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Numerical Study of Single-Electron Resonant Tunnelling via a Few Ionised Donors
in Laterally Confined Resonant Tunnelling Diodes

Hiroshi Mizuta

Central Research Laboratory, Hitachi, Ltd., Kokubungji, Tokyo 185, Japan

(Received December 18, 1995; accepted for publication January 26, 1996)

Single-electron resonant tunnelling (RT) assisted by a few ionised donors is studied for a laterally confined
resonant tunnelling diode. The 3D multimode scattering matrix (S-matrix) theory is adopted, introducing the
discrete scattering potential of background donors in the active device region. With a few ionised donors placed
in the device region, the calculated transmission rate clearly shows new resonances which are dependent on the
donor configuration. Visualisation of the electron probability density reveals that these resonances originate in
RT via single-donor-induced localised states. This new type of RT leads to I- V characteristics with current steps

" of the order of 0.1nA per donor before the main current peak, which are in good agreement with experimental
results. In addition, the donor-position dependence of the current plateaux and the donor-induced asymmetry of

the fine structures are demonstrated.
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1. Imtroduction

Laterally confined resonant tunnelling diodes (RTDs)
exhibit an interesting interplay between lateral quan-
tisation and Coulomb blockade.'™ Recently new in-
plane gated AlAs/GaAs/AlAs variable-area resonant
tunnelling diodes (VARTDs)*>™ (see Fig. 1) have been
proposed to study the lateral confinement effects on RT.
In the VARTDs a graded doping profile in the emit-
ter and collector contact layers and p-type Bet ion-
implanted gate regions are employed, and so the size of
the lateral confinement area can be controlled by apply-
ing a negative gate bias to the lateral PN junction. It
has been shown that a virtually flat lateral confinement
potential is achieved around the double-barrier struc-
ture” which can prevent complex lateral-mode mixing
in the quantum dot.® Thus the VARTDs are suitable
for investigating the lateral confinement effects on RT
systematically. The current-voltage (I-V) characteris-
tics have been investigated for the VARTDs with vari-
ous sizes of emitter pads. A complex fine structure has
been observed in the current pinch-off regime of small-
area VARTDs with the emitter pad radius of typically
0.7 um.%™ With increasing negative gate bias, i.e. de-
creasing quantum dot radius, the splitting of the mul-
tiple current peaks has been found first to increase for
small negative gate voltages and then to remain almost
constant for large gate voltages. These characteristic be-
haviours have been shown to be consistent with the ef-
fects of lateral confinement.® "

An additional fine structure has been observed
close to the current threshold of relatively large-area
VARTDs.® " The I-V characteristics for VARTDs with
emitter pad radii ranging from 1.0 ym to 2.5 pm show
a series of plateau-like structures before a main cur-
rent peak. The fine structures have been found to be
basically independent of the gate bias, i.e. the lateral
confinement size, unlike those resulting from the lateral
confinement or Coulomb blockade. A possibility of RT
through donor states has been pointed out by Dellow et
al:® an ionised donor in the quantum well will result
in a localised potential well and associated bound states

Table I. Dimensions of the active device regions of the VARTDs
and the expected total numbers of ionised donor sites which
are estimated from the background donor concentration of
10 cm 2 and the active device volumes.

. Active Active .
Emitter pad . i Estimated
. device device
radius number of
(em) area volume donors®)
m o
g (m?) (m®)
1.0 1.0 x 1012 0.6 x 10=20 ~1
1.5 3.6 x 10712 2.1 x 10720 ~2
2.0 7.8 x 10—12 4.6 x 10720 ~5

a) Assuming background donor concentration of 1 x 10** cm™3.

which give rise to RT at lower bias voltages than the
threshold voltage. Based on this scenario some related
quantities are summarised in Table I: the active device
area, the active device volume (both estimated for zero
gate bias) and the number of donors expected for various
sizes of VARTDs under consideration. The total number
of donor sites in the GaAs active device region has been
estimated from the typical background doping concen-
tration of 10 cm™3. This results in an estimate of from
1 to 5 donor sites, which appears consistent with the pro-
posed scenario. The purpose of this work is to perform
a detailed numerical analysis of this phenomenon and
to investigate the donor configuration dependence of the
I-V characteristics.

2. Three-Dimensional S-Matrix Simulation

This section describes the 3D S-matrix simulation of
multimode resonant tunnelling mediated by a few ionised
impurities. This simulation method is suitable for inves-
tigating the details of the complex tunnelling processes
induced by various scattering events and has been ap-
plied for two-terminal pillar-type zero-dimensional (0D)
RTDs to study the effects of the nonuniform lateral con-
finement potential.® In the present work the theory is
extended by introducing the scattering potentials of the
random discrete impurities. The formulation is a natural
extension of the 1D global coherent tunnelling model”
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to 3D systems and we start from the 3D time-independent Schrédinger equation:
R [ 0* 2 o2

(5 + 5+ 30 ) ¥ 10 2) 4 Vo v, W (o, 1 2) = BB, 3, ), )
where V(z, y, 2) is the 3D poten‘mal distribution which in general consists of the lateral confinement potential,
Vic(z, y, 2), the electron affinity, V;(z), the potential along the channel due to an external bias, Vex(z), (both
assumed to be dependent only on the z-coordinate), and the scattering potentials due to a few ionised impurities,

Viu(, v, 2);

2m*

Viz, y, 2) = Vic(z, ¥, 2) + Vo(2) + Vex(2) + Viu(z, y, 2). (2)

For simplicity, the Hartree self-consistent potential, Vsc(z, y, z), which will be crucial for discussing the Coulomb
blockade effects is neglected in the present work, and Viy(z, y, z) is modelled by the superposition of the delta
functional potential due to the discrete ionised donors:

Vi(r) = =Vo > 8(r —m3) 3)
{7}
where {7;} denotes the configuration of the ionised donors. In the following the spatial coordinates of each ionised
donor are expressed using lateral and vertical displacements from the centre of the active device region, (6z, 8y, §z)
(see Fig. 2).
The 3D wavefunction, ¥(z, y, z), is decomposed using a complete set of 2D lateral eigenstates at each z point,
¢ (z, y|z), as follows:

U(z, y, 2) = Z% z, y12)x4(2)- (4)

The z-dependent 2D lateral eigenstates, ¢, (z, y|z), are obtained by solving the following 2D Schrodinger equation:
B’ 82 2

~ o (g ) (0 3la) + Vil 1, 2, 312) = e (2,312 6)
with the Dirichlet boundary conditions on the lateral surface of the device. The index, «y, represents a two-dimensional
lateral mode number and £,(z) the corresponding +-th lateral eigenenergy. For the numerical calculations, the
equations are discretised on a 3D finite-difference lattice which has a uniform mesh spacing in the z and y dimensions
and a nonuniform spacing in the z dimension.®) The lateral eigenenergies, ¢, (z), are obtained from eq. (5) using the
bisection method following Householder’s tridiagonalisation up to a given energy cut-off: the cut-off energy should
be, in general, chosen to be far larger than the Fermi énergy in the emitter contact . The corresponding numbers of
the eigenstates, ¢, (z, y|z), are then calculated by the inverse iteration method. From egs. (1) and (4), the following
1D scattering equation is derived for x. (2):

%XW(‘Z) +R(2)x(2) + ) (20“’ 1)(Z)_X7 (2) + CO2 (2)xy (2) —

@)=0  ®

where k. (z) denotes a complex wave number given by

2m*

K (2) = = (B — 3(2) = Vo(2) — Vex(2))- (7
Mode mixing coeflicients, C'(0 1) C'_(Yof,), and ionised-donor scattering coefficients, Vj,l;’f(z), are written as

cl(e) = [ an [ ayp,(a, vy 200V )
e = [ an [ ayputa, vl T2 B YD) (:” ule) ©)
VR ) = [ ao [ aye (e, lVinte, v, 2oy (o, vl (10)

and are evaluated using the obtained set of ¢, (z, y|z). The first derivative term of x.,(z) in eq. (6) can be eliminated
by applying the relevant unitary transformation:

X+(2) = Z o (2) fy (2) (11)
where the unitary matrix, M, (z), is defined as follows:

M, . (z) = exp (—/ Ci?,’?(z')dz’) . (12)

The matrix M, ,/(z) is calculated using a second-order expansion approximation'® which guarantees the unitarity
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of the matrix. Substituting egs. (11) and (12) into eq. (6), the transformation leads to the following equation:

@) ==Y e @) (13)

where the matrix, w, ,/(2), is written as follows:

w'v,w'(z) = Z E(M_l)'v,v“ (Z)W'v”,'v”’ (Z)M’Y"'1’7' (z)

,YII ’Y”/

"/,'1 (Z) =K (Z) v T {C(O N (z)}'y,’y
~ TV (2) (15)

) Oy (z, y|z) 8¢/ (z, y|z
Qﬂ@:/m/@ gz” 7&') (16)

Renormalised complex wave numbers, K, (z), which include the lateral mode mixing, are obtained by solving the
eigenvalue equation:

(14)

C(l ,1) (Z)

{K (2)}°V, 0 (2) (7)

Z W (2) Vo 1 (2) =
.YII
where V,, .,/(z) is a unitary matrix which diagonalises the matrix W, _.(z). The eigenvalue equation (17) is discretised
and numerically solved using the QL method. Then the z-component of the wavefunction can be expressed as a
superposition of plane waves:

2.2.M

where A,(z) and B,(z) are coefficients of forward and backward plane waves in the v-th lateral mode with the
complex wave number, K (z). Assuming these coefficients to be constant between two adjacent z-mesh points, the

e (Vi (2) { A (2) exD (K1 (2)2) + By (2) exp(—iKoy(2)2)} (18)

X+(2) =

three-dimensional wavefunction, ¥(z, y, z), can be finally written as

UO(z, 9, 2) 23D (e, yl) M2V, LAY exp(iK0z) + B exp(~iK()2)}

~!

where the index, (z), denotes the small region between
adjacent z-mesh points, z; and z;;,. The lateral-mode-
based transfer matrix and hence the S-matrix are then
defined from the continuity of electron probability flux
of electrons.® The total transmission rate is obtained by
summing up all the contributions from the lateral modes
and then the tunnelling current is finally calculated as-
suming global coherent tunnelling.®

3. Results and Discussions

The numerical simulation was performed for a rela-
tively large-area VARTD with the active device region
composed of a symmetric AlAs(4.2nm)/GaAs(5.6 nm)/
AlAs(4.2nm) double-barrier structure: the layer thick-
nesses are the same as those used in the experiments
reported in ref. 6. In the previous study of the conven-
tional 0D RTDs® the complex lateral confinement poten-
tial profiles, Vic(z, y, ), which are formed by the non-
uniform surface depletion along the etched pillar surface
were determined using a classical device simulation in-
corporating Spicer’s surface trap model. For the present
VARTDs, however, it has been shown that a virtually
flat lateral confinement is in fact achieved around the
double-barrier structure.” Thus, in the present work,
only the essential active device region is focused on and
lateral confinement is assumed to be completely flat. The

confinement profile is simply modelled using a square

well 200 nm in diameter in which the intervals of lateral
eigenenergies are so small that contributions from differ-

(19)

Active Device Region

CLETISS S

Graded n-GaAs

Semi-insulating GaAs substrate

Fig. 1. Schematic cross section of a VARTD and a variable-size
active device region formed by a vertical AlAs/GaAs/AlAs dou-
ble-barrier structure and a lateral PN-junction. Pseudo-uniform
lateral confinement potential is controlled by gate electrodes.

AlAs |
GaAs

AlAs

Fig. 2. Three-dimensional spatial coordinates of ionised donors in
the active device region. The position of a single ionised donor
is described by its displacement, (6z, éy, 6z), from the centre of
the region.



Jpn. J. Appl. Phys. Vol. 35 (1996) Pt. 1, No. 4A

ent modes are barely separable on the I-V curve. There-
fore the present situation allows us to concentrate purely
on the effects of the random ionised donors located in the
active device region.

We first examine the VARTD in which two ionised
donors are placed. Figure 3(a) shows the energy de-
pendence of the total transmission rate, T(E), for an
emitter-collector voltage of 175mV. In this case one
donor is at the centre of the active device region,

10’
10°

V=175.0 mV

(@

Total transmission rate
=

’EF (Emitter)

170 175 180 185 190 195 200
Electron Energy (meV)

Fig. 3.
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(éz, by, 6z) = (0, 0, 0) and the other at (éz, by, 6z) =
(48 nm, 48 nm, 1.3nm). In the high-energy region we see
a series of transmission peaks which are very close to each
other. These transmission peaks represent RT through
the original quantised states whose energy intervals are

(b)

Emitter

Collector

®

lonised donor

(a) Electron energy dependence of total transmission rate, T'(E), calculated for a VARTD including two

ionised donors: one is at (0,0,0) and the other at (48 nm,48nm,1.3nm). The gray region represents the Fermi

sea in the emitter.

The applied emitter-collector voltage is 175.0mV which corresponds to the main current

threshold voltage of the VARTD (see the I-V characteristics in Fig. 5). (b) A schematic energy band diagram
for the single-donor-induced RT. The broken line labelled Eg is the lowest quasi-bound state of the double-barrier
structure and the dotted lines are the virtually degenerate 3D quantised states of the active device region. The
solid line at a lower energy represents the single-electron RT state induced by an ionised donor.
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Fig. 4. Visualised 3D and 2D probability densities of electrons, |¥(z, v, 2)|?, in the VARTD including two ionised
donors calculated for the first-mode incident wave from the emitter, at electron energies of (a) 177.9 meV (1st reso-
nance) and (b) 182.8 meV (2nd resonance) corresponding to the first two peaks in Fig. 3(a). The 2D visualisations
show the in-plane distribution in the middle of the quantum well, |¥(zx, y, 0)|2.
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determined by the size of the lateral confinement and
which are thus nearly degenerate since the confinement
size is chosen to be fairly large. These peaks simply
give rise to a large single negative differential conduc-
tance (NDC) in the I-V characteristics (see Main peak
in Fig. 5(a)) in the same way as in conventional RTDs.
In addition to these peaks, two transmission peaks are
seen in Fig. 3(a) at lower energies (indicated with ar-
rows) which are isolated from the peaks at higher en-
ergies. These new peaks result from the ionised donors
embedded in the active device region: the attractive po-
tential of each ionised donor selectively pulls down one
of the degenerate states to lower energy. Figure 3(b)
depicts the schematic energy band diagram along a ver-
tical channel when an ionised donor is introduced in the
active device region: F, denotes the lowest quasi-bound
state of the quantum well (a broken line) and the nearly
degenerate states are shown by dotted lines above Ej.
The lower single solid line represents the single-donor-
induced state through which electrons tunnel from the
emitter to the collector. Which state is chosen is de-
termined by both the position of the ionised donor and
the spatial distribution of the original eigenstate. This
may be understood from the probability densities of elec-
trons calculated at these two resonant energies. Figure
4 shows the visualised 3D and 2D probability densities,
|&(z, y, 2)|?, at (a) 1st and (b) 2nd resonances calculated
for the lowest 1st-mode incident waves from the emitter.
The 2D pictures show the in-plane amplitude at z = 0,
|¥(z, y, 0)]>. It can be seen that the electron probabil-
ity densities are strongly localised around the different

2.0
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g o :
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1
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3 1 B
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Fig. 5. [I-V characteristics calculated at 4.2 K for the VARTD in-

cluding two ionised donors: (a) full characteristics and (b) detail
around the threshold voltage.
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ionised donor sites although the incident wave spreads
laterally over the whole area at the emitter edge.

These transmission characteristics lead to the I-V
characteristics for the VARTD shown in Fig. 5 calculated
at 4.2K for (a) an extended bias region and (b) around
the current threshold. As mentioned earlier the series of
transmission peaks at higher energies result in the large
NDC around V = 185mV.as seen in Fig. 5(a). On the
other hand it is found that the ionised-donor-induced
transmission peaks seen in Fig. 3(a) lead to two current
plateaux with a step of about 0.1nA before the main
NDC. Obviously the details of these current plateaux
depend on the donor configuration, and the I-V curve
shown here is just for one particular configuration. How-
ever it should be noted that the simulated current step of
0.1nA corresponds well to the experimental results.®™
This is because the value of the single current step is
essentially determined by the width of the correspond-
ing transmission peak, i.e. the dwell time™ of electrons
at the resonant state, which is mainly determined by
the layer thicknesses of the AlAs/GaAs/AlAs double-

Total transmission rate

(@)
175 180 185 190 195 200
Electron energy (meV)
2
E
D (b) r = 45nm
(7]
® g
210
S
® 10
E 10 "EF (Emitter)
10 175 180 185 190 195 200
Electron energy (meV)
(c) dr = 90nm
©)

Total transmission rate

'EF (Emitter)

175 180 185 190 195 200
Electron energy (meV)

Fig. 6. Transmission rate calculated for VARTDs with a single
ionised donor placed at various in-plane positions (see the insets):

(a) at the centre, (b) at ér(= /622 + 6y2) = 45nm and (c) at

ér = 90nm (6z = 0). The emitter-collector bias is 177.5mV.
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barriers. The step current, I, may be given by the fol-
lowing simple formula for single-electron RT:

I=e/r4 (20)

where 74 is the associated electron dwell time at the res-
onant energy. Using eq. (20) and the obtained step cur-
rent of 0.1 nA, 7, is estimated to be about 1500 ps. This
is theoretically equivalent to an estimate based on the
simulated width of the transmission peak in Fig. 3(a)
and the uncertainty principle.” The dwell time of this
VARTD has also been evaluated for a large-area sample
using magnetoconductance measurements.” ') The eval-

@

Y-coordinate (nm)
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uation is based on the following formula for the normal
RT current. density, J:

J=eo,/Ts

(21)
where o, is the sheet concentration of electrons accumu-
lated in the quantum well at resonance. Measurements
were conducted to estimate o, at the main resonance
of the RTD, and the value of about 10** cm~2 was ob-
tained.” ! This gives a 72 value of about 500 ps which
is slightly smaller than the 74 obtained above. Strictly
speaking, 74 in eq. (20) is not the same as 75 in eq. (21)
since the energies of the relevant resonant states are now
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Fig. 7. Two-dimensional probability density of electrons at resonance calculated for VARTDs with a single ionised
donor at various locations in the active device regions: (a) at the centre, (b) at (ér, 6z) = (45nm, Onm), (c) at
(67, 6z) = (90nm, Onm), (d) at (6r, 6z) = (Onm, 1.8 nm) and (e) at (67, §z) = (Onm, 2.75 nm).
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slightly shifted to lower energy as we saw in Figs. 3(a)
and 3(b). Thus the associated dwell time 74 is thought
to increase slightly, although this change should be quite
small since energy shift of the order of 10 meV is much
smaller than the original energy depth, 0.956 eV, of the
AlAs/GaAs/AlAs quantum well. The 74 value obtained
above seems to be consistent with these considerations,
and this also indicates that the observed current step is
attributable to the present mechanism.

Next let us investigate how the fine structure of the I-
V characteristics depends on the location of the ionised
donor in the active device region. To manifest this,
VARTDs including only a single ionised donor are also
simulated with both vertical and lateral motion of the
single donor in the active device region. Figures 6(a)-
6(c) show the change in the transmission rate, T'(FE),
when the single ionised donor is moved. laterally from
the centre to the edge of the region. The vertical coordi-
nate of the donor is kept constant, i.e. §z = 0. It is found
that the single transmission peak induced by the single
ionised donor gradually shifts to higher energy and fi-
nally merges into the series of peaks. This is because
the interactions between the single ionised donor and
the tunnelling electrons are essentially determined by the
overlap of the original lateral wavefunctions with the lo-
cal potential profiles. As the single donor moves towards
the edge the amplitude of the original lateral wavefunc-
tion at the donor site decreases and the attractive po-
tential of the donor has less effect on the electron state.
Therefore the energy interval between the single-donor-
induced transmission peak and the high-energy peaks is
at its maximum when the donor is located at the centre
of the device and is gradually reduced as the donor site is
displaced from the center. The electron probability den-
sity at the resonance varies as shown in Figs. 7(a)-7(c) in
the 2D representation. It can be seen that the localised
electron probability density also changes its in-plane dis-
tribution with the shift of the donor. In the same manner
the T'(E) curves for vertical shift of the ionised donor are
shown in Figs. 8(a)-8(c), and the corresponding in-plane
probability densities are depicted in Figs. 7(a), 7(d) and
7(e). This time the donor is moved in the quantum well
towards the AlAs barrier on the emitter side while its
lateral coordinates are fixed at the centre of the area,
(6z, 6y) = (0, 0). The change in T(E) is quite similar to
that for the lateral displacement shown in Fig. 6. How-
ever, the electron probability density varies in a different
manner as seen in Fig. 7. In this case the centre of the
probability density is obviously fixed at the centre of the
active device area, but the whole distribution gradually
spreads out over the area. This means that when the
donor is placed closer to the emitter barrier the attrac-
tive potential has less influence on the electron state.
This is because the overlap of the vertical component of
the original wavefunction with the localised donor poten-
tial decreases greatly as the donor shifts from the center
towards the emitter.

As a result the single current plateau around the
threshold voltage changes as shown in Fig. 9 for (a) the
lateral displacement of the donor and (b) the vertical
displacement. In both cases, as the single donor moves
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Fig. 8. Total transmission rate calculated for VARTDs with a
single ionised donor placed at various vertical positions (see
the insets): (a) at the centre, (b) at §z = 1.8nm and (c) at
6z =2.75nm (6z = &y = 0).

from the centre to the edge of the region either later-
ally or vertically, the subthreshold voltage of the sin-
gle current plateau shifts towards the main peak voltage
while the current step remains virtually the same. In
the case of multiple ionised donors, therefore, the fine
structure will be given by a superposition of the current
plateaux and so will be donor-configuration-dependent.
From these results we expect that the I-V fine struc-
tures in general should differ in the forward and reverse
emitter-collector bias directions even though the original
AlAs/GaAs/AlAs double-barrier is symmetrical. As an
example we show in Fig. 10 the I-V curve calculated for
the same VARTDs including two ionised donors but for
the reverse emitter-collector bias direction: the details
of the current plateaux are found to be different from
those in Fig. 5(a). This phenomenon is observed in ex-
periments®” and this also supports the validity of the
present mechanism.

4. Conclusion

‘We have presented the theoretical analysis of few-
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Fig. 9. Details of I-V curves around the threshold voltage cal-
culated for VARTDs with various locations of a single ionised
donor: (a) for lateral displacement and (b) for vertical displace-
ment. ’

ionised-donor-induced RT based on the 3D multimode
S-matrix simulation. Introducing the discrete ionised
donor scattering potential, numerical simulation has
been conducted for large-area VARTDs with various con-
figurations of ionised donors. The calculated energy de-
pendence of the total transmission rate shows new trans-
mission peaks at lower energies than the conventional
RT transmission peaks and those resonant energies have
been found to be strongly dependent on the configuration
of the ionised donors. The simulated current plateaux
and associated electron dwell time have been shown to
be consistent with experimental results. The donor po-
sition dependence of the current fine structure has also
been investigated by moving a single ionised donor ver-
tically and horizontally. It has been revealed that the
subthreshold voltage of the current plateau is sensitive
to the displacement of the donor and so leads to donor-
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Fig. 10. I-V characteristics under reverse emitter-collector bias
calculated for the VARTD including two ionised donors in the
same configuration as that used for Fig. 5.

configuration-dependent asymmetry in the I-V charac-
teristics, which is also consistent with the results of ex-
periments. '
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