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Abstract

Resonant Tunnelling diodes are commonly formed from heterostructures consisting of layers of
GaAs/AlAs, InAs/AlSb, or InAs/GaSb on GaAs or InP substrates, depending upon criteria such as lattice
matching. However, llI- nitrides such as AlGaN / GaN have gained a lot of interest recently for resonant
tunnelling diodes (RTDs). This is primarily because of their wide bandgap, large conduction band
offset, and high carrier mobility. It thus helps in creation of larger PVRs and quantum behaviour at
much higher temperature than any other Ill-V systems. Thus such devices can offer higher power,
higher frequency room- temperature operations than other members of the IlI-V family.

However, the lattice mismatch and strain between AlGaN and GaN layers in AlGaN / GaN RTDs gives
rise to the much undesired piezoelectric polarization charges across the interfaces which eventually
degrades the performance of RTD by providing asymmetric current voltage characteristics. Therefore,
in order to get a reliable, reproducible Negative differential region as well as symmetric current-
voltage characteristics, it is absolutely necessary to use a material which would minimise lattice
mismatch and hence reduce strain, thereby reducing piezoelectric polarization charges. Algsslng.17N
alloy which has a lattice constant = 3.187 A [19], is thereby used since it is lattice-matched with GaN
(lattice constant = 3.190 A [19]). InAIN / GaN also has spontaneous polarization larger than total of
spontaneous and piezoelectric polarization in typical AlGaN / GaN heterostructure, which results in a
higher 2DEG charge density at the interface. The large polarization discontinuity between InAIN / GaN
enables higher charge densities as well as larger band offset to GaN well than in the conventional
AlGaN /GaN structures, significantly reducing the access resistance in these devices, and the lack of
strain in AlInN reduces device degradation processes and leads to better structure and reliability.
Therefore, it is an effective approach to improve the performance of RTD by employing a nearly lattice-
matched InAIN / GaN structure to lower dislocation density and weaken piezoelectric field at the
heterointerface [19].

In this project, | have attempted to analyse the current — voltage characteristics of AlGaN / GaN
resonant tunnelling diodes through Matlab and ATLAS simulation. A current — voltage simulation of
AlInN / GaN resonant tunnelling diode is done next, followed by a comparison of Aly2GaogsN / GaN and
Alosslno17N / GaN RTDs. Polarization charges, which play a crucial role in all IlI-V nitride based
heterostructures, have been taken into consideration for calculations.
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Chapter 1: Resonant Tunnelling Diodes

1.1. Tunnelling Basics:

Tunnelling is a purely quantum phenomena which enable electrons to penetrate potential
barriers even though it is classically forbidden. The scheme is illustrated in Figure 1.1. Classically, the
electron would be reflected if E<V, but due to tunnelling, there is a probability that the electron
penetrates the barrier. On the other hand, classically, if the electron has energy E>V,, it is certain to
be transmitted through the barrier, but in quantum mechanics there is a probability of reflection even
when the energy exceeds the barrier height.

Vi

Transmitted electron
_--

Incident electron of energy E

S

Figure 1.1 The basics of Tunnelling. An electron of energy E is incident on a barrier of potential Vo. Classically,
the electron is reflected when E<Vo, quantum mechanically, there is a probability that the electron is
transmitted through the barrier.

Tunnelling though a potential barrier is characterised by a transmission coefficient T so that 0<T<1.
The transmitted wavefunction ris thus given by Ty, where ), is the wavefunction of the incident
particle.

E.

Transmitied eleciron
_h-

Imzident electron of energy E

_h.

Figure 1.2 Tunnelling through double barrier. When E<< Vo, the region between both the barriers will act as a
quantum well with quantized energy levels which facilitate resonance tunnelling

A double barrier structure, like the one shown in Figure 1.2, gives rise to the QM phenomena called
resonant tunnelling. If the transmission coefficients of the left and right barriers, T, and Tr respectively,
are both much smaller than unity, a quantum well arises in between the barriers. This means that the
energy levels in the well will be quantized. Strictly speaking this is not entirely true because Trand T,
are in fact, of course, not equal to zero. This means that the energy levels and the bound states in the
well will be referred to as quasi-bound states. When an electron with an energy which is not coincident
with one of the quasi-quantized levels in the well is incident on the barrier/well complex the global
transmission coefficient Tg is much smaller than unity. If however, the electron energy coincides with
one of the energy levels in the well, resonance occurs and the electron can be transmitted with a
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transmission coefficient on the order of unity. This is the type of structure which is utilized in resonant
tunnelling diodes.

1.2. Resonant Tunnelling Diodes

Typically, in resonant tunnelling diodes, the electrons come from a doped semiconductor or a metal
material. Resonant Tunnelling diodes consists of two heavily doped, narrow energy-gap materials
encompassing an emitter region, a quantum well in between two barriers of large band gap material,
and a collector region, as shown in the Figure 1.3. The energy of the electrons are raised by applying
a voltage across the structure.

Bamier

Fricht

= Double Barrier
Crare=nit Struciure

Trneeling

N++ &

N+
contact |=—m—.l contact
Emitter
Chuantized &
state £y

Callectos

Figure 1.3 Structural Diagram of RTD [5]

When there is no forward bias, most of the electrons and holes are stationary forming an accumulation
layer in the emitter and collector region respectively. As a forward voltage bias is applied, an electric
field is created that cause the electrons to move from the emitter to the collector by tunnelling
through the scattering states within the quantum well. These quasi bound energy states are the
energy states that allow for electrons to tunnel through creating a current. As more and more
electrons are able to tunnel through the well, resulting in an increase in the current as the applied
voltage is increased. When the electric field increase to the point where the energy level of the quasi-
bound state of the well, the current reaches a maximum, as shown in Fig 1.4.

Resonant tunnelling occurs at specific resonant energy levels corresponding to the doping levels and
width of the quantum well. As the applied voltage continues to increase, more and more electrons are
gaining too much energy to tunnel through the well, and the current is decreased. After a certain
applied voltage, current begins to rise again because of substantial thermionic emission where the
electrons can tunnel through the non-resonant energy levels of the well. This process is produces a
minimum “valley” current that can be classified as the leakage current, as shown in Figure 1.4
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Figure 1.4 |-V characteristics of RTD

Figure 1.5 shows the effect of voltage across the RTD on the double barrier structure. As is apparent,
the symmetry in the system is destroyed because the two barriers no longer have the same height
and therefore not the same transmission coefficient. This obviously has an impact on the energy levels
in the well, and in general it will be much more difficult to obtain a global transmission coefficient
TG’-:"]..

Figure 1.5 Double Barrier with Applied Potential
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Chapter 2: Transfer Matrix Formulation

2.1. Constant Potential

In this section the transfer matrix formulation of the quantum tunnelling will be described and the
results shown. To describe the technique the simple scenario in Figure 2.1 will be considered.

E=] K=y
W=

Figure 2.1 Tunnelling through a single barrier

In region 1, the wave function is termed as {1 and the potential is zero, in region 2, the wave function
is termed ), and the potential is Vo and in region 3 the wave function is termed )3 and the potential
is again zero. The solutions to the Schrodinger equation in these regions are

Y, = Aetf1¥ 4 Be~tkax (1)
Y, = Ce'k2* 4 pe~ika* (2)
Y, = Ee'ks* 4 Fe~tksx (3)

where, ki=,/2m(E-V;)

The wave function and its derivative is required to be continuous at the discontinuity between
adjacent regions, i.e. x=0 and x=a. This requirement is imposed in order to avoid abrupt changes in
probability density. Using these two continuity conditions between 1 and 3 yields the two equations.

A+B=C+D (4)
ik1A - ik2B = ik3C - iksD (5)

These conditions can be written in the matrix form

(illl —i1k1>'(g)=(i112 —ilkz)'(g)

Using the inverse matrix theorem an expression connecting (A, B) with (C, D) can be obtained

1 (k k, ki—k
(2) = 20k (kii kz ki + ki)(g) - Mlz'(g)
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The matrix M1z is known as the discontinuity matrix and it connects the wave function in the region 1
with wave function in the region 2, i.e. it describes the propagation of the wave function across a
boundary.

The wave function is also required to be continuous across the boundary between region 2 and region
3. A new coordinate system is chosen so that X’ = 0 at x = a and the primed coordinate system is
therefore related to the unprimed one by X’ = x - a. To obtain the connection between the primed
and unprimed wave function, the relation Y2( x ) = {’2 (x - a) is exploited

Ceikzx + De—ikzx — C'eikz(x—a) + D‘e—ikz(X—a) (6)

Or written in the matrix form as

(5)= (70" o) (5)=1-(5)

Where, M, is called the propagation matrix. It describes the propagation of the wave function
between two boundaries and a is the distance between the points to be connected. In the case
considered here, it describes the propagation of the wave function inside the barrier. When inside a
barrier the ki’s are purely imaginary and the matrix becomes an operator scaling the operand by an
exponentially decaying factor, which is the behaviour expected from a matrix describing propagation
within a potential barrier. The matrix M, can equally well be used to describe propagation inside a
guantum well, in which case it modulates the operand by a plane wave, i.e. a phase-shift operator.

As an example, consider a situation like the one depicted in Figure 1.2. The left region of zero potential
is labelled 1, the left barrier 2, the zero potential well 3, the right barrier 4 and the right of the zero
potential 5. The system matrix is then given by

Ms= M1i2. M. M23. Mw. M34. MB. M5 (7)

The coefficients of (A, B) are therefore related to the coefficients (F, G) by

(5)= M5

The transmission coefficient of a barrier is equal to the square of the transmitted wave, divided by the

square of the incoming wave. Setting G equal to zero because there is no incoming wave in the region5
the transmission coefficient through the whole system can be expressed as

; 2

|Fets*|”  F*F

 |Aetkax|2 T A*A

Where * denotes the complex conjugate. Therefore,
F*F 1 1
MeiF) M)~ Moy Mes [m,, [

T
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2.2. Arbitrary Potential

In the last section the potential considered was of a rectangular shape. In this section the results will
be generalised to potential of arbitrary shape. The generalisation is not very difficult, the arbitrary
potential is divided into a number of square potential barrier divisions of width d and separated by
guantum by quantum well of width w. the system matrix is then calculated in the limit when w goes
to zero corresponding to the barriers being infinitely close together (no quantum well between them).
The matrix of an arbitrary barrier can then be calculated by

Ms= M12. MB. M23. Mw. M34. MB. My4s.......

Where M; denotes the system matrix i.e. the matrix describing the propagation of the wave function
through the whole system of barriers and wells. When the well depth goes to zero, the propagation
matrices Mwx become unit matrices, as “a”becomes equal to zero.

The product of two matrices M23.Ma4 is a product of two discontinuity matrices. Multiplying these two
matrices gives the matrix

1 ko+ k k,-k
My=M;3M34= ( 2 + 2 )

2(k) \ KoKy Kot ky

Taking the limit when d (the barrier division width) goes to zero would produce an infinite number of
matrices, so a finite width is chosen. The number of square barriers to divide each arbitrary barrier
into to obtain correct results depend on the arbitrariness of the barrier. A parabolic shaped potential
requires more divisions than a barrier where one sides is at only a slightly lower potential than the
other side to get valid results.
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2.3. Current in Resonant Tunnelling Diode

To calculate the tunnelling current through the multi-barrier complex, it is necessary to consider the
Fermi distributions in the semiconductor or metal structures surrounding the barriers. The Fermi
distributions give the probability that an electron state of a certain energy is occupied. If the Fermi
distribution on the left hand side is termed f, and the distribution on the right hand side fz the
tunnelling current is proportional to

I f TE)f,(E) - fo(E)] D(E)dE
0

Where D (E) is the density of states (DOS) and T (E) is the probability of tunnelling for an electron of
energy E. For an electron to travel through the barrier complex there has to be an electron with
appropriate energy in the electron donor material and an unoccupied electron level for this electron
in the acceptor material. This behaviour is taken care of by the term in the sharp parentheses. When
f. (E) = 1 and fr (E) = 0 and electron can travel from left to right. When fi, (E) and fr (E) are both
zero or both unity the electron with energy E does not contribute to the total current. The Fermi
distributions for the left and right hand sides are given by

fL(E) — (e(E+eV—Ef)/kT + 1)—1 and fR(E) — (e(E—Ef)/kT 1+ 1)—1

Where E¢ is the Fermi energy under zero applied field. Electrons in the left hand side will have an
energy which differs from the zero applied field case by —eV. Assuming that a potential V <0 is applied
to the left metal (the right metal being grounded), the electrons are raised to higher energy levels and
the Fermi energy increases accordingly. This means that the Fermi energy will be higher in the left
metal than in the right one, thus the difference between the Fermi distributions on the left and right.
The density of states D (E) for a free electron Fermi gas in three dimensions is given by

V2Zm3/?
D(E) = —%5 JE—E6(E —E,)

Where E. is the energy of the conduction band bottom and 8(E - E.) is the Heaviside step function.
When the energy E is lower than the conduction band edge the density of states is zero. Considering
all measurements with respect to the conduction band bottom, the equation for current becomes

I f T(E)[f,(E) — fr(E)IVE dE
0

Where the constants of the DOS expression has been omitted because they make no difference for
the proportionality.
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Chapter 3: AlIGaN /GaN/ AlGaN Resonant Tunneling Diode

Resonant Tunneling diodes are commonly formed from heterostructures consisting of layers of
GaAs/AlAs, InAs/AlSb, or InAs/GaSb on GaAs or InP substrates, depending upon criteria such as lattice
matching. At room temperature, GaAs/AlAs typically have a peak-to-valley current ratio (PVR) of
around 3. However, llI- nitrides have gained a lot of interest recently for resonant tunnelling diodes
(RTDs). This is primarily because of their wide bandgap, large conduction band offset, and high carrier
mobility. It thus helps in creation of larger PVRs and quantum behaviour at much higher temperature
than any other IlI-V systems. Thus such devices can offer higher power, higher frequency room-
temperature operations than other members of the IlI-V family.

3.1. Matlab Simulation

An attempt was made to study the current — voltage relation of an AlGaN / GaN / AlGaN resonant
tunnelling diode using the transfer matrix method described in Chapter 2. The barriers and wells in all
applied field calculations were divided into 30 divisions, which should be enough when the barriers
and wells are simply trapezoid.

For calculations, a double barrier field structure comprised of Alp2GaosN/ GaN / Alyg,GagsN was
considered. The width of each barrier was considered to be 1.50nm and each well was assumed to be
of 1.25nm in width. The tunnelling diode was assumed to be grown on a GaN substrate which had a
uniform n-type doping of 3.0e19/m3.

Upon calculations, we obtained a Fermi Energy of Ef= 0.29 eV with respect to the conduction band
energy of GaN. The electron effective mass of used for GaN was 0.20 me [13]. The Energy band gap of
GaN was assumed to 3.42 eV and that of Aly,GaosN was hence calculated to be 3.866 eV [14]. This,
along with conduction band offset of 70% gave the barrier height equal to 0.312 eV.

To obtain the graphs the transmission coefficients were calculated for energies between 0.0006 eV
and Ef using 1000 points in the interval. This was done for all potentials varying from 0 to 1.5 V using
250 points in this interval. The calculated current is in arbitrary units, therefore the graph doesn’t give
any information about the actual current, but only the current-voltage relation for the diode. In the
calculation, it has been assumed that the potential drop across the well and the barrier is linear. The
graph is plotted on logarithmic scale.

To calculate the value of current, summation was carried on instead of performing integration.

Figure 3.1 shows the current as a function of applied voltage. The important feature to note in this
figure is that the current is peaked at a certain voltage. This is where resonance occurs. The region
that follows is where the negative differential resistance (NDR) occurs, the current drops when the
applied voltage increases. The negative difference region is where the Fermi level has crossed the
energy of one of the quasi-bound states in the well.
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Figure 3.1 Current- Voltage Relation of AlIGaN / GaN

3.2.Simulation on ATLAS

After having performed simulation of Alo>GaosN/ GaN / Alp>GaosN on Matlab and understanding the
nature of the current- voltage relation, simulation was performed on ATLAS platform, which is a device

simulator, for obtaining more realistic current values.

An Alo2GaosN/ GaN / Alo2GaosN resonant tunnelling diode structure was created with barrier width of
1.50 nm, and well width of 1.25 nm. This was grown on a GaN substrate of 502nm width. Another GaN
layer of width 302 nm was grown on the tunnelling diode. A layer of GaN of width 2nm was kept as
spacer on either side of the tunnelling diode. The rest of the GaN substrate was doped with n-type
atoms with concentration 3.0e19/m3. The alignment for conduction band offset was kept at 0.7
(default ATLAS value). Figures 3.2 — 3.5 show the structural properties of the RTD created.

Microns

Al(0.2)Ga(0.8)N / GaN / Al{0.2)Ga(0.8)N RTD
Overall Structure

GaN
AIGaN
Gonductor

[} 0.001 0.002 0.003 0004 0.005 0006 0.007 0.008 0.009 001

Microns

Figure 3.2: Overall Structure of the RTD created

Microns

AI(0.2)Ga(0.8)N / GaN / Al(0.2)Ga(0.8)N RTD
Overall Structure

GaN
AGaN
Conductor

3.12e-05 3.13e-05 3.14e-05 3.156-05 3.16e-05 3.17e-05 3.18e-05

Microns

Figure 3.3 : A Zoomed-in view near the RTD region

Page | 10




Microns

0282

0296

0304

0308

0312

0316

Al[D.2)Ga(0.8)N / GaN / Al(0.2)Ga(0.8)N RTD = ¢ Al(D.2)Ga(0.B)N / GaN / Al{0.2)Ga(0.8)N RTD
Doping Doping

Net Doping (/cm3) 15

GaN
AlGaN 12
Conductor

4.6e-05 4.7e-05 4.82-05 4.9e-05 5e-05 5.1e-05 52e-05 0.002 0.004 0.006 0.008 0.01 0.012 0.014

= e

Microns Microns

Net Doping (/cm3)

0.016

Figure 3.4: Doping Concentration

The IlI-V nitride heterostructures, by virtue of their wurtzite crystal structure and high degree of
iconicity, exhibit a variety of material properties that either are not found or are of considerably
reduced importance in conventional zinc blende I1I-V semiconductors. The large iconicity and the large
piezoelectric coefficient in group Il nitride results in intensive piezoelectric and spontaneous effects
in nitride heterostructures due to non-centosymmetry. Piezoelectric effects have been shown to
influence carrier distributions, electric fields and consequently a wide range of optical and electronic
properties of nitride materials and devices. The ability to achieve two-dimensional electron gases
(2DEG) with sheet carrier concentrations of 10'* cm™ or higher, close to the interface without any
intentional doping contributes to the outstanding performance of AlGaN/GaN based RTDs in a major
way.

Hence, a polarization induced sheet charge density = 1.10809e13 cm was calculated [15-16] and
added to the AlGaN/GaN interfaces to take into account effects due to both polarization and
spontaneous charges. The value of polar.scale was set to 0.1 to necessitate proper band bending due
to polarization charges. The potential across the collector and the emitter was then varied from 0 to
1.4V and its effect on the collector current was observed. Figure 3.6 gives the corresponding current-
value graph.

Al(0.2)Ga(0.B)N / GaN / Al{0.2)Ga(0.8)N RTD
Gurrent - VOHE@ Re\anormmp

Collector Current (A}
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Calector Current (A)
= =3
I

o

T LI B | L B | LI B | U |
0 02 04 06 08 1 12 14

Colector Voltage (V)

Figure 3.6: |-V curve of AlGaN / GaN / AlGaN
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Figure 3.5: Doping Concentration across cut-line
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From the graph, we notice that current reaches a maximum value of 1mA at around 0.5V. It then keeps
on decreasing till it reaches a minimum value of around 0.83 mA at around 0.6V. Thus we see that a
prominent Negative Differential Region is formed. Beyond the valley, the current keeps on increasing
because one of the barriers now lie completely below the Fermi Level. Hence, the incident electron
reflects only from one barrier and current keeps on increasing. However after a certain voltage, energy
of the incident electron becomes more than the barrier height. Beyond this, current keeps on
increasing primarily because of thermionic emission.

The devised RTD also gives us a PVR of 1.2.

Figures 3.7 — 3.10 depicts the band diagrams when different potentials are applied across the RTD.
The bending of the band is caused by the introduction of polarization charges across the AIGaN/GaN
interfaces.

Al(0.2)Ga(0.8)N / GaN / Al{0.2)Ga(0.8)N RTD AI{0.2)Ga(0.8)N / GaN / Al(0.2)Ga(0.8)N RTD
‘Conduction Band Energy at V = OV Conduction Band Energy at V = 0.48V (near peak)
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Figure 3.7: Conduction Band Energy when V = 0V Figure 3.8: Conduction Band Energy when V = 0.48V (near peak)
Al(0.2)Ga(0.8)N / GaN / Al(0.2)Ga(0.8)N RTD : i Al{0.2)Ga(0.8)N / GaN / Al(0.2)Ga(0.8)N RTD
G Band Energy at V = 0.6V (near Valley) o Band Energy at V = 1.0V (beyond Valley)
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Figure 3.9: Conduction Band Energy when V = 0.6V (near valley) Figure 3.10: Conduction Band Energy when V = 1.0V (beyond valley)
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3.3. Current Variation with Al concentration

Following the study of Collector current characteristics of an Alp2GaosN/ GaN / Alp>GaosN resonant
tunnelling diode, the Current-Voltage characteristics of AlGaN /GaN RTDs with different
concentrations of Al were compared. Figure 3.11 gives the corresponding result. As expected, with
increase in Al concentration, corresponding bandgap of AlGaN increased, which means greater barrier
height. As a result, current values decreased considerably and peaks were obtained at higher
potentials because incident electrons now needed more energy to reach the quasi-bound energy
levels. We also observed anincrease in PVR with increase in Al conc. Polarization charge also increased
due to increase in piezoelectric charges resulting from an increased lattice mismatch.

Caollector Gurrent variation with Al conc
AlGaN/GaN/AlGaN RTD

Collector Current (A}

:

;
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ks 7 Noonc=08

0.0015

Colector Current (A)

=
g

.

=

LI I | L | LI N B B S I B | L | L |
o 0.2 0.4 06 08 1 12 14

Colector Voltage ()

Figure 3.11: Collector Current Variation with Al Conc

3.4. Current Variation with Barrier Width

Figure 3.12 shows the effect of barrier width on the collector-current of Alp2GaosN/ GaN / Alo,GaosN
resonant tunnelling diode. We notice that with increase in barrier width, current decreases. This is
primarily because with increase in barrier width, incident electrons encounter increased resistance.
Hence they are more likely to be reflected back or absorbed than transmitted. PVR remains almost
constant. Energy of quasi-bound levels remain more or less constant, hence, we do not notice much
deviation of the voltage at which resonance is achieved.
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Figure 3.12: Collector Current Variation with Barrier Width

3.5. Current Variation with Well Width

Variation of Collector Current in an Alp2GaosN/ GaN / Alo>GaosN resonant tunnelling diode with well
width was also studied. The corresponding graph is shown in Figure 3.13. We observe that with
increase in well width, collector current decreases. This is because with increase in well width, the
energy of the electron wave decreases due to increase in propagation distance. A decrease in potential
at which resonance occurs is also observed, primarily because increase in well width results in

decrease in the quasi-bound energy levels. PVR remains more or less constant.

Collector Current (A)

‘Collector-Gurrent Wariation width Well Width
Al[0.2)Ga(0.8)N / GaN / Al{0.2)Ga(0.8)N RTD

Collector Current (A)

T wellwidth = 1.25 nm
well width = 1.50 nm
well width = 1.75 nm
well width = 2.00 nm

0 02 0.4 0.6 0.8 1 12 14

Collector Voltage (V)

Figure 3.13: Collector Current Variation with Well Width
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Chapter 4 : AliInN / GaN / AlInN Resonant Tunneling Diode

As discussed in Chapter 3, the lattice mismatch and strain between AlGaN and GaN layers in AlGaN /
GaN RTDs gives rise to the much undesired piezoelectric polarization charges across the interfaces
which eventually degrades the performance of RTD by providing asymmetric current voltage
characteristics. Therefore, in order to get a reliable, reproducible Negative differential region as well
as symmetric current-voltage characteristics, it is absolutely necessary to use a material which would
minimise lattice mismatch and hence reduce strain, thereby reducing piezoelectric polarization
charges. Alogslno.17N alloy which have lattice constant = 3.187 A [19], is thereby lattice-matched with
GaN (lattice constant = 3.190 A [19]), and thus has spontaneous polarization larger than total of
spontaneous and piezoelectric polarization in typical AlGaN / GaN heterostructure. This large
polarization discontinuity between AlInN and GaN, which results in a higher 2DEG charge density at
the interface, and the lack of strain in AlInN reduces device degradation processes and lead to better
structure and reliability.

4.1. Matlab Simulation

The current — voltage relation of an AlinN / GaN / AlInN resonant tunnelling diode using the transfer
matrix method described in Chapter 2. The barriers and wells in all applied field calculations were
divided into 30 divisions, which should be enough when the barriers and wells are simply trapezoid.

For calculations, a double barrier field structure comprised of Alggslno17N / GaN / Alosslng17N was
considered. The width of each barrier was considered to be 1.50nm and each well was assumed to be
of 1.25nm in width. The tunnelling diode was assumed to be grown on a GaN substrate which had a
uniform n-type doping of 3.0e19/m?3.

Upon calculations, we obtained a Fermi Energy of Ef= 0.29 eV with respect to the conduction band
energy of GaN. The electron effective mass of used for GaN was 0.20 me [13]. The Energy band gap of
GaN was assumed to 3.42 eV and that of Alg s3lno.17N was calculated to be 4.02 eV [10]. This, along with
valence band offset of 0.2 eV gave the barrier height equal to 0.40 eV.

To obtain the graphs the transmission coefficients were calculated for energies between 0.0006 eV
and Ef using 1000 points in the interval. This was done for all potentials varying from 0 to 1.5 V using
250 points in this interval. The calculated current is in arbitrary units, therefore the graph doesn’t give
any information about the actual current, but only the current-voltage relation for the diode. In the
calculation, it has been assumed that the potential drop across the well and the barrier is linear. The
graph is plotted on logarithmic scale.

To calculate the value of current, summation was carried on instead of performing integration.

Figure 4.1 shows the current as a function of applied voltage. The important feature to note in this
figure is that the current is peaked at a certain voltage. This is where resonance occurs. The region
that follows is where the negative differential resistance (NDR) occurs, the current drops when the
applied voltage increases. The negative difference region is where the Fermi level has crossed the
energy of one of the quasi-bound states in the well.
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Figure 4.1: Current — Voltage Relation of AllnN/GaN RTD

4.2.Simulation on ATLAS

After having performed simulation of Alogslng17N / GaN / Alosslng.17N on Matlab and understanding
the nature of the current- voltage relation, simulation was performed on a device simulator platform

ATLAS, for obtaining more realistic current values.

An Alosslng17N / GaN / Algsslng.17N resonant tunnelling diode structure was created with barrier width
of 1.50 nm, and well width of 1.25 nm. This was grown on a GaN substrate of 502nm width. Another
GaN layer of width 302 nm was grown on the tunnelling diode. A layer of GaN of width 2nm was kept
as spacer on either side of the tunnelling diode. The rest of the GaN substrate was doped with n-type
atoms with concentration 3.0e19/m?3. The alignment for conduction band offset was kept at 0.67 (as
reported in section 4.1). Figures 4.2 — 4.5 show the structural properties of the RTD created.
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Figure 4.2: Overall Structure of AlinN/GaN RTD

Figure 4.3: A Zoomed-in view near the RTD region
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As already discussed previously, AlinN being a member of IlI-V heterostructure family, it shows
prominent polarization effects. However, Algsslng17N being lattice-matched to GaN, piezoelectric
polarization charges which results from strain in lattice, becomes negligible. However the
spontaneous polarization charge becomes very significant.

Hence, A polarization induced sheet charge density = 2.69e13 cm™ was calculated [19] and added to
the AllInN/GaN interfaces to take into account effects due to both polarization and spontaneous
charges. The value of polar.scale was set to 0.1 to necessitate proper band bending due to polarization
charges. The potential across the collector and the emitter was then varied from 0 to 1.4 V and its
effect on the collector current was observed. Figure 4.6 gives the corresponding current- value graph.
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Figure 4.6: I-V curve of AlinN / GaN / AlInN
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Electron Vols

From the graph, we notice that current reaches a maximum value of 0.3mA at around 0.5V. It then
keeps on decreasing till it reaches a minimum value of around 0.1 mA at around 0.7V. Thus we see
that a prominent Negative Differential Region is formed. Beyond the valley, one of the barriers now
lie completely below the Fermi Level. Hence, the incident electron reflects only from one barrier and
current keeps on increasing. However after a certain voltage, energy of the incident electron becomes
more than the barrier height. Beyond this, current keeps on increasing primarily because of thermionic
emission.

The devised RTD also gives us a PVR of 3.

Figures 4.7 — 4.10 depicts the band diagrams when different potentials are applied across the RTD.
The bending of the band is caused by the introduction of polarization charges across the AllnN/GaN
interfaces.
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Figure 4.7: Conduction Band Energy when V = 0V
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Figure 4.8: Conduction Band Energy when V = 0.48V (near peak)
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Figure 4.10: Conduction Band Energy when V = 1.3V (beyond valley)
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4 3. Current Variation with Barrier Width

Figure 4.11 shows the effect of barrier width on the collector-current of Al sslne.17N/ GaN / Alogslng.17N
resonant tunnelling diode. We notice that with increase in barrier width, current decreases. This is
primarily because with increase in barrier width, incident electrons encounter increased resistance.
Hence they are more likely to be reflected back or absorbed than transmitted. PVR remains almost
constant. Energy of quasi-bound levels remain more or less constant, hence, we do not notice much
deviation of the voltage at which resonance is achieved.

Coliector Current (A)

0.0008

0.0007

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

GCollector - Gurrent Variation with Barrier Width
In(0.17)AI(0.83)N / GaN / In(0.17)AI(0.83)N RTD

Gollector Current (A)

= . barrier width =150 nm
barrier width =1.75 nm
barrier width =2.00 nm

LI N Sy I S N B Y (N N N B N S (A B B N B B B |
o 02 04 08 08 1 12 14

Collector Voltage (V)

Figure 4.11: Collector Current Variation with barrier width

4.4. Current Variation with Well Width

Variation of Collector Current in an Alogslne.17N/ GaN / Alogslne 17N resonant tunnelling diode with well
width was also studied. The corresponding graph is shown in Figure 4.12. We observe that with
increase in well width, collector current decreases. This is because with increase in well width, the
energy of the electron wave decreases due to increase in propagation distance. A decrease in potential
at which resonance occurs is also observed, primarily because increase in well width results in
decrease in the quasi-bound energy levels. However, the PVR remains more or less constant.
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Figure 4.12: Collector Current Variation with Well Width.
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Conclusion

We observe that in case of AlGaN/ GaN RTDs, current — voltage characteristics deteriorates and loses
its symmetry as concentration of Al in the ternary compound rises. The negative differential region is
also observed to become less reliable and less stable. This is primarily because, with increase in Al
concentration, lattice constants of the ternary compounds increases. This leads to an increased lattice
mismatch with the GaN substrate. As a result, strain is developed at the AlGaN / GaN interface
resulting in increased amounts of piezoelectric polarization charges, which thus degrades the
performance of RTDs by asymmetric current- voltage characteristics. Therefore, reducing the Al conc
(0.2) during growth process is expected to give better current- voltage characteristics.

The Algsslng 17N ternary alloy on the other hand has lattice constants almost equal to those of the GaN
substrate. Due to lattice matching, strain is greatly reduced across the interface, hence piezoelectric
polarization charge becomes negligible. However, its spontaneous charge becomes more that the
total polarization charge in Alp2GaosN / GaN RTD. This means a higher 2DEG density at interfaces. As
a result of both these effects, device degradation is significantly reduced, current-voltage
characteristics become more symmetric and NDR becomes more stable and reliable.

If we compare both AlInN and AlGaN current characteristics (Figure 4.6 and Figure 3.6 respectively),
we notice that current in AlInN has a prominent NDR region with a high PVR of 3 compared to AlGaN
which has a PVR of 1.2. Peak Current is observed at 0.48V for both AlInN and AlGaN, whereas Valley
Current is observed at 0.6V for AlIGaN and 0.7V for AlInN. These imply that NDR in AlinN is more stable
than in AlGaN. A lower current value is also observed for AlInN, which is attributed to the higher
conduction band offset and increase in 2DEG charge densities at interfaces. However it is not of much
significance since AlInN leads to a more symmetric current-voltage characteristic compared to AlGaN
as is visible from the graphs.
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