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Abstract 

This paper studies and investigates the effect of physical and electrical parameters on double, triple 
and six barrier resonant tunneling diodes (RTD). The materials used for quantum well and barriers are 
Gallium arsenide (GaAs) and Aluminium gallium arsenide (AlGaAs), respectively. The parameters that 
were reasoned and studied include conduction band, current density, transmission coefficient and 
resonance energy. The above parameters were studied by changing bias voltage, temperature, barrier 
width and doping concentration. From the simulations performed it is observed that for double barrier 
RTD the peak current density is observed at 0.2 V and the valley current density is observed at 0.3 V, 
whereas for a triple barrier RTD the peak current density is observed at 0.015 V and the valley current 
density is observed at 0.06 V. The value of transmission coefficient for double barrier RTD decreases 
especially after bias applied is more than resonant bias (0.2 V). The effect of increasing bias leads to a 
decrease in the resonance level in the conduction band. The width of resonance energy decreases with the 
increase in barrier width. With increase in number of barrier the number of resonance level increases 
which leads to an increasing peaks in the transmission coefficient curve. The effect of increasing 
temperature leads to higher current and more resonance energy. With the thickening of barrier width, less 
transmission of electrons occurs leading to a reduced current density. When the barriers are increased the 
negative differential region (NDR) is achieved at low voltages. 
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Introduction 

As the field of nanotechnology and nanoscience widens, significant progress is observed in the field 
of quantum devices. The quantum mechanical wave nature of electrons is anticipated to emerge in 
nanometre-scale semiconductor structures which have resulted in the formulation of various 
semiconductor devices. Resonant tunneling diode (RTD) is a diode that works on the principle of 
quantum mechanical tunneling, which exploits electron wave resonance in multi-barrier hetrostructures 
[1]. In RTD’s, electrons can tunnel through some resonant states at certain energy levels. Quantum 
tunneling through barriers of nanometer-scale thickness is a very speedy process, as a consequence RTD 
is capable of performing ultra-high-speed operations [2]. RTD exhibits negative differential resistance 
and various physical properties that make RTD useful in reducing power consumption of analog and 
digital circuits, simplifying logic circuits, memory applications, high-frequency applications like - 
oscillators, pulse generators, mixers and terahertz emitter [3-6]. RTD can achieve a maximum frequency 
of 2.2 THz which finds its application in wideband secure communications, image processing for low 
visibility environment, high-resolution radar, and fields of defense and security [7]. With the introduction 
of the light absorption layer, RTD is also useful in optical communications [8]. RTD’s application is 
curbed by its highly sensitive structure and fabrication process which results in poor consistency on the 
substrate [9]. 

The detailed study on RTD was carried out by [10]. Sollner et al. [11] outlined a negative 
differential resistance with a comparatively large peak to valley ratio. These gained attention among 
researchers and have been studied by many researchers theoretically and experimentally over the past 
several years. The research is primarily done on double barrier RTD whereas only a few works 
concentrated on multiple-barrier RTD namely triple barrier. Transmission coefficient and resonance 
conditions were studied in the 1-dimensional double, triple and quintuple barrier structures [12]. A fully 
self-consistent Non-Equilibrium Green Function (NEGF) calculation of transmission coefficient, I-V 
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characteristics, and current noise spectral density in double barrier RTD were presented in [13]. Klimeck 
[14] discusses in-depth various simulations of different parameters of single and double barrier RTD in 
his tutorials. Singh et al. [15] investigated the effect of barrier length and doping concentration on 
AlGaAs-GaAs RTD. Rong et al. [16] theoretically model triple barrier RTD based on AlGaN/GaN 
heterostructures. Physical simulation of Gallium nitride (GaN) based double barrier quantum well device 
was done by Zaharim et al. [17] which studied the relationship between current-voltage (I-V) 
characteristics, particularly negative differential region (NDR) concerning variation in barrier 
composition, well width and barrier thickness. Almansour and Dakhlaoui [18] studied the effect of 
applied bias on current density. Almansour [19] theoretically studied the electronic properties of double 
barrier and triple barrier RTD. Optical and electronic transport properties of AlSb/GaInAsSb double 
barrier RTD had been investigated in [20]. Sawai and Narahara [21] studied the analysis of multiphase 
oscillation using a closed RTD-oscillator lattice by employing both numerical and experimental methods 
and examined the usage of an RTD-based cellular neural network in high-speed and highly functional 
image processors. Also recently Nishida et al. [22] used single RTD oscillator to propose a simple 
coherent detection system which can reduce the size and power consumption of various THz systems. 

RTD can be formulated in 3 ways: The Wigner equation, the NEGF scheme and the Schrodinger 
equation methodology [23]. Quantum transport in nano devices can be formulated using the NEGF 
approach. NEGF methods are consistently used to calculate current and charge densities in nanoscale 
(both molecular and semiconductor) conductors under bias [24,25]. The simulation in this paper is 
supported by the NEGF which furnishes a powerful conceptual and computational framework for treating 
quantum transport. The use of NEGF incorporates scattering and coherence loss. 

In this paper, we have extensively investigated and simulated range of parameters and discussed 
tradeoffs between physical and electrical parameters of RTD. Output parameters such as conduction band, 
current density, transmission coefficient and resonance energy are simulated and investigated by changing 
the bias voltage, temperature, doping and barrier width for double, triple and six barrier RTD’s. This will 
enable the reader and the research community who are engaged on the use of RTD’s and its circuit design 
to have a better understanding of RTD characteristics and scope of applications. The physics behind the 
tradeoff of parameters like (changing the bias voltage, temperature, doping and barrier width) can be well 
understood from the simulation results.  

  
RTD design and simulation framework 

The RTD consists of various structures such as a single barrier or multi-barrier, but its most basic 
configuration is that of a double barrier. This double barrier structure consists of a quantum well with 
discrete energy states between 2 barriers [26]. The most common combination used is Gallium Arsenide - 
Aluminum Gallium Arsenide (GaAs-AlGaAs). The barriers (AlGaAs) and the well (GaAs) are 
sandwiched between heavily doped, narrow energy-gap materials as shown in Figure 1(A), which usually 
are the same as the well layer. Adjoining the barriers, there are thin layers of undoped spacers to ensure 
that dopants do not diffuse to the barrier layers. Similarly, Figures 1(B) and 1(C) shows the triple barrier 
and six barrier RTD. It is studied that the electron’s wavelength is equivalent to quantum well’s 
proportions (5 - 10 nm). In consequence, the electron’s wave nature results in phenomena like quantum 
tunneling, forming the basis of the working of RTD [15]. 

To study the tunneling effect, the positive and negative biases are applied to the collector and 
emitter end, respectively as shown in Figure 1(A). As this bias voltage (applied at the collector end i.e. 
positive bias) increases, electrons flow from the emitter to the collector. The current increases almost 
linearly and attains its peak when the emission region conduction band is at the same energy as the 
resonant level. A further increase in the bias voltage causes a sharp drop in the current because the 
resonant level falls below the emission region's conduction band and hence negative differential 
resistance is observed due to a decrease in current. 
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Figure 1 (A) Double barrier RTD, (B) triple barrier RTD and (C) six barrier RTD. 
 
 

The simulations have been carried out on nanoHub with the help of RTD simulation with NEGF 
tool. Results have been performed on typical AlxGa1−xAs/GaAs/AlxGa1−x RTD. The standard parameters 
are barrier width and well width equals to 5 nm, the width of the contacts (i.e. doped GaAs as shown in 
Figure 1) and spacers (i.e. undoped GaAs spacer layer as shown in Figure 1) are kept to be 30 and 10 
nm, respectively. The standard temperature is taken to be 300 K and the contacts are doped at 1.0e18 cm−3. 
Table 1 depicts the input parameters used for simulation purpose [27]. 

 
 

Table 1 Input parameter for simulation of RTD. 

Input parameters Values 

Device 2-barrier device, 3-barrier device and 6-barrier device 

Energy band model Effective mass model 

Potential model Thomas-Fermi 

Quantum charge Off 

Lattice constant 0.2833 nm 

Undoped spacer (10 nm) GaAs 

Contact (30 nm) GaAs 

Well (5 nm) GaAs 

Barrier (5 nm) AlGaAs 
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Input parameters Values 

Number of voltage points 21 

Semi classical charge region (dSC) 10 nm 

Equilibrium region (dEQ) 0 nm 

Reservoir relaxation model Exponentially damped 

Reservoir relaxation energy 6.6 meV 

Decay length 6.6 meV 

Poisson criterion 5 meV 

Temperature 200, 300 and 400 K 

Barrier width 2, 5, 10 and 15 nm 

Bias (V) 0.0 -  0.5 V 

 
 
Results and discussion 

 The simulation results are shown below for various characteristics such as conduction band, current 
density, transmission coefficients and resonance energy. The results are simulated at varying bias voltage, 
temperature, doping concentration and barrier widths.  
  
 Double barrier RTD 
 As shown earlier in Figure 1(A), structure of the double barrier RTD consists of a well sandwiched 
between 2 barriers that are implanted between the 2 spacers. The spacers are then connected with contacts 
on either side. 
 
 Conduction band 
 When no voltage is applied, both the emitter and the collector are at the same energy levels. The 
effect of change in bias voltage on conduction band energy can be seen in Figure 2(A). Here, the bias has 
been varied from 0 to 0.5 V. On increasing the bias, it can be observed that the conduction band energy 
and the collector energy level decrease simultaneously. Resonance energy levels decrease when bias is 
increased as can be observed from Figure 2(A). When the bias is applied, electrons are electrically 
injected from the emitter into the quantum well. In the collector (near the top contact surface), photo-
created holes drift and diffuse, accumulating on the collector/barrier surface and eventually tunneling into 
the well. Undoubtedly, the transport is through the lowest bound state in the quantum well. The 
conduction band energy decreases as the applied voltage is increased because the bound level is lowered 
as the voltage is applied [28]. On further increasing the bias voltage, the conduction band energy level 
falls below the emitter level. Hence, it can be concluded that conduction band energy is inversely 
proportional to bias. 
 With an increase in barrier width, conduction band energy decreases as shown in Figure 2(B). The 
reason behind this is that when the barrier width is increased, the confinement in the quantum well 
becomes stronger and increases the electron residence time in the conduction band. Here, the barrier 
width has been varied from 2 to 15 nm. Moreover, conduction band energy varies in the same way for the 
well width. Klimeck [14] also studied this behavior of the conduction band energy. Thus, it can be said 
that with increasing barrier width, conduction band energy decreases.  
 The effect of the doping concentration of contacts on conduction band energy can be observed in 
Figure 2(C). Here, doping concentration has been varied from 1.0e¹⁸ up to 30.0e¹⁸ cm−³. Both the contacts 
have uniform doping concentration. On increasing the doping concentration of contacts, electrons diffuse 
from high-density contacts to low doping regions. Potential floats up and starts to repel the electrons as a 
result of high doping concentration. Moreover, as the doping concentration increases, the overall potential 
rises above the Fermi levels. Also, this change in doping concentration produces the "mountain-like" 
potential shape. The results obtained by Klimeck [14] are consistent with our observations. 
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Figure 2 Energy vs length (A) varying bias, (B) varying barrier width and (C) varying doping 
concentration. 
 
  
 Current density 
 In Figure 3(A), the current density is depicted as a function of the applied bias voltage. As the bias 
voltage is increased the resonant energy levels decrease as shown in Figure 2(A). When the minimum of 
the conduction band of the emitter and the resonant level of the well are aligned the tunneling probability 
of the electrons increases, leading to a maximum current. After reaching its maximum, the current density 
decreases sharply and the minimum valley current is obtained which marks the appearance of the negative 
differential region (NDR). The current decreases because the resonant energy level falls below the 
conduction band of the emitter and hence no transmission of electrons. These observations are consistent 
as observed by Almansour and Dakhlaoui [18]. It can be seen from Figure 3(A) that there are 3 regions, 2 
positive differential regions (PDR 1 and PDR 2) and 1 NDR. PDR 1 region as depicted is from 0 to 
approximately 0.2 V, whereas the PDR 2 region is above 0.3 V. The NDR region is sandwiched between 
the 2 PDR regions [2]. The peak current density is approximated to 3,165 A/cm2 at 0.2 V whereas the 
peak current density as observed by Almansour is to 4,336 A/cm2 at 0.225 V [19]. The valley current 
density is approximated to 1,286 A/cm2 at 0.3 V whereas the valley current density as observed by 
Almansour [19] is 1,860 A/cm2. 
 Additionally on varying temperature, Figure 3(B) shows that the increase in temperature results in 
an essentially constant peak current, a slightly increasing peak voltage and an increasing valley current 
[29]. The valley current is observed to increase due to an increase in thermionic emissions at high 
temperatures. The peak to valley current ratio (PVR) observes a strict degradation because of a high 
valley current. 
 Furthermore, Figure 3(C) shows the effect of barrier width on the current density at 300 K 
temperature. A significant decrease in peak current density can be observed due to a decrease in tunneling 
as the width is increased [30]. The reduction in PVR is obtained because increasing the barrier width 
would allow the electrons more time to stay in the well, and hence would require a specific amount of 
energy to tunnel through it, which reduces the tunneling probability resulting in a low current density 
[15].  
 Moreover, Figure 3(D) depicts the effect of increasing the doping concentration of contact on the 
current density where the barrier width and the well width are 5 nm. Both the contacts have uniform and 
same doping levels. The increase in doping concentration at the contacts shifts the Fermi level in the 
emitter. The minimum peak voltage is obtained with a higher doping concentration which can be seen 
from Figure 3(D) and is consistent with Sanyal and Sarkar [31] observations. The current density starts 
increasing rapidly when the doping is increased because the amount of charge carriers increases. The 
maximum current density is observed when the doping concentration is maximum. The graphs and the 
results obtained are congruent with the results obtained by Singh et al. [15]. 
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Figure 3 Current density vs bias voltage (A) varying bias, (B) varying temperature, (C) varying barrier 
width and (D) varying doping concentration. 
 
 
 Transmission coefficient 
 Transmission coefficient is a probability by which electrons can tunnel through potential barrier. 
Quantum transmission of double barrier or more can be equal to 1 at some energies, this is due to the 
presence of resonant states in the well region. Figure 4 shows energy versus transmission coefficient 
plots, it can be observed that the transmission spectrum is Lorentzian-like in shape near resonance 
energies which is also analytically proven [12]. 
 To study the impact of increasing bias on energy versus transmission coefficient, stimulations were 
done at 4 different biases. From Figure 4(A), it can easily be inferred up to 0.2 V sharp peaks of almost 1 
are seen. From Figure 3(A) it is known that resonance voltage is 0.2 V and hence transmission is 
maximum till 0.2 V. Applying bias higher than peak voltage brings the device in NDR region i.e. off-
resonant state. The appearance of off-resonant state results in less transmission of electrons which is seen 
in Figure 4(A) (0.3 and 0.5 V subplots) in the form of disappearance of sharp peaks. Further increase in 
bias will result in 0 transmission. 
 Figure 4(B) demonstrates the transmission coefficient plot at various barrier widths. Peaks in the 2 
nm subplot are quite wider than peaks in the 15 nm subplot. Peak to peak distance is longer in the 2 nm 
subplot and it keeps on decreasing with each subplot. On increasing barrier width, resonant peaks become 
sharper and peak to peak distance becomes smaller. As barrier width increases, to get in or out of 
quantum well electrons require specific energy. Hence the lifetime of resonance increases. A longer 
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lifetime corresponds to sharper resonance [14]. The observations made are in accordance with the results 
stated by Zaharim et al. [17]. 
 The transmission coefficient characteristics portrayed in Figure 4(C) shifted towards higher energy 
on increasing the temperature. More energy is required to get the same value of the transmission 
coefficient when the temperature is increased. Shen et al. [32] recognized that as an effect of scattering, 
peak transmission monotonically decreases with temperature. Normally, scattering pulls down electron 
waves and reduces transmission probability. 
 
 

   
 

 
Figure 4 Energy vs transmission (A) varying bias, (B) varying barrier width and (C) varying temperature. 
 
  
 Resonance energy 
 The energies at which the barrier structure is totally transparent for the particle transmission and the 
particles can tunnel through the well are called resonance energies. The value of transmission coefficient 
is 1 for these resonance energies. Figure 5 shows various plots of resonance energy vs bias on different 
parameters. 
 From Figure 5(A), it can be observed that with the increase in temperature the resonance energy 
keeps on increasing. For example, it can be observed that the energy at 0.0 V, at 200 K the resonance 
energy is approximately 0.07 and 0.26 eV while at 300 K it is approximately 0.1 and 0.3 eV. Also, it is 
worth noting that with the increase in bias the resonance energy at a particular temperature decreases. 
This happens because, with the increase in applied bias voltage, conduction band offset is observed in 
Figure 3(A) which reduces the resonant energy level. Thus it can be said that with the increase in bias the 
height of the barrier reduces and so the energy of resonance can be observed from Figure 5. At 
temperature 300 K, for the first resonance energy level, the resonance energy is 0.1 eV at 0.0 V which is 
reduced to −0.1 eV at 0.5 V and similar work can also be observed from the work of Almansour and 
Dakhlaoui [18]. 
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Figure 5 Energy vs bias (A) varying temperature and (B) varying barrier width. 
 
 
 For a resonant tunneling diode, with the increase in barrier width, the confinement of electrons in 
the well is made stronger due to which the lifetime of the resonance increases. Because of that sharper 
and more peaks are observed in Figure 4(B) with increasing barrier width as the maximum number of 
states become confined in well. Since each peak corresponds to a resonance energy level, with increasing 
barrier width more resonance energy levels can be seen in Figure 5(B). For example, when the barrier 
width is 2 nm, there is only 1 resonance energy level while at a barrier width of 5 nm it can be observed 2 
resonance energy levels. A similar study was done by Das and Parai [33] where they showed that bias 
reduces the heights of barriers, the right hand 1 particular, as well as the energy of the resonance. With 
the increase in resonance, more tunneling occurs in the diode therefore producing more forward current. 
Thus resonant tunneling diode is considered among the fastest devices because tunneling is very fast and 
not transit time-limited.  
 
 Triple barrier RTD and six barrier RTD 
 As shown in Figure 1(B), the structure of triple barrier RTD consists of 2 quantum wells 
sandwiched among the barriers, which are connected with the spacer layers. The spacer’s layers are 
connected with the GaAs contacts. This device consists of 3 barriers, 2 wells, spacer layers and contacts 
with individual material properties same to that of double barrier RTD. Similarly, six barrier RTD 
consists of six barrier and 5 quantum wells as can be seen in Figure 1(C). 
 
 Conduction band 
 For triple barrier RTD, conduction band energy varies in the same way as double barrier RTD. In 
triple barrier RTD, there are 2 quantum wells as compared to double barrier RTD. On increasing the 
number of barriers, the number of quantum wells increases by one as observed in Figure 6(A). The 
energy in the conduction band decreases similarly as observed in double barrier RTD on increasing bias 
or barrier width or well width. Similar results are observed in Figure 6(B) for six barrier RTD. 
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Figure 6 Conduction band (A) for triple barrier and (B) for six barrier. 
 
 
 Current density 
 The simulation on triple barrier RTD showed the occurrence of the NDR region at a very low 
voltage when compared with double barrier RTD. The current density increases linearly and reaches its 
peak at 0.015 V and then decreases rapidly similar to the simulated graph in double barrier RTD and 
achieves a minimum at 0.06 V. However, the peak current density is much lower in triple barrier RTD. 
Similar observations were also made by Almansour [19] where they found the peak to be at 0.01 V for 
triple barrier RTD. Also, the slope of current density obtained in Figure 7(A) is higher than the slope 
obtained in Figure 3(A).  
 Similarly, when the simulations are performed for six barrier RTD, the peak current density in the 
six barrier obtained is the lowest as can be shown from Figure 7(B). The peak current density is observed 
at 0.015 V and the valley current is observed at 0.03 V. The current density vs bias graph for six barrier 
RTD attains a similar shape as obtained in the double barrier and triple barrier RTD. 
 
 

    
Figure 7 Current density vs bias (A) for triple barrier and (B) for six barrier. 
 
 
 Transmission coefficient 
 On increasing the number of barriers, the value of the transmission coefficient decreases in the 
energy range off-resonance condition. From Figure 8(A) it can be interpreted that transmission peak first 
decreases with the electric field and then increases to reach unity among resonance spectra. In triple 
barrier RTD, there is an addition of one more resonance energy state as compared to double barrier RTD 
(Figure 6(A) −0 V bias) i.e. number of peaks increased. The transmission spectrum has a Lorentzian-like 
shape which is similar to double barrier RTD [12]. With the increase in bias or temperature or barrier 
width, similar effects on the transmission coefficient as was seen in double barrier RTD was observed. 
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Similarly for six barrier RTD as it can be observed from Figure 8(B) that the number of peaks has 
increased. 
 
 

   
Figure 8 Energy  vs trasmission coefficient (A) for triple barrier and (B) for six barrier. 
 
 
 Resonance energy 
 With the increase in the number of barriers, it can be seen from Figures 9(A) and 9(B) that the 
number of resonance levels increases. This happens because the number of wells increases with the 
increase in the number of barriers and so more electrons tunnel through the well. So more peaks are 
observed in the transmission coefficient graph as observed in Figures 8(A) and 8(B) under the same 
conditions and so more resonance energy levels as also discussed for the 2 barrier structure in Figure 
5(B). Similar results can also be seen for six barrier structures as shown in Figure 9(B). 
 
 

   
Figure 9 Resonance energy (A) for triple barrier and (B) for six barrier. 
 
 
Conclusions 

 In this paper, the various properties of the GaAs-AlGaAs resonant tunneling diodes were 
investigated.  The current density is observed to be higher in double barrier RTD when compared to triple 
barrier RTD. The peak current density in double barrier RTD is approximated to 3,165 A/cm2 which is 
higher than the peak current density (55.5 A/cm2) of triple barrier RTD and the peak current density (9 
A/cm2) for six barrier RTD. The appearance of the peak current density in triple barrier RTD is at 0.015 V 
but in double barrier RTD, it occurs around 0.2 V under standard conditions. The minimum current 
density observed in double barrier RTD is 1,286 A/cm2 whereas in triple barrier RTD it is 40.5 A/cm2 and 
in six barrier RTD it is 7.5 A/cm2. The valley current density in the double barrier is observed at 0.3 V 
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whereas in triple barrier RTD it is observed at 0.06 V. The occurrence of the NDR region in the triple 
barrier RTD and in six barrier RTD is at low voltage when compared with double barrier RTD which 
opens significant areas for multistate logic and memory devices. With the increase in bias, a decrease in 
conduction band energy and a decrease in peak to peak distance in the transmission coefficient is 
observed. With the increase in doping concentration of contacts the charge carriers increases, leading to 
strictly increasing current density. 
 With the increase in the number of barriers there is a significant increase in the number of resonance 
levels, which leads to increased peaks in the transmission coefficient curve. The PVR ratio observes 
degradation from 2.46 in double barrier RTD to 1.37 in triple barrier RTD to 1.2 in six barrier RTD. On 
increasing temperature the peak to valley ratio observes degradation, the resonance energy increases. 
With increased barrier widths it is observed that the conduction band energy decreases, which leads to an 
increasing number of the resonance energy levels, sharper and increased no of peaks in the transmission 
coefficient curve. It is seen that the sharpness of resonance decreases with increasing electron energy and 
decreasing barrier width. RTD has opened up many doors for various applications. 
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