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Characteristics of electron transport through vertical double-barrier quantum-dot structures:
Effects of symmetric and asymmetric variations of the lateral confinement potentials
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We report on a theoretical study of the electron transport through laterally-confined, vertical double-barrier
resonant-tunnelingDBRT) structures, defined as one-dimensiofid))-0D-1D systems, with a tunable lateral
confinement. The current and the differential conductance of the systems are calculated and the influence
caused by varying the lateral confinement on the device characteristics is investigated. Three representative
systems are studied. First of all, a 1D-0D-1D device, symmetric with respect to the current flow, with a variable
lateral confinement in the double-barrier quantum-wWBBQW) region, is investigated. This device would in
an experimental setup correspond to the structure in which a thin, lateral metallic gate is placed in the DBQW
region. Subsequently, calculations are performed for two asymmetric 1D-0D-1D devices, in which the stron-
gest, but varying, lateral confinement is placed either in the collector or in the emitter region. In experiments,
these two devices would correspond to the situations where a lateral metallic gate is positioned below or on top
of the DBQW structure. The calculations predict several phenomena for the device characteristics. It is shown
that as the lateral confinement increases, in addition to those normally observed current onsets and pinch-offs
that move toward higher bias voltages, several current onsets and pinch-offs move towards lower bias voltages.
These negative shifts of the current onsets and pinch-offs with increasing of the lateral confinement have so far
not been expected for gated DBRT devices. It is also found that the threshold voltages, at which the current
onsets and pinch-offs appear, depend strongly on the strength and position of the lateral confinement and on the
Fermi levels in the collector and the emitter. The models that explain these predictions are presented and

discussed.
DOI: 10.1103/PhysRevB.66.205317 PACS nuni®er73.63.Kv, 73.22.Dj, 73.40.Gk
l. INTRODUCTION three-dimensional (3D)  confinement®2>2”  charging
effects*® 710 7and impurity-assisted tunnelift§2®

Transport through laterally confined double-barrier In this paper we report on a theoretical study of the elec-
resonant-tunnelingDBRT) structures has been extensively tron transport through gated vertical DBRT structures. Exten-
studied in recent years>! since the systems have been con-Sive calculations have been carried out for the devices, and
sidered as potential building blocks for multilevel logic and the influence of gate-induced variations of the lateral con-
high speed devices in nanoelectronics. Several methods ha{igément on the device characteristics has been studied in
been developed to realize laterally-confined DBRT strucdetails. To our knowledge, no such detailed calculations on

tures. These methods have been based exclusively on p 1e development of the characteristics of the gated DBRT

grown DBRT quantum-well structures. The lateral confine- evices with continuous variation of the lateral confinement

ments are created by, e.g., etching the structures tBave been reported. The emphasis of our study will be on the
5,14,15,20 ; v electrical properties associated with the vertical symmetry of

galrl;z;rclzsrhetal g;@lﬂﬁigﬁ 1;22?;2”;?;%@’;2?ugre]gu;gu?:a?e the devices and the 1D nature of the connecting emitter and
| qate is of .t' lar int t due to th bilti fcollec_:tor constrictions. Due t.o the hlgh.degre_e of complexity
mefca gate Is of particular interest, due to the possIDITIES kg ;g task, we have restricted our investigation to three
tuning the lateral confinement with a voltage applied to theigiinct cases, for which the qualitative features expected to
gate and thus of manipulations of the electronic structure ifye gpservable in the experiments, are extracted. We first
the quantum confined region and the transport properties @tudy a symmetric, laterally confined DBRT structufd-
the devices. Very recently, an embedded grating metal-gaigp-1D structurg corresponding to the experimental situation
teChnique was deVEIOped for fabrication of |atera”y-C0nfinethere a thin metallic Conﬁning gate is positioned in the
DBRT structure$?~?#?%%The technique is very flexible in plane of the double-barrier quantum-wel{DBQW)
creating various types of tunable confinements inside as wefegion®1%2! Subsequently we investigate two asymmetric,
as outside the DBRT region, such as one-dimensi¢hd) laterally-confined DBRT structures in which the gate is po-
emitter and collector. Thus, it becomes possible to experisitioned outside the DBRT region, either in the emitter or the
mentally study the effect of the coupling between zero-collector region(preliminary results for the latter case were
dimensional(OD) states in the confined region and 1D sub-presented in Ref. 29These structures correspond to the de-
bands in the emitter and collector on the devicevices studied experimentally in Refs. 9,11,23,24,28 and 31.
characteristics. There have also been a number of theoreticBbth thel-V characteristics and the differential conductance
works in which different aspects of the vertical transportspectra have been calculated for the symmetric and the two
through laterally confined DBRT structures have beemasymmetric devices with varying lateral confinement. The
treated, including tunneling through 0D states created by thealculations predict several phenomena for the device char-
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(a)  Source metal contact (b) _Source metal contact DBRT structures. As indicated in the figure, depending on
the position of the gate, the point of strongest confinement in
P LI the structure may occui) in the same plane as the DBQW,
R Wd Wao .° |Le . . . .
Lerd baat 2 L , (if) on the collector side, ofiii) on the emitter side of the
) '9_-:} R device. The confining potential may, but need not, be sym-
Gato - | : ke metric around the point of strongest confinement. Our pur-
“-"“'Wj““-‘._‘_' pose in this work is to systematically investigate the generic
—— properties of DBRT devices with strong, variable lateral con-
Drain metal contact Drain metal contact finement. For this purpose, a simple model structure is used

in order to save the computing power. The model structure is
tures. Dotted lines mark possible depletion regions caused by th Cheénatllcqlly |nd|C_ated_ by the dashed lines in Fl.g' 1, where
gates. Dashed lines illustrate the model potential used in the caICLTl- e : _ep etion rgglon ,'S modeled by a stepW|se Igteral-
lations. () A DBRT structure with in-plane gatesb) A DBRT confining potential profile. Thus our model device consists of

structure with buried gate, asymmetrically positioned on the collecfive different segments: a 0D region, two thin barriers, a
tor side of the device. narrow emitter constriction, and a narrow collector constric-

tion. In each segment the potential profile is assumed to be

acteristics. It is found that as the lateral confinement in-Uniform along the direction of transport. However, the geo-
creases, in addition to those current onsets and pinch-oﬁ‘é“etr'cal parameters of the dlffer.ent.segments, i.e., the length
that move toward higher bias voltages, several current onsefé!d the lateral width, can be varied independently. In order to
and pinch-offs are found to move toward lower bias voltagesfurther simplify the computational task, we have adopted 2D
The positive shift of the current onsets and pinch-off with M0dels as shown in Z;r% 1 in the calculations. We have al-
increasing lateral confinement is the phenomenon one noféady verified elsewherethe validity of using a 2D model
mally observes. The negative shift of the current onsets antf the analysis of the electron transport through laterally con-
pinch-offs with increasing lateral confinement has so far nofin€d vertical DBRT structures. o
been expected for gated DBRT devices. It is also found that Th€ electron transmission through Sggzhsg‘ device is calcu-
although they are the same in geometric aspects, the twigted by the scattering-matrix methdt>****In short, the
asymmetric, laterally confined DBRT structures show veryMethod is a mode-matching method in which the amplitudes
different device characteristics. The physical origins of allof the incoming and outgoing states for a given device are
these characteristics will be explained. related via a scattering matrix. The device structure may be
The rest of the paper is organized as follows. Section I@ivided into a number of segments, such that in each seg-
contains a brief description of the theoretical model and forment the potential profile is approximately of transverse de-
malism used in the present work. Section Ill presents th@endence only. Thus the motion of the electron in segment,
results of the calculations and discussion. Finally, the papefan Pe described by the wave functiohi(x,y), which sat-

FIG. 1. Schematics of two types of gated, vertical DBRT struc-

is summarized in Sec. IV. isfies the effective-mass Scliinger equation
L . : .
Il. THEORETICAL MODEL AND FORMALISM — —+ | VY [V (xy) =V (xy),
2m* | ox= gy

The theoretical approach used in the calculations is based (1)
on the scattering-matrix method, which was frequently used i ) . o )
in recent years for the calculations of electron transportvhereVc(y) is the lateral confining potential in segment
through low-dimensional structuré?6:27:29.32.33.34.3%,ity  andm* is the effective masghere set tan* =0.067m, cor-
this method, one can in principle model the electron transtesponding to the value for GapsThe potentialV(y) is
port through a device with a given potential profi¢x,y,z) assumed to be of square-well type throughout the structure,
with arbitrary accuracy. In this work we study the effectsWith the well width in each segment determined by the geo-
induced on the device characteristics by a variation of thénetrical parameters defined by the dashed lines in Fig. 1.
lateral confining potential, corresponding to the variation of aHowever, the potential bottoms Wi,(y) are different in dif-
gate voltage. This means that the current needs to be evalferent segments and depend, in general, on the conduction
ated as a function of both the source-drain voltage, and thband offset and the source-drain voltage applied.
gate voltage and thus the transmission needs to be evaluatedIn each segment, the transverse part of the electron wave
as a function of the source-drain voltage, the gate voltaggunction is expanded in terms of the transverse eigenfunc-
and the electron injection energy. This is clearly a very dif-tions, ¢,(y), of the reservoirs, with the corresponding ei-
ficult numerical task, for a device with a non-uniform lateral genvaluesE,,.>>3® The expansion coefficients in two adja-
confinement potential profile. cent segments,andi + 1, are related by means of a transfer
For a real device, it is hard to know the exact shape andnatrix T(i,i +1) which is obtained by imposing the condi-
strength of the lateral confining potential, since both propertion of continuity of the electron wave function and its de-
ties depend sensitively on doping profiles, structure paranrvative at the interface between the two segments. By itera-
eters, the position of the gate, the voltage applied to the gatéively calculating scattering matrices from the source to the
etc. Figure 1 shows schematically possible lateral confinedrain with the help of the transfer matricé@gi,i+1), one
ment potential profiles induced by the gates in two gatedtan obtain the total scattering matr$ which relates the

205317-2



CHARACTERISTICS OF ELECTRON TRANSPOR . . PHYSICAL REVIEW B 66, 205317 (2002

amplitudes of the incoming and outgoing states on the twdateral width of the OD regiofdefined as the dot widihThe
sides of the device. The probability that electrons incidentolid lines in Fig. 2b) mark peaks in the differential conduc-
from the source reservoir in the mogg,(y) with energyE  tance, which correspond to the current onsets observed on
and wave vectok5,=[(2m*/4?)(E—E)]¥? will transmit  the upward slope of the current shown in Figa?2 The
to the outgoing statep,(y) in the drain reservoir can be dashed lines, on the other hand, mark negative differential
calculated from conductance valleys which correspond to the current pinch-
kD . .
n 2 offs, i.e., the regions of the downward slope of the current
Tnm:k_s|sﬂm| . 2 seenin Fig. 2a).

m To understand the physical origin of the fine structure, let

The current through the device, at a given bias voltdgmd  us first consider the lowedtV curve in Fig. 2a), corre-

temperaturel, may be calculated by means>bt’ sponding to a uniform 1D-0D-1D structure with a lateral
e (=R width of 100 nm. The curve shows two stefpsarked with
(e, V,T)=— _f > T ENV)[f(E—up—eV) (1) and(2)] on the upward slope of the resonant current, as
F wfi)o T ™" ° F well as a sharp downward slopmarked with(3)]. The steps

_f(E— dE 3) on the upward slope of the current occur at crossings of the
p(E—ue) JdE, 0D stateq1,1) and(1,2) with the emitter Fermi leve[.Note

wheref g p are the Fermi distributions in the source and drainthat in this work, the notatiomn,n) refers to a 0D state with
reservoir, respectivelyur is the chemical potential at the the longitudinal quantum numben and lateral quantum
two reservoirs, an® indicates that the summation needs tonumbern.] The current drop occurs as the discrete OD states
be done only for those values of andn for which kS and fall below Fhe cutoff energies of the 1D subbands in the
k® are real. In this work the conduction band offset is set toamow emitter preceding the DBQW. Due to the uniform
0.3 eV, which is appropriate for GaAs/AIGaAs systems, andgteral confining potential, the lateral mode spacing is iden-

the potential drop due to the applied bias voltage is assume alin Fhe 1D narrow emitter and co_IIector, as_weII as in th?
to occur across the barriers only, half of it across eac D region, and only mode-conse.rvmg tunneling process 1S
barrier allowed. Thus, all OD states are pinched-off at the same bias

voltage.
As the lateral confinement is increased, the OD states are
lll. RESULTS AND DISCUSSION pushed up in energy. Correspondingly, the steps or kinks and

The 1-V characteristics and thetl/dV spectra of several the sharp downward slope in the current, as well as the peaks
devices of the types shown in Fig. 1 have been calculated. |and the valleys in the differential conductance, move towards
the following we will show the results of the calculations for higher bias voltage. It is also seen that the onset and pinch-
three devices, a symmetric and two asymmetric 1D-0D-10¥ff of the current associated with the same 0D state increases
systems, with variable lateral confinement. All the three de@pproximately in parallel with the increase of the lateral con-

vices have the fixed vertical structure parameters gfL,  finement. Furthermore, since the lateral confinements in the
=100 nm,Lg;=Lg,=1 nm, andL4=25 nm. 1D emitter and the OD region are no longer identical, the 0D

states will be pinched-off at different bias voltages, which
can be seen as a splitting of the sharp downward slope in the
current(the valley in the differential conductan¢enarked
with (3), into two downward slopeévalleys.

The 1-V characteristics and thdl/dV spectra for the

We begin with the study of a symmetric 1D-0D-1D de- same structure, but calculated @t =13.0 meV are shown
vice, as shown by the dashed lines in Figa)l Here we in Fig. 3. At this Fermi energy, fine features, in the/
assume that the narrow emitter and collector have a fixedharacteristics with a complicated development pattEig.
lateral size ofW,=W,=100 nm. However, the lateral size 3(a)] can be observed. The behavior of these fine features is
of the DBQW is assumed to be varied in the range of 55seen even more clearly in the calculated differential conduc-
<Wy,Wp1,Wg,=<100 nm [as schematically indicated in tance[Fig. 3(b)], plotted as a function of the bias voltage and
Fig. 1(@]. The current and differential conductance havethe dot widthW,. Similar to the results in Fig. (B), the
been calculated for two different Fermi energieggs=4.0  peaks and valleys in the differential conductance can be at-
and 13.0 meV. tributed to the onsets and pinch-offs of the current associated

In Fig. 2(a) we display thel -V characteristics of the de- with the electron transport through individual states in the
vice atug=4.0 meV. The various curves calculated for dif- OD region. However, at this Fermi energy, we see both fea-
ferent lateral confinements are offset for clarity. The figuretures that move toward lower bias voltages and features that
shows a number of steps or kinks as well as a sharp drop imove toward higher bias voltages, with the increase of the
the current, which all change in bias position with the varia-lateral confinement. For clarity, we have marked the relevant
tion of the lateral confinement. For clarity, we have markeddetails by solid, dashed, and dotted lines in Fidp)3Those
the evolution of the fine features on the upward and downfeatures that move toward lower bias voltages with the in-
ward slopes of the current by solid and dashed lines, respecrease of the lateral confinement have not previously been
tively. In Fig. 2b) we show the differential conductance reported, to our knowledge, except for a preliminary work
spectra of the device as a function of the bias voltage and there presented in a conferente.

A. Resonant tunneling through a symmetric 1D-0D-1D system
with varying lateral confinement: Shrinking the lateral
size of the dot
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{ ) ETRREEY oy R e " T Wd =55 nm
700 —ﬁ - ; i

—. 500 5" : -

<L = . il FIG. 2. (Color (a) I-V charac-
Cso00 B o S I .ot = : teristics calculated gr=4 meV
e % MR for a symmetric 1D-OD-1D struc-
C 400 i : : ture with the geometrical param-
E" 300 — P T — eters Lyq=25nm, Lg;=Lp,
5 — e A =1 nm, Le=L.=100 nm, and
O 200 P SE— W,=W,=100 nm. The widths of

ﬁ—t 2 ~ —— the dot and the two barriers are
100 — f B :. simultaneously varied within the
of —0]

range 55W,,Wg;,Wg,<100
T T
0 5{1) 10 {3] 15 20

- W4=100 nm nm. The different curves in the
figure are plotted for different dot
widths and are offset for clarity.
The features marked by the solid
line with labels(1) and(2) can be

attributed to the current onsets
through the OD state¢l,1) and

—_—
(o)
——

55 04 (1,2, respectively. The features

&0 marked by the dashed lines with
’é“ b label (3) can be attributed to the
c 65 : current pinch-offs through the 0D
Sy stateg1,1) and(1,2). (b) Differen-
E o dl/dV tial conductancécolor codedl cal-
- 75 culated atur=4 meV for the de-
E 80 vice as a function of the source-
S L 1l o=z drain bias voltage and the dot
O 85 . width (Wg). The labels(1), (2)
O g0 and (3) have the same meanings

ap -0.4 as in(a).

100

Bias Voltage (mV)

The interpretation of the results in Fig. 3 is the following. will therefore successively occur at lower bias voltafmes,

At zero bias voltage, the staté§,1), (1,2), and (1,3) are e.g., the features marked by dotted lines in Figp) 3or this
below the Fermi level in the emitter and collector\Wy;  negative-shift behavigr

=100 nm. Thus, in order to have transmission through these At large enough lateral confinements, however, the 0D
states, a large enough bias voltage needs to be applied sustates(1,1), (1,2), and(1,3) will be pushed above the collec-
that these states are pushed above the collector Fermi levedr (and emittey Fermi level already at zero bias voltage. For
The associated current steps on the upward slope of the cuhese confinements, the current onsets will, instead, occur at
rent (as well as the corresponding differential conductancehe alignment of the emitter Fermi level with the OD states.
peaks occur therefore at those bias voltages for which theThis yields a positive development of the current onsets, to-
collector Fermi level is aligned with OD states. In Fig. 3, theward a higher bias voltage, with a further increase of the
features marked with labeld), (3), and (4) correspond to lateral confinement, similar to the behavior of the features
the opening of the 0D statd4,3), (1,2), and(1,1) by this  seen in Fig. 2. For the OD statd,4), which already lies
mechanism(note that these current steps occur in reversebove the Fermi energy of the device witfy,=100 nm at
order compared to the steplike structure expected from theero bias, the current onset naturally displays this positive-
crossings of the emitter Fermi level with the OD states, ashift behavior from the stafsee the features labeled with)
seen in Fig. 2 in Fig. 3].

As the lateral confinement in the OD region increases, the The downward slope of the resonant current peak displays
0D stateq1,1), (1,2), and(1,3) are pushed up in energy, and similarly rich fine structure. The origin of this fine structure
move closer to the collector Fermi level at zero bias. Thds again related to the pinch-offs of the OD states as they fall
onsets of the current through these states and, hence, thelow the cutoff energies of the various corresponding 1D
steps and peaks in the current and differential conductanceubbands in the emitter. The dashed lines with labglin
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?007‘”/’:_—"——— ———
Eﬁﬂﬂﬁ’f - __F"__’:?__;“;—:___ﬁ‘——‘—--— FIG. 3. (Colon (a) |-V charac-
C L S i LI teristics calculated at the Fermi
v500j ﬁ;— _—::}_:::_f; energyug=13 meV for the same
'E 400-;_::;7-"’ JF - symmetric 1D-0D-1D structure as
@ T —“\»\__ S in Fig. 2. The different-V curves
= SDD;/’*’/":?;:—:‘J — e, T in the figure are plotted for differ-
= EDD"’/J — ent dot widths in the range of 55
O :{P/“’ ?ﬂ <W4=<100 nm and are offset for
1 DD-__-{/#:"’ {3] (HK = clarity. (b) Differential conduc-
— {2} | — | tance (color codedl calculated at
DC"' — = 10 = 20 Wd=1DD nm wr=13 meV for the device as a
(1 } 2 5) function of the source-drain bias
Bias \_funage mV) voltage and the dot widthW,).

65

Dot width (nm)
w O @O @ =1 =l

100

(1)s (@)0 (51
Bias Voltage (mV)

The features marked with labels
(1), (2), (3), and(4) can be attrib-
uted to the current onsets through
the 0D states(1,3), (1,4, (1,2,
and (1,1), respectively. The fea-
tures marked with labgb) can be
attributed to the current pinch-offs
through the four OD states. Also in
(b), for clarity, the features corre-
sponding to the current onsets
0 dlfdv caused by different mechanisms
are marked with different types of
lines (solid and dotted lines
05 while the features corresponding
to the current pinch-offs are
marked with dashed lines.

0.5

Fig. 3(b) mark the fine features corresponding to the pinch-are simultaneously varied in the ranges of<88y,Ws,

offs of the mode-conserving tunneling process. There iss<100 nm Wg, is kept fixed at 100 ninand that the lateral
however, an additional weak fine structure on the downwaravidth of the narrow collector is varied in the ranges of 10
slope of the current. This weak fine structure is associateesW_ <100 nm, in such a way that the width of the narrow
with the pinch-offs of non-mode-conserving tunneling collector changes twice as fast as the width of the dot

processes.

B. Resonant tunneling through asymmetric 1D-0D-1D systems
with varying lateral confinement: Shrinking the lateral
sizes of the narrow collector and the dot

(6W.=26Wy). In order to make a comparison between the
different cases, we again calculate the current and differential
conductance attg=4.0 and 13.0 meV.

The results four=4.0 meV are shown in Fig. 4. Similar
to the results obtained from the calculations on the symmet-
ric device we observe steps and kinks on both the upward

In Sec. Il A we studied the electron transport through aand downward slopes of the resonant tunneling current, and
laterally confined, symmetric DBRT structure, for which the the corresponding peaks and valleys in the differential con-
variation of the lateral confinement occurs only in theductance. For clarity, we have again marked features of in-
DBQW region. We now turn our attention to an asymmetricterest by solid, dotted and dashed lines in the differential
device in which the narrow 1D collector is subject to the conductance in Fig. ®).
strongest confinement. We will again start with a uniform A comparison between Figs. 4 and 2 reveals that the ob-
structure as in Figs. 2 and 3. However, here we will assumeerved features are very similar at weak lateral confinements
that the lateral widths of the OD region and the second barrieflarge lateral dimensionsThe features marked by the solid
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_._ 80
£ 65
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"5 85
0O g0
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100 —

5 10 15
Bias Voltage (mV)

FIG. 4. (Color) (a) |-V characteristics calculated at the Fermi energy=4 meV for an asymmetric 1D-0D-1D structure with the
geometrical parametetsy;=25 nm, Lg;=Lg,=1 nm, Lc=L.=100 nm, andWg;=W,=100 nm. The widths of the dot and the second
barrier are simultaneously varied within the range o&%8,,Wg,=<100 nm and the width of the narrow collector is varied within the range
10<=W,=<100 nm, assuming that the width of the narrow collector changes twice as fast as the width of the dot. The different curves are
plotted for different dot widthaVy, and for each dot width the corresponding narrow collector width can be calculatedWien2Wy
—100 nm. The curves are offset for claritfp) Differential conductancécolor coded calculated ajur=4 meV for the device as a function
of the source-drain bias voltage and the dot wid{h (with the corresponding lateral collector widhi.=2Wy— 100 nm). The features
marked with label1) and(2) can be attributed to the current onsets through the 0D sthiBsand(1,2), respectively. The features marked
with label (3) can be attributed to the current pinch-offs through the two 0D states. Aldw,ifor clarity, the features corresponding to the
current onsets are marked with solid lines, while the features corresponding to the current pinch-offs are marked with dashed lines. The
features marked with dotted lines (h) can be attributed to the current onsets through the OD states with the mechanism indicated by the
schematic shown in Fig.(B).

lines with labels(1) and(2) in Fig. 4(b) and the correspond- strong lateral confinement region. In this regime, the fine
ing steps in Fig. @) have the same physical origins as thosestructure associated with the current onsets suddenly shifts
observed in Fig. 2, i.e., they occur when the 0D stéley)  very fast toward higher bias voltages until the pinch-offs
and(1,2) cross the emitter Fermi level at certain biases. Theoccur.

features marked by the dashed lines in Fidp) 4on the other This behavior can be understood as follows. Previously,
hand, correspond to the threshold voltages for the pinch-offave have seen that the current onsets occur at crossings be-
of these states. A striking difference between the resultéween the 0D states and the emitter Fermi lggele Fig. 2
shown in Fig. 4 and the results shown in Fig. 2 is seen in thén the present case, this is true only if there are available
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(b) However, it is interesting to note that two fast-moving
\/ peaks(the lowest and the uppermost dotted linee seen to
emerge with an increase of the lateral confinement from the
upper solid line in Fig. @). This behavior can be understood
. as follows. The upper solid line marks the differential con-
ductance peak corresponding to the opening of the OD state

FIG. 5. Schematic views of the conduction band of the asym-(1’3)' This state can couple to both the first and third sub-

metric 1D-0D-1D structure with the strongest lateral confinementt)nail)r:i?]S Iirr]]ctjhe n;gomc?lr:ﬁd:qr du?] tg tl?r(]a tﬁosls'tblpt}/ Ofnr][i]r?i(:]e_
assumed in the narrow collector region as studied in Figa$A t % | ufceth yd e. ho ogeneity bi fta eﬂ? co it 9
situation where all the narrow collector subbands have been push&:o ential o e device(however, subject to the parity-

well above the Fermi energy, in the emitter by the confinement SEl€ction rule imposed by the lateral symmetry of the sys-
and no current flow through the device is possikit The situation tem). With the increase of the lateral confinement, the third

where the 0D statél,1) is about to open for conduction as it is Subband in the narrow collector will be pushed above the 0D
aligned with the edge of the first subband in the narrow collectorState(1,3). To make the current flow from this OD state to the
The shaded regions denote the energy window in which electronthlird narrow-collector subband possible, a correspondingly
are incident from the sourageft). Electron flow is possible when- higher bias voltage needs to be applied. The first fast-moving
ever empty states in both 0D and narrow collector fall into thisconductance peafthe lowest dotted lineseen in Fig. &)
energy windowyu is the Fermi energy in the emitter and collector. corresponds to the evolution of the threshold voltage, which
. . ) needs to be applied in order to align the stéited) and the
states in the narrow collector region to mediate the transpoi{ yoe of the third narrow-collector subband, with increase of

to the collector reservoir. In the strong lateral confinement, =\ -taral confinement. The other fast-moving conductance

regime, this condition is not necessarily satisfied, since th : )
narrow collector subbands can be pushed well above tho%aeak(the uppermost dotted lipecorresponds to the evolu

0D states which lie below the emitter Fermi leysée sche- ion of the_ threshold voltage, which needs to pe applied in
matics of Fig. 5a)]. Thus a large enough bias voltage is order to align the stat@éL,B) an_d the edge of the first narrow-
required in this case in order to push the collector state§OIIECtor .SUbband'.W.'th an increase of the Iat'er'al confine-
below the 0D states, so that the electron transport through tH8€Nt- Evidently, this is an example of mode-mixing effects
device again becomes possible. A current onset in this casyhich in ge_neral complicate the fine structure in the device
therefore occurs at the crossing between a 0D state with tHeharacteristics.
edge of the lowest collector subband, to which the 0D state _ _
can couplgsee schematics of Fig(ly which illustrates the c. Rgsonant_tunnellng thrOL.'gh asyr.nmet.nc.lD'OD'lD systems
opening of the statél,1)]. Since the width of the narrow with vary.lng lateral conﬂnemen}. Shrinking the lateral
collector constriction is changed faster than the lateral width sizes of the narrow emitter and the dot
of the OD region, the threshold voltage for the current onset To complete our analysis we perform the same calcula-
in this strong confinement regime will evolve more quickly tions for the same structure as in Sec. Il B, but under reverse
toward higher bias voltages than in the weak confinemenbias. Thus, the point of strongest confinement is assumed to
regime[compare the dotted lines with the solid lines in Fig. occur on the emitter side of the device. The variation of the
4(b)]. Here we should note that at even stronger confinelateral confinement of the device is now achieved by varying
ments, the threshold voltage for this type of current onset cathe lateral width of the narrow emitter within the range of
eventually exceed the threshold for pinch-off of the associ10<W,<100 nm and the lateral width of the DBQW struc-
ated OD state, and when this situation occurs the transpottire within the range of 58Wy,Wg1,Wg,=<100 nm, in
through the OD state is no longer possible. This is clearlysuch a way that the width of the narrow emitter is assumed to
depicted in Fig. &) where a dotted linécurrent onsgtand  change twice as fast as the width of the DBQW structure
a dashed linécurrent pinch-off corresponding to the elec- (6W.=25W,). We have again calculated the current and
tron transport through a common 0D state merge together aifferential conductance for the device at the Fermi energies,
a point, beyond which no current associated with the transgr=4.0 and 13.0 meV.
port through that OD state is observable. The results for the current and differential conductance at
In Fig. 6 we show the current and differential conductanceur=4.0 meV are shown in Fig. 7, with the dominant fea-
calculated for the same device with the Fermi energg@at tures marked again by solid and dashed lines in Fig) for
=13.0 meV. Once again, rich fine structure is seen in thelarity. It is seen that at weak lateral confinements, the steps
I-V characteristics and thél/dV spectra of the device at or kinks on the upward slope of the current and the corre-
this high Fermi energy. However, similarities between thesponding peaks in the differential conductance obtained for
results shown in Figs. 6 and 3 for the current onsets anthe present case are similar to the results shown in Figs. 2
pinch-off scan still be seen in a large parameter range of thand 4. Also, these features behave similarly, in the response
lateral confinement. Thus the majority of the features seen ito the increase of the lateral confinement, to the previous
Fig. 6 can be explained similarly as in Fig. 3, except for theones. As explained for the previous cases, these current steps
features marked with dotted lines in Figbhf which can be and conductance peaks appear at the crossings of the 0D
explained by the same mechanism as for the features markesthtes(1,1) and(1,2) with the emitter Fermi level.
with dotted lines in Fig. &), using the schematics shown in A striking difference between the present device and the
Fig. 5. devices discussed in Secs. lll Aand Ill B lies in the response
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(ﬁ) Wgy=55 nm
__WC=TU nm t _FI_G. 6. (Colon (a) I-V charac- _
3 eristics calculated at the Fermi
energyur=13 meV for the same
asymmetric 1D-0D-1D structure
as in Fig. 4. The different curves
are plotted for different dot widths
Wy, and for each dot width the
corresponding lateral collector
width can be calculated frorv,
=2Wy—100 nm. The curves are
offset for clarity. (b) Differential
conductancgcolor coded calcu-
lated atup=13 meV for the de-

5 r
i 5 _ i vice as a function of the source-
0 : ( Wg=100 nm drain bias volta
ge and the dot
4 (1 } 2 L 18 e W{: =100 nm width Wy (with the corresponding

lateral collector widthW,=2W,
—100 nm). The features marked
with labels (1), (2), (3), and (4)
can be attributed to the current on-
sets through the OD statdg,3),
(1,9, (1,2, and (1,1), respec-
tively. The features marked with
label (5) can be attributed to the
current pinch-offs through the
four OD states. Also in(b), for
clarity, the features corresponding
o di/dV to the current onsets by different
mechanisms are marked with dif-
ferent types of linegsolid, dotted
and dashed-dotted lingswhile
the features corresponding to the
current pinch-offs are marked
with dashed lines. The features
marked with dotted lines inb)
can be attributed to the current on-

0.5

100 { - ) 5 {3)1 0 (5} 15 sets through the 0D states with the
. mechanism indicated by the sche-
Bias Vo |J[Elge (mV) matic shown in Fig. &)

of the threshold voltages for the pinch-offs of the stdfe$) pinch-off of the statg1,1) is gradually decreased, as indi-
and(1,2) to the increase of the lateral confinement. Figure 7cated in Fig. 8). As a result, a negative evolution of the
shows that with the increase of the lateral confinement, thesgownward current slope and the corresponding differential
threshold voltages are shifted towards lower bias voltagesonductance valley, toward lower bias voltages, is seen with
[see the sharp downward slope of the current in Fig. &d  the increase of the lateral confinement. A similar explanation
the corresponding valleys in the differential conductancecan be given for the negative evolution of the threshold volt-
marked by dashed lines in Fig(bj]. This is in strong con- age for the pinch-off of the statd,2) in the device.
trast to the previous cases where the threshold voltages for Another interesting result seen in Fig. 7 is that as the
current pinch-offs were seen to develop toward higher biasateral confinement in the device increases, the threshold
voltages with increasing the lateral confinement. voltage for pinch-off of each of the two lowest 0D states and
This interesting new feature can be understood with thehat for the current onset associated with the electron trans-
use of the schematics shown in Fig. 8. In Fige)8ve show port through the same 0D state move toward each other. It is
the band diagram of the device at the threshold voltage foalso seen that the two types of threshold voltages finally
the pinch-off of the statél,l), i.e., in the condition that the merge together at a certain lateral confinement. With a fur-
state(1,1) is aligned with the edge of the first subband in thether increase of the lateral confinement, no electron transport
narrow emitter. If the lateral confinement in the narrow emit-through the considered 0D state is possiske Fig. J. This
ter is increased, the subbands in the emitter will gradually bés because, at sufficiently strong lateral confinements, all the
pushed up in energy. Thus the threshold voltage for thesubbands in the narrow emitter, which can couple to this
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FIG. 7. (Color) (a) |-V characteristics calculated at the Fermi energy=4 meV for an asymmetric 1D-0D-1D structure with the
geometrical parametets;=25 nm,Lg;=Lg,=1 nm,L.=L.=100 nm, andN,=100 nm. The widths of the dot and the two barriers are
simultaneously varied within the range of $8Vy,Wg,,Wgz,<100 nm and the width of the narrow emitter is varied within the range of
10<W,=<100 nm, assuming that the width of the narrow emitter changes twice as fast as the width of the dot. The different curves are
plotted for different dot widthd/V,, and for each dot width the corresponding lateral emitter width can be calculatedWien2W,

—100 nm. The curves are offset for claritfp) Differential conductancécolor coded calculated ajug=4 meV for the device as a function
of the source-drain bias voltage and the dot widih (with the corresponding lateral emitter widith,=2W;— 100 nm). In botha) and(b),
the features marked with labél) and (2) can be attributed to the current onsets through the 0D stai®sand (1,2), respectively. The
features marked with labé€B) can be attributed to the current pinch-offs through the two 0D states. Alg),irfior clarity, the features

corresponding to the current onsets are marked with solid lines, while the features corresponding to the current pinch-offs are marked with
dashed lines.

state, have been pushed above the emitter Fermi [seel  the 0D state$l,1), (1,2), and(1,3 atWg=100 nm are below
the schematic in Fig.(8)], resulting in a complete cutoff of the Fermi level at zero bias and the threshold voltages for the
the current flow through the device. onsets of the current associated with an electron transport
Figure 9 shows the calculated current and differential conthrough these states are expected to shift towards lower bias
ductance for the device gig=13 meV. Again, complex voltages with the increase of the lateral confinement. Indeed,
features, consisting of peaks, steps, and drops, are seen in tine features marked bgl), (3), and (4) in the calculated
calculated currerftFig. 9(a@)], and the corresponding features, current and in the differential conductance, which correspond
consisting of peaks and valleys, are seen in the calculated the opening of the staté€%,3), (1,2, and(1,1), are seen to
differential conductancgrig. (b)]. As previously discussed, follow the expected behavior with the increase of the lateral
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the electron transport through the 0D stéted), although it
appears at stronger lateral confinements. This behavior is in
very difference from that observed in the features associated
with the electron transport through the 0D statégl) and
(1,2 [see the features marked with the lab@sand (4) in

FIG. 8. Schematic views of the conduction band of the asym-Fig. 9, which show that the current flows through the states
metric 1D-0D-1D structure with a strongest lateral confinement asf1,1) and(1,2) are completely cut off when the lateral con-
sumed in the narrow emitter region as studied in Fig(afJ.A  finement becomes greater than certain strerjgtRsrther-
situation where the 0D staté,1) is about to be pinched off as itis more, it is seen in Fig.(®) that, after a sudden decrease, the
aligned with the edge of the first subband in the narrow emittgr.  amplitudes of the differential conductance peaks associated
Another, but similar, situation where the 0D stétel) is about to  with the electron transport through statéls3) and (1,4),
be pinched off. However, in this situation, the subbands in the nargradually becomes stronger. These behaviors appear as a re-
row emitter have been pushed up in energy and thus the bias volgy|t of the fact that the coupling of the state3) [(1,4)] in
age required for pinch-off of the stat, 1) becomes lower than that he oD region to the firstsecondl subband in the narrow
required in the situatioia). (c) A situation where all the subbands emitter becomes possible when the lateral widths of the 0D
in the narrow emitter have been pushed well above the emittefo iy and narrow emitter become different. It should also be
Fermi energy and no current flow through the device is pOSSiblenoted that the current flows through the dot stae8) and
The shaded regions denote the energy windows in which electrona 4) will eventually be cut off with the increase of the lateral
incident from the left may contribute to the current flQug is the " o
Fermi energy in the emitter and collector. confmement,' as clgarly exerr_1pI|f|_ed by the fea_ture marked by

the dashed line with labéb) in Fig. b). In this example,

the current flow through the dot staté,3 is completely
pinched off when the lateral confinements go beyond the
values of aboutWy=60 nm andW,=20 nm. This occurs as
a result of the fact that, at these strong confinements, the first

current and in the differential conductante latter also : .
marked by a solid lineare seen to move toward higher bias SubPand in the narrow emitter has been pushed above the
:Fermi level and, thus, the current flow through the narrow

voltages with the increase of the lateral confinement. Simi-

larly, when the lateral confinement becomes strong enougﬁzmitter is no longer possible. Again the features discussed

the state(1,3) is pushed above the Fermi energy at zero bia&P0ve, as well as other mode-coupling effects, complicate

and thus the associated feature in the current as well as the€ fine structure observed in the transport characteristics of
associated peak in the differential conductance turn to mov¥ertical DBRT structures significantly, and may make the
toward higher bias voltages with the further increase of thddentification of the fine structure very difficult.
lateral confinemeritsee the feature marked by the solid line
(6) in Fig. 9Ab)].

Figure 9 shows also that the threshold voltages for pinch- V- SUMMARY
offs of the lowest four OD states develop into a fan structure In summary, we have performed a detailed theoretical
with the increase of the lateral confinemésage the differ- study of the characteristics of the electron transport through
ential conductance valleys marked by dashed lines with labdaterally-confined, vertical DBRT structurédefined as 1D-
(5) in Fig. 9(b)]. As opposed to that seen in Figs. 3 and 6, theOD-1D systempswith tunable lateral confinements. Such de-
fan structure in the present case is seen to develop towandces have already been achieved in experiments by a selec-
lower bias voltages. This behavior is similar to the resulttive positioning of gates. Three representative systems have
obtained for the threshold voltages for pinch-off of the twobeen investigated in this work: a symmetric 1D-0D-1D sys-
lowest 0D states shown in Fig. 7, and can thus be explainetém with the strongest, but varying, lateral confinement be-
in the same way as for that case in terms of the schematidsg placed in the OD region, and two asymmetric 1D-0D-1D
shown in Fig. 8. systems with the strongest, but varying, lateral confinement

A result seen in the calculation for the device @t being placed either in the 1D collector or in the 1D emitter
=13 meV is that the features corresponding to the onset ofegion. The current and differential conductance of the sys-
the current associated with the electron transport through thiems have been calculated using an approach based on a
0D state(1,4), and the related peak in the differential con- scattering-matrix method.
ductance do not vanish, when the edge of the fourth subband The calculations reveal that thev characteristics and the
in the narrow emitter is pushed above the stdtd) by the differential conductance spectra of the devices show rich fine
increase in the lateral confinement. This is seen more clearlgtructures. Detailed analyses show that the fine structures can
in Fig. 9b) where the conductance peak marked by the solide attributed to various onsets and pinch-offs of the current
line with label (2) is still visible after crossing the first dif- through the devices. The current onsets are found to occur at
ferential conductance valley, marked by a dashed line, corrghe crossings betwee a 0D state and the emitter Fermi
sponding to the pinch-off of the electron transmission fromlevel, (i) a OD state and the collector Fermi level, (@r) a
the fourth subband in the narrow emitter to the statd) in 0D state and the edge of a 1D subband in the narrow collec-
the 0D region. The same behavior is also observed for thtor. The current pinch-offs, on the other hand, have been
features associated with the onset of the current and the résund to occur at the crossings between 0D states and the
lated peak in the differential conductance, corresponding t@dges of 1D emitter subbands to which the OD states can

confinemenf{see, e.g., the dotted lines in Figh®]. The 0D
state (1,4) is, however, located above the Fermi energy a
zero bias, so that the associated feature marke@)by the
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FIG. 9. (Color (a) I-V charac-
teristics calculated at the Fermi
energyur=13 meV for the same
1D-0D-1D structure as in Fig. 7.
The different curves are plotted
for different dot widths W, and
for each dot width the correspond-
ing lateral emitter width can be
calculated from  Wy=2W;,
—100 nm. The curves are offset
for clarity. (b) Differential con-
ductance(color coded calculated
at ug=13 meV for the device as
a function of the source-drain bias
voltage and the dot widthwy
(with the corresponding lateral
emitter width We=2W,
—100 nm). The features marked
with labels (1), (2), (3), and (4)
can be attributed to the current on-
sets through the OD statd4,3),
(1,4, (1,2, and (1,1), respec-
tively. The features marked with
label (5) can be attributed to the
current pinch-offs through the
four OD states. Also in(b), for
clarity, the features corresponding
to the current onsets with different
mechanisms are marked with dif-
ferent types of lines(solid and
dotted lineg, while the features
corresponding to the current
pinch-offs are marked with dashed
lines. The feature marked by the
dashed line with labe{6) can be
attributed to the pinch-off of the
current flow by the coupling be-
tween the stat€l,3) and the first
lateral subband in the narrow
emitter.

couple. Furthermore, the threshold voltages, at which theseices. By varying the lateral confining potentials in the dif-

current onsets and pinch-offs appear, have been found tierent parts of the devices, the current onsets and pinch-offs

depend strongly on the strength and position of the laterabf the devices can develop in very different ways. The results

confinement imposed on the devices, and on the Fermi levelsresented in this paper provide new understanding on the

in the collector and the emitter. _ mechanisms of the electron transport through 1D-0D-1D
Most importantly, the calculations have predicted that, astructures with varying lateral confinements, and should shed
the lateral confinement INncreases, In addition to those Currerﬁbht on experimenta' measurements on the gated vertical

onsets and pinch-offs that move toward higher bias voltageBRT devices, which often show very complicatet char-
several current onsets and pinch-offs are seen to move tQgteristics and differential conductance spectra.

ward lower bias voltages. These negative shifts of the current
onsets and pinch-offs with increasing lateral confinement
have not been expected for gated DBRT devices. It is also
found that although they are the same in the geometric as-
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