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Abstract: In this paper, we report a quantitative study of a resonant tunneling diode (RTD) based on the AlGaAs/GaAsBi/AlGaAs
structure as an active part of the device. First, the physical parameters of the GaAsBi alloy (bandgap energy, effective masses), to
be used as input data for the calculation of transmission tunneling through the diode, are determined using the band anticrossing
(BAC) approach. Second, we have calculated the I-V characteristic of RTD in order to analyze its performance via the values of
peak-to-valley current ratio (PVCR) and negative differential conductance (NDC). Our calculation takes into account the effect of
two types of carriers (electrons and holes) on the transport properties of the system. Remarkably, high performance (PVCR~450)
is reached by optimizing the metallurgic and physical parameters of the structure. It is demonstrating that the incorporation of Bi
in the GaAs matrix favors transport by holes and enhances the performance of RTD compared with standard one using electron
conduction.

Keywords: GaAs/AlGaAs/GaAsBi structure, Resonant Tunneling Diode, Peak to valley current ratio, negative differential
conductance.

1. Introduction

Early in the seventies, when the idea of superlattices had just been floated, Tsu and Esaki observed that resonant
tunneling is a particular phenomenon in quantum wells [1, 2]. With its potential to produce a negative differential
resistance (NDR) and THz operational capabilities, resonant tunneling has great promise for a diversity of applications.
It has been explored experimentally and theoretically for several quantum systems [3-7]. The simple prototype is
designed based on double-barrier semiconductor materials sandwiching the well. The physical properties of a resonant
tunneling diode (RTD) depend on the nature and metallurgic design of the different elements of the structure. The
performance of RTD is usually defined as the ratio of the peak current to the valley, denoted PVCR (peak to valley
current ratio), extracted from the 1-V characteristic. Complementary other indicators can also be defined to illustrate
the characteristics of the diode, such as speed index, negative differential conductance (NDC), and time transit. The
standard used structures are GaAs/AlAs, InGaAs/AlGaAs, and Si/SiGe, characterized by maximum PVCRs of 21.7,

35, and 2.9 [8-10], respectively. Depending on the intrinsic parameters (direct or indirect bangap, isotropy or anisotropy

144



of effective masses) of the operated material, the prediction of the transport properties of these diodes exhibits varying
degrees of complexity. Evidently, the quality of the device requires other experimental restrictions to reduce defects
such as mismatches and the possibility of doping during elaboration. Recently, the rapid advance of molecular beam
epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD) as sophisticated epitaxial techniques has led
to an innovative generation of structures based on the production of the new materials. 111-V basic and compounds
semiconductors structures are in expansion exploration in this research area. The choice of such material for any
application is related to its particularity, such as the facility to be grown with a huge range of compositions or the
existence of permanent polarization without any externally applied electric field. In spite of the several difficulties of
realization, the investment in this way is of future interest. More recently, in order to reach high-performance of
devices, some essays have focused on exotic quantum structures such as diluted magnetic semiconductors
AlGaAs/GaMnAs [11, 12] and diluted mismatched semiconductors AlGaAs/GaAsBIN [13, 14]. The choice of these
materials is founded on two fundamental motivations: the incorporation of Mn, N, or Bi in the GaAs matrix gives rise
to (1) restructuration of energy bands and (2) spintronic applications due to the magnetic properties of the substituted
atom. In fact, it is demonstrated that the incorporation of Bi in GaAs introduces a resonant energy level (Eg;) in the
valence band, which induces important effects on the physical properties of the mismatched alloy GaAsBi. The
nomination mismatch is related to the difference between the electronegativity of As and Bi atoms. The experimental
and theoretical qualification of this material is part of the expertise process. On the other hand, it was reported that the
association of GaAsBi (well) with AlGaAs (barrier) has demonstrated a fascinating consequences and motivated results
for its integration in several electronic and optoelectronic applications [15, 16, 17].

In this paper, we have explored the effect of Bi on the electron and hole transport properties of the
AlGaAs/GaAsBi/AlGaAs double barrier structure as an active part of RTD. The results of |-V characteristics, PVCR,
and NDC parameter calculations have been analyzed and discussed in comparison with the standard structure of
AlGaAs/GaAs/AlGaAs.

2. Theoretical background:

We consider a RTD constituted by a double barrier AlGaAs and a central well GaAsBi.
The potential profile of the structure is described by

_(V(2), m* = my, in the barrier
V@) = { 0, m*=m, inthe well

The widths of barrier and well are denoted L, and L., respectively. Therefore, the width of all structure is Ls=2Lp+Ly.

ey

Our calculation concerns the electron and hole behaviors (the conduction and valence bands). In the case of holes, we
take into account the splitting of the valence band, giving two types of effective masses: heavy holes (hh) and light
holes (Ih).

The recommended Al.GaixAs input parameters for resolution of Schrodinger equation are selected from literature.
The aluminum composition range was chosen in order to explore the direct band gap nature of the material.

For a composition range of 0 < x < 0.45, the temperature and aluminum dependence of bandgap energy are given
by [18]:

Al Gay_ As Al Gay_ As a(x)T?

Eo'x 1-x T) = EZ** 1-x T = — S 2
STt D) = B R T =0 s @)
Al,Gay_,As _ _

E, (x,T=0)=1.523+1.23x (eV) 3)
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a(x) = (5.5 + 3.35x + 50x%) x 10~* (%) )

B(x) =198 + 88x + 4300x* (K) (5)

Vv, = AEAIGaAs/Gads oy ApAIGads/Gads o ihe barrier height which measure the band offset in AlGaAs/GaAs

c v

junction. The value of V,, is determined using [19]:

v, = AE:llGaAs/GaAs _ 0.79(E;1Ga‘45 _ EgGaAS) (6)
v, = AE;cllGaAs/GaAs _ 0.46(%410(1,45 _ EgaAS) %
The electron and hole effective masses are given by [20]
malGa4s (x) = (0.067 + 0.083x)m, (8)
milsa4s(x) = (0.51 + 0.25x)m, (9)
mlee4s (x) = (0.082 + 0.068x)m, (10)

hh and Ih mean heavy holes and light holes, respectively.
The physical parameters (bandgap and effective masses) of GaAsBi alloy are determined by the (14x14) Band Anti-
Crossing model (BAC) [21] at the ambient temperature. The mathematical formulation of this calculation is based on
k.p method approach using a perturbative correction. The basic idea explains the difference between alloys is related
to the energetic position of iosoelectronic impurity in host matrix. In fact, the electronegativity and size of substituted
atom fix the distance between the resonant level and extermum of band (CB or VB). The interaction between the
permitted band and this localized level induces a reconstruction of band structure. The reinstatement gives rise to
variations of bandgap energy and effective masses. The degree of difficulty depends on the number of considered
bands and to considered interactions.

In our case, we interest to GaAsBi alloy where a resonant level is introduced in the bottom of valence band at Ep; =
—0,4 eV. The second one is located at Eg;_s, = —1,9 eV two-fold degenerate and interacts with spin-orbit band. their
interaction with valence band maximum conducts to new subbands E+ and E- resulting from subdivision of band. The
hybridization process between 6p localized sates of Bi and the valence band states doubles each permitted band (hh,
Ih or so) into two subbands.

Numerical determination of effective masses (m*) is made from a basic definition given by

1 10%E(k)

VAT
m w2 ok |

(11)

As supported by several works [22, 23], the determined values are supposed insensitive to the fluctuation of the
temperature.

The novel AlGaAs/GaAsBi structure is characterized by a band offset that integrates the contributions of GaAsBi and
AlGaAs as

AEé‘llGaAS/GaAsBi — 0_79(Eé41GaAs _ EgGaAs) + (EgGaAs _ EgGaAsBi) (12)
AE;‘llGaAS/GaAsBi — 0_46(Eé41GaAs _ EgGaAs) + (EgGaAs _ EgGaAsBi) (13)
The structure is perturbed by the presence of an external electric field denoted F = — %z derived from a voltage V..

S

The potential of the structure becomes
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AlGaAs/GaAsBi Va . .
AE, / - L_Z' m* = my, in the barrier

V() = Lo (1)
a % .
-—z, m* = m,, in the well
Ls

The behavior of carriers (electrons or holes) through the heterostructure is described by the wavefunction y issuing
from the resolution of the Schrédinger equation

nE 0%y + F =F 15
g+ V(@) —eFap = Ey (15)
The equation can be reduced to a simple one
iy
m —Z ll) =0 (16)

* l _ 1 * *
where z' = (212)3 4 Eg— (eF)sz| = atbz g = Zﬂz(v_ E)and g = Ziz(_ep)
h (eF)3 14 h h

The one-dimensional Schrddinger equation solution takes the form of a linear combination between Airy functions Ai
and Bi depending on the region location of carriers.

Y(z") = A, Ai(z") + By Bi(z') forz <0
Y(z') = A, Ai(z') + B, Bi(z") for 0 < z < Ly,
Y(z') = A; Ai(z") + B3 Bi(z") for Ly, < z < Ly, + Ly (17)

Y(z") = A, Ai(z") + B, Bi(z')
Y(z") = As Ai(z') + Bs Bi(z")

for Ly, + Ly, <z <Ly, + 2Ly,
for Ly, + 2Ly <z

By applying the boundary conditions at different interfaces of the structure, one can arrange a matrix relation

between incident and transmitted waves as follows:

(5:) =0 )

Where M = (M;" —1M2 (1\/13)—11\44 (MS)_lMB (M7)_1M8

A A
i (5,) =2 (52)

(18)

(19)

(20)

Assuming there is no reflection in the exit part of the structure, that means that the coefficient Bs must be zero.

(5)=mn (%)

Ay = M114s
Finally, the transmission is given by the ratio
AsAx 1
‘[(g) = == -
A1A1 Mll(Mll)

Where ¢ is the incident energy.

The current density J is calculated using the integral [1, 2]:

Ep—¢
1+exp
_ emgkpT r+ooks * < kBT)
] T om2p3 f() kq ’[(8)_ ‘[(S) In [1+exp (Ep—e—eVg_) de
kT

(21)

(22)

(23)

(24)



2 _ 2MgGaas 2 _ 2MgGaas
ki=—5"¢&ksi=—75"(e+el)

Er is the Fermi level, and T is the temperature.

3. Results and discussion

In this study, the dimension of the structure (Lw, Lb) has a vital importance. Indeed, the width of the well should ensure
the confinement of electron. Therefore, it's important to restrict the limit values of this parameter. A particular interest
should be given to the maximum width of the well (Lwmax). 1ts expression is estimated from the fundamental energy

levels equation in the quantum well

ZmWEL _ myE .
N ITRE W) T fmpE +my, (V, — ) (25)

By replacing the energy E by the thermal energy (de Broglie wavelength)Esp, (A:1) [24]

_ ﬂ —1( Etn
e e \ JFn (1) + iy 00 ) =

The physical sense of Lumax arises from the fact that the energy of the fundamental levels in the QW well must be larger
than thermal energy.

Figure 1 shows a schematic illustration of the considered AlGaAs/GaAsBi/AlGaAs double barrier structure. We report
on the same figure the calculated electronic energy levels and the correspondent wavefunctions for a symmetric
structure. This calculation is processed by a subroutine based on the discretization of the Schrodinger equation. Indeed,
The Schrodinger equation is solved using a variable optimized mesh and the error on the energy levels is estimated to
about 5x10*. The structure shows two confined levels E; and E; with symmetric and asymmetric wavefunctions,
respectively.

Using the same parameters as in figure 1, we have calculated the transmittance of the electron carriers through this
system. As reported in Figure 2, transmittance reveals the existence of two sharp peaks located at E; and E,. Above
the V, value, the transmittance curves show oscillations. These energy levels depend on the physical parameters of the
structure, such as Lw, Lb, Vo, my, and my. Experimentally, Ly and L, are metallurgic parameters and would be fixed
during the growth. However, V,, my, and my are intrinsic physical parameters changed by varying the chemical
composition of the well and barrier alloys. In our case, the parameters of the AlGaAs barrier are governed by the
change in aluminum composition; however, the parameters of the GaAsBi well are varied by the modification of
bismuth composition. Also, an external applied voltage, Va, can be applied to the structure to be in forward or inverse
polarization. The range of this voltage depends on the structure and nature of application. Figure 3 shows the effect of
the external voltage on the transmission variation with energy. An increase in V, shifts all peaks to the low energies.

This result is in good agreement with the literature [13, 25].
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Figure 1: Schematic illustration of the considered AlGaAs/GaAsBi/AlGaAs double barrier structure
Lw=Lg1=Lg>=5nm; V,=0.373eV; m,=0.092m, and m,=0.067m,. Left Y-axis: energy of confined levels in the
well. Right Y-axis: wavefunctions of the two confined levels.
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Figure 2: The logarithmic transmittance evolution versus energy for the considered AlGaAs/GaAsBi/AlGaAs double
barrier structure Lw=Lg1=Lg=5nm; V,=0.373eV; mp=0.092m, and m,=0.067m,. The inset shows a linear-

scale representation of the transmittance curve.
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Figure 3: The logarithmic transmittance evolution versus energy for the considered AlGaAs/GaAsBi/AlGaAs double
barrier structure Ly=Lg1=Lg>=5nm; V,=0.373eV; my=0.092m, and m,=0.067m,. The inset shows the effect of

V. on the potential of the structure.

In this part, we focus our study on the performance of the RTD based on the AlGaAs/GaAsBi/AlGaAs compared to
the standard AlGaAs/GaAs/AlGaAs diode. It is known that the incorporation of Bi in GaAs modifies the valence band
structure behavior. Consequently, a particular interest will be given to the holes transport.
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Figure 4: The calculated I-V characteristic shows the critical points to define PVCR and the differential resistance Rp.
In order to quantify the performance of a structure destined for RTD fabrication, we have calculated the PVCR
indicator. Figure 4 illustrates the definition of PVCR as the ratio of peak current J, and valley current J,. Also, the
differential resistance Rp and the conductance G are determined using the formula

1 ]p_]v
—=Rp,=F—2<0
T
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Figure 5: Calculated PVCR as a function of Ly, and L, for the standard Alo3Gao7As/GaAs/Alg3Gao7As structure.

For the standard AlGaAs/GaAs/AlGaAs structure, we have calculated the PVCR when varying the well and the barrier
widths. The results of this optimization are reported in Figure 5. The barrier height is taking constant supposed to
correspond to an aluminum composition of 0.3. It is clearly noted that maximum PVCR is reached when choosing the
couple (Lw=3.75nm, L,=4nm). This value is 9.13 which is in good agreement with the maximum value reported
experimentally for this type of diode [4, 8].

On the other hand, we have calculated the PVCR relative to the same diode but with hole transport. For this calculation,

we have considered Ly=3.75nm, Ly=4nm, V, = AEA6%45/6945 and the relative masses of light holes ( m{Aléa4s) and

heavy holes ( mjpca4s),
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Figure 6: Transmission and current density curves were calculated for the valence band of the standard

Alp3Gag7As/GaAs/Alg3Gag 7AS structure.

As demonstrated by this calculation, a structure based on hole transport presents less performance (PVCR=2.30<9.13)
compared to that using electrons. The transmission shows two behaviors due to the difference between the values of
the effective masses of holes. The significative values of total transmission in the calculation of I-V characteristics are

considered only for E<V,. As expected, the total current is dominated by the light-hole current. In fact, the term of

reduced mass holes u = —#TEh ~ m,, contributes in the process of hole transport.
mip+Mpp
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Figure 7: Transmission and current density curves were calculated for the valence band of the standard Alo3Gao7As/Ga

AS 0.095Bi0.05/Alo3Gag 7AS structure.

In order to enhance the performance of the diode, we have replaced the GaAs with GaAsBi material. The calculated I-
V characteristics for electrons and holes taking the same metallurgic parameter (L»=3.75nm, L,=4nm) are given in
figure 7 for a Bi composition of 5%. Clear enhancement of the performance of the diode not only for electron transport
behavior but particularly for hole ones. This fact is related to the effect of Bi content on the physical properties of
considered quantum well. Indeed, Bi introduces a resonant level (Egi) inside the valence band gives rise to a new
arrangement of the band structure, which affects essentially the hole masses and reduces the bandgap energy. The
conduction band is affected only by its coupling with the valence band. Any change in the composition can influence
the transport properties of the structure. In figure 8, we report recapitulation results based on the calculation of PVCR
and conductance of the diode as a function of Bi content. The Bi composition range is limited to 10%, where the

applied BAC model is valuable in determining the physical properties of bulk GaAsBi alloys.
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Figure 8: PVCR and conductance curves were calculated for holes and electrons as a function of Bi composition for
Alo3Gag 7As/GaAs:«Bix/ Al 3Gao7As. The vertical curves are the results of the variation of V, using aluminum
composition and keeping Bi composition constant.

Remarkably, by adjusting the composition of Bi and aluminum, we can reach a high performance (~450) for the diode
and reduce the conductance. The optimized diode shows high performance compared to those available in device
applications such as AlGaAs/GaAs/AlGaAs, GaAs/InGaAsBi/GaAs, Si/SiGe/Si,...etc. It is also possible to enhance
this performance by combining nitrades and bismide alloys. These results are of high interest and open the way to

explore these alloys in device applications.

Conclusion:

A theoretical numerical formulation has been used to study the transport properties through the
AlGaAs/GaAsBIi/AlGaAs quantum structure. This system constitutes the active part of the resonant tunneling diode
(RTD) device. In order to optimize the performance of RTD, the physical parameters of the GaAsBi alloy for different
Bi contents are calculated based on the band anticrossing approach. A particular interest is given to the determination

of the effective masses of electrons, and holes, and bandgap energies. These purposes serve as input parameters for the

154



resolution of the Schrodinger equation and the calculation of the tunneling transmission. The performance of the diode

is determined by calculating the PVCR and NDC parameters when considering the electron or hole transport process.

It should be noted that an increase in Bi composition enhances the PVCR and reduces the NDC values. This behavior

is more appropriate when the transport is processed by holes. A high PCVR of about 450 is reached when combining

mutually the Bi content and aluminum composition of the AlGaAs barrier. The proposed structure shows high
performance compared to standard ones (AlGaAs/GaAs/AlGaAs, GaAs/InGaAsBi/GaAs, Si/SiGe/Si,...etc.) opening

the way to its synthesis and exploring it in different THz device applications.
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