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A numerical procedure based on the time-dependent Kohn—-Sham equa-
tion with an improved boundary condition for the modeling double barrier
resonant tunneling diode is presented. The dependence of current compo-
nents on well widths in AlGaAs/GaAs/AlGaAs structure is studied. An os-
cillatory behavior was observed as the width of the well is changed. Our
evaluation shows that this oscillation cannot attribute to the well-known
oscillation at resonance state.

PACS numbers: 73.63.Hs, 71.15.Mb, 71.10.Ca

1. Introduction

The double barrier resonant tunneling diode (DBRTD) structures have been
extensively studied since the pioneering work of Tsu and Esaki [1, 2]. These struc-
tures promise many interesting device applications such as in fast switching ele-
ments, high-frequency oscillators, highly sensitive detectors [3] and allow to study
problems, relating energy levels in quantum well and tunneling which are of general
interest in condensed matter physics.
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In a DBRTD the n-type doped semiconducting layers outside the quan-
tum-well heterostructure act as reservoirs consisting of many electrons. The cou-
pling between the RTD and reservoirs provides dissipation and sustains a steady,
nonequilibrium current flow [4]. Because of the resonant tunneling of electrons
through RTD structures and the observation of negative differential resistance
(NDR) in DBRTD structure at room temperature and resonant tunneling of
holes [5] it has received special attention. The original picture of the RTD as a
Fabry—Perot resonator for electrons is defined by Tsu and Esaki and is developed
further by Keldish [6]. In this essentially one-dimensional approach, the resonant
enhancement of the transmission coefficient occurs when the incident electron en-
ergy from reservoir coincides with the energy of the bottom of the subband in
the well. On the other hand, as Meir and Wingreen [7] have pointed out the
NDR in RTD can be explained solely due to the tunneling of electrons from the
three-dimensional states in the reservoir to the 2D states in the well since the
component of the electron momentum transverse to the direction of tunneling is
conserved. Subsequently, the electrons leave the well by tunneling through the
other barrier. The dynamic response of DBRTD has been studied by nonequilib-
rium Green function, density functional theory and other methods by using one
aspect of tunneling as mentioned before. The effects of the many electrons in reser-
voirs are very important. There are several models for it. In nonequilibrium Green
function theory, the effects of reservoirs’ electrons is put into the system by adding
terms of the reservoirs’ electrons and the interaction of reservoirs’ electrons with
the system to the Hamiltonian of the double barrier quantum well [8]. Frensley,
on the other hand used the Wigner distribution function approach to calculate
the I—V characteristics of an RTD [9]. In Frensley’s approach, the reservoirs were
replaced by a constant flux of electrons incident on the device from the boundaries.
The equilibrium distribution of these electrons was given by Fermi function. The
simulation was based on the time-dependent Schrodinger equation for noninter-
acting electrons and the improved boundary conditions [10] were employed.

Tsuchiya and Sakaki [11] investigated experimentally the electron transport
in resonant tunneling diodes. They showed that the resonant tunneling current
depends generally on such parameter as barrier width, barrier heights, well width
and the impurity concentration in the reservoirs. They also showed that the in-
crease in well width lowers the resonant level first, which leads to the increase in
the effective barrier height for electrons. This rise of the effective barrier height
causes the sharpening of the transmission coefficient around the resonant tunneling
current. They showed experimentally that the current decreased systematically as
well width increased.

In the RTD or quantum-effect devices, the wave nature of the current carrier
is fundamental to device performance. Due to this, the wave picture approach 1is
suitable for evaluation of these devices. Nakano et al. in their paper [12] and our
previous paper [13] pointed out that the time-dependent density functional theory
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(TDDFT) with improved boundary provides a suitable framework for studying
the DBRTD devices. The purpose of this paper is to investigate the variation of
well width and their effect on the electron transport in DBRTD devices. Our model
system is a double barrier resonant tunneling diode consisting of a quantum well
layer of GaAs sandwiched between AlGaAs as barrier layers. The well layers have
variable widths between 0.4 nm and 20 nm. The barrier layers have constant width
of 5 nm thickness. The conduction-band discontinuity between the well and barrier
layers is taken to be 0.23 eV. Both sides of the heterostructure are attached to thick
n-type doped GaAs layers. The thickness of these layers i1s 150 nm. The contact
region, which is positively charged with ionized donor, is replaced by a uniform
positive background. The doping density is 10'® cm~2 and is denoted by np.

2. Theoretical model

We have performed real-time simulations for DBRTD connected to many-
-electron reservoirs by using TDDFT [14]. In TDDFT, one connects V(r,t), ex-
ternal potential, to the electron density n(r,t) and concludes that the external
potential is determined (within an additive time-dependent function) by n(r,t).
This is chief point of TDDFT, thus, the knowledge of n(r,t) is sufficient to deter-
mine the wave function and property of many-electron system. It is assumed that
there exists a set of density function, which comes from a set of potentials (i.e.
v-representable). In TDDFT, the time evolution of the wave functions are given by
the Kohn and Sham [15], the effect of the interaction between particle and exter-
nal potential, particles with particles is reflected in the functional U[n(r,t)] that
depends on the density distribution. The time-dependent Kohn—-Sham equation is

{ gt + h_vz U[n(r,t)]}d;(r’t) —0. W

The functional Uln(r,t)] consists of all functional potential energies such as the
external potential, exchange potential, the Hartree potential and etc. In Geldart
and Rasolt [16], the Hartree potential is

un(r, )_12/dD 't(r/’t)

and the exchange correlation energy in local density approximation (LDA) is

(2)

WEPAT(r, 0] = = (e (] e 3)

where gy [n(r)] is the exchange energy per particle for a uniform electron gas with
density n(r). In DBRTD devices, the bare mass of electron must be replaced with
the effective mass of conduction electrons and this depends on the space. The po-
tential functional U consists of the energy of the conduction-band edge, Coulomb
potential arises from positive background charge in doped layers, the potential
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drop due to an external electric field, Hartree interaction and the exchange corre-
lation energy per particle. The exchange correlation energy per particle is taken
from the Green function Monte Carlo simulation results of Ceperley and Alder
as parameterized by Vosko et al. [17]. Assuming translational invariance parallel
to the interface, the electronic orbitals are products of wave functions, ¢;(r,t),
parallel and perpendicular to the interface, respectively. The time evolution of the
perpendicular wave is given by
2

{ih%—|— %%m%@%_u[n(x,t)]}m(x,t):o. ()
In writing Eq. (4), the Ben Daniel and Duke Hamiltonian [18] is used. The electron
density n(r,t) is calculated from n(r,t) = Zf\;l | ¥i(r,t) |%. The n(r,t) integrated
along interface surface, the electron density function along z-axis is obtained

N

Z(EF —61)|1/)l(l‘,t)|2, (5)

=1

m* (x)

7h?

n(x,t) =

where ¢r and €; are the Fermi and the subband energy, respectively, N is the num-
ber of occupied levels. Because of homogeneity of system along interface surface
the Hartree potential along the z-axis is

/dx’|x—x’|n(1",t). (6)

For small increment of time (At), formally, the solution of Eq. (1) can be written as

2me?

up(e,t) =

Ui(x,t+ At) = Texp (/H—At H(J:,t)) Uy(x,1). (7)

In our analysis, a time-dependent self-consistent method is used and Eq. (7)
self-consistently with Eqs. (5) and (6) is solved. To execute Eq. (7), the partial
differential operator i1s replaced by difference representation. The wave function
and the potential energy are expressed on a regular spatial grid extending over
both reservoirs and RTD. With using Nakano et al. methods, Eq. (7) transform
to the set of linear algebraic equations. For boundary of system, we use the im-
proved boundary condition treatment. We know the external potential is screened
on the edge of the system which is called the asymptotic region according to some
authors. Due to this, the external potential is taken to be constant in that region.
Thus, V§,(t) and Vg(t), the external potentials on the left and right side asymp-
totic region are taken to be 0 and V' (¢). On these regions the wave functions are
scattering waves and are

.Ekt) o { Ape*® 4 By (x, t)e ke for r < zp,, (8)

Ur(x,t) = exp (—1— -
(1) h Cro(x, t)elt ()7 for = > zp,

where x1, and zg are the utmost points on the left and right asymptotic regions,
respectively, k and k' are the wave vectors, the coeflicient A is the constant am-
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plitude of incident waves, B(x,t) and C(z,t) are the amplitude of reflection and
transmission which vary with space and time. E} is the energy of incident wave
and is equal to
(hk)? _ [hk' ()]
Ey = = Vr(?). 9
L W 5~ T VR() (9)
Device Hamiltonian on the asymptotic region is

R? 92
Comx @

Since the space and density are homogeneous on the asymptotic region, the inter-

H(x,t) =

+ Vr(1). (10)

actions between particles and particles with ambient space are put to the system
by renormalization of the energy by a constant term. By using Eqs. (1) and (8),
the time evolution of wave function on the left hand side asymptotic region with
incident at left is

W = _%Ek(xat)kpk(x’t) + Fk(x’t) P <_1%) ’ (11)

where [} 1s

Tp(e,t) = [ (12)

To solve the evolution of the wave function at the boundary, the partial differential

hk B(z,t) L 6ZB(x,t)] omike

m*  Ox 2m*  Ox?

with respect to time and the space in Eq. (11) is replaced by a difference repre-
sentation, with much calculation and rearranging them, the following equation is
obtained:

Wy (21,1 + 61) [exp (1Ek6t> n hkbt n ihot (1+ ihét )e—ikéx]

2h 2m*dx = 2m*bx? 2m*bx?

Am*éx?2  2m*éx2 Am*bz?

(0, 1) [exp (_1Ek6t) hkét ihét (1 ihét )e—i’m]

2h C 2mrér  2m*éx? C Om*éx?
ihét hkét Béw 1hét  _ipse
W (1 + b, 1) [(4771*61‘2 2m*61‘2) ©  4m* b2

ko 105t _iEkt
+Ae [exp <—2h ) + exp ( h

[ hkot
X

2m*bx

(1 — el2ke) _ hkét (2F57 _ g 4 e_izkéx)] ’ (13)
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where éz is distance between grid points. Equation (13) represents the unknown
boundary wave function at time ¢+ 6t in terms of the wave functions at time ¢ and
the wave function on one step interior point at the same time. The same procedure
must be done for the right hand side or transmission wave. The finite difference
method is employed to solve Eq. (4) subjected to derived boundary condition and
initial condition — the ground state of the many-electron system in the absence
of external electric field. The procedure outlined so far is repeated for the right
incident waves and to estimate the characteristic of the system, the superposition
of left and right incident wave must be taken into account.

3. Results and discussions

The RK4 [19] method is used, the wave function and potential profile of the
system at the equilibrium are calculated.

Figure 1 shows the resulting potential curves for three wells. The two semi-
triangular wells that are represented in the figure are produced by the junction
between doped and undoped materials of the reservoir and the barrier. When the
external potential is applied to the system, the reservoirs should form dipole layers
and the applied potential is screened inside the reservoirs. In the case of an elec-
tron gas model, the screening must be complete and consequently the potential
inside the doped layers should be constant.

Potential Energy (V)

005

30 -20 -10 0 10

20 30
Position (nm)
Fig. 1. The self-consistent calculated potential for ground state in the absence of elec-

tric field. The figure shows three potential curves for three quantum wells.

Figure 2 shows potential profile for three wells in nonequilibrium steady state
achieved after 3000 fs. The result that is presented in the figure shows the screening
effect inside the doped layers in three wells. It can be seen from the figure that the
applied potential mostly drops in the active region. For calculation of the curves
in Fig. 2, we first start with the equilibrium wave function and potential profile
that is shown in Fig. 1, and then we switch on a uniform electric field and follow

the real time evolution of the system.
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Fig. 2.

after 3000 fs. The low variation of potential curve, on the edges of the system, shows

the screening effect.

m?)

Current Density (AC

Fig. 3. The calculated average current over well and barriers width with respect to

the well width and time. The applied potential is 0.08 volt. We repeated this calculation

for the applied potentials 0.19, 0.12 volt and all results show this behavior on the well
width of 14 nm and 18.4 nm.

Figure 3 shows the time and wells width variation of the current density in-
duced by an applied electric field after the field is switched on. The current density
is calculated as an average over barrier and wells layers. Since the external source
through boundary provides current carriers and many-electron reservoirs are the
source of dissipation, a steady flow of current can be sustained for a long time.
However, in the numerical analysis the large number of operation in long period of
time and truncation errors deviate the calculated current density from true value.
Figure 3 shows two oscillating currents at widths 14 nm and 18.4 nm after the
transient diminishment. We cannot attribute this oscillation to the well-known os-

The self-consistent potential profile for three quantum wells in the nonequilib-

rium steady state. The system is under external potential. The steady state is achieved
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cillation current that is observed in quantum well in resonant state. The well-known
oscillation depends on the applied potential and this depends on the well width.
We notify that the well-known oscillation also appears in the figure, but the large
amplitude of oscillation observed by us overwhelmed it. We interpret the observed
oscillation as follows. We know from the magneto-oscillation studies that the ex-
istence of space-charge build up in the quantum well at resonance regime and the
theoretical investigation [20] exhibits that the space-charge build up depends on
the current density through the system. In quantum well with one resonant level,
when the Fermi energy level of many-electron system in emitter side close to the
resonant level of the well, the current density and density of charge in the well
increases. The build up of charge in the well rises the resonant level and then the
current decreases. This is origin of the current oscillation in resonance regime in
one level model. In our many-electron system, we have many electron states below
the Fermi energy level. When the width of well increases, the number of resonant
levels in the well increases and the resonant levels go to the down in the well. In
this approach, we have large amplitude oscillating current when the large number
of electron energy levels below the Fermi energy in the emitter side coincides with
the energy of the resonant levels in the well and the currents of the each level are
coherent. But in the system, the frequencies of oscillating currents of each level
are approximately equal [20]. Because of this, the addition of these currents gives
large amplitude current with a wave packet form. This current is represented in
Fig. 4. Figure 4 shows the current versus time for three wells with different width.
The well width increment in our analysis is 0.4 nm. The figure shows the singular
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Fig. 4. The calculated average current over the well and barriers width with respect
to time. Part (a) is for two wells with 13.6 nm and 14.4 nm width. The two curves are
overlapped such that cannot be distinguished. Part (b) is for well with 14 nm widths.
The oscillation current is such that it overwhelmed the transient current. This behavior
is repeated along time axis. These figures show the singularity behavior in our numerical

decision.
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Fig. 5. The calculated average current over the well and barriers width with respect
to time. The well width is 5.2 nm. The applied potential is 0.19 volt. The oscillatory
current on the steady state region is striking. The applied potential is about the resonant

energy of this well.

behavior of this oscillating current with respect to variation of the well width at
14 nm. The overlapping of curves for well width of 13.6 nm and 14.4 nm, that
is represented by part (a) in Fig. 4, is such that the two curves appear as one.
Meanwhile, the figure displays sensibility of our observed oscillating current to the
well width variation. The comparison between the oscillating current in Fig. 4 and
the oscillating current in Fig. 5 that represent the well-known oscillating current
curve, make appear the differences of the oscillating current observed by us and
the well-known oscillating current.

4. Conclusion

We have used the GaAs—AlGaAs heterostructure due to its properties, namely
its direct band gap and narrow energy band. The other property of GaAs — em-
ployed here — is its simple isotropic non-degenerate band extremum. It permits to
use the envelope function model [21]. We have studied the current characteristic
of double-barrier resonant tunneling diode connected to degenerate many-electron
reservoirs and the interaction of the system with the external ambient space is sim-
ulated by using the improved open boundary condition treatment. The dynamics
of the many-electron system of the reservoirs are explicitly taken into account by
using the time-dependent density functional theory. We have previously used this
method to calculate the density matrix and the phase correlation of carriers in well
of b nm width. We showed that the outcome of this method is consistent with the
experimental and the theoretical anticipations. Our result anticipates that RTD
with the well width of about 14 nm and 18.4 nm reveal large amplitude oscillatory
behaviors that is different from the observed current oscillation in RTD.
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