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Abstract— In this research paper, the effects of fixing one barrier
and varying another barrier have been analyzed and compared
for a GaAs/Al0.3Ga0.7As based double barrier resonant
tunneling diode for two different models - Hartree Quantum
Charge model and semi-classical Thomas Fermi model. VI
characteristic graphs are studied to assess the overall
performance of both models. The simulations are carried out in a
nanoelectronics modeling tool suite — Nano electronic Modelling 5
(NEMO5) considering Non-Equilibrium Green’s Function
(NEGF), at room temperature of 300K and biased voltage of 0 to
0.5 V. In this paper, it was demonstrated that a very larger
amount of current is supplied by both models when the first
barrier is varied and second barrier is fixed in comparison to the
first barrier when kept fixed and second barrier is varied. But as
qguantum charge inside the quantum well is existed in the Hartree
model, so overall Hartree model supplied a greater amount of
current compared to the Thomas Fermi model. Quantum charge
inside its quantum well is not present in the Thomas Fermi
model. But a better NDR region is created by the Thomas Fermi
model in both varied first barrier-fixed second barrier and fixed
first barrier-varied second barrier cases compared to the Hartree
model. This NDR region can be used for numerous digital
applications. On the other hand, a vast range of analog
applications can be used by the Hartree model that produced
larger current per unit voltage.

Index Terms— Resonant Tunneling Diode (RTD), Double
Barrier Resonant Tunneling Diode (DBRTD), Fixed Barrier,
Varied Barrier, First Positive Differential Resistance (PDR1),
Negative Differential Resistance (NDR), Second Positive
Differential Resistance (PDR2), Non-Equilibrium Green’s
Function (NEGF).
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I. INTRODUCTION

O represent RTD, and three equivalent proposals are

worked out which include the non-equilibrium green

function (NEGF) scheme, the Schrodinger equation
method, and the Winger equation [1]. All the states are found
with the support of open boundary conditions. At the Hartree
level, the interaction of electrostatic force is taken into
account. In a less particular way with Thomas-fermi
approximation, the coherent property is promoted [2].

A very strongly creative and calculated model is provided
by non-equilibrium green function formalism by the use of
quantum transport in high-tech [3]. To add the inflexible
scattering and powerful effects of correlation at an atomistic
level [3], it excels in the Landauer proposition for choleric,
non-interacting electrons.

The interest of using RTDs in different analog and digital
applications risen gigantically after the initiating contributions
of Chang, Esaki and Tsu [4]. The first presentation about the
resonant tunneling structure was begun by these three
researchers in 1974 [4]. They displayed RTDs as a substitute
for transistors for high-frequency oscillations for use in
microwave circuits and even for logic circuits. RTDs possess
the widest bandwidth recently among all the semiconductor
devices.

Il. THEORY AND METHODOLOGY
A. Layers of DBRTD

There are seven different layers in a GaAs/Al0.3Ga0.7As
double barrier RTD. By rising current density in RTD, contact
1 and contact 2 aid large electron count. They are also known
as Lead 1 and Lead 2. By the phenomenon of highly doped
contacts, spacer 1 and spacer 2 impede the diffusion of
impurity atoms’ scattering through two barriers and a well. In
the conduction band, barrier 1 and barrier 2 operate as
potential blockades for electrons. Well emerges quasi-bound
states that cause resonant transmission.
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Barrier 1, Barrier 2 and Well have 5 nm and they have the
lowest widths. Both Spacers have 10 nm which is twice the
barriers and well. Both Contacts possess 30 nm, which is the
highest width. Well, Barrier 1 and Barrier 2 have widths of 25
nm less than those of Contacts, while Spacers possess 20 nm
less width than Contacts.

n+ GaAs(30nm, Contact)

n+ GaAs(30nm, Contact)

Figure 1: Different layers of the GaAs/ Al0.3Ga0.7As based
double barrier resonant tunneling diode [5].

B. Principle of a Resonant Tunneling Diode

E!

EP°

Eremitter E: collector

Well

Barrier Barrier

Figure 2: Schematic Structure of DBRTD [6].

The conduction band of a double barrier structure for
various applied voltages is shown in the picture above, along
with the device's consequent conduction state on the I-V
characteristics. The following phenomenon happens when the
collector bias is gradually increased:

Energy levels [6] (Erl and Er0) are still above the Fermi
levels when voltage is not applied (V = 0 V), and current
cannot pass through the double barrier because the Fermi
levels in the emitter and collector are properly aligned.

By supplying a positive voltage (V > 0), the conduction
band is tilted. Energy levels in the well are pulled down and
when the first resonant level reaches the Fermi level in the
emitter, carriers can flow from the emitter to the collector [6].
Increasing the bias induces an increase of current until the
energy level Er0 reaches the conduction band at the bottom of
the emitter side. When the energy level ErO is in front of the
conduction band, the current stays at maximum.

If the collector is further biased, then the sub-band Er0
below the emitter conduction band is decreased. This turns off
available electrons for tunneling through the barrier, thus the
current decreases with an increased voltage that provides a
negative differential resistance region (NDR).
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A rise in the last bias falls the second level Erl, which
enables a second tunneling process, and thermionic current is
risen, which flows above the barrier [2]. In other words, the
existence of a peak in the transmission coefficient is
essentially what determines whether resonant tunneling
current occurs across a double barrier construction. [2].

C. Equations Required for analysis of fixing one barrier-
varying another barrier in a DBRTD

Five equations were used for fixed one barrier-varied
another barrier analysis in a double barrier resonant tunneling
diode and these five equations are:

PVCR = I,/ly (1)

PVVR = V,/Vy (2)

Ri=(Mv=Vp) (Ib—1v)  (3)

Rpz=(Ms= VW) (Ib—1) (4)

Rp1 = Vy/l, (5)
Here,

PVCR =Peak Valley to Current Ratio

PVVR = Peak Valley to Voltage Ratio

Rn = Negative Differential Resistance

Rp1 = First Positive Differential Resistance
Rp2 = Second Positive Differential Resistance

I1l. SIMULATED RESULTS AND DISCUSSIONS

A. |-V characteristic graph for Varied B1 and Fixed B2 in
Thomas Fermi Model

e B1=3nm, B2=Snm 8
| — Bi1=4am, B2=5am
—— B1=5nm, B2=5nm / A
— B1=7nm, B2=5nm
e B1=8nm, B2=5Snm
20000 41— B1=9nm,B1=5am

Current (A/em?2)

o o1 02 03 04 O
Bias (V)
Figure 3: Double barrier Thomas Fermi modelled RTD
representing varied B1 and fixed B2.
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When the barrier width of B1 is less than B2, that is, when
B1 is 3nm and 4 nm respectively and B2 is 5 nm, then peak
currents are about 27000 A/cm? and 14000 A/cm? respectively
at 0.27 V and 0.25 V. When both barriers are 5 nm, then peak
current is approximately 3000 A/cm? at 0. 2V. The Peak
current of symmetric barriers, i.e., B1=5 nm and B2=5 nm is
about 24000 A/cm? less than B1=3 nm and B2=5 nm and
about 11000 A/cm? less than B1=4 nm and B2=5 nm. In the
case of the NDR region, B1=3 nm and B2=4 nm has much
higher NDR compared to B1=4 nm and B2=5 nm and B1=5
nm and B2=5 nm. 0.15 V (0.42 V — 0.27V). NDR region is
supplied by B1=3 nm and B2=5 nm, while 0.10V (0.35V —
0.25V) and 0.08 V (0.28V — 0.2V) NDR regions are provided
by B1=4 nm and B2=5 nm and symmetric barriers of 5 nm.

The Valley current of symmetric barriers of B1=5 nm and
B2=5 nm is almost 500 A/cm? at 0.28 V, which is 7V and 14V
less than B1=4nm and B2=5nm and B1=3nm and B2=5nm
respectively.

When B1 is increased than B2, i.e., when B1 is 7 nm,8 nm,
and 9 nm and B2 is 5nm, then peak currents drastically reduce
and create very less number of peak currents compared to the
cases of B1 width larger and B2 width smaller and symmetric
barriers. Such as, only about 400 A/cm? peak currents are
provided by B1=7 nm and B2=5 nm, B1=8 nm -B2=5nm, and
B1=9 nm and B2= 5 nm. Moreover, the NDR region and
valley current are nearly 0 for these barriers.

To sum up, an increased width of B1 which is more than B2
is not a good approach at all, as NDR, PDR1, and PDR2 are
all lost. If B1 is kept less than and equal to B2, then RTDs can
be used in both digital and analog applications.

B. 1-V characteristic graph for Fixed B1 and Varied B2 in
Thomas Fermi Model

10000 B1=5nm,

e [ 1 =Srvem.
— B =5nm.
B 1 =5,
B =rmm.
— B =Srm.

B2 =5inm
EHZ=3nm
B2 =<drim
HZ =511
B2 =S rom
B2 =0nm

S0

Current [Afemd)

l:l .J- N1 )] ey
o 0.
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0.2 0. 0.4 0.2

Elas (%)
Figure 4: Double barrier Thomas Fermi modelled RTD
representing Fixed B1 and Varied B2

When all B1 is fixed at 5 nm and B2 are varied, then peak
currents, saturated currents, and valley currents are rapidly
reduced compared to the case of varied B1 and fixed B2. For
example, both B1=5 nm and B2=3 nm and B1=5 nm and
B2=4 nm had 2700 A/cm? peak currents at about 0.17V. The
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blue wave produced a peak current at about 2600 A/cm?
within about 0.2V.

Currents peaks produced approximately at 2300 A/cm?,
2200 A/cm? and 2000 A/cm? by B1=5 nm and B2=7 nm,
B1=5 nm and B2=8 nm, and B1=5 nm and B2=9 nm within
0.25V, 0.26 V and 0.27V. Valley currents are 2100 A/cm? for
B1=5 nm and B2=3 nm, B1=5nm and B2=4 nm, and B1=5 nm
and B2=5nm at 0.28 V.

Valley current for the B2 and 7 nm,8 nm, and 9 nm and
fixed B1 are absent. That is why NDR is not present at all.

To sum up, it can be told that B2 should always be less than
and equal to B1. Otherwise, in the absence of the NDR region,
RTDs would not be able to use for digital applications. They
can only be used in analog applications, such as, in ultrafast
pulse creation.

C. I-V characteristic graph for Varied B1 and Fixed B2 in
Hartree Model

R 1=awin, B2=5nn
FO000 4 — Bi=3mm, B2=5mm
—— B l=dwm, B2=5mn
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Figure 5: Double Barrier Hartree modelled RTD representing
Varied B1 and fixed B2.

In the case of B2 fixed and B1 varying, B1 must be less
than and equal to B1 if RTDs are used for a wide range of
applications in both digital and analog circuits.

For the case of B1 and 7 nm,8 nm and 9 nm, and B2 and
5nm, very few currents have been supplied. No saturated
current and valley current are present although about 100
Alcm? peak current is produced for 7 nm,8 nm, and 9 nm B2.
So, no NDR region exists.

If B2=5 and nm B1=3 nm, B2=5 nm and B1=4 nm, and
symmetric barriers are compared, then 5 nm B2 and 3 nm B1
has the highest peak current and 5 nm symmetric barrier of B1
and B2 5nm has the lowest peak current. 2800 A/cm? is
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produced by 5 nm B2 and 3 nm B1, 1600 A/cm? is supplied by
5 nm B2 and 4 nm B1 and lastly, 4000 A/cm? is created by
symmetric barriers at 0.35V, 0.3V, and 0.22V respectively.

Valley current of 5 nm B2 and 3 nm Bl is 17000
A/cm?(19000A/cm? — 2000A/cm?) higher than symmetric
barriers and 11,500 A/cm?(19,000A/cm? — 7500A/cm?) higher
than 5 nm B2 and 4 nm B1.

NDR region is 0.07 V (0.42V - 0.35V) for 3 nm Bl and 5
nm B2, 0.05V (0.35V-0.30V) for 4nm B1 and 5 nm B2 and
0.06 V (0.28Vv — 0.22V) for symmetric barriers. Symmetric
barriers have less NDR than 3 nm B1 and 5 nm B2 and more
NDR than 4 nm B1 and 5nm B2.

D. |-V characteristic graph for Fixed B1 and Varied B2 in
Hartree Model

—— B1=53nm. B2=/nm

found out and RTDs would not be able to be utilized for
analog and digital applications.

IV. TABLES

Table 1: GaAs/Al0.3Ga0.7As DBRTD structure used in the
simulations [5].

Material GaAs | GaA | GaA | AlGa GaAs | AlGa GaAs
S S As As

Layer Space | Lead | Well | Barrie | Space | Lead2 | Barrie
rl 1 1 rl r2 r2

Doping(/ | 1x10? | 1x10 | 1x10 | 1x10% | 1x10% | 1x10? | 1x10?

m3) 4 27 24 4 4 7 4

Length 100 300 50 50 100 300 50

(Angstro

m)

15000

—RB1=-5nm.
— B1=2nm.

B1=5nm.
— B1=2nm.
—— B1=5nm.

B2-=Anm
BZ=Ynm
B2=Hnm
BZ2=4nim
BZ=3nm

10000

Table 2: Some comparisons among RTD, RTID and

Current (Acm2)

5000 sl

o2 0’3
Bias (V)
Figure 6: Double Barrier Hartree modelled RTD representing
fixed B1 and varied B2.

B2=7 nm — B1=5 nm, B2=8 nm — B1=5 nm, and B2=9 nm
— B1=5 nm supplied only 250 A/cm? approximately at about
0.12V. NDR regions and valley currents are almost 0. Only for
these barrier widths, RTDs would act like a traditional p-n
junction diode.

However, if B2 is less than and equal to B1, i.e., when B2
are 3 nm, 4 nm, and 5 nm and B1 are 5 nm, then peak and
valley currents rapidly increased and much bigger and better
NDR, PDR1 and PDR2 regions are produced. For example,
both B1=5 nm — B2=4 nm and B1=5 nm — B2=3 nm supplied
about 5000 A/cm? at about 0.18 V. On the other hand,
symmetric barriers of B1=5 nm — B2=5 nm created about
4000 A/cm? at about 0.23 V, which is 1000 A/cm? less than
B1=5 nm = B2=4 nm and B1=5 nm — B2= 3 nm. 0.05 V more
voltage was needed to produce peak current in symmetric
barriers than asymmetric barriers of B1=5 nm — B2=3nm and
B1=5 nm — B2=4nm. Red, green, and sky-colored waves
produced valley currents at almost 2400 A/cm? within about
0.27V.

To sum up, it can be said that B2 must not be more than B1.
Otherwise, NDR, PDR1, and PDR2 regions would not be
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Esaki TD [7].
NDR Design Manufact | Speed | Peak Operati Carrier
Devic | Flexibili | ure Index Volta | ng Transp
es ty Ability ge Principl | ort
e
Esaki | Material | Fair Mediu | Small | Single Bipolar
TD and m barrier
Doping (less Tunneli
Limited than ng
and
equal
to
100)
RTD Very Good as Small | Resonan | Unipola
Good high to t r
as10° | large | Tunneli
ng
RITD | Material | Difficult Mediu | Small | Resonan | Bipolar
Limited m to t
(less Large | Tunneli
than ng
and
equal
to
100)

Table 3: Calculated Values of Rp1, Rn, Rp2, PVVR, and PVCR
in the varied first barrier-fixed second barrier of a Thomas
Fermi modelled DBRTD.

Parame | B1(3n B1(4n B1(5n B1(7n B1(8n B1(9n

ter m) — m) — m) — m) — m) — m) —
B2(5n B2(5n B2(5n B2(5n B2(5n B2(5n
m) m) m) m) m) m)

Vp (V) 0.27 0.25 0.20 0.27 0.27 0.27

I 27000 14000 3000 400 400 400

(Alcm?)

vV, 0.42 0.35 0.28 0

Iy 12600 4900 500 0
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Vs 0.50 0.48 0.40 0 0 0 Table 6: Calculated Values of Rp1, Rn, Rp2,, PVVR and PVCR
I 27000 12000 1 3000 0 0 0 in the fixed first barrier-varied second barrier of a Hartree
Rex(Kilo | 17107 | 1.79%10 | 6.6710 | 6.75*10 | 6.75+10 | 6.75=1 | modelled DBRTD.
-ohm) -12 -12 -11 -11 ol
Ry 1.04*10 | 1.10*10 | 3.2*10° | 6.75*10 | 6.75*10 | 6.75*1 Paramet | B1(5n | B1(5n | B1(5n | B1(5n | B1(5n | Bi(5n
(kilO- -12 -12 12 -11 -11 0-11 er m) — m) ~ m) — m) _ m) _ m) _
ohm) B2(3n | B2(4 B2(5n | B2(7n | B2(8n | B2(9n
Rez(kilo | 5.56*10 | 1.42*10 | 4.8*10° | 0 0 0 m) nm) m) m) m) m)
-ohm) | ** * 2 Vp 0.18 0.18 0.23 0.12 0.12 0.12
PVVR | 064 071 0.71 * * I 5000 | 5000 | 4000 | 250 250 250
PVCR | 214 2.85 6 w o w
V, 0.27 0.27 0.28 0 0 0
1, 2400 2400 2400 0 0 0
Y 0.37 0.38 0.39 0 0 0
Table 4: Calculated Values of Ry, Rn, Rp2, PVVR, and PVCR :
in the fixed first barrier-varied second barrier of a Thom - 2000 | 5000 | 400 |9 0 0
Ef ed Trst barrier-varied seco arrier ot a thomas R 3.6%10° | 3.6*10° | 5.75*1 | 4.8%10° | 4.8*10° | 4.8*10
Fermi modelled DBRTD. 12 12 012 1 1 1
R 346*1 | 3.46*1 | 3.13*1 | 4.8*10° | 4.8*10° | 4.8*10
0-12 0-12 0-12 11 11 11
Paramet | B1(5n B1(5n | B1(5n | B1(5n | B1(5n B1(5nm) — ~ — ~
er m) - m- |m- | m- |m- B2(9nm) Ry 3_-5325 1 4:1223 1 6_-?28 110 0 0
B2(3n | B2(4n | B2(5n | B2(7n | B2(8n 0 0 0
m) m) m) m) m) PVVR 0.67 0.67 0.82 © © ©
Vp (V) 0.17 017 |020 [o025 o026 0.27 PVCR | 2.08 2.08 1.67 0 o w
1, 2700 | 2700 | 2600 | 2300 | 2200
(Alcm?)
Vy (V) 0.28 028 | 0.28 2000
1, 2100 | 2100 | 2100 |0 0 0
(Alem?) V. ADVANTAGES
Vs (V) 0.39 039 | 040 |O 0 0 I. Reduced power consumption.
Is , 2700 2700 | 2600 | O 0 0 1. Circuit speed in a picosecond.
I(%A/CT'I) 6.30*L | 6.30* | 7.70* | 1.09* | 1.18*1 | 1.35*10% 11 Enhanced functionality.
O;]’in() I 02 |12 | on | gn ' IV. High resistance and low capacitance to the
Ry (kilo- | 1.83*1 | 1.83* | 1.60* | 1.09* | 118*1 | 1.35*10T environmental factors [6].
ohm) o 101 ] 10M |10t | ot V. Low noise coefficient is present [6].
Rea (kilo- | 18371 | 183% | 24*1 | 0 0 0 VI. Handling of high frequency in the terahertz range.
g\‘/@R 860 3060 371 — — — VII. Strongly reliable.
- - - Longer lifespan than CMOS, MOSFET, FET,and BJT.
PVCR 1.28 128 [123 | o @

Table 5: Calculated Values of Rp1, Rn, Rp2, PVVR, and PVCR
in the varied first barrier-fixed second barrier of a Hartree
modelled DBRTD.

Para B1(3 B1(4n B1(5n B1(7n B1(8n B1(9nm

meter | nm) - m) — m) — m) — m) — -
B2(5nm | B2(5n B2(5n B2(5n B2(5n B2(5nm
) m) m) m) m) )

Vp 0.35 0.30 0.22 0.28 0,28 0.28

Ip 28000 16000 4000 100 100 100

\A 0.42 0.35 0.28 0 0 0

Iy 19000 7500 2000 0 0 0

Vs 0.48 0.46 0.40 0 0 0

I 28000 16000 4000 0 0 0

Rp1 1.25%10° | 1.88*1 5.5*10 2.8*10 2.8*10 2.8*1010
12 0 12 12 10 10

Ry 7.77*10° | 5.88*1 3*102 | 2.8*10 2.8*10 2.8*1010
13 0-13 10 10

Re2 6.67*10° | 1.29*1 | 6*10% | O 0 0
13 0-12

PVV 0.83 0.86 0.80 0 o ©

R

PVC 147 2.13 2 @ 0 0

R
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V1. FUTURE SCOPE

I. RTDs can be combined with Analog-to-Digital
Converters (ADC) that can be used in oceanic
water acoustic systems in the 2030s.

Il. If a material system compatible with silicon
technology is achieved, then RTDs can be used in
the development of silicon-based VLSI [8].

I1l. RTDs perhaps can replace the robust transistors,
oscillators, operational amplifiers, and frequency
converters as grinders of integrated circuits within
the 2030s.

VII. SUMMARY

Overall, from this vital research, it can be concluded that
increasing barrier width is not a well-known approach. If
RTDs have to be used in a huge variety of analog and digital
applications, then the first barrier must have to be less than
and equal to the second barrier, if the second barrier is kept
fixed. Also, in the case of fixing the first barrier, the second
barrier must be equal and less than the first barrier.
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For both the models, in the case of the varied first barrier and
fixed second barrier, peak current had been supplied in a
higher amount than the fixed first barrier and varied second
barrier when B1: 3nm,4nm, and 5nm and B2: 5nm and B1:
5nm and B2: 3nm, 4nm, and 5nm. When B1: 7 nm,8nm, and
9nm and B2: 5nm and B1: 5nm and B2: 7 nm,8nm, and 9nm
in both models, the second barrier varied, and the first barrier
fixed had much better and higher peak current than the case of
the varied first barrier and fixed second barrier.

If models are considered, then a higher peak current is
supplied by the Hartree model than Thomas Fermi model,
while in Thomas Fermi model, the NDR region was created in
a bigger amount compared to Hatree model.

From tables — 3,4,5 and 6, it was found that the value of
PVCR is more than PVVR. In tables — 3,4,5 and 6, PVCR and
PVVR are infinity for asymmetric barriers of BI1:
7nm,8nm,9nm and B2=5 nm and B2: 7nm,8nm,9nm and
B1=5nm. Ry in all cases is 0. PVVVR for table 5 is the highest
and PVCR for table 3 is the highest. In tables 4 and 6, PVVR
and PVCR for B1: 5 nm and B2: 3nm,4nm are the same and
less than symmetric barriers. In table 5, PVVR and PVCR are
higher for B1=4nm and B2=5nm than B1=3nm and B2=5nm
and symmetric barriers.

VIII. CONCLUSION

RTDs have allowed understanding the particular
applications that will be beyond the capability of CMOS
technology [9]. These low-power, high-speed, and small
devices are uniquely helpful as researchers continue to scale
down to the size of atoms where heat and parasitic effects are
major problems [8]. Research in Nano-electronics today
stands at a frontier of semiconductor science and engineering.
RTD is assumed to be a major Nanoelectronic device at the
center of Nanoelectronic research.

A. Applications of RTD at Present Time:

In today’s time, both single and double barrier
GaAs/AlGaAs RTDs can be used in oscillators when they are
implemented in negative differential resistance region and in
digital logic circuits when they are implemented in bi-stable
condition.:

B. Advantages of RTDs:

1. Circuit speed is enhanced.
2. Power Consumption is reduced in a great amount.
3. Functionality is increased.

C. Future Scope of RTDs:

RTDs perhaps can replace the robust transistors as the grinder
of integrated circuits within 2030s.
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IX. SUMMARY

After analysis of the simulated results, it can be declared that
double barrier RTD is more promising than single barrier
RTD, since, in the case of double barrier RTD,the current has
reached at a peak value of 4800 A/cm2 at 0.25 Biased Volt,
neatly the current has reached a value to almost 2400 A/cm2,
which is the valley point, at 0.275 biased Volt and then has
increased uup t012,500 A/cm?2 at 0.5 biased Volt, whereas, in
the case of single barrier RTD, the current has kept on
increasing up to 10,000 A/cm2 at 0.5 biased Volt, without
reaching any peak point and valley point values at specific
biased voltages. It can also be seen that the model of Thomas-
Fermi performs better than Hartree model considering the fact
of defining NDR. Nevertheless, the Hartree model proves a
better performance for applications which need higher current
density in digital world. After all these inspections, it can be
clearly stated that the proposed model performs more
efficiently than the model described in[12].

X. CONCLUSION

Based on the simulation results we can come to the conclusion
that for any applications, the Hartree model performs more
accurately due to the property of having higher PVVR at
positive differential resistance region in comparison to
Thomas-Fermi.
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