-AlGaAs layer toward the DQW channel is effectively
suppressed so that high mobility in the bottom QW is achieved. [90] The growth rate was
set to be slow (0.4 um for GaAs) in order to recover the quality of the grown structures
on a thick AlGaAs buffer layer. 4

The procedure of processing is as follows: First, a Hall bar geometry with five ter-
minals was defined by usual photolithography. The channel with is 50 um, and spacing
between voltage probes is 200 um. A mesa structure was then formed by chemical-etching
using HsPO4:H;02:H,0 =1 : 1 : 8 solution for 1 minute at room temperature. The depth
of the mesa is ~ 1 um. The Aluminum Schottky gate electrode covering the whole part
of the channel was also defined by photolithography, and formed by evaporation of Alu-
minum (130 nm) in vacuum and the lift-off method. Ohmic contacts were formed by
soldering InSn, and alloying at 400 °C in Ar atmosphere. The sample was set in a liquid
He* cryostat with a 8.5 T superconducting magnet and cooled down to 1.5K by pumping.
A magnetic field is applied perpendicular to the DQW channel.

2.3.2.B Results of Magnetic-Field Dependent Hall Measurements

The channel resistivity p., and the Hall resistance p;, were measured at 1.5 K by a
standard ac lock-in technique at 15 Hz. A 10 nA drain-source current was fed by a signal
generator with a 10 M) resistor connected in series. We measured channel resistivity
Pzz(0) at zero magnetic field as functions of gate voltage Vg, and both p., and p,, at a
fixed V; as functions of B {rom zero to 8.5 T.

It should be noted that p,, starts to oscillate with B when B is higher than 1 T due to
Landau quantization of the in-plane kinetic energy of electrons. Here, we discuss mainly
low field pa., while the data of high-magnetic field p,, are used to calculate individual ng;
by the TFourier transform of the Shubnikov-de Haas oscillations.

A solid line in I'ig. 2.6 indicales pz,(0) of sample A as a [unction of V. One can sec
that p.,(0) decreases with V up to —0.8 V, and increases in turn while the total electron
densily niga = ng + ng remain increasing with Vg A resistance peak appears clearly at
Ve = =048 V with a pecak o valley (P / V) ratio of 1.5. Further increase of Vi lcads to
the decrcase of p..(0) to almost hall of thal al V, = —0.8 V. Closed circles in Fig. 2.6
plot a magneloresistance Ap,,(0.31). When Ve < =0.8 V, Ap,.(0.3T) is almost zero,
which indicates that one subband is occupied. In the range of Vg where p,,. increases with
Ve, Dpar becomes positive. This indicales the fact that two conducting channels with

different mobilities exist. When p,. gets close to its peak, Ap,, starls Lo decrecase and
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Figure 2.7: The channel resistivity pz-(0) of sample'-2B at 1.5 K plotted as a function of
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reaches almost zero at around Vg = —0.43 V. Irom Eq.(2.8), this can be interpreted as

the fact that all the electrons have the same mobility.

One should note, however, that Apg, reaches zero at slightly higher Vg than —0.48
V, at the Iﬁea.l< position for pgz(0). This can be explained as follows. At resonance,
the overlap of wavefunctions and the scatlering potential becomes almost the same for
both symmetric and antisymmetric states. Here one should note that just at resonance
there is a difference belween the clectron densities 1y and gy, which is proportional to
the tunnel gap ALsas. This should cause a difference in mobililies ju; and yp since the
mobility p depends on the clectron density n in the relation ju~nY, where vis 1 ~ 2 al
low temperatures. [91] |

Figure 2.7 displays p..(0) and Apz2(0.37) of sample 2B3. There also appears a promi-
nent peak of pz(0) at ¥y = —0.35 V, with P/ Vratioof 1.5. The Apz(0.3T) vs Vg curve

(closed circles) shows the same behavior as that of sample 2A. The resonance [eatures for
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sample 2A and 2B are in accordance with theoretical predictions.

Here we derive the intrinsic mobilities fip and fpottom Of the 6-doped top QW and
undoped bottom QW, respectively. When Apy is zero, one can readily determine nNioal
and fioral 10 the same manner as in the case of a single channel transport from the
measured Hall coefficient Ry. At the resonant point, niota and fiotal are found to be
8 x 10" cm~? and 65,000 cm?/Vs, respectively. We also found ng = 4 x 10* cm™?
and gy = 220,000 cm?/Vs at V; = —0.7 V, those which correspond to the saturated
electron density and the intrinsic mobility in undoped QW. Assuming that the scattering
rates 7/ = (m*/e)u; in the QW’s are addable, namely, pii, = 1/2(tiop + Fhottom)s [35]
the intrinsic mobility g, of é-doped QW is estimated to be 38,000 cm?/Vs. Following
the manner described in Ref. [86], we calculated ng; and y; from the data of pzz(B) and
pzy(B), and found ng ~ 4.2 x 10 cm~2 and go ~ 220,000 cm?/Vs, and ng ~ 6.7 x 101
cm~? and p ~ 67,000 cm?/ Vs, respectively. One may notice that p; at =0V (67,000
cm?/Vs) is about twice as high as that of the intrinsic mobility in the §-doped QW (37,000
cm?/Vs). This increase in po should be attributed to the increase of ng by a factor of
1.6. Hence, it can be deduced that at V; = 0 V the wavefunction is well confined in each
QW.

On the contrary, Ap,.(B) of sample 2C does not vanish even at resonant bias. In
Fig. 2.8, pz(B) at various V; are plotted as functions of B up to 2T. When Vg > —0.7
V. where electrons populate both QW'’s, one can see a parabolic increase of pz;(B). In
Fig. 2.9, pzz(B) and Apz-(B) are plotted as functions of V; by a solid line and closed
circles, respectively.

The magnetic-field-dependence of Apzy and Hall coefficients Ry as well as the spec-
trum of the Fourier transform of Shubnikov-de-Haas oscillation were analyzed to determine
the mobility and the electron density of each subband. It was found out that the intrinsic
mobility fporom of the undoped QW channel is 140,000 cm?/Vs at Vg = —0.8 V (at the
valley of p.(0)), and decreases down to 50,000 cm?/Vs at the resistance peak. At this Vg,

the mobility i, of the lower mobility channel is found to be less than ~ 10,000 cm?/Vs.

2.3.3 Discussion

To explain the obscrved difference in pa(53) between these samples, we should refine
the model of resonant coupling. In sample 213, the density of Si donors Ng = 1 x 10'°
cm=? appears to be low cnough Lo regard these dopants as a weak perturbation. Ience,
the wavevector k = (k,,k&,) in the QW plane serves as a good quantum number and
electron waves can propagate coherently in the channel. Indeed, the level broadening

of both subbands estimated from their mobilities arc smaller than the coupling energy
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AEsas ~ 1.7 meV. As a result, the resonant coupling of two levels takes place almost
ideally and uniformly over the channel.

In contrast, the resonant coupling effect observed in sample 2C is certainly beyond
the simple model of the uniform resonance. For instance, the fact that measured u,
(less than 10,000 cm?/Vs) is far less than u; (~ 50,000 cm?/Vs) even at resonance,
indicates that resonance enhances the tunneling only partly and does not lead to the
complete delocalization of wavefunctions. These complications are due to the high density
N5 = 2 x 10" cm™? of donors that causes substantial level broadening and potential
fluctuations because of the overlap of bound states. The resonant coupling under such
circumstances should be described by a refined model, in which the energy uncertainty
6E, and potential fluctuation 6V in the doped well are taken into account. For instance,
6E, given by the lower mobility p; (~ 10,000 cm?/Vs) is comparable with (or bigger
than) the coupling energy AFsas. Such a large 6, suppresses the coherent propagation
in both QWs and, therefore, prevents the formation of uniformly coupled states but,

instead results in position-dependent partial coupling.

2.4 Quantum Transport Expression for Non-Uniform
Resonant Coupling

The resonance feature observed in a heavily doped sample (2C) is found to be far from
a semi-classical picture. In other words, it is not valid to describe the electronic states
by single-particle wavefunctons as symmetric |S) and antisymmetric |AS) states. This
inapplicability of the semi-classical description has been theoretically emphasized by
Vasko. [92, 93] He has developed a quantum transport theory for a DQW structure with
asymmetric scattering, which can be applied to the case even when 65; > AFs,s. In
his theory, the electronic states are represented by linear-combinations of eigenfunctions
for isolated QW’s. [80] He used a 2 x 2 Hamiltonian as a model taking into account the
tunnel coupling and the asymmetric scattering potential.

Using the expression given by Vasko, [92] the increase of the resistance AR = R — IRy
al resonance is writlen as [94]

AR (=)

= 2.
Re ~ (IT+1) dr (29)

where r is the intrinsic mobility ralio 7 = jyoiem/ fhrop, f20 the resistance expected withoul

resonant tunneling, 1.c., 2y = [enwwal/2(fiap + fiotom )] and

T T
= 9A ]35\5 top 'bottom . (210)
I’(Tt()p + TlmLLom)
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Note that 7; in Eq.(2.10) is not the transport scattering time 7 = (m*/e)u;, but the
quantum life time, for which a long-range scattering potential (associated with a change
of a small wave number q ~ 0) is effective. Kurobe et al. have carried out experiments
similar to the present work independently, and made comparison between their results
and Eq.(2.9), finding that the use of 7™ as 7; leads to large discrepancieé. [94] Taking
into account the fact that in modulation-doped heterostructures 7% /7 = 4 ~ 10, [95] the
origin of the difference between the expériments and the theory can be understood. From
the data of Shubnikov-de-Haas oscillation in Fig. 2.8, we estimated Tyop0m for sample 2C
and found TG, om/ Thottom t0 be ~ 7. However, Tyo, can not be obtained from Shubnikov-
de Haas oscillations because electrons of much higher mobility exist at the same time.
For this purpose, one needs to make further experiments such as cyclotron resonance

measurements.

2.5 Summary

In this chapter, we have theoretically and experimentally studied the electron transport
in impurity-doped double quantum well (ID-DQW) structures. By studying the depen-
dence of the low-field magnetoresistance on the resonance-controlling gate voltage, it is
found that coupling of two levels takes place uniformly, or resonant tunneling is achieved
coherently when the energy broadening of each level is less than the tunneling energy,
while such a resonance feature was not observed in a' heavily doped DQW, for which an

alternative theory is required.




Chapter 3

Effects of In-Plane Magnetic Fields
on Electron Transport in Double
Quantum Wells

3.1 Introduction

Effects of a transverse magnetic field on the tunnel transport in semiconductor heterostruc-
tures have been extensively studied. Let us consider the motion of an tunneling electron
injected from a two-dimensional (2D) emitter into a quantum well (QW) collector as shown
in Fig. 3.1(a). In essence, application of a magnetic field B (taken in the a-direction)
parallel to the tunnel barrier leads to (i) quantization of the motion of electrons into in-
terfacial Landau states, (ii) deflection of their orbits in the tunnel barrier or the collector
by a Lorentz force, or (iii) relative displacement of the origin of the in-plane momentum
(k) space for the electron states in the collector. These effects, under the restrictions
which are forced by the conservation of in-plane momentum k and total energy IV in a
tunneling process, give rise to a modulation of tunnel-transport properties such as the
current-voltage (I-V) characteristics.

(i) occurs when a magnetic field is so strong that the width L¢ of collector QW is
larger than twice the cyclotron radius [,. In this case, Lwo-dimensional (2D) electrons in
the emitter QW are not allowed to tunnel into the bulk states in the colleclor. Instead,
tunnel transler to the interfacial Landau stales, i.c. the edge stales, Lakes place. (96, 97]

(i1) is the casc where Lg is comparable to I, resulting in a chaolic behavior of electron
motion in the collector QW. [98)

(i1i) is most likely for the tunncling between 21 systems achieved in double harrier
(DB) or double quantum well (DQW) structures, where the quantized energy in cach QW
15 not aflected by parallel-magnetic fields B, namely, B can be treated as a perturbation.

In this case, the eflect of B on the motion of an electron is equivalent to replacing the
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Figure 3.1: (a) A model of tunneling from a two-dimensional emitter to a collector in
a magnetic fleld parallel to the barrier. (b) Displaced parabolic dispersion relations of
the states in the emitter and the collector QWs. Hatched area indicates the states in
the emitter which are filled with electrons. (c¢) Displaced two Fermi circles at zero-field
resonance in a parallel magnetic field 5. In the case of equibrium 2D-2D tunneling, the
cross-section between two Fermi circles is reduced to two points when the displacement

eBAz < 2hky
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canonical momentum %k, by ik, — eBAz, where % is the reduced Plank constant, e the
elementary charge, &, the wavenumber of the electron in the emitter, and Az the mean
distance between the 2DEG’s in the emitter and the collector QW’s. In DB structures,
the resonant tunneling current at a zero-field resonant bias will decrease rapidly with a
transverse magnetic field. [99] As shown in Fig. 3.1(b), the overlap between emitter and
collector states is much reduced when the parabolic dispersion relations of k of the emitter
states are shifted along k, with respect to those of the collector states. Using this feature,
complicated dispersion relations in QW's have been nvestigated by magnetotunneling
spectroscopy. [100]

The equibrium 2D-2D tunneling has been studied by Eisenstein et al. in a DQW
structure with independent ohmic contacts which are realized by a selective depletion
technique. [42]. In this case, zero-field tunneling is allowed to take place only when the
two levels are exactly aligned because only the electrons in the vicinity of the Fermi
surfaces can participate in a tunneling event with their in- plane momenta unchanged.
[43] When a magnetic field is applied parallel to the layers, as shown in Fig. 3.1(c). There
exist only two states at which two displaced Fermi circles cross each other, resulting in
drastic decrease of the tunnel conductance. [44]

Note that the experiments referred above have been done in weakly-coupled systems.
For the case of a tightly-coupled 2DEG system, on the other hand, only a few experiments
were made befme we started the present work. [101,102] In this chapter, we investigate
the effects of an in- plane magnetic field on parallel electron transport in intermediately
coupled DQWs. Specifically, we employ here DQW structures in which the gate-controlled

resonant coupling results in the resonant change of a resistance. [35]

3.2 Decoupling of Resonance States by In-Plane Mag-
netic Fields

In Chaper 2, we studied the dependence of the channel resistance on a magnetic field
applicd perpendicular to the layers. In that casc, the magnetic field is responsible for
the in-plane motion of clectrons. The wavelunclions in the z-direction, the symmetric
and antisymmetric states al resonance, should not be modified by /3 in a single particle
picture. The observed positive magneloresistance ariscs from the fact that (he Lorents
force F ~ v; x B could not be canceled by the averaged Hall electric field across the
channel when the velocities vi, 1.e. the mobilities j¢; of two subbands were not equal to
each other.

In contrast, the resonant coupling in DQW structures should be influenced by a
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Figure 3.2: The cross-sectional view of the sample structure is schematically shown. The

concentration of Sit in the §-doping layer is 1 x 10'° cm~? for sample 3A and 2 x 10!
2

cm™4, respectivel_y.

magnetic fleld parallel to the QW layers. This change of coupling should be reflected
in the resistance peak in parallel transport. However, the behavior of electrons should
depend on the direction of magnetic field with respect to the current flow direction. As
shown in IMig. 3.1(c), the two displaced Fermi circles are not isotropic with respect to the
origin of k-space. Hence, we have experimentally studied the effects of in-plane magnetic
fields for both cases where the fields are applied parallel (B ||) and perpendicular (B 1)

to the current J in this section.

3.2.1 Sample Structures and Experirnental Setup

The samples 3A and 3B studied here are the same as sample 213 and 2C used in Chapler »
2, respeclively. In Fig. 3.2, we show again a cross-sectional view of the sample structure.
The DQW consists of two 15 nm-wide GaAs quantum wells separated by 2.25 nm-wide

AlgasGagrgAs barrier. At the center of the upper quantum well, a Sit §-doping layer
(1 x 10 cm=? for samplc 3A, and 2 x 10" em™? for sample 313, respectively) is inserted

to make a diflerence in the mobilities of two 2DEG’s.
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Figure 3.3: The zero-field channel resistivity p., vs. gate voltage ¥ characteristics at 1.5
K is shown by a solid line. Closed circles and squares indicate the electron densities of
individual subbands. Closed triangles are the difference between them.

A Hall bar geometry with a 200 ym long and 50 um wide channel was defined by a
conventional photolithography technique. A Schottky gate was then formed by deposition

of Aluminum in vacuum, and ohmic contacts were made by alloying InSn at 400 °C to

both QW'’s.

As described in Chapter 2, the sample 3A shows the resonance features which are
predicted in a theory based on a single-particle picture. [35) Furthermore, we measured the
Shubnikov-de-Haas oscillations at different gate voltages Vg with magnetic fields applied
perpendicular to the layers in order to confirm the electron population in the lowest two
subbands. Electron concentrations ng, and ng were evalualed from the power spectrum
of the IFourier transform, and plotled in Fig. 3.3, as well as the channel resistivity Pza al
zero magnetic ficld. From these two curves, one can readily determine the encrgy levels
Iy and [25 with respect Lo the Fermi energy [, It is clearly seen that g1 (V) and ng (V)
anticrosses cach other at Vg = —0.35 V. The minimum of the encrgy scparation Afgg
between these two levels is estimated Lo be ~ 2 meV. It is in good accordance with the

theoretical value 1.7 meV, which is obtained from a sell-consistent calculation.
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Figure 3.4: The longitudinal magnetic field B|| dependence of p,. for sample 3A plotted
as functions of V. :

Next, we describe the experimental set-up for the resistance measurements in parallel
magnetic fields. The measurement was carried out at 1.5 K by ac lock-in technique with
a small excitation current of 10 nA at 15 Hz, which was fed by a signal generator with a
10 MQ resistor connected in series. The channel resistance p., was measured at several
values of magnetic fields with the gate voltage V; scanned from 0.5 V to —1.0 V. The
Hall resistance p,, was also measured simultaneously. To apply a magnetic field pricisely
parallel to the layers, the sample was fixed where the Hall voltage across the channel
vanishes. The stage, on which the sample was mounted, can turn round on only one axis:
The direction of the channel wilth respecl to the magnetic field was fixed outside belore

launching the rod into the ]icmicl He cryostal.

3.2.2 Experimental Results

In Fig. 3.4, the channel resistivity py for B||J are plotled as functions of V. The resistance

peak decreases with the increase of By, indicating thal the coupling is weakened. The
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Figure 3.5: The transverse magnetic field B_L dependence of pzz for sample 3A plotted
as functions of V4.

rate of quenching with the magnetic field is, however, rather small. Even at 4 T, the
peak remains visible. Simultaneously, the position of the peak is seen to shift toward the
negative Vg, with the peak width broadened. When Vj is biased at some value in the
region of off-resonance, p., increases. This tendency is most obvious at the valley point

of pzz, where the second subband starts to be occupied by newly induced electrons.

Secondly, we studied the pzz-Vg characteristics for BLJ. The result is shown in
I'ig. 3.5, where the resistance peak is found to fall down much more abruptly. The
quenching rate for BLJ up to ~1 T is greater by a factor of 3 than the case BJJ.
Around 2.5 T, the peak structure is completely vanished. Note that two Fermi circles in
k space will be circumseribed at B = hy/Zrn;/edz ~12 T. In the range of B where the
experiments were made, Lwo crossing poinls were preserved, as shown in Fig. 3.1(c). Nole
also that the magnetloresistance under off-resonant condition is negative, contrary Lo the
posilive magnetoresistances for B||J. The shift of the peak position is also found, but is

far smaller than that for B||J.
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Figure 3.6: Symmetric (|S)) and antisymmetric (JAS)) wavefunctions in a symmetric
double quantum well potential are plotted.

In the case of B_.LJ, one must consider the possibility that the in-plane magnetic field
induces the Hall electric field in the direction of the DQW potential. It may lead to
an excess charge transfer from one well to the other, or deformation of a wave function
in each QW resulting in a kind of mobility modulation. [32] In such a case, p5; should
depend on the pc:ﬂarity of the magnetic field or the current because of the asymmetry of
the mobilities. We found this effect to be negligible, for in dc measurements no difference

was observed when the polarity of the magnetic field was reversed.

3.2.3 A Perturbation Theory

Iirst we discuss the anisotropic in-plane magnetic field dependence of the resonance-
enhanced resistance. To examine the origin of the quenching‘of the resistance peak and
its marked dependence on the magnetic field orientation, we consider the mixing of the
extended eigenstates in the presence of a parallel magnetic field B. As shown in Fig. 3.6,
we take the channels in the ay planc and the b1‘igin of the z-axis at the center of the
barrier between two QWs. The DQW potential V(z) is assumed Lo be rectangular and
symmetric, for simplicity. When B is in the z-direction, we take the vector potential A as
(0,~B=z,0) in the Landau gauge. In this case, the motion of elecirons in the a-direction
can not be aflected by B. By treating the DQW system as a unit, the z component of

wavefunctions ¥;(z) (¢ denotes the index of the level) are given by solving the following
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Schrédinger equation
{ i +V(z)+ : Bz(hk, + eBz)}i(z; k B)*E(/c B)i(z; k,,B) (3.1
~ o5 (2) g eBz(hky + eB2) (2 by, B) = Ei(ky, i(z; ky, 3.1)

where m™ is the effective mass of electrons and F; the quantized level for the i-th subband.
If a magnetic field is sufficiently low, the term H' = 1/2m™-eBz(lik, + eBz) can be
regarded as a perturbation. Then the wavefunctions ;(z)(i = 1,2) can be expressed as
linear combinations of symmetric (|S)) and antisymmetric (JAS)) states, which are the
eigenfunctions of the Hamiltonian with no perturbation, /y, = —h*/2m=-9% /92 + V().
In the present casc, the mixing is mainly between |S) and |AS) since higher excited states
are separated with large energy as compared with Afs,s. The mixing coefficient cgyg is
then given by :
csns = —(Slgr-eBa(eBx + bk, )|AS)/A Fsas (3.2)

In IMig. 3.7, the calculated wavefunclion |S) + csas]AS) at B = 1 T is plotled as a
function of k,. When k, = 0, the mixing does not occur because |S) is even and |AS) is

odd with respect to the origin of z. Thus the wavefunclions remain delocalized. As k,




3.2. Decoupling of Resonance States by In-Plane Magnetic Fields 41

deviates from zero, the mixing increases and leads to a situation where the probability
function [4;(z; ky, B)|? starts to concentrate in one QW, while that corresponding to -k, -
concentrates mainly in the other well. When ky gets as large as the Fermi wave number
kp ~ 1.6 x 10° cm™ for n, = 4 x 10 cm™?, the numerically calculated Csas Teaches ~1
even at B = 1T. At that point, the envelop functions t;(z; &, B) are reduced to IS)+]AS)
and [S) —|AS), which are degenerate states in isolated QWs as shown in Fig. 3.7, although
the validity of this approximation must be examined. An alternative treatment of a strong
in-plane magnetic field will be discussed in the next section.

From the above discussion, it is clear that decoupling of symmetric and antisymmetric
states by the in-plane magnetic filed and the subsequent decrease of the probabilities of
the impurity scattering strongly depend on ,, that is, these effects are reflected only
on the electronic states with large value of ky. As the electric field is applied in the z
direction in our case, the conductance is mainly dominated by electrons with large k,.
Hence, the influence of 6-doped impurities on the electron transport decreases only with
a modest rate; this explains why the magnetic field effect was small for BJ|J.

When the in-plane filed B is in the y direction, i.e. BLJ, one can expect that the
decoupling of electronic states into two isolated 2DEGs should take place most efficiently
for electrons with large k;. Since these electrons dominate the current transport and
since electrons localized in the undoped QW are released from the o-doped impurities,
the magnetic field dependence of the magnitude of the resistance peak should be far larger

in this case, which is in accordance with the experiméntal results.

3.2.4 Non-Uniform Resonant Coupling Case

We also carried out the in-plane magnetoresistance measurements for the sample 3B. In
Figs. 3.8 and 3.9, the channel resistlivity pg, in B || J and B LJ configurations are plotted
as functions of Vg, respectively. These results are quite similar to those of the sample 3A,
except for the off-resonant magnctoresistance. The resonance-induced resistance peak
was quenched more rapidly with increasing BLJ, than B||J, as shown in IYigs. 3.8 and
3.9.  As argucd in the previous chapter, we can not apply the perturbation model to
sample 3B because the random potential due to the hecavily doped impurities (2 x 10"
em™?) prevents the “uniform” resonant couplingbwhich is essential for a description of
single-particle wavefunclions. From the experimental results, however, we speculate that
the features of such coupled symmetric and antisymmetric states are prescrved Lo some
extent in the electronic slales at Lhe Ferm cnergy even when the polential is heavily
disordered. Tor further discussion, we should refine our model, as discussed in the next

section.
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Figure 3.10: Schematic illustrations of (2) two anti-crossing Fermi circles in strongly
coupled double quantum wells when the displacement Ak > kg, and (b) the dispersion
relation with a partial energy gap.[103, 104]

3.3 Discussions

3.3.1 Magnetoresistance in a Strong In-Plane Magnetic Field

In Section 3.2.3, we treated an in-plane magnetic field B as a small perturbation, and
we were concerned mainly with the deformation of wave functions. In k space, as shown
in Fig. 3.1(b) and (c), B results in a linear shift of a dispersion relation E(k) of one
QW relative to the other along kLB direction. Therefore, the cross section between two
Fermi circles are reduced to only two points in the case of a weak coupling system. [44]
In contrast, two dispersion curves anticross as shown in I'ig. 3.10(a) when eBAz/l > kp
and the tunnel coupling is sufficiently strong. [103] Under this condition, an energy gap
appears at specific k’s as shown in Fig. 3.10(b), and the group velocilics as well as the
density of stales Nop (/) are dramatically distorted at the edges of the gap. [103,104]

In the present work, where kp ~ 1.6 x 10° cm™!, the above situation occurs when
B > 6 T. Therefore, we can rule out this eflect but Lhe group velocily should change cven
when B < 6 1. It may give risc lo an additional magneloresistance, nol related to the
in-plane magnetic field dependence of the resonantly-enhanced resistance peak which was
discussed in the previous section.

For the observed in-planc magnetoresistance and its anisotropic dependence under

off-resonance, the mixing of the lowest two levels has been also estimated from I3q.(3.2)
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and found to be negligibly small. Therefore, we deduce that the non-zero in-plane mag-
netoresistance at Vg ~ —0.7 V in Figs. 3.4—3.5 (positive for BJ|J, and negative for B.LJ,
respectively) is a feature of a 2DEG in a single QW, too.

3.3.2  Quantum Transport Theories for the In-Plane Magnetic Field
Dependence of Resonance-Induced Resistance

Almost simultaneously, a few other groups have independently made experiments similar
to the present work, [94,105-107) and reported a quantitative analysis using quantum
transport theory. [106] Berk et al. developed microscopic model of electron transport
in DQW’s employing the basis of eigenstates of uncoupled QW’s and representing the
coupled states by a 2 x 2 Hamiltonian in a similar manner as in Ref. [92]. They derived
an expression of the in-plane magnetic field B dependence of the resonance resistance

based on the Kubo formula as
R™Y(B) - Ry' = [RY(0) - R3'f(B/B.) (3.3)

where R(B) is the channel resistance at resonance, Koy the resistance without tunnel

coupling, and

f(z) = 2(V1+a?—1) y 1, B|J (3.4)
v z? (1+2%)712  BL7J. '
The fitting parameter B, is referred to the characteristic field and given by
.B = an* \/1 + <AESAS>2 Tlggttom + TLLK;‘P,.. (3 5)
©7 ehprAz B 2 " ‘
where 2771 = r7t 4+ 70k Az the average spacing between two QW’s, and 7\ =

(m~/e)p;. Note that B, contains an unknown parameter, the average quantum lifetime
7 while the transport scattering time 7" can be known by Hall measurements. If one
uses 7" as T in Iq.(3.5), one expect a large discrepancy between the experiments and the
theory, as shown in Chapter 2.4. By comparing the experimental results with the theory,
however, one can estimale the small angle scaltering time. [106)

Another approach has been examined by Kurobe et al., in which the k-dependent
scatlering maltrix has been numerically com])uLed‘. [108] Just recently, Vasko and Raichev
have improved their theorclical model by taking the long-range correlation of the jon-
ized impurity potential into account, and made comparison with the present data [109)
as shown in I'ig. 3.11. [110,111] The calculated results (solid lines) arc in much better
accordance with the experimental results, than those (dashed lines) for which only the

short range potentials were considered.
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B1J, respectively. Solid lines (dotled lines) are the calculated results taking the long

range correlation of the scattering into account (in the case of shorl-range scaltering

potentials). Taken from [110]
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3.4 Summary

In this chapter, we have investigated the:influence of in-plane magnetic fields B on
the resonant coupling in selectively impurity-doped double quantum well structures. A
resonance-enhanced resistance peak was found to be quenched with increasing B which is
much more efficient for a magnetic field directed normal to the current. This anisotropy
is successfully ascribed to the magnetic field induced mixing of the extended one-particle
wavefunctions. B |
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Chapter 4

Suppression of Resonant Coupling in
Double Quantum Wells in the
Quantum Hall Regime

4.1 Introduction

As described in Chapter 1.2, electron transport in a double quantum well (DQW') has
been of great interest because of its unique properties resulting from the additional de-
gree of freedom. In particular, the effects of a magnetic field applied perpendicular to
the sheets of two-dimensional electron gases (2DEG’ s) and / or the inter- and intra-layer
Coulomb correlations on the single-particle tunneling have been extensively studied both
theoretically [51-56,62] and experimentally. (57,58, 60, 61,63,64] Most of the transport
measurements have been done in “parallel” configuration, where ohmic contacts were
connected to both QW’'s simultaneously. In these experiments, the magnetoresistance,

l.e. the Shubnikov-de-Haas oscillations, have been studied to explore the resonance fea-
tures (101] or to investigate the characteristics of each quantum Hall state. [57,60, 63 64]
On the other hand, direct measurement of the tumnncl conductance between two 2DEG’s
has been achieved by using a seleclive depletion technique. [43] In this “tunnel” configu-
ration, interactions in a weakly tunnel- coupled DQW can be sensitively studied, even in a
DQW where the data of the “parallel” transport experiments indicate no more than Lhe
features cquivalent to those of Lwo independent QW’s connected in parallel.

Fabrication of patlerned gates on the back 1s, however, nol so casy. One needs to
remove the back side of the substrale Lo reducing it’s thickness down Lo 50 ~ 100 m
so that the back gale can function in the range of an appropriale bias voltage. [42,91]
More 1cccntly, an alternative attempt has been made Lo fabricate back gales by an in-
silu focused ion implantation process. (112,113] In the present work, we employed still

another scheme to probe resonant tunneling in weakly-coupled DQW’s withoul using

47
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Figure 4.1: Cross-section of sample 4A~4D are schematically shown. Except for the Al

content = and the thickness Lg of the central barrier, structural parameters are identical
for these samples.

back gates, [102,-113,114] and we have investigated ‘the in-plane transport properties of
tunnel-coupled two 2DEG’s in the integer quantum Hall regime.

4.2 Selective Probing of Transport Properties in Dou-
ble Quantum Wells

4.2.1 Expérimental Setup and Methods

For the present experiments, we prepared four DQW samples 4A—4D by molecular beam
epitaxy (MBE). The cross sectional view of the sample structure is shown in Iig. 4.1.
Bach consists of two 15 nm-wide GaAs QW'’s separated by an Al.Ga,_,As barrier of
thickness Ly. Table 4.1 lists the structural parameters 2 and Ly, and the tunneling
energy gap Alisys which is obtlained from sclf-consistent calculations. A Si+ §-doping
layer is placed 70 nm below the DQW, and a 35 nm-thick undoped AlGaAs spacer is
mserted between the top of the DQW and an n-AlGaAs layer (with the doping density
of 4 x 10" em™3). The samples were grown under the optimized condition for a normal

GaAs / AlGaAs single heterostructure. The substrate temperature Ty, was 580 ~ 600
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Table 4.1: The Al mole fraction z and the thickness Ly of the central barrier, and energy
gap AFEsas between symmetric and antisymmetric states resulting from self-consistent
calculations. *: The values of AEsas might be smaller than the error in the calculations.
One should refer these only for the order estimations.

Sample z Iy (nm) AEgs (meV)

4A 0.28 5 0. 39
4B 0.28 10 . 0.018
4C 0.28 15 0.0008*
4D 1.0 7 0.0005*

°C and the growth rate Jfcaas for GaAs was ~ 0.8 um/h. Because of the relatively high
Tsub, & part of the Si dopants in the 6-doping layer below the DQW may migrate toward
the growth direction. Following the other experimental study, [115] the effective thickness
of the bottom undoped spacer should be ~ 60 nm.

Using these wafers, we fabricated novel field effect transistor (FET) structures with
a Hall bar geometry. The top view of the layout of the device is schematically shown
in Fig. 4.2. First, the Hall bar geometry was defined by a photolithographic technique
and mesa-etched in H3PO4:H,05:H,0 = 1:1:8 solution for 30 sec at room temperature.
The channel width is 50 #m, and spacing between two potential probes is 200 ym. The
etching depth is amount to be ~ 300 nm. After that; AuGe (~ 150 nm) was evaporated
and patterned using the lift-of technique to form the source, drain, and three potential-
probe electrodes. Alloying was done at ~ 400 °C for 1 min in Ar ambient. The formation
of good ohmic contacts and the device isolation were checked at this stage. Finally, Au
(~ 70 nm) was deposited to form Schottky gate electrodes, which were also patterned by
the lift-off method. Besides a main gate G which covers the whole channel, we formed five
probe gates gi_s lying on each mesa branch Lo the ohmic contact as shown in Fig. 4.2.

By applying a threshold bias V om) ON these small gates g,_s, at which only the top
I g h g g

i
2DEG is depleted, one can isolate the lop 2DEG under the main gate G from all the
ohmic contacts including the drain and the source, while the gate G is used to control the
electron densities and energy levels in the DQW channel.

To confirm the performance of the probe gaZLes, we measured the two-terminal re-
sistance Jipg belween the drain and the source al low temperatures 1.5 ~ 2 K by a
low-frequency (15 Hz) ac lock-in technique as a function of the probe-gale voltage V.
Figure 4.3 shows typical data, the result for the sample 4B. In Lhis mecasurement, the other
ohmic contacts were opened, and the other gates G and 81,3-5 were carthed. Note that

the DQW systems at zero-bias are laid under the ofl-resonant condition due to the asym-
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Figure 4.2: Top-view of the device layout is schematically shown. Shaded area indicates
the Schottky metal, and hatched area the AuGe ohmic contact pads, respectively.
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metric doping profile. As shown in Fig. 4.3, the Rps vs Vg2 curve has a step-structure
at Vg ~ —0.6 V, at which the top 2DEG under the gate electrode is fully depleted.
The abruptness of the step-increase strongly depends on the barrier height and thickness.
Indeed, the step-shaped structure was not observed in the Rpg vs Vg1 or Vi characteris-
tics for the sample 4A, indicating that the 5 nm-thick AlGaAs barrier is not effective to
separate two 2DEG'’s electrically even bffiresonance.

4.2.2 Characterization of Tunnel—Dependent Conductivity

Next, we investigate the effects of the isolation of the top 2DEG from the ohmic contacts
by conventional Hall measurements. We measured the channel resistivity p,, at zero-
magnetic field and the Hall resistance Pzy With a low magnetic field B = 0.3 T applied
perpendicular to the 2DEG layers at 1.5 K by an ac lock-in technique supplying a 15 Hz
small excitation current of 10 or 100 nA. By changing the bias voltage on five probe gates
g1-5 from zero to Vtﬁ"" ) » we tested the samples in two different situations; namely, in one
case, which we call “parallel-connection case” or simply “parallel” case, the top 2DEG
is connected to the bottom 2DEG in parallel through ohmic contacts. In the other case,
which we call “floating” case, the top 2DEG is isolated from all the ohmic contacts by
depleting the top 2DEG beneath g1-s on all the side arms.

Figures 4.4—4.7 show zero-field Pzz @nd pgy at B = 0.3 T for the sample 4A-4D as
functions of V5. In these figures, the data for the “parallel” case are plotted by dotted
lines, and those for the “floating” case by solid lines, respectively. For the sample 4A,
as shown in Fig 4.4, there is no difference In pzy and p, between the "parallel” and
"floating” cases. This indicates, as described above, that for the sample 4A the two QW’s
are electrically connected in parallel through the thin barrier in the whole range of 5.

In contrast, for the other samples with smaller tunneling energy gap Algps, tl;e data
of the “floating” case exhibit the resonance features in their V4 dependence. Iigure 4.5
displays p.. and p,, for the sample 4B in the same manner as Fig. 4.4. In “parallel” case,
pzy show monotonous increase as Vg is decreased from 0.5 V to —0.4 V. This is due to the
depletion of the 2DEG in the top QW. When Vg is decreased further below =05V, pus
and p,, increases very rapidly. This is due to Lhe depletion of the 2DEG in the bottom
QW. Note that p,, slightly decreases when Vs i'ea.cllcs close to VLE,“’") as indicaled by
an arrow in Iig. 4.5, which will be discussed later. In “floating” configuration, bolh p,,
and p,, show pronounced dip structures cenlered al Vo = =0.1 V. The deviation of the
resistances from those in “parallel” configuration is due to the isolation of the top 2DIEG
from the ohmic contacts. The current flows primarily in the bottom QW in “floating”

configuration. However, when the two levels in the DQW gel close Lo each other, the
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Figure 4.4: The channel resistivity p,, and the Hall resistance pzy at 0.3 T for sample

4A are plotted by dotted lines for the“parallel” case, and by solid lines for the “floating”
case, respectively
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Figure 4.5: The channel resislivity p., and the Hall resistance Pzy al 0.3 T for sample
4B are plotted by dotted lines for the “parallel” case, and by solid lines for the “floating”
case, respectively
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Figure 4.6: The channel resistivity p,, and the Hall resistance p,, at 0.3 T for sample
4C are plotted by dotted lines for the “parallel” case, and by solid lines for the “floating”
case, respectively

mter-QW resonant tunneling of electrons is allowed to take place, and in consequence the
tunnel resistance through the barrier is reduced. As a result, electrons in the top QW

become to contribute to the channel conductance.

The width and the depth of the resistance dips, which represent the features of the
tunnel conductance between two QW'’s, depend on such parameters as the barrier thick-
ness and height, scattering rates in both QW’s, and the area of the channel. For the
sample 4B, as shown in Tig. 4.5, both p,, and p, of the “floating” casc become almost
equal to those of Lhe ” parallel” case at Vg ~ —0.1 V, indicating that the tunnel resistance
is negligibly small at resonance. For the other samples 4C and 4D, as shown in Tigs. 4.6
and 4.7, the resistance dips are visible for the “floating” cases but become smaller with
decrcasing Allsas.  The main contribution to the tunneling conductance between two
QW’s arises from the interlayer electron-clectron scatlering, which depends sensitively
on the scattering rales in both QW’s as well as the Lunncl‘coupling strength. [102] In
I'ig. 4.8, we plot the effective electron mobility pr and electron densily nqr for the sam-
ples 4A-4D. They are defined as nyr = ¢/ Bp,, and per = Pryl Bper, vespectively. Because
of the inferior mobility of the bottom 2DEG for the sample 4A, we can not compare the

data of the sample 4A with those of the others with respect to the relation between the
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Figure 4.7: The channel resistivity p,, and the Hall resistance pzy at 0.3 T for sample
4D are plotted by dotted lines for the “parallel” case, and by solid lines for the “floating”

case, respectively

Figure 4.8: The eflective electron mobility uer is plotted as functions of the effective
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tunnel-coupling strength and the resistance dips in the “floating” cases. For the samples
4B—4D, the electron densities and the mobilities in both QW’s can be regarded as almost
the same. The electron density npouom at saturation in the bottom QW is ~ 2 x 10
cm™? and the mobility upottom is 300,000 ~ 400,000 cm?/Vs, which are determined by
pre and pg, at Vg ~ V;ﬁ')p). At resonance, the total electron density nyq, is twice as
many as Nbottom, and the mobility pio, of the top 2DEG is estimated to be 400,000 ~
500,000 cm?/Vs. From these values of p,-, we estimated the width of the broadened energy
levels defined as §E = Ar;' = he/m"y, and found §E = 0.035 ~ 0.058 meV, where % is
the reduced Plank constant, and m* the effective mass of an electron. Compared with
AEsas, 6F is found to be larger than AEgas by a factor of 2 for sample 4B, and ~ 100
for sample 4C and 4D. Indeed, the thermal energy T' = 0.13 meV (1.5 K), at which the
measurements were performed, is much higher than those energies. From these facts, we
deduce that the observed resonance features are not due to the coherent tunneling but
the sequential (incoherent) tunneling. For sample 4A, in contrast, 6E < AFgss though
pi are worse, resulting in a possible coherent tunneling which may lead to quite a large
tunnel conductance. We do not go further on quantitative discussions of the tunneling

conductance, for which a calculation based on the Kubo-formula is required. [48,102]

4.2.3 Exchange Effect and Path of Charge Transfer

It is noticed that in Fig. 4.5— 4.7 that the channel resistivity p, in “parallel” configuration
does not decrease monotonously when Vg is increased: As the top QW get close to
depletion with decreasing Vg, p.- once decreases or stops increasing, and increases again
when Vg is decreased further (indicated by arrows). It has been also reported by another
group that such a resistance peak appears near the threshold gate voltage for the top QW
(V,j‘“")) in a DQW similar to our sample 4D. [83] This is considered to be attributed to
the charge transfer from the top QW to the other which is caused by the exchange-driven
instability. (82, 83]

Finally, we consider the path of the charge transfer into or oul of the top QW in
“lloating” configuration, in which the present device can be regarded as a kind of floatling-
gate devices in principle. [116] In a series of the present experiments, we first applied Vlgfop)
on the probe gates, sel V4 al a slarting positive bias, and then started a scan. One scan
of Vg (typically from +0.5 V to —1.0 V) took aboul 5 ~ 7 min. In this operalion, we did
not see any substantial shift of the threshold voltage afler a scan of Vg. Therelore, the
time scale in the present experiments seems to be sufficiently long compared with the time
constant of the system in the “floating” configuration, so that the number of electrons in ‘

the isolated top QW can follow V. In sample 4B, in which the tunnel coupling is not so
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weak, the tunneling may contribute to the charge transfer between QW’s. In the case of
weak coupling limit as in sample 4C and 4D, we speculate that the electrons in the top
QW will be carried in a leak current through the depleted probe gate (g, and g,) regions. |

4.3 Resonant Coupling in the Quantum Hall Regime

In sample 4B, pz; or pgy vs. Vg characteristics for the “floating” case reflect the features
of the gate-controlled tunnel-coupling between two 2DEG'’s, as shown in Fig. 4.5. When
a strong magnetic field B is applied, however, the situation changes due to the Landau
quantization of the in-plane kinetic energies of electrons. It results in the formation of
discrete magnetic levels which line-up with an even energy gap hw, = eB/m* for each
2DEG. .

Now consider the lateral electron transport in an asymmetric DQW in “parallel” con-
figuration when B brings the system into the integer quantum Hall regime. Usually, a
hybrid oscillation of the magnetoresistance R, remains the features of that of the in-
dividual 2DEG. In the power spectrum of the Fourier-transformed R..(B~!) oscillation,
one can find the electron density of a particular 2DEG independently. The Hall resis-
tance R, 1s rather complicated. It is often the case that an oscillatory feature appears
in Rz, (B). The plateau of the quantized R,, must not become h/(Viop + Vbottom)€?,
Viop: Vbottom = 1,2, - -, where h is the Plank constant, and viop (Vbottom) the filling factor
for the top (bottém) 2DEG, respectively. .

At resonance, however, the Landau levels in both QW'’s should remain aligned since
Nop = Mpotiom- 1N “parallel” transport measurements, therefore, R,, should be simply
given by a half of that of a single 2DEG. I'or R, the magnitude of the Shubnikov-de-
Haas oscillation is unknown but the oscillatory features remain the same as those of a
single 2DEG as long as the mobilities are not so different. '

In this section, we mvestigate the effects of the isolation of the top 2DEG on the
tunnel-coupled magnetotransport properties in a balanced DQW, i.e. at “zero-field” res-

onance.

4.3.1 Twofold Hall Resistance at Plateaus in the “Floating” Con-
figuration

We made magnelotransport measurements employing sample 4B and sclling Vg at the
resonance bias —0.1 V. In I'ig. 4.9, the Hall resistance R, of the “parallel” casc is plotted
by a dotted line, and that of the “floating” case by a solid line, respectively. Also in

I'ig. 4.10 the magnetoresistance R, of the “parallel” casec is indicated by a dotted line,




4.3. Resonant Coupling in the Quantum Hall Regime 57

1T
sample 4B
1.5K dark
VG=-O.1V
--------- ?ara'llel
loating
< ‘
£
EK
® 05 e ~
o ‘
5 .
R
w
)
o
=
+
0 1 { ! | | | 1 Il
0 1 2 3 4 5 6 7 8
Magnetic Field B (T)
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and that of the “floating” case by a solid line. In Fig. 4.9, R, in “parallel” configuration
shows clear plateaus at h/vioae?, when the filling factor vyopa is an even integer 2,4,6,---.
Note that we define vioa = nioah/eB, each QW having a half of vy. In Fig. 4.10, R,
of the “parallel” case becomes vanishingly small at o = 2,4,8,: - -. Since AEsyg is
much smaller than §F, no Hall plateau was observed when i is odd integers. From
these data, we confirm that the two levels in the DQW structure are on resonance at
Vo = —=0.1 V, where R, (R.,) for both "parallel” and "floating” cases in lower magnetic
fields become almost identical. |

In the “floating” case, the Hall resistance R,, shows an abrupt increase each time it
reaches a quantized Hall plateau as shown in Fig. 4.9. The height of R., at each peak
is almost twice as high as that of “parallel” configuration, i.e. almost equal to that of
the bottom 2DEG alone. This behavior suggests that the inter-QW resonant tunneling
of electrons is considerably suppressed in the regions of integer quantum Hall effects, [46]
since the contribution of the top 2DEG to the resistivities appears to vanish.

Based on a bulk-picture of Landau levels [14], one of the simplest explanations is given
as follows. Figure 4.11 schematically shows the energy spectrum and the density of states
for the aligned Landau levels. The light-shaded area indicates the region of localized
states, from which the extended states at the center of Landau levels are separated by
the mobility edges. When the Fermi energy Er lies in middle region of the Landau level
(Fig. 4.11(a)), where Ry, increases with B, electrons will be in the extended states in
the 2DEG plane. In this case, the resonant tunneling‘of electrons can take place between
the two QW'’s, just as in the case of low magnetic fields. Thus, both 2DEG channels can
contribute to the conduction, resulting in the coincidence of Ry, between the “parallel”

and “floating” cases.

On the other hand, when Ep is in the localized states (Fig. 4.11(b)), the extended
states below Ep are fully occupied and the tunnel transition of electrons perpendicular to
the QW plane is prohibited. For the localized states, there is no evidence that the tunnel-
transfer is prohibited. However, the density of states N(I) al [z might be strongly
reduced, which leads the localization of electrons both in the in-plane direction and in
the direction perpendicular Lo the layers, [117) and the appearance ol the Hall resistance
of only the bottom 2DIEG in consequence. 4

The oscillatory feature of 1, slarls Lo appear [rom considerably low magnclic fields
(B ~ 0.5 T). However, the peak of /2, in lower B arc not twice as high as that of the
"parallel” case, indicating that the tunneling is not completely suppressed. It is also
found in Iig. 4.9 that a change of R,y occur only when Viop and Mou0m are cven integers

and 1, where R,, for only the bottom 2DEG vanishes. This suggests that the energy
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top 2DEG bottom 2DEG

(a) (b)

Figure 4.11: Schematic illustrations of energy spectrum for the Landau levels. (a) The
Fermi energy Er lies in the extended states, and (b) E at the localized states (integer
quantum Hall regime).

gap corresponding to the Zeeman splitting is not large enough compared with the level

broadening when vy, 0T Vportom > 2.

4.3.2 Non-Vanishing Magnetoresistance in “Floating” Configura-
tion

Next, we study [z, data in Fig. 4.10 in detail. The behavior of R, under the “floating”
condition looks more complicated. First of all, R., does not vanish even when v405 (Vhottom)
is 1 or an even integer, where that of the “parallel” configuration vanishes at all. Moreover,
distinct [z, peaks appear on both sides of R,, minima. The non-zero R, in the integer
quantum Hall regime strongly suggests that there exists a path across the bottom 2DEG
channel through which eleclrons are to be scattered backward. Providing that in the
medium both the top and the botlom 2DEG’s are incompressible [118] and thus inler-
QW tunneling is strongly suppressed, [46] the orfgin of the finite channel resistivity ..,
1.e. the non-zero conductivily o.., should be attributed to the tunnel-interaction between
edge channels in cach QW. The appcarance of additional R, peaks implies that backward
scattering is substantially enhanced in the transition regions where R,, of the “floating”
casc (a solid line in Fig. 4.9) shows a sudden deviation from that of the “parallel” mode

(a dotted line).




-

4.3. Resonant Coupling in the Quantum Hall Regime 61

4.3.3 Results in Other Configurations

To clarify the origin of the peculiar behaviors of the magnetoresistance observed in the
“floating” configuration, we have investigated the effect of each probe gate g;_s by study-
ing K., and R, in other possible configurations as schematically shown in Fig. 4.12(a)
(also see Fig. 4.2). Since we mainly argue the magnetotransport properties of the quan-
tum Hall effect, the situation of the DQW in each case was shown by.an edge-channel
picture as Fig. 4.12(a). ’

(i) and (vi) in Fig. 4.12 correspond to the “floating” and “paralle]” modes, respec-
tively. In the case of (ii), for instance, the top 2DEG is made in contact with the drain
electrode by setting V;, = 0 V while the others are at V"™ = —0.6 V. For each case, the
magnetoresistance R, and the Hall resistance Ry at resonance bias (v0p = Vpottom) WeTe
measured, and plotted in Fig. 4.12 (b) and (c), respectively. (Note that we used another
sample 4B(2) in the following measurements, not the sample 4B studied previously. Of
course they were formed on the same wafer and we confirmed that the essential charac-
teristics related to the gate-controlled resonant tunneling were almost identical. However,
the resonance gate voltage or the electron density at saturation were found to be slightly
different. For sample 4B(2), zero-field resonance occurs at Vg = —0.18 V)

In the case of (ii), the magnetotransport properties were quite similar to those of the
completely “floating” case (i). Only the peaks of Rz, were slightly smeared by opening
the channel between the drain and the top 2DEG beneath the tunnel gate G.

When the gate g, lying between the channel and the source was grounded as (iii), both
Rz and Rg, changed drastically in contrast to the case of (ii). As shown Fig. 4.12(b),
the extra peaks of R, which were observed in the cases of (i) (“floating”) and (ii), were
found to disappear, and the minima of R,, get vanishingly small at vy000m = 1 and even
integers as is in the “parallel” case (vi). From these facts, we may deduce that the source
gate gy plays a crucial role for the magnetoresistance. For Rzy, in contrast, ecach peak at
integer Youom were almost halved but the feature of it was well preserved when the top
2DEG is earthed to the source.

This conclusion is also supported by the results performed in the configuration of
(iv), where all three voltage-probes were in contact with the top 2DIEG in parallel to the
bottom 2DEG, while the current flow was restricted to the bottom 2DIEG, ie. gy and gy
were biased at —0.6 V. In this casc, Iy, peaks were smeared out further than those in
the case of (iii), but one can find a small but distinct peaks in the magneloresistance at
B=225Tor45T.

In the case ol (v), where only the voltage probes were isolated from the top 2DIEG

channel, the situation is almost the same as the © rarallel” (vi) case since the current flows
) 1
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equally in each QW as np = npopom and Ltop ~ Hbottom-

Summarizing these results shown in Fig. 4.12, depletion of the top 2DEG between
the channel region and the source electrode should be essential for the cause of backward
scattering in the integer quantum Hall regime, although the reason which is underlying

these observations is unclear.

4.4 Discussions

4.4.1 Off-Resonant Tunneling in Floating Configuration

When Vg is changed from the resonance bias voltage, the zero-field inter-QW tunneling
of electrons is suppressed because of the restriction that the energy and the in-plane
momentum must be conserved. In a strong magnetic field applied perpendicular to the
layers, however, electrons can indeed move from one QW to the other when the Landau
levels of different indices become aligned at the Fermi energy. [50] Therefore, when the
intrinsic tunnel-coupling of the DQW is as strong as in sample 4B, both R.; and R,
for the “floating” case are expected to be the same as those for the “parallel” case in a
high magnetic field not only at the resonance gate voltage at which the DQW potential
is balanced, except that the electrons at the Fermi energy are in the localized states.

For sample 4B(2), we carried out the magnetotransport measurement in both “par-
allel” and “floating” cases at various gate voltage Vg. In Fig. 4.13, we plot Ry, of the
“floating” case for the gate voltage from Vg = 0 V to —0.35 V in each —0.025 V-step.
In this range of Vg, the electron concentration Thotiom 1S unchanged: Viop Changes with
Vs from 5.5 to 2.5 at 2.25 T where Yotom = 4, for example. We also measured R,. and
Rz, for both configurations as functions of Vg at several points of fixed magnetic field.
Figure 4.14 shows the data at B = (a) 4.4 T, (b) 2.95 T, (c) 2.25 T, and (d) 1.99 T,
respectively, as functions of V. :

As Vg is changed from ~ —0.18 V, the width of the Ry peak at B ~ 4.4 T becomes
broad: The tail of it extends toward higher magnetic field when Vg is increased, and vice
versa. This is cvident from the fact that the position of the Hall platcau at Vigp = 2
shifts with Vg « Niop a8 3 = hng,/evip. Following this rclation, however, the plateau
for v, = 2 will appear al 3 ~ 6 1 when Vo =0V,and B ~ 37T for Vg = —0.35
V, respectively. In the experimental data, the R, pcdk was not broadened so wide as
expected. Moreover, a missing 12, pcak al vyouom = 3 appeared al 3~ 3 T when Vg is
changed sufliciently away from the zero-field resonance condition. This can be explained
m a following manner: Al vy, 0, OF op = 3, the (Zeeman) energy gap between two

spin-split Landau levels of N = 2 is so small that clectronic stales should extend Lo
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Figure 4.13: The Hall resistance R,, ol sample 413(2) flor the gate voltages Vg from 0
V to —0.35 V in steps of —0.025 V measured in “floating” configuration arc plotted as
functions of a magnetic field £3. The zero-ficld resonance occur at Vg = —0.18 V. Inset:
The Hall resistance R, of sample 4B3(2) at 0.3 T arc plotted as funclions of the gale
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some extent, as R,; of each 2DEG does not vanish. Under this situation, the inter-well
tunneling between these states will be substantially allowed to take place widely in the
channel, resulting a missing R, peak at zero-field resonance. As m,p is changed with Vg
and vyop becomes even integer at the same magnetic field, the tunneling will be effectively

suppressed since the degree of localization is higher for 1,4, = an even integer than 3.

The above argument is, however, not in favor of the former observation that the
position of each R, peak is fixed at B = hnporiom/ €Vbotiom and is not dependent on Viop-
For the comprehensive understandings of these unique phenomena as well as the other
peculiar ones observed in Figs. 4.13 and 4.14 but not referred here, further experiments

and theoretical analysis are necessary.

4.4.2 Tilted Magnetic Field Dependence

Finally, we present a part of experimental results on magnetotransport properties in tilted

magnetic fields.

As an in-plane magnetic field B is added, especially when B is directed perpendicular
to the channel, the transport properties of tunnel-coupled 2DEG’s are expected to be
modified by B. As shown in Chapter 3, as well as in many articles, [44,99] tunneling
between 2DEG’s should be suppressed by B. For the Landau magnetic levels, the addi-
tional in-plane component B will enhance the Zeeman energy gap due to the increase of

total magnetic field.

Iollowing these fundamental understandings, we expected that (i) tunneling between
extended states would be suppressed, and (ii) missing R, peak at Vpouom = Viep = 3
might appear for the “floating” case when a magnetic field is tilted from the normal
direction to the DQW layer.

As shown in Iig. 4.15, cach peak in R,, of “floating” configuration al Meuom =
aneveninteger was found to be enhanced as tilted angle 0 was increased. In particular,
a prominent peak was observed al tyouom = 3 when 0 = 41°, as expected. However, for
Vbotom = Non-integer number, 12, was unchanged with tilting 3. This suggests thal the
selection rule which forces conservation of in-plane momentum ik becomes invalid because
a high magnetic field B normal to the layers quenches the kinetic energy of clectrons. One
should notice that there is a contradiction between two conclusions. Establishment of a
theoretical model as well as further experimental studies seem to be necessary Lo clarily

the unique but complicated results.
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Figure 4.16: (a) Schematic of a Hall-bar geometry with a finger gate, and edge channels.
After [124] (b) Schematic edge-channel pictures for the sample region with the cross gate.
Left: A filling factor v in the gate region is lower than in the outside. Right: v is higher
than in the outside, resulting in the formation of a closed loop of edge channels of larger
indices V. (c) Schematic of edge-channel pictures for a double-layered system. Solid lines
indicate the edge channels belonging to one QW, and hatched lines of the other. (Similar
to Fig.4.12(a)).

4.4.3 Comparison with Experiments on Edge Channel Transport

After the observations of the integer quantum Hall effect (IQHE) [12] and the fractional
quantum Hall effect (FQHE) [13] in two dimensional systems, the actual current distri-
bution in the channel under a strong magnetic field has been of great interest. Recently,
many people have become convinced of the validity of the “edge channel” picture for
its successful explanation of FQHE [118,119] as well as IQHE [120]. It has been ap-

plied to many experiments in the quantum Hall regime [121], and has also been refined

theoretically [122] and verified in special experiments. [123]

In a number ol experiments concerning edge-channel transport, Hall-bar-geometry
with a gale finger has been widely used. {124] Figure 4.16(a) shows a typical one, where
by changing the electron concentration of the gate region locally, the Hall-bar channel will
contain regions of different filling factors, short-cuts or closed loops of the edge channels
with higher mdices of the Landau levels, as depiéted in I'ig. 4.16(b). The central results
oblained al these experiments are concerning the inleractions between these edge chan-
nels. [124,125] Analogous to these experiments in a single layer 2DEG, the configurations
i the present work can be expressed as shown in Fig. 4.16(c), where the edge channels
of the upper Landau levels are replaced by those in the different layer.

Although we could not accomplish full arguments of the present results in terms of
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“edge channels”, we expect that the extension of the study on edge-channel transport
from the intra-layer to inter-layer interactions will provide further information as well as ‘

a variation of experiments because of the controllability of the structural parameters in

the case of a DQW.

4.5 Summaly

In this chapter, we have investigated the quantum Hall effect in tunnel-coupled two dimen-
sional electron gases (2DEG’s). Hall-bar-shaped field effect transistor (FET) structures
were fabricated, in which current flow and voltage probes can be switched from “paral-
le]” mode to “floating” mode by depleting only the top QW with a small gate formed
on each mesa arm. In the latter case, only the bottom 2DEG is probed while the top
2DEG contribute to the in-plane conduction only through the inter-QW tunneling pro-
cess. We studied magnetoresistance and Hall resistance in this configuration and found
that the Hall resistance shows a sudden increase in each quantum Hall state, indicat-
ing that tunnel-coupling is suppressed (inter-layer localization) when the electrons are

laterally localized (intra-layer localization).




Chapter 5

Double Quantum Wells with an
In-plane Periodic Potential

5.1 Introduction

It has been predicted that several unique electronic properties will appear in superlattice
(SL) structures (1], in which a periodic potential having a period comparable with the de
Broglie wavelength of electrons (~ 10 nm) is artificially introduced.

For device applications, planar superlattice (PSL) structures consisting of coupled
quantum wire (CQWI) or coupled quantum box (CQB) structures are preferred over
multilayered SLs; since PSL’s allow more distinct modulation of electronic states and also
the gate-controlled modulation of carrier concentration. [17,18] When these PSL systems
are used as channels of field effect transistors, various novel functions are expected to
be realized, such as a gate-controlled negative resistance [17] or a negative transconduc-
tance. [126] |

Figure 5.1 shows examples of such PSL structures, and their energy dispersion rela-
tions I(k), where k is an electron wave number. In PSL structures, the effective mass m~
of electrons (in the z-direction) can be varied by scanning the Fermi energy or the Fermi
wavenumber Ap across the miniband. However, the variation of m~ wilh the gate voltage
is rather gradual as one must scan the wavenumber across the wide range of the mini-
Brillouin zone. In this chapler, we consider an alternative scheme Lo achicve the effective
mass modulation specifically. We investigale theorctically a unique way to conlrol the
dispersion relation of electrons by using a novel double quantum well (DQW) structure,
in which an in-plane periodic potential is introduced Lo one of the channcls.

In the next section, it is demonstrated that the effective mass in this system can be
abruptly changed by the gate-controlled resonant coupling, resulting in a switching of the

channel.

70
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(a) Coupled Quantum Wire (CQWi) (b) Coupled Quantum Box (CQB)

Figure 5.1: Schematic illustrations ol planar superlattices: (a) coupled quantum wire
(CQWI) and (b) coupled quantum box (CQB) structures, and energy dispersion relations
in those systems.
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Figure 5.2: Illustrations of the device structure and electronic states in it (a) under off-
resonant and (b) resonant conditions, respectively

In the third section, we discuss a few feasible schemes to achieve the effective mass

modulation and their possible applications to the velocity modulation transistor. [31]

5.2 Effective Mass Modulation by Gate-Controlled Res-
onant Coupling

5.2.1 Model and Principle

We consider a novel coupled two-dimensional electron system, which is schematically
shown in I'ig. 5.2. In that system, a periodic component of in-plane polential is introduced
only In the upper quantum well (QW1), whereas the in-plane potential is flat in the lower
QW (QW2). When there is no inter-well coupling in the system, electrons in the lower
QW move freely in the channel, whereas clectrons in the upper QW will be strongly
influenced by the periodic patential (sec Fig. 5.2(a)). In parlicular, all clectrons will
be localized al cach potential minimum and the channel becomes insulating when the
miniband is compictcly filled wilh clectrons.

Although electrons in the lower QW are usually unaflected by the periodic potential of
the upper QW, they can interact with the in-plane potential if the two QWs are brought

into the resonance (see I'ig. 5.2(b)). In such a case, the in-plane dispersion (k) of
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QW1 QW2

Figure 5.3: A schematic illustration of a model of the potential V(z,z) used in the
calculations

electrons will be 'l‘esonantly modulated, and as a result the effective mass m" will -be

controlled by the gate voltage V.

5.2.2 Calculation of Energy Dispersion

To examine the present concept, we have calculated the dispersion relations in a number
of possible structures. For the calculation, we consider a GaAs / AlGaAs double quantum
well (DQW). The profile of a model potential is shown in Fig. 5.3 in z-z plane. It consists
of a pair of 12 nm-wide GaAs quantum wells with a 1.5 nm-thick AlGaAs barrier in
between. The conduction band discontinuity between GaAs and AlGaAs is set to be 0.3
¢V. The origin of the encrgy is sct at the conduction band edge of the lower (flal) channel.

The band edge of the upper QW along the z-axis is expressed as
V(z) =W+ Vif(2ra/A) (5.1)

which consists of a constanl value V4 and a periodic component V4 [(27a/A) with the
} | .

period of A. Note that V4 can be changed by the gale voltage Vg, To find the disper-

~sion relations Ii(k,) and their ¥ dependence, we solve the two-dimensional Schrédinger
t 0 ] ) o]
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equation

B 2k ’ tkax ikoz
“Qm*(ﬁ + 53/—2) + V(z,2) 1, (2, 2) €% = E(ky )b, (z, 2)e*= (5.2)

{

by a finite element method.

For simplicity, we assumed that the effective mass m* = 0.067mg in both GaAs and
AlGaAs, where myq is the mass of a free electron.

First, we consider a case where the potential V(z) within the upper QW is in the
form of Vo + Vicos27z/A. The energies Ei(k; = 0) and E;(k, = 0) of the bottoms of
the lowest two subbands are calculated for V; = 25 meV and A = 20 nm; and plotted
as functions of 14 by solid lines in Fig. 5.4. As V, increases from zero to 20 meV, the
energy of the electronic state residing mainly the upper QW increases almost linearly and
crosses with the electron state coming originally from the lower QW. Figure 5.4 shows
clearly this crossing at V5 = 5 meV, where the energy difference AE = Ey — F; reaches
its minimum (AE ~5 meV), leading to the resonant coupling. Note in the present case
that this coupling takes place only at a particular value of &, (kz = 0 in this case). All
other states with different k, are still uncoupled since the original dispersion relation of
electrons in the upper QW and that of the lower QW are not parallel each other, as will
be discussed below.

Next, we show in Fig. 5.5 the energy dispersion relations E(k;) for the three lowest
minibands as functions of ;. Solid lines are the results for V, = 25 meV, while broken and
dotted lines are the dispersion relations for ¥, = 30 meV and 15 meV, respectively. Note
in solid curves that the zone-folded parabolic branch, which corresponds to electronic state
in the lower QW, cross with a flat branch, which represents a states of the upper QW at
E(k; ~1.2x10%° cm™") ~45 meV, resulting in a clear minigap at the anti-crossing point.
In such an energy range, both electronic states extend over both QW’s and interact with
the periodic potential, leading to the localization of electronic motions along the channel
direction. (Note also that the energy value of anti-crossing moves upward or downward
as the magnitude of V4 increases to 30 meV or decrecase to 15 meV.)

Secondary, we consider a system where the periodic potential is expressed by a step
function 0(x) with 15 nm-wide GaAs QWs and 5 nm-thick AlGaAs barrier as shown in
Fig. 5.6. The dispersion of electrons in the upper QW is almost flat, because of the strong
lateral confinement along the a-dircction. The (anti-)erossing of a zone-folded parabola
and a flal dispersion Lakes place as shown in Fig. 5.6, leading to the appearance of clear
minigaps for three values of 145 = 0, -5, and —10 meV. Note thal the gap 1s seen in
the first minizone when 15 = —10 meV, which was not possible when the confinement

potential is weak as in the case of Fig. 5.5.
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Figure 5.4: Calculated energy levels [y and [, al wavenumber &, = 0 are plotled as
functions of a paramecler V4 by solid lines. A dotted line indicates the energy diflerence
AL = [95 — ). The structural parameters and the in-plane periodic potential in the top
quantum well are listed in the top.
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Figure 5.5: Calculated encrgy dispersions [5;(k,) at V4 = 15, 25, and 30 meV are plotled

as function of k,. The parameters used in the calculalions are the same as those listed in
IMg. 5.4.
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Figure 5.6: Calculated energy dispersions £i(k;) al Vo = —10, =5, and 0 meV are plotled

as functions of k,. The structural parameters used in the calculations arc the same as
those in Iigs. 5.4 and 5.5 except for the in-planc periodic potential function, which is
shown by a schematic illustration in the top: '
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Now let us examine how one can modulate the effective mass m* of electrons by the
gate voltage V;. Suppose that the Fermi energy Ef is initially set just above the top of
the second miniband. Specifically, we assume that Er = 45 meV and V, = 25 meV in
Fig. 5.5, and that Ep = 40 meV and Vy = —5 meV in Fig. 5.6, respectively. In such
cases, m” is infinity and the conductivity should be zero. If one reduces Vg, 1.e. increases
Vo slightly to reduce both Er and the electron concentration, then Ep starts to fall in
the parabolic region of the band, where m” is finite. Then the group velocity of electrons
at Er abruptly increase and the conductivity recovers. Thus a novel switching operation
with negative transconductance g, or a kind of mobility modulation effects is expected

to be realized.

5.2.3 Discussion

The gate-controlled mobility modulation has been experimentally realized by resonant
deformation of wavefunctions in GaAs / AlGaAs DQW structures, in which a random
potential is introduced in one of two QW'’s. (35,37, 39] In these cases, the ionized impurity
scattering or the roughness scattering is enhanced at resonance when the wavefunctions
are extended over two QW’s, resulting in a sudden increase of the channel resistance and
thus a novel negative transconductance. This scheme, however, cannot be used to turn off
the channel conductivity completely as the resistance due to impurity scattering remains
finite. The present approach of using the PSL potential, on the contrary, may allow us
to cut off the current completely as long as the electric field is weak enough to keep
electrons being trapped in the in-plane superlattice potential wells. When a high electric
field is applied along the cliannel, electrons should be heated and start to distribute over
a wide range of wavenumbers. In such a cases, only a fraction of electrons in the bottom
QW will interact with the periodic potential, resulting in the degradation of switching

performance.

5.3 Possible Nano-Fabrication Techniques

In this section, we make a briel review of the current nano-fabrication technology, and
discuss possible schemes to realize these novel quantum-cfect transistors.

The introduction of 10 nm-scale planar superlatlice potential by the periodic mod-
ulation of material composition can be realized by a few advanced growth techniques.
As shown in Tig. 5.7, the tilted superlattice structure on a mis-oriented substrate, [127)
and also lateral supcrlaLLices consisting of coupled edge quantum wires on the edge sur-

face of multi QW structures [134] would be suitable methods to fabricate these device
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structures. [128] The introduction of a PSL potential by short-length gate array is also a
feasible method. However, it requires the most advanced lithography: It is quite difficult

to form such a small structure with a scale of ~ 10 nm.

5.4 Summary

In this chapter, we have calculated the energy dispersion of electrons in coupled quantum
well (QW) structures where an in-plane peﬁodic potential is introduced in one of the
wells. It is found that the resonant coupling of two QW’s occurs at a certain wavenumber
and results in the gate-controlled modulation of the miniband structure. The novel use

of this scheme to modulate the channel conductance is also revealed.
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Figure 5.7: Schematic illustrations of possible structures. (a) Laleral superlatlice grown

on a mis- onanccl substrate, (b) using an edge surface of a multiple quantum wells, and
(c) lithography + etching process.




Chapter 6

Electron Transport in Multiple
Quantum Wires Prepared by in-situ
Cleavage and Overgrowth

6.1 Introduction

Recently, remarkable progress has been made in the fabrication of semiconductor nanos-
tructures and also in the studies of physics in one- (1D) or zero- (0D) dimensional electron
systems. In particular, great interest has been directed to the electron transport in 1D
conductors or 1D - 0D - 1D junctions because of their potentials for future device appli-
cations. [15] J

To reveal unique features of one-dimensional (1D) electron systems experimentally,
one needs to form high quality quantum wires (QWI's) in which electrons are laterally
confined to the width of about ~10nm, and are accommodated in a small number of
subbands. Larlier, it was suggested that such narrow QWI structures with atomically
controlled lateral confinement potential can be prepared il one uses the edge-surface of
quantum well (QW) structures as a template for the electron wave guide. [15] In such edge
QWI structures, the two-dimensional confinement potential is achieved by combination
of compositional modulation and an electrostatic lorce. The cleaved edge overgrowth
(CEO) technique, which was proposed in 1990 [77], is one of promising methods to form
such edge QWI structures. As shown in Pig. 6.1, a vaticty of structures such as planar
superlattices (PSL’s) arc also achicvable by a CEO technique. [129]

So far, optical properties of quasi 1D-systems have been extensively studied in T-
shaped edge QWI's prepared by the CEO. [130-133] Transport experiments across Lhe
in-plane potential have also been made in PSL structures prepared by the CIZO in such
configurations as I"ig. 6.1(c) or (d). [134=136] However, transporl properties of electrons

along narrow edge QWIs (IMig. 6.1(a)) were not amply studied. It is partly because the

S1
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Figure 6.1: Cross-sectional view of scveral structures achievable by cleaved edge over-
growth. a) 1D wire, b) 2D systems with tunneling barrier, ¢) 2D-1D-2D double hetero-
junction tunneling, d) 2D system with 1D superlattice imposed, ¢) recessed 2D electron
system with 1D superlattice imposed, ) 2D system with 1D superlaitice of varying thick-
ness, g) 21 system with electrostatically controlled 11 grating, h) modulation doping by
recessed 2D multilayers, 1) barrier of varying Al concentration in the 2D planc. [129]
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formation of reliable ohmic contacts to 1D electrons in these structures was quite diffi-
cult. [137] In addition, when the channel width is reduced, qualities of the edge QWIs
become quite sensitive to the procedure of CEQ process, and critically depend on the
condition of the crystal growth. However, we recognize that the CEO is the most effec-
tive method to realize high-mobility QWI’s and coupled QWI structures with precisely
controlled dimensions, which seem difficult to be achieved by the other nano-fabrication
techniques. »

An attempt to realize such edge QWIs and to investigate the quasi-1D electron trans-
port has been made by Motohisa, who started the CEQ in our MBE system and developed
it when he was a graduate student. He succeeded in the fabrication of 100 nm-wide multi-
ple edge QWI’s, which was confirmed by magnetotransport experiments. [138] In his case,
however, the cleavage was carried out not in the growth chamber but in another chamber
next to it, i.e. not an in-situ processing. Therefore, contamination of the exposed sur-
face was inevitable while the sample was transferred into the growth chamber after the
cleavage.

In this context, we were motivated to improve the CEO procedure, and attempted
to fabricate edge QWT’s for the study of quasi-1D electron properties. Although our
destination had been to fabricate coupled QWI structures for the study of interactiﬁg 1D
electron systems, first we had to establish the CEOQ technique and to confirm the high
quality of the products.

In the next section, we describe our CEO method. Note that as we went on mmproving
the CEO method throughout the present work, the samples characterized in the present
work were not fabricated under the best condition shown here. In the third section, we
investigate the quasi one dimensional electron transport in multiple edge QWI’s. Since
it seemed quite difficult to form good ohmic contacts and we had no way to verify the
formation of 1D subband in single-mode QWI's, we fabricated and characterized 50nm-
wide GaAs /'AlGaAs QWI structures. In this sample, at most two subbands are expecled
to be occupied by electrons when the equivalent shect clectron densily is a {ew times 10"

2

cm™*. In the last section, we discuss the problems in the current CEO processing.

6.2 Fundamentals of Cleaved Edge Overgrowth

6.2.1 MBE growth on GaAs (110) surface

Growth of high-quality (Al,Ga)As on (110) surfaces is most important to fabricale cdge
QWIstructures. Itis well-known, however, that facetling occurs when one grows (Al,Ga)As

on (110) substrates under standard growth conditions for (001) dircction. Several articles
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Figure 6.2: (a) The cross-section of a modulation-doped single heterostructure (MDSH)
grown on a semi-insulating (110) GaAs substrate. (b) The surface morphology of sample
6A grown at 500 °C, and (c) that of sample 6B grown at 450 °C.

have reported the growth conditions under which smooth and mirror morphology can
be achieved on (110) surfaces. (77,139,140] We also checked the quality of (Al,Ga)As
grown on (110) substrates in order to settle the best condition first of all. We grew GaAs
/ AlGaAs modulation-doped single heterostructures (MDSH’s) on semi-insulating (110)
GaAs substrates at 500 °C (sample 6A) and 450°C (6B). In Fig. 6.2(a), the cross section
of the sample structure is shown. The growth rate fg.as was 0.4 um/h for GaAs, and
the As, flux [, was sct to be 2 ~ 4 x 107° Torr al the position of the substrate, while
the background pressure was 1 ~ 2 x 10”7 Torr. The V/III ratio was to be 5 ~ 10,
which is smaller than that reported in Rel. [138] by a factor of ~ 2. As compared with
the standard condition for the growth in (001) direction, the As, pressure is about twice,
and the growth rate is a hall. (The substrate temperature Tiy, is normally ~ 600 °C.)
Note that Ty, was calibraled by assuming the desorption of a thin oxide (Ga,03) film,
which is formed on a semi-insulating (110) GaAs substrate during the chemical clching
(in H3S0,4:M,0,:1,0= 8 : I : | solution for 1 min), to occur at 530°C. Figure 6.2(h) and
(¢) are the micrographs of the surfaces of sample 6A and 613, respectively. For sample
GA, which was grown al 500 °C, facct structures arc clearly seen. On the other hand, the

surface morphology of sample 6B is smooth and mirror.

Next, we studied transport properties of these MDSI structures by a Van-der-Pow
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Figure 6.3: Four-probe magnetoresistance p,, and Hall resistance py, of a two- dimensional
electron gas in sample 6B.

method. The grown wafers were cleaved into 3 x 3 mm? rhomboid pieces. Ohmic contacts
were formed by alloying InSn at four corners. The electron density and the mobility for
sample 6B were found to be 3.5 x 10" cm™? and 350,000 cm?/Vs at 1.7K, respectively,
while sample 6A shows no-conduction. In Fig. 6.3,'. we plot the magnetoresistance p,.
and the Hall resistance p,, for sample 6B as functions of magnetic fields B. These
transport measurements reveal the quality of sample 6B to be as high as those reported
elsewhere. [77,140] Following these results, we settled the condition for the overgrowth on
the (110) cleaved surfaces as Ty, = 450 °C, fgans = 0.4 pm/h, and Fi,, = 2 ~ 4 x 1078
Torr. I‘

Note that although the growlh-condition dependence of (110) surface morphology is
quite reproducible, the transport properties of 2DEG’s in MDSH’s depend primarily on
the condition of the MBI system. These two samples were grown when the MBE system

was maintained in the best condition.

6.2.2 Procedure of In-Situ Cleaved Edge Overgrowth

In Iig. 6.4, the CIEO procedure is schematically shown. [77] We first grew a MQW struc-
turc used as a waveguide for edge QW1I's on (001) semi-insulating GaAs substrate (350
pm-thick) under the standard condition. Delails on the first growlh sequence are described

in the next section. After the first growth, the waler was taken out of the MBE system
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and cleaved into Smmx1lmm rectangular pieces. Each piece was mechanically thinned
to the thickness of ~100 um, followed by the backface etching in H3PO4:H,04:H,0 =
1:1: 8 solution for 5min (Fig. 6.4(a)). Then small scratches were made at edges of the
piece on both sides, where the cleavage was to be made. Then the sample was soldered
by indium vertically on a special molybdenum substrate holder (Fig. 6.4(b)) with a piece
of (110)-oriented GaAs substrate simultaneously soldered on the flat plate in order to
calibrate the growth temperature by checking the desorption of the thin oxide film. The
height of the L-angle from the front of the plate‘ was 5 mm. The sample was brought back
to the MBE system, and heated up to 580 °C. During the heating process, the sample
was set at the growth position in order to monitor the RHEED pattern. Just before the
cleavage, the substrate temperature was lowered down to 500 °C, taking the difference (~
50 °C) between the temperatures at the plate and the head of the L-angle into account.
We opened the gate valve between the growth chamber and another chamber next to it,
and introduced the transfer arm into the growth chamber. By rotating the manipulator
which holds the sample, we hit the standing wafer with the head of transfer arm to cleave
it (Fig. 6.4(c)). The subsequent overgrowth on the exposed (110) edge surface of QW'’s
started within 15 seconds after the cleavage. Figure 6.5 shows micrographs of the typical
cleaved surfaces of the substrate, on which about 15 pm-thick GaAs / AlGaAs MQW was
already grown. The cleaved edge surfaces of the 100 pm-thick substrate were not always
flat like Fig. 6.5(a): most of them were terraced, as shown in Fig. 6.5(b). It was often the
case, however, that the surface of the cleaved edge al the epitaxial layer was almost flat
even when that of the substrate was heavily terraced. In Figs. 6.5(a) and (b), one can
distinguish the epitaxial layer region from the substrate without any chemical processing.
The reason is unclear, but we speculate that the difference of the material composition is

reflected on the geomelry of the cleaved edges.

In order to check the quality of the epitaxial layer grown on the cleaved (110) surfaces,
we grew the same MDSH structure as Fig. 6.2(a) on a thinned semi-insulating GaAs
substrate (labeled as sample 6C) under the optimized growlh condition. We characterized
it by measuring the two-lerminal magnetoresistavncc al 1.5 K. I'igure 6.6 shows the data
of the two-terminal magneloresistance /2 at 1.5 IX, which contain both features of Py and
pzy. Pronounced plateaus appear in Rusi3 in higher B3 region, and 1 closely matches
the quantized value h/re? at v < 4, which suggests thal p,, including the series ohmic
resistance is vanishingly small. Shubnikov-de-Haas oscillation is found to start at 33 ~ 0.7

T, suggesting that the electron mobility is as high as a few times 100,000 cm?/Vs.
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(a) (b)

Figure 6.5: Micrographs of the top views of the (a) flat and (b) terraced cleaved edge
surfaces. On the top of the substrate in (001) direction (mdmated by arrows), 15 pum-thick
GaAs / AlGaAs MQW was grown.

1.2 T 1T 1T 17T 17T 17T 17T 7V 1 1T 1T 17 1 111 1771

1 L...1.5K dark : /
sample 6C /

2-Terminal Resistance (h/e?)

Magnetic Field B (T)

IFigure 6.6: 2-terminal magnctoresistance of two dimensional electron gas in a MDSII
structure (sample 6C) grown on a cleaved (110) surface.
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Table 6.1: The structural parameters of the first- growth MQW’s. Symbols:(): features
of one-dimension (1D) were observed A:no1D feature was observed. X: no conduction

GaAs QW AlGa.As barrier total magnetotransport
Sample ID  width (nm) periods thickness (nm) (pm) characterization
R1569 10 pm 1 _ 15 X
R1581 50 200 5 20 O (6D)
R1736 50 100 9 15 A
R1740 20 100 10 15 A (6E)

6.3 Magnetoresistance Measurements of Multlple Edge
Quantum Wires

In a series of the present CEQ experiments, we attempted to fabricate a few kinds of
edge QWI structures as listed in Table 6.1. A very thick GaAs (R1569) was grown in
order to check the formation of 2DEG at the heterointerface between the bulk GaAs and
overgrown (n-)AlGaAs. [77) Using these wafers, we carried out the CEO and fabricated
a number of edge QWI samples. However, we accomplished the characterization of the
transport properties only for a few samples. Although most of the overgrown samples
showed electrical conductivity at room temperature, they became insulating when they
were cooled to ~ 4.2 K. We speculate that in these sémrnpl’es the current is blocked by the
poor conductivity of ohmic contacts, by the depletion of electrons i in QWU’s, or by defects
formed during the first growth of thick GaAs / AlGaAs structures.

In this section, we demonstrate and analyze the magnetoresistance oscillation observed
in 50 nm-wide multiple edge QWI’s. This sample, which is denoted by sample 6D, showed
good conduction at low tempmatule in dark.

6.3.1 Sample Structure and Experimental Setup

Figure 6.7 shows the schematic illustration and the cross-sectional scanning clectron mi-
crograph ol the sample 6D. First, a MQW structure sandwiched by superlattice barriers
was grown on (001) semi-insulating GaAs substrate by standard MBIE. In the first growth,
we used indium-soldering-frec molybdenum substrate holder. It consists of a 100 nm GaAs
buffer layer, a 3 pm-thick superlattice barrier of 3 nm GaAs / 22 nm Algy:GagraAs, 200
periods of 50 nm GaAs / 5 nm Alg,:GaggAs multiple quantum wells, a 5m-thick super-

lattice barrier of 3 nm GaAs / 22 nm Alg.:Gag 73As, and lastly a 20 nm-thick GaAs cap

layer. We made rough estimation of the energy spectrum mn this superlattice and found
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that tunneling of electrons in the lowest two subbands between neighboring two QWs is
negligible. (The computed miniband width is less than 0.01 meV.) The number of QWs -
(or edge QWIs) was chosen to be 200 in order to make the ohmic contacts to be formed
easily and surely. This parallel wire structure has the total width of 10 um (50 nmx200)
and reduces the resistance even when the spacing between the ohmic contacts is as long
as ~ 100um. ‘

The sequence of the overgrowth is a 10 nm of undoped AlGaAs spacer layer, an 80
nm-thick Si-doped (2 x 10?8 cm™3) n-AlGaAs, and a 10 nm GaAs cap layer.

On the overgrown surface, ohmic contacts were formed by alloying InSn soldered with
an even spacing of typically 100~150xm, yielding 6-7 of multiple quantum wire arrays
connected in series along the edge of the sample. The sample was sandwiched by two
pieces of GaAs substrate as it stands, and fixed on a ceramic chiptray with graphite

~ paste. Each ohmic contact was wired with 25 pm-¢ gold wire by hand.

6.3.2 Shubnikov-de-Haas Oscillation and Magnetic Depopulation

The resistance of the two-terminal QWI array was measured by low frequency ac lock-
in technique. Since the resistance was unexpectedly high and of the order of ~MQ, we
kept the voltage across the quantum wires to be low and almost constant (~1 mV), and
measured the voltage drop across a 10 kQ resistor connected in series. No difference in
the data was observed when the applying voltage was further reduced. Magnetic fields
are applied perpendicularly to the (110) edge surface where the multiple quantum wire
array is formed.

Figure 6.8 shows the 2-terminal resistance measured at various temperature 7 as
functions of the magnetic field B. Note that the amplitudes of oscillations are quite large
even for a very small field B < 1 T, indicating the high quality of the sa,mplé. These
experimental results are quite reproducible for this sample as long as we follow the same
cooling process. At lower temperature, a large oscillation with four resistance peaks is
clearly seen for the magnetic field B < § T. As B exceeds 8T, the resistance shows
a rapid increase without any structure (Iig. 6.9). All of the resistance peaks become
clear and sharp with decreasing 7' even 77 < 1 K. These indicate that the observed
magneloresistance comes from the multiple quaintum wires, not from the series ohmic
contact.

The inverse of B3 atl which the resislance minima appear can be plotted as a functions
of the subband index as shown in I'ig. 6.10. From this kind of plot, we can readily extract
various informalion, such as the electron density and the lateral size of the confining

potential. [141] However, we continue to discuss a feuw peculiar points in the observed
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Figure 6.8: The two-terminal magneloresistances of the 50 nm-wide edge quantum wires
(sample 6D) measured al various temperatures 1.7 < 7' < 35 K as [unctions of a magnetic

field B.
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Figure 6.9: The two-terminal magnetoresistances ol the 50 nim-wide edge quantum wires

(sample 6D) measured at 1.2 K (solid linc) and 0.5 K (dotted linc) as functions of a
magnetic field B.
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its minimum (solid circles) and maximum (open circles) plotied as a funclion of the filling
factor v except the last peak at B =0.6 T.
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magnetoresistance oscillation.

One notices in Figs. 6.8 and 6.9 peculiar features which are different from those seen
in a usual 2D or even in a 1D electron sysfem before. Usually, the amplitudes of mag-
netoresistance oscillations increase with the magnetic field. In the present case, however,
the third resistance peak which appears at 3.2 T is somehow smaller than the other three.
In addition, the temperature dependence of the third peak is significantly different from
the other three. When T is increased from 1.7 K to 20 K, only the third resistance peak
is completely washed out while the others still remain visible. A remarkable change is
seen when T is increased to 35 K, where the second- and the third resistance peaks join
together. Hence, we have to label a subband index to each resistance peak or valley

carefully.

For the present 50 nm-wide quantum wire, as described before, it is expected that
the Fermi level lies between the second and the third subband. Hence, the number of
resistance peaks in magnetic depopulation spectra can not exceed two. This prediction
contradicts clearly with our experiment. One plausible explanation for the observed results
is that each Landau subband is split into a pair of spin-resolved subbands and that
“each resistance peak except for that at the lowest field around 0.6 T originates from the
magnetic depopulation effect of a spin-split subband. Following this model, the second-
and the third resistance peaks are tentatively ascribed to the depopulation of the subband

with the same Landau index but with different spin polarization.

Based on this assumption, we plot the inverse of B at which the magnetoresistance
reaches its minimum as a function of the filling factor v (see Fig. 6.8). As shown in
Fig. 6.10, the relation between v and B~! is linear in the region of high magnetic field
B~' < 0.35 T! (v <3). At a low field, where v = 4, B~! becomes much higher than
that of a linear relation. This deviation indicates the formation of a hybrid state of
one-dimensional subbands and magnetic levels, which convinces the effect of the lateral

confinement potential.

From the slope of v vs 371 in the limit ol high B, we can determine the equivalent two
dimensional electron density Nop(= eBr/27h) and found to be 2.0 x 10! cm™?, where
I is the reduced Plank constant and ¢ the clementary charge, respectively. In order to
estimate the wire width W, we usc a senﬁ-cla.ssicél approximation: when the diameter of
the cyclotron orbit 2/, = 2,/A(2N + 1)/e3 is smaller than W, the motion of clectron s
similar to that in a 2D system. At v=3, where »-B~! slarts to depart from the lincar
relation, 2/ is calculated Lo be 51 nm using N=1 and B~'=0.35 T-'. Note that we
distinguish the Landau index N from the filling factor v. This s\implc estimation agrecs

well with the geometrical width (50 nm) of the quantum wires, which is also convinced
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Figure 6.11: Two-terminal magnetoresistances of two edge quantum wire array formed
on the sample 6D.

by the cross-sectional scanning electron micrograph.

We also characterized all the other quantum wires which were formed in series on the
same cleavage planc, and show the data in Fig. 6.11. We found that their magnelore-
sistances show their peaks and valleys at almost the same ficlds /3, while the oscillation
amplitudes are quite different from cach other. This indicales that the electron density
or other properties of the quantum wire are quite uniform and unchanged within the 5
mm-long edge of the sample. We found also that at a given temperature, the zero-field
resistances of thesc wires vary from sample to sample by a factor of ~30 at maximum
(40 k2 ~ 1.5 MQ at 1.7 K), though their length is almost the same. We speculate that
such a large variation of zero field resistance is caused by the diflerences of the number of

conducting wirves and / or the transmission coeflicient of cach quantum wire. Hence, it is
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difficult to estimate the electron mobility directly.

Now, let us discuss the low-field magnetoresistance and the origin of a distinct re-
sistance peak at ~0.6T. Since the number of populated subbands can not exceed two,
this particular peak can not be ascribed to the depopulation of a 1D subband. One may
speculate that this low field peak originate from such mechanisms as the universal conduc-
tance fluctuation (UCF)and / or the boundary scattering. (142]. However, neither seems
to fit with our experiment. The bounaary of our wires is defined by heterointerfaces of
a multiple quantum well structures prepared by the first growth. Hence, the boundary
should be quite smooth with its roughness being 1 ML (0.28 nm). In addition, the onset
of such roughness scattering should appear at higher magnetic fields, since the cyclotron
diameter of the lowest Landau level 21, is 70 nm at 0.6 T and does not fit exactly with
the geometrical wire width. The contribution of UCF should be also small as the number
of lateral modes in our wires is reduced to two. Similarly, one should note that a usual
negative magnetoresistance coming from the destruction of weak-localization is not seen

in our wires. This may be linked with the novel resistance peak at 0.6 T.

6.3.3 Temperature Dependence of Two-Terminal Resistance of Edge
Quantum Wires

Note also in Fig. 6.8, that the zero-field resistance shows a strong temperature dependence.
In Fig. 6.12, we plot the zero-field resistance R of three QWIs (normalized by each value at
1.7K) as functions of temperature T. It is clear that the resistance R increases drastically
as T is lowered below 10 K, in contrast to a 2D system, where both R and the mobility
# converge to constant values. This means that either the resistance of quantum wires or
that of ohmic contacts increases for 7 < 10 K. We argue for the following reasons that this
unique temperature dependence of resistance originates mainly from the wire resistance
rather than from the contact resistance. Firstly, one should note that the reduction of
temperature has resulted in not only the increase of zero field resistance R(B =0) but also
the enhancement of oscillatory magnectoresistance, as mentioned carlier. Such a feature
is difficult to be ascribed to the series contact resistance, which normally depends very
little or monotonically on magnetic ficlds. Furthermore, we point oul that the obscrved
T" vs R relation in Fig. 6.12 can be well cxpresécd m the form of R o< 777, as shown
by solid lines. In facl, Ogala and Fukuyama have theoretically shown that /2 o 77
type dependence is expected Lo appear in QWI system when clectron-clectron interaction
becomes important[74]. To clarify the origin of this unique Lemperature dependence,
however, a further work is certainly needed. For example, thermal aclivations of localized

electronic states in quantum wires may reduce the wire resistance al high temperatures,
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Figure 6.12: The normalized resistances of three quantum wires (a), (b), and (c) yielded
on the sample 61 at zero magnetic ficld arce plotted as funclions of the temperature. Solid
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and also may increase the number of conducting wires. We plan to investigate the wire
resistance as a function of wire length and also prepare samples with better ohmic contacts

by employing a novel scheme described in Ref. (137].

6.3.4 Discussions

Finally, we examine possible contributioné of conducting paths other than the wire chan-
nel. For example, a sheet of two dimensional electron gas may be formed at the heteroin-
terface between the overgrown AlGaAs layer and the cleaved plane of the 100 um-thick
semi-insulating GaAs substrate, if the concentration of compensating impurities in the
GaAs substrate is low. We can rule out this possibility for this sample since all the trans-
port data observed in our experiment are totally different from properties of 2D electrons.
However, once the sample was illuminated with a light-emitting diode (LED), the resis-
tance was drastically reduced and unexpectedly the Shubnikov-de-Haas oscillation became
that of a normal 2DEG. [143] The magnetoresistance of the sample 6D measured after
illumination with a LED is shown in Fig. 6.13. The reason of this crossover from 1D to
2D is still not clear. [143] On this issue, we made further experiments to check the contri-
bution of the parallel conduction at the heterointerface between semi-insulating substrate
and the overgrown AlGaAs, which is shown in the next section.

The parallel conduction through the overgrown n-AlGaAs layer should be negligible,
since electrons in those doped layers are either trapped or strongly scattered by impurities
and can not give rise to a very large magneto-oscillations. Lastly, if 5nm of AlGaAs
barriers in the multi-QW structures have macroscopic holes or defects which effectively
increase the well width, the cyclotron motion of electrons over the region of 100nm may
be allowed and can give rise to more peaks in magnetoresistances. However, such large

conducting holes which break Snm-thick AlGaAs are not very realistic.

6.4 Results of Experiments on 20 nm-wide Multiple
Edge Quantum Wires

Finally, we note the experimental results on 20 nm-wide multiple edge QW1's also fabri-
cated by the present cleaved-edge overgrowth technique.

The sequence of the first growth (R1740, sec Table 6.1) was as lollows: a 10 nm GaAs,
10 periods of 10 monolayer (ML) AlAs / 10 ML GaAs superlattice bufler, 200 periods of 22
nm AlGaAs /3 nm GaAs superlatlice barrier, 250 periods of 20 nm GaAs /10 nm AlGaAs
MQW wave-guide, and 300 periods of 22 mm AlQaAs / 3 nm GaAs superlatlice barrier.

Thus the total thickness of the channel region amounts Lo 5 pm (= 250 x 20 nm).  As
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Figure 6.13: The two-terminal magnetoresistances of sample 6D in dark (dotted line) and
after illumination with a light emitting diode (solid line).

shown in Fig. 6.14, the formation of the QWI structure was conﬁrmed by scanning electron
microscopy. When the same structure as t‘lle'samblé'vﬁD (a“l“@ ntit undoped Alg3Gag.rAs,
an 80 nm n-Alp3Gag7As, and a 10 nm undoped GaAs) was overgrown on this MQW,
however, no sample was conductive at low temperature. Therefore, we speculated that
any electron could not accumulate at the heterointerface f)ecatlse the spacer layer was
too thick. Taking the increase of the quantized energy levels by the lateral confinement
potential into account, we next grew modulation-doping structure with a thinner (5 nm)
undoped AlGaAs spacer. In this case, all the samples were conductive even in dark at

low temperature, but their magnetoresistance oscillation turned out to be 2D-like.

In ovder to check the path of the current, we formed ohmic contacts on both sides of
the cdges, yiclding four multiple QWT's as shown in IMig. 6.15: two of five ohmic conlacts
were formed on the MQW side, and the other three were on the substrale. Since Lhe
alloyed InSn was soldered by hand, the ohmic contacls on MQW side should touch the
substrale region to some extent. In Iig. 6.16, the measured magnctoresistance was plotted
as functions of magnetic fields 3. One should note thal the magnetoresistances (indicaled
by closed triangles in Iig. 6.16) between the ohmic contacts formed on the substrate side

were smaller than that of the MQW side (displayed by closed circles), showing Shubnikov-
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Figure 6.14: Scanning electron micrograph of the cross-section of 20 nm-wide multiple
edge quantum wires. ‘
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Figure 6.15: Top views of the arrangement of ohmic contacts for sample 615, Two of five
ohmic contacts were formed on the MQW, while the rests were not contacling io it.
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de-Haas oscillation as B > 3 T. From these results, we must admit that electrons can
accumulate at the heterointerface of the cleaved surface on semi-insulating GaAs substrate
and overgrown AlGaAs when the spacer layer thickness is thin enough. In order to
eliminate the contribution of this parallel conduction, one should remove the overgrown n-
AlGaAs on the substrate. Thus the processing such as photolithography on the overgrown

edge surfaces seems necessary for the studies of electron transport in these configurations.

6.5 Summary

In this chapter, I reported the fabrication of a 50 nm-wide GaAs / AlGaAs edge quantum
wire by in-situ cleavage and overgrowth technique, and demonstrated a clear magne-
toresistance oscillation. Features of the oscillation are interpreted as evidence for the
formation of 1D subbands and as indications for the presence of additional subband
splitting. In the present work, however, a crucial problem remains unsolved: Parallel
conduction, which was observed when the spacer layer between the cleaved surface of the
semi-insulating substrate and the overgrown n-AlGaAs is thin as well as when the sample

was illuminated with a light-emitting diode at lower temperatures.




Chapter 7

Conclusions

In this thesis, we have systematically studied the electron transport in double quantum
well (DQW)’and quantum wire (QWI) structures to clarify the unique properties of
these low-dimensional electron systems as well as to explore possible applications of such
quantum mechanical effects as resonant tunneling to future electronic devices.

In the present work, we devised novel DQW structures in which ionized impurities
were intentionally introduced in one of two QW’s in order to make large difference be-
tween the intrinsic mobilities of them, and grew them by molecular beam epitaxy (MBE).
Field effect transistor (FET) structures were fabricated using these wafers, where gigan-
tic negative transconductance and mobility-modulation operation can be achieved by the
gate-controlled resonant coupling of electron wave functions.

In Chapter 2, we investigated the features of resonant coupling in those DQW struc-
tures. A theoretical model for magnetoresistance in multi-subband systems was presented
and compared with the results of magnetotransport experiments. For a heavily-doped
DQW, it was found {from non-vanishing magnetoresistance at resonance that the disor-
der of the potential exceeding the tunnel coupling energy should lead to a breakdown of
uniform resonant coupling.

In Chapter 3, effects of an in-plane magnetic field on the resonant coupling in the
DQW?’s have been investigated. It was demonstrated that a magnetic field applied paral-
lel to the DQW plane causes mixing of the symmetric and antisymmelric states and
reduces them lo an isolaled slate localized in cach QW, resulling in quenching of a
resonantly-enhanced resistance pcak. We also observed anisotropic dependence of the
m-plane magnetoresistance on the mutual directions between the channel and the mag-
netic field. A simple calculation based on a single-particle wave functions has given a
qualitative explanation for the observalions.

In Chapter 4, the quantized Hall effect in weakly-coupled DQW structures has been

investigated by using a novel Hall bar geometry in which cach of ohmic electrodes can be
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controlled whether it probes both the top and the bottom 2DEG’s (in “parallel” mode) or
only the bottom one (with the top 2DEG in “floating” situation) by a selective depletion
technique. It is emphasized that the resonant tunneling between weakly-coupled two
2DEG’s is substantially suppressed under the conditions where the Fermi energy lies in the
localized state for the probed bottom 2DEG. Complicated behaviors were also observed in
the magnetoresistance‘or the Hall resistance for the “floating” case, but remain unsolved.

In Chapter 5, we proposed a novel double quantum well field effect transistor, in
which a periodic potential is introduced in one of two QW'’s, and analyzed the electronic
properties in such double-layered planar superlattices (PSL’s). We carried out numerical
calculations for the conduction-band structures and demonstrated the gate-controllability
of the effective mass of electrons as a promising scheme to realize a switching device based
on a quantum mechanical effect.

In Chapter 6, our progress in the fabrication of QWI structures by cleaved edge
overgrowth (CEO) is described from the technical point of view. Successful growth of
high-quality GaAs / AlGaAs heterostructures on a (110) substrate has been achieved by
improving the growth conditions in MBE. 50 nm-wide edge quantum wires (EQWI's)
were fabricated by CEO on a cleaved surfaces of multiple quantum wells (MQW?’s), which
are utilized as a waveguide along the edge. We characterized their magnetotransport
properties and observed a prominent magnetoresistance oscillation, which exhibit clearly
the features of the formation of 1D subbands confined within each 50 nm-wide QW.

Finally, we hope the present study will contributé to the comprehensive understand-
ings of the electron transport in coupled low dimensional electron system and underlying

physics.
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