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ABSTRACT

Cho, Woo-Suhl. M.S.E.C.E., Purdue University, August 2011. Investigation of homo-
junction InGaAs band-to-band tunneling diodes. Major Professor: Gerhard Klimeck.

Band-to-band tunneling transistors (TFETs) are very promising devices to replace
the conventional MOSFETs at the end of the semiconductor road map and to reduce the
power consumption of integrated circuits due to their less than 60 mV/dec subthreshold
swing. By investigating band-to-band tunneling (BTBT) diodes with a vertically grown
p-n interface, it is possible to test the tunneling properties of a given material and its
potential as TFETsS.

Homo-junction InGaAs p-n tunneling diodes lattice matched to InP were
investigated using a full-band and atomistic quantum transport approach based on the
tight-binding model and the Non-equilibrium Green’s Function (NEGF) formalism.
Experimental devices fabricated at Penn State University and at Notre Dame University
were considered.

A careful investigation of the available experimental data, especially the turn-on of
the thermionic diode current suggested that band gap narrowing (BGN) plays an
important role in heavily-doped BTBT diodes. Hence, this effect is included in the tight-
binding model by altering its parameters according to the Jain-Roulston model, which
calculates conduction and valence band shifts of n- and p- side of the diodes as function
of doping concentration. BGN is then taken into account in the quantum transport
simulations, and its effect on the current-voltage characteristics of the considered devices
is analyzed. A good agreement with the available experimental data is obtained, both in
the Zener and in the NDR side of the diodes. Future inclusions of electron-phonon
scattering will help improve the remaining discrepancy between the experimental and

simulation results in the valley current region.



1. INTRODUCTION

1.1. Moore’s Law and Downscaling of MOSFETSs

The Moore’s law states that the number of transistors on an integrated circuit (IC)

doubles about every two years. This has been continued due to the downscaling of Metal-

oxide-semiconductor field-effect transistors (MOSFETs) and development of CMOS

technology that lead to the performance improvement and cost reduction of transistors.
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Fig. 1.1 (a) The transistor counts from 1971 to 2008 followed by Moore’s law [1] (b) The

decrease of transistor dimensions corresponding to (a) [2]

Fig. 1.1 shows that the number of transistors has been increased followed by

Moore’s law, and the transistor dimensions have been decreased accordingly. However,

the downscaling of MOSFETs has lead to a drastic increase of their power consumption

and an unmanageable heat generation due to sub-threshold leakage currents and a non-

scalable supply voltage.
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Fig. 1.2 (a) The increase of sub-threshold leakage power as the size of CMOS decreases
(b) The sub-threshold leakage power as a percentage of total power [3]

Fig. 1.2 shows that sub-threshold leakage power keeps increasing and taking the
large portion of the total power as the CMOS dimensions are reduced. Since the number
of transistors per chip increases followed by Moore’s law, the leakage power also grows
accordingly. Therefore, for the further continuation of Moore’s law, the power
consumption of transistors should be reduced while the transistor performance must keep

increasing.

1.2. Limitations of MOSFET Scaling
The leakage power follows the equation,

P=1,V, (1.1)

where Vpp is a supply voltage, which must decrease to reduce the leakage power. To get
high on-current and maintain high performance, the threshold voltage (Vr) also should
decrease, which in turn exponentially increases the leakage current by following

equations. Therefore, the downscaling of supply voltage is limited.

Loy <V, =V, 1S <2 (1.2)
Vi 1.3
Lopp o< e % ()

However, in equation 1.3, there is another factor, which can affect the leakage

current: SS called sub-threshold swing.
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The reduction of SS will decrease leakage current but this value is constrained by the
physical limit of 60mV/decade. In MOSFETs, the current flows by diffusion of carriers
over the source potential barrier controlled by gate, and the carrier concentration has an

exponential function of energy. Fig. 1.3 illustrates this exponential sub-threshold

characteristic.

log(ly) 4
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|
> 60mV,
slope /dec
lorr
D } >V,
Vs
(a) (b)

Fig. 1.3 (a) Exponential distribution of hot carriers (b) I4 vs. V, curve for ntMOSFET

1.3. Need for the New Device

Over the past twenty years, the development of CMOS technology has led to the
downscaling of MOSFETs and therefore the increased packaging density. However, this
improvement also has yielded the increase of power dissipation and heat generation in IC
modules. Since energy efficiency is one of the biggest issues in the 21* century,

transistors that can help reduce the power consumption of IC are highly desirable.
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Fig. 1.4 Module heat flux trend for last fifty years [4]

Fig. 1.4 shows the module heat flux trend for last fifty years. During this time, BJTs
(Bipolar Junction Transistors) are replaced by MOSFETs in order to limit the magnitude
of the heat generation in a chip. However, CMOS technology no longer offers the power
savings, and has reached the maximum power dissipation level that BJT had. Therefore,
to continue the Moore’s law, a shift of device technology is required.

Band-to-band tunneling (BTBT) field-effect transistors (TFETs), due to the injection
of cold electrons through a potential barrier as described in the Fig. 1.5, can exhibit SS
below the kT/q limit of MOSFETs. Therefore, TFETs represent an attractive alternative

to MOSFETs towards low voltage operations and power consumption.



Fig. 1.5 Carrier transport through the barrier in BTBT FETs

1.4. Research Objective and Outlines

Fig. 1.6 shows the basic lateral PIN structure of a TFET, and its turn-on mechanism.
The applied gate bias causes the bend bending by modulating the electrical fields in the
channel. At the sufficient band bending, the distance between the valence and
conductions bands is short enough to allow the quantum mechanical tunneling of

electrons.

Gate oxide

Buried Oxide

(2)

No Gate Bias: OFF STATE
Positive gate bias: ON STATE

\3
Source \\

\
< .

(b)
Fig. 1.6 (a) The structure of a lateral PIN TFET (b) A band diagram illustrating the turn-

on of the device by band-to-band tunneling of electrons



However, a sharp source-channel interface and an excellent channel electrostatic
control through the gate contact are two key issues in TFETSs to obtain a high ON-current
and a low SS. These two properties are rather difficult to obtain, especially in lateral p-i-n
structures where the source contact is often etched away and regrown. Contrary to lateral
TFETs, BTBT diodes with a vertically grown p-n interface can be easily fabricated and
offer a very good opportunity to test the tunneling properties of a given material and its
potential as a tunneling transistor.

A thorough investigation of the underlying physics of BTBT diodes will help
understanding the TFET operation, and assist the analysis of TFET design. Therefore, in
this thesis, homogeneous InGaAs p-n tunneling diodes lattice matched to InP is
investigated using a full-band and atomistic quantum transport approach based on the
tight-binding model. This thesis also presents the necessary high doping effects such as
band gap narrowing, and the physical phenomena such as excess current, which affect the
performance of the device. The physical based device simulator OMEN is used to
illustrate the effectiveness of theses approaches, and the simulation results are compared
to experimental data of Penn State University and Notre Dame University where
possible.

The remainder of the thesis is composed of three chapters. In chapter 2, the basic
concepts of a BTBT diode and its current-voltage characteristics are described. The basic
physics and calculation method of band gap narrowing is presented in chapter 3, and the
results obtained by simulation are compared with experiment data and discussed in
chapter 4. In chapter 5, the conclusion and future plan for the research are briefly

introduced.



2. BAND-TO-BAND TUNNELING DIODES

2.1. Introduction

A Band-to-band tunneling (BTBT) diode, also referred as an Esaki diode, is the
semiconductor device based on quantum mechanical tunneling. Due to the wave nature of
carriers, they can leak through the energy barrier of higher energy.

A BTBT diode consists of degenerate p'-n' layers with very high impurity

concentrations in both sides and a sharp transition at the junction.

Fig. 2.1 Schematic energy band diagram of a BTBT diode in thermal equilibrium

Fig. 2.1 shows the schematic energy band diagram of a BTBT diode at zero bias, and
the direction of carrier flow represented by a red arrow. Fermi levels (Egp, Epn) are
located within the allowed bands due to the heavy dopings, and the amount of degeneracy
(Vy’, Vi) is typically a few kT/q. Depletion layer width is typically less than 10 nm,

which is considerably narrower than the conventional p-n junction. [5]



A BTBT diode has a very short transit time due to the tunneling of majority carriers
while traditional transistors and diodes have slow transit time, which depends on the
diffusion velocity of minority carriers. Therefore, a BTBT diode is capable of very fast
operation because current changes rapidly with the voltage change. With this possibility
of operation at very high frequencies, a BTBT diode can be used as an oscillator and a
high-frequency threshold (trigger) device. However, a BTBT diode has been replaced by
other semiconductor devices because it is difficult to fabricate due to its abrupt and high
doping profiles. Also, semiconductor devices such as a Gunn diode and an IMPATT
diode have surpassed its performance, and for many purposes, a three-terminal device,
such as a field-effect transistor, is more flexible than a device with only two terminals.[5]
Yet, investigating the properties of a BTBT diode is still important to test the
fundamental tunneling properties of a given material and its potential as a tunneling
transistor.

It 1s important to review the underlying physics of the device to understand the
implications of modeling and analysis of the device performance. Therefore, in this

chapter, the basic physics and behavior of a BTBT diode will be introduced.

2.2. Basic Physics of Tunneling

In classical physics, the electrons cannot pass the potential energy barrier unless they
have the energy higher than the barrier. However, in quantum mechanics, electrons are
described by the wavefunctions, and the attenuation wave with an imaginary k value
represents the electrons in the barrier. Therefore, the electrons with the energy lower than
the barrier can tunnel through the barrier as described in Fig. 2.2 with the finite tunneling

probability, which is expressed as [6]

_ 2.1
Rzléffg;f_ﬁexp(_zw /;_T(U_m] e

The above equation shows that the height and the width of the potential barrier as
well as electron mass are key parameters, which determine the tunneling probability.
There is more possibility of tunneling for the narrower and smaller energy barrier, and
lighter electrons. This relationship can be applied to any shape of potential barrier

problem.
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Fig. 2.2 (a) Semi-classical, and (b) quantum mechanical descriptions of the electrons
movement when they face the energy barrier

For BTBT, the electrons tunnel through the triangular shaped energy barrier from

valence band to conduction band as shown in Fig. 2.3. Since these electrons have very
low energy, BTBT is not affected by the thermal distribution of carriers, which limits SS.

This inter-band tunneling has a finite probability when the electric field in a

semiconductor is sufficiently high, on the order of 10°V/cm.

Fig. 2.3 Triangular shaped energy barrier and tunneling of carriers in a BTBT diode
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The BTBT probability for direct tunneling through the triangular barrier with
uniform field, €, can be calculated using WKB (Wentzel-Kramers-Brillouin)

approximation [7]:

a\2m B 2.2)

e Iy

In the equation, all kinetic energies are assumed to be in the direction of tunneling.
High tunneling probability is expected for small effective mass and small band gap
energy. Large electric field will also lead to high tunneling probability as it causes the

sharp junction with a narrower barrier width.

2.3. Current-Voltage Characteristics

In a conventional p-n diode, the device is conducted when the junction is forward
biased (where p-side has positive bias with respect to n-side), and the current is blocked
at the reverse biases up to the breakdown voltage where large current, which usually
destroy the device starts to flow. On the contrary, a BTBT diode can be conducted under
reverse bias where the breakdown voltage is zero due to the heavy doping of the device.
However, when forward biased, an odd effect called negative differential resistance
(NDR) occurs where the forward current decreases with the increase of the voltage. NDR
implies that the amount of tunneling current in a BTBT diode depends on the size of a
tunneling window, which is the energy range where the available energy state on one side
and the empty states on the other side of the diode overlap. These current-voltage

characteristics of a BTBT diode are illustrated in Fig. 2.4.
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Ve
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Fig. 2.4 Static current-voltage characteristics of a BTBT diode including its three current
components, and the corresponding energy band diagrams

There is a monotonically increasing tunneling current in reverse-direction while the
forward-biased current consists of the three components: band-to-band tunneling current,
excess current, and thermionic current (also referred as diffusion or thermal current).[8]
In Fig. 2.4, each energy band diagram shows the current dependence on the band
alignment; (a) When a reverse bias is applied, there are filled states on the p-side and
unoccupied states on the n-side. Then, electrons in the p-type valence band can tunnel
into the n-type conduction band. The increase of a reverse voltage gives a wider
tunneling window, and therefore monotonically increasing tunneling current. (b) For a
forward-biased device, on the other hand, the forward current flows due to the inter-band
tunneling of electrons from the n-side to the p-side until the bands are uncrossed. The
peak current (Ip), the maximum forward tunneling current, flows when the tunneling
window is maximized where the most of the electrons in the n-side and most of available

states in the p-side have the same energy and are right opposite to each other. (c) At the
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point where the bands are uncrossed (V=V,’+V,’), the bottom of the n-type conduction
band (E¢) and the top of the p-type valence band (Ev) are aligned at the same energy, and
tunneling current cannot flow any more since there are no empty states opposite to the
filled states. However, the valley current (Iy), the minimum forward current, has a non-
zero value due to the excess current. An excess current flows due to the tunneling of
electrons through the gap states. (d) With the further forward voltage increase, the excess
current and normal thermionic currents are dominated, and current increases

exponentially with the voltage.

2.3.1. Tunneling Current

Tunneling current is a major current component of a BTBT diode at both of the
reverse and the low forward biases. In these bias ranges, the inter-band tunneling of
electrons between conduction and valence bands occurs when the certain conditions are
met: (1) There are occupied energy states on the one side. (2) There are empty states on
the opposite side at the same energy levels with the filled states that electrons can tunnel
through. (3) The potential barrier has a low height and a small width that there is a finite
tunneling probability of electrons. (4) The momentum is conserved in the tunneling
process.[9]

From the condition (4), we can expect that there are two ways to conserve the
momentum in tunneling processes: direct and indirect tunneling. Direct tunneling occurs
when the electrons tunnel from the conduction band minimum (E,) to the valence band
maximum (E,) without changing momentum in k-space. Therefore, it can happen in the
direct semiconductors where E. and E, have the same k-value (I'-point). Direct tunneling
also could be placed in indirect semiconductor if there is sufficiently large applied
voltage that electrons can tunnel from higher conduction band valley to E,. In indirect
semiconductor, on the other hand, indirect tunneling also can occur. In this case, there
should be scattering processes by phonons or impurities to conserve the momentum. In
general, the indirect tunneling has much lower probability than the direct tunneling when
both of the tunneling processes are possible.[10]

The tunneling current under forward bias can be calculated from the equation

2.3.[11]
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I,=C J [F.(E)—F,(E)IPN.(E)N,(E)dE (2.3)

C is a constant, Fc(E) and Fy(E) are the Fermi-Dirac distribution functions, and
Nc(E) and Ny(E) are the density of states in the conduction and valence bands,
respectively. However, it is difficult to get an analytical solution of the equation 2.3.
Instead, the following empirical formula can be used to calculate tunneling current under

forward bias.[9]

1 2.4
1 =2 exp1- 1) @4
v, v,
where
V'+Vv'! 2.5
AL (2.5)

3
The equations show that at the higher doping where V,” and V,’ increase, the peak

voltage (Vp) shifts to a higher value and the tunneling current (I;) increases.

2.3.2. Excess Current

A high BTBT current flows across the junction at low forward biases. In an ideal
BTBT diode, this tunneling current decreases to zero when the applied forward voltage
exceed V,’+V,’, where the energy bands are uncrossed. Therefore, for sufficiently high
biases, energy-conserving inter-band tunneling of electrons are no longer possible and
only the normal diode current should flow by forward injection of minority carriers.
However, in practice, the current between such biases is unexpectedly in excess of the
normal diode current. This current is called the excess current.[12]

There are two possible mechanisms leading to excess current. In the first case where
gap states are ignored, electrons should dissipate their energy during the tunneling by
emitting photons, phonons, plasmons, or in Auger processes. Kane[13] considered these
hypotheses in a theoretical point of view, and concluded that theses effects are too small
to explain the excess currents. Kane also suggested the other possible mechanism as a
source of excess current, which is originally suggested by Yajima and Esaki[14]: the
most excess currents are associated with the tunneling of carriers via energy states in the

forbidden gap, which are mostly originated from the band edge tails. In a heavily doped
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semiconductor, the random distribution of charged impurities cause potential fluctuations
of the band edges, which result in the tailed off density of states into the forbidden gap as
illustrated in Fig. 2.5[15]. Also, these localized energy states in the forbidden gap can be
introduced during the junction fabrication process, or by imperfection such as

dislocations.[13]

E A

Conduction

band .
Ec
Tail states
EV k LS X
E Valence A\
I band ‘\
X >
Ppos(E)

Fig. 2.5 Spatial fluctuation of band edges due to the random distribution of impurities,
and band edge tails in a heavily doped semiconductors[15]

Chynoweth et al. [12] suggested the possible mechanism of excess current based on

the suggestion of Esaki, and explained the exponential nature of this current.

$aV,’ Een
A

N* E,
v EV

Fig. 2.6 Tunneling mechanisms via states in the forbidden gap in the excess current bias
range[12]
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Fig. 2.6 illustrates some possible routes of electrons from the states in the n-type
conduction band (C) to the p-type valence band (V) in the forward bias range where the
excess current is dominant. The states A and B represent the local energy levels in the
forbidden gap, which are most likely tails of acceptor levels and donor levels extending
to the forbidden gap, respectively. An electron at C can drop down to an empty level at B,
then directly tunnel to V. Similarly, an electron also can tunnel from C to another local
state A from which it then drops down to V. Another possible route is CABV where an
electron dissipates its excess energy at the impurity-band conduction between A and B.
For the last, there can be staircase route from C to V. This is a series of tunneling and
energy-loss processes of an electron between local levels, and possible when there are
sufficiently high numbers of energy states in the forbidden gap. The route CBV is
regarded as the basic mechanism.

Based on this basic mechanism, the excess current is proposed with the following
equation.[12]

In/, =InC, +InD, -C,{E,—qV +q(V,'+V, "} (2.6)

C; and C; are constants, and Dy is the volume density of the occupied levels at B
above E,. The equation predicts the exponential increase of the excess current with the

applied forward bias where gV < E, and can be rewritten in the form of
In/ =Inl +C,(V-V)) (2.7)
where Cs is a constant, and I, and V, are the current and the voltage at the valley.[14]

Excess current is observed at the current range between the valley (I,) and the thermionic

current where the bias exceeds half the band gap.

2.3.3. Thermionic Current

At large forward biases, the familiar thermionic current by a flow of minority
carriers over the junction barrier is dominant. This current is normal forward diode
current, which follows the rectifier equation,

\% 2.8
I,= Io[expg’k—T)— 1] (2.8)

where Iy is a saturation current, and 1 < a <2 in most common cases.
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2.3.4. Summary
The complete static current-voltage equation for a BTBT diode under forward bias
can be expressed as

(2.9)

LV v av
I:It+1x+1d:"; exp[l—v—}+Ivexp[C3(V—Vv)]+IO[eXp(k—T)—l}

P P

Each current component dominates in different bias range. The tunneling current (1)
and thermionic or diffusion current (I4) are dominant at the voltage below and above V,,
respectively. The excess current, Iy, has a significant contribution at the voltages around
V.. [17]

Since the maximum forward current (I,) is a part of the tunneling current, it depends
on the junction abruptness, while the minimum forward current (I,) depends on the
distribution and concentration of energy levels in the forbidden gap. Therefore, high
peak-to-valley ratio I;/I, can be obtained by planar processes such as MBE and MOCVD.
These techniques yield higher and sharper doping profiles for higher I, as well as lower
defect densities for lower 1. [18]

Both of the excess and thermionic currents have an exponential I-V characteristic,
but they can be distinguished from each other by their different dependence on
temperature. The excess current is nearly temperature-independent, and therefore can be
clearly seen in the low temperature characteristics. In some diodes with very low excess
current, the exponential increase of excess current can be found at the voltages just below

the onset of the thermionic current, or is not observed at all. [19]
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3. BAND GAP NARROWING EFFECT

3.1. Basic Concepts of Band Gap Narrowing Effect

The band gap energy of semiconductors is one very important parameter in the
modeling of device properties since it determines the electrical and optical behaviors of
the devices. From the equation 2.2 in chapter 2, it is clear that the band gap of the
material plays a significant role in BTBT current. At heavily-doped semiconductors,
typically with the doping levels above 10'%/cm’ for most III-V semiconductors, the
density of energy states depends on the impurity concentrations. The impurity states
overlap and form an impurity band as shown in Fig. 3.1. Also, the random distribution of
impurities causes the potential fluctuation of the band edges, and impurity states tails into
the forbidden gap as described in Fig. 2.5 in chapter 2.3.2.[20] As the result of the
broadening of impurity band and the formation of band tails into the forbidden gap, the
band gap energy decreases as much as 200meV with the increase of impurity

concentration.[21] This effect is usually referred to as band gap narrowing (BGN).

E 4

Donor Impurity
Band

EC
AES =~ /

EV //

L 4

Fig. 3.1 The donor impurity band formation in a heavily doped n-type semiconductor for
the ordered (solid line), and randomly distributed (dashed line) impurities[20]
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The many-body interactions provide more reasonable explanation on the causes of
the BGN. Due to the interaction energy between free carriers and between free carriers
and ionized impurities, the conduction band edge can be lowered or the valence band
edge can be raised. The main energy contributions in n- and p-type semiconductors are
[22]: (1) Electron-electron interaction. The spin interaction energy and the Coulombic
interaction result in a net attractive energy and a decrease in the conduction band edge.
(2) Electron-donor interaction is attractive and leads to lowering of the conduction band
edge. (3) Hole-hole interaction. The spin interaction energy and the Coulombic
interaction result in a net attractive energy and an increase in the valence band edge. (4)
Hole-acceptor interations is attractive and leads to an increase of the valence band edge.
(5) Electron-hole interaction in highly excited semiconductors. Such interactions result in
a net band gap reduction and become important at small carrier-to-carrier distances.
Therefore, BGN occurs in heavily-doped semiconductors as well as in undoped, but
highly excited semiconductors with high free carrier concentrations.[22]

In BTBT diodes, current mainly flows through the p-n junction either by tunneling or
thermionic emission, and depends on the size of energy barrier. BGN disturbs this energy
barrier by altering the distribution of energy between conduction and valence bands.
Therefore, BGN should be considered in such a device where both sides of layers are
heavily-doped, since it significantly influences current through the junction and the

device performance.

3.2. Calculation of Band Gap Narrowing

3.2.1. Introduction

There have been a number of theories based on various approaches about calculation
of BGN. Classical theories based on Thomas Fermi screening do not predict the BGN
correctly, and a quantum mechanical description is required. Mahan[23] wrote a
theoretical paper based on the many-body theory, in which he postulated five possible
energy contributions for the band shifts, and calculated the BGN in n-Si and n-Ge as a
function of impurity concentration. Berggren and Sernelius[24] suggested physically

more accurate model for the band shifts based on second order perturbation theory and
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Random Phase Approximation (RPA) calculations for screening. There is another
approach to calculate band shifts known as Plasmon Pole Approximation (PPA)[25, 26],
which simplifies the complex calculation of RPA. These methods provide physically
accurate, but very complex numerical calculations, which is not suitable for device
simulation.

Therefore, many commercial device simulators calculate BGN by the simple
empirical logarithmic models of Slotboom[21] and del Alamo[27] or usually ignore this
effect. However, these models do not have any physical meaning, and they need
experimental fitting parameters. Also, due to the lack of the experiment data of BGN of
materials other than Si, Ge, and GaAs, they cannot provide the correct calculation for
other materials. Additionally, in most cases in calculating BGN, it is considered that the
whole band gap reduction occurs only in the majority carrier band or is split evenly
between both bands. However, since the partitioning of the total BGN between the
valence and conduction bands determines the form and size of energy barrier, this
approach can lead to incorrect results. Therefore, a general phenomenological expression,
which is capable of calculating each band shift separately as a function of doping

concentration for all material is needed.

3.2.2. Compact Model of Band Gap Narrowing Based on Many-body Effects[28-30]

Jain and Roulston suggested a closed form analytical expression for BGN based on
Mahan’s approach. Theoretically, their approach is less rigorous than full RPA
calculation but useful for CAD analysis in that it is in a very simple form and capable of
calculating band shifts in major and minor bands separately for all materials.

In their theory, the equations for band shifts are derived by identifying the 4
contributions to BGN: shift of the majority band edge due to exchange energy (AEcx(maj) ),
correlation energy shift of the minority band edge (AEcormino) ), and carrier-impurity
interaction shifts of the two band edges (AEiimaj) » and AEinmino) ). The shifts AEcxmaj)
and AEcor(mino) are called many-body shifts, and the total BGN (AE,) can be obtained by
adding all these shifts.

AE, = AE +AE + AE, +AE

ex(maj) cor(mino) int(mayj) int(mino) (3 . 1 )
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Adding all these energy contributions, Jain and Roulston obtained a simple
expression for the BGN applicable to all semiconductors as a function of doping
concentration (N). Also, there are no fitting parameters in this equation, and the BGN is
only the function of R and r;, which depend on the material parameters such as the

effective masses of carriers and dielectric constant.

AE A1 O. R._.. . 157 3.2
£=183—5—+ 395+[1+ )] 53 (-2
R Nbé T rYA R Nhrvé

Here, R and Rmino) are the effective Rydberg energy for majority and minority bands,
respectively, and 1 is the average distance between majority carriers, normalized to the

effective Bohr radius.

m'e’ (3.3)
R=——[eV
8£2h2[ |
n/l;kmino)e3 (3 4)
R(mino) = 882h2 [eV]
r = 1A (3.5)
oa
where
3 JA (3.6)
r =| ——
¢ (47:N]
Ameh® (3.7)
a=—
me

e is an electron charge, € is a permittivity of a semiconductor, h is a Plank constant,
Np is the number of equivalent band extrema, m* and mpi,* are majority and minority
carrier density of state effective masses, respectively. A and N, are correction factors,
which account for anisotropy of the n-type semiconductor bands, interaction between the
heavy- and light-hole bands in p-type semiconductors, and distortion due to heavy
doping. These parameters have a unity values if the bands are parabolic and isotropic. By
their assumptions, A=0.75, N,=2 for all p-type semiconductors, A=1 and the average of
the heavy hole and the light hole masses are used for mmin™ in n-type semiconductors for

the high doping range between 10'*/cm’ and 10*°/cm”. This model is successfully applied
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to n-Si, p-Si, n-Ge, p-GaAs and p-GaSb, with the results in close agreement with full
RPA calculation and the published experiment data.

The equation (3.2) can be expressed as a function of the impurity concentration (N)
where A, B, and C are the constants which can be calculated from the material

parameters.
AE, = AN”* + BN/4 + CN? (3:8)
8

This equation can be divided and rewritten into majority and minority band shifts
(AEm,j and AEniq, respectively) of the following equations where C;, C,, Cs, and Cy are

the constants.

1 1

N VA N VA (3.9)
AEmaj:Cl(lo‘gj +C2(1o_'8j
1 1

NRY/ N VA (3.10)
AE ., = CS(IO_lg) +C, (10—18)

For p-type semiconductor, the majority band shift due to an increase of E,, and the

minority band shift due to the lowering of E; are denoted by AE, and AE,, respectively.

AE 0-125( N j% 0.0084 ( N )% (3.11)
v gr 1018 (ermdh )0.5 10]8
03628m%= (N Y+ 00084m, ( N 2 (3.12)
AE“ = 1.25 18 05 15 18
£, 10 g "my,; \ 10
For n-type semiconductor, the majority and minority band shifts are AE; and AE,,
respectively.
021( N V* 00168 ( N \? (3.13)
AE“ - ( 18 j 0.5 ( 18 j
e \10 (e,m,) "\ 10
03628m" ( N Y+ 0.0084(m,, +m,)( N )2 (3.14)
M on) T e 10"

(*note: Appendix A - Band shifts by Jain-Roulston BGN model)



22

4. HOMO-JUNCTION INGAAS BAND-TO-BAND TUNNELING
DIODES

4.1. Introduction

From the previous equations in chapter 2, it is obvious that the performance of a
BTBT diode is affected by the BTBT probability, which depends on the effective mass
and band gap energy of the material exponentially. Since the smaller values of these two
material parameters increase the BTBT probability, the interest on the base material of
this device has moved from Si to Ge, and to the III-V direct semiconductor materials with
smaller band gap and effective mass, such as InAs. The parameters of theses materials as
well as the ones of Ings3Gaga7As are compared in Table 4.1. Ings53Gag47As, which is a
base material of the considered devices in this research, is also a direct III-V
semiconductor material with a relatively low electron effective mass, and a small energy
band gap. Ings53Gag 47As also offers an advantage in fabrication process in that it is lattice
matched to InP, which can be used for the substrate material. These properties make

Ing 53Gag.47As a good candidate for the tunneling device.

Table 4.1 Band gap energy and electron density of state effective mass of various
materials at 300K

Materials E,[eV] me*/mo
Si 1.12 1.08
Ge 0.67 0.55
InAs 0.35 0.023
Ing 53Gag 47As 0.75 0.041

In BTBT diodes where both sides of layers are heavily-doped, simple parabolic band

approximation is no longer available since this is only an accurate approximation near the

band edges. At highly doped semiconductors where the donor concentration (Np) and the
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acceptor concentration (N4) become comparable or greater than the conduction band
density of state (N¢) and the valence band density of state (Ny), respectively, the carrier
energy is significantly higher than the band minima, and the density of states depends on
the impurity concentration. In most commercial simulators, a simple parabolic band
model is used regardless of high Np, and Na. This yields the Fermi level, E¢, deeper into
the conduction or valence bands. Also, the industrial standard, the drift-diffusion model,
augmented by a simple tunneling model such as the WKB or Kane’s approach require
considerable user customization, and is not accurate enough to treat tunneling devices
whose behaviors are dominated by quantum mechanical effects. Therefore, in this thesis,
homogeneous Ings3Gags7As BTBT diodes are examined by a full-band and atomistic
quantum transport approach based on the tight-binding model.

This chapter examines the performance of the Ings3Gag47As BTBT diodes fabricated
in Penn State University (Case 1) and Notre Dame University (Case 2), the partners in the
MIND center. Simulations and experimental data of the devices are compared where

possible.

4.2. Methodology and Simulation Environment

Based on the fabricated Ing 53Gag47As BTBT diodes, one-dimensional structures are
constructed on numerical simulation. To investigate the I-V characteristics of the devices,
OMEN, a full-band, atomistic quantum transport simulator based on the tight-binding
model and the Non-equilibrium Green’s Function (NEGF) formalism[31] is used. The
sp3d5s* tight-binding model with spin-orbit coupling is used for the ballistic simulation
at 300K.

The exact BGN at each band edge of the n- and p- sides of the diodes are calculated
as a function of their doping concentrations by Jain-Roulston model[26] since any
experimental data of Ings3Gaps7As have not been reported. Since the Jain-Roulston
model successfully interpreted experiment data of BGN for p-type III-V materials such as
GaAs and GaSbh, it is expected that their BGN parameters for p-Ings3Gag47As[28] will
reasonably estimate BGN. However, for the heavily-doped n-type III-V semiconductors,
this model seems to need some corrections.[30] This model is based on the rigid band

model that the parameters A=1, and N,=1 of n-type III-V semiconductors do not count
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the nonparabolicity and sub-bands effects of the conduction band, which cannot be
neglected at highly doped n-type III-V semiconductors. Therefore, in this thesis,
numerically fitted parameters[31] are used for n-type Ing s3Gag47As.

Since the Jain-Roulston model is a function of R and r;, which depend on effective
masses of carriers and dielectric constant of the material, the parameters of the equation
3.8 for Ings3Gap47As can be also expected to have the values between those of InAs and
GaAs. Therefore, the BGN parameters of n-Ings3Gags7As are estimated by linear
interpolation between the parameters of InAs and GaAs. For this estimation, the
published BGN parameters[30], which showed the agreement with the published
experiment data are used for n-GaAs. The BGN parameters used for InAs are extracted
from a least squares fit to the experimental data at the Np level of 2x10"/cm’ to
2x10"/em’[31].

The BGN parameters in Table A.2, and A.3 in the appendix A are used for the
calculation of total BGN of p-type and n-type Ings3GapssAs, respectively. These
parameters are recalculated into the form of the equation 3.9 and the equation 3.10 to
calculate the each band shift separately, and those new parameters for band shifts are
summarized in Table A.4 in the appendix A. Fig. 4.1 shows the calculated total BGN as

well as each band shift as a function of doping concentration for n- and p- type

Ing 53Gag 47As.
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Fig. 4.1 Calculated total BGN and band shifts as a function of doping concentration for n-
(left) and p- type (right) Ing 53Gag 47As
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In Fig. 4.1, n- and p-type Ings3Gag47As show about 200meV, and 150meV of the
total BGN, respectively, at the typical doping range of BTBT devices (10'%/cm’ to
1019/cm3). The total BGN of n-Ings3Gag47As is almost twice more than the one of p-
Ing 53Gag47As unlike Si and Ge where there is more BGN in p-type. This is mostly
because Ings3Gag47As has a single conduction valley, which reduces the parameter Ny,
and therefore the total BGN. For the both of n- and p-type Ings3Gaga7As, most BGN
occurs in the majority bands. However, in n-type material, the shift of minority band is
much smaller than the one of p-type material due to the smaller electron mass compared
to the hole mass.

The impact of BGN is implemented in the quantum transport simulation by
modifying the tight binding-parameters of Ings3Gag47As for each side of the diode. The
effective band gap, which is reduced by the amount of the total BGN is calculated for n-
and p- sides of the device. Then, from these reduced band gap values, new Indium and
Gallium compositions (1-x and x, respectively), which result in theses reduced band gap

are calculated by the equation 4.1.

E, =043x" +0.63x+0.36 (4.1)

The equation 4.1 describes the compositional dependence of the band gap of In;.
«GaxAs at I'-point at 300K. The tight-binding parameters of each side is recalculated from
their x values by linearly interpolating the parameters of InAs and GaAs and adding a
Bowing parameter. Then, by shifting the diagonal energy to the band edges of both sides,
the complete tight-binding parameters for In;.GaxAs with the reduced band gap for each

layer are obtained. Fig. 4.2 illustrates this process.

INg 55Gag 47AS BGN In,,,Ga,As-In, ,Ga,As after BGN
O R e
P+ N* 0.75eV N E . 1-x2 +><2
-y 9 P N Eg

Fig. 4.2 Illustration of including BGN effect in the simulation
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In Fig. 4.2, when BGN is applied, p- and n- sides of the diode have the different
Indium and Gallium compositions (In;x;Gax;As, and In;x2Gax,As, respectively) with the
corresponding band gaps (Eg1 and Eg, respectively) since they have different doping type
and concentration. The resulted structure in the figure is hetero-structure like, and the
spatial variation in the effective alloy concentration x mimic the band gap narrowing. All
other material parameters such as lattice constant, and dielectric constant keep the same

values with Ing 53Gag 47As.

4.3. Reproducing and Understanding Experimental Data: Case 1

4.3.1. Experimental Structure and Data

A homo-junction BTBT diode consist of InGaAs lattice matched to InP is fabricated
by the group of Suman Datta in Penn State University, a partner in the MIND center. Fig.
4.3 shows the schematic view, and measured I-V data at various temperatures of the

BTBT diode with a 600nm radius.
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=

Fig. 4.3 Schematic diagram of a fabricated Ing s3Gag47As homo-junction BTBT diode,
and measured I-V characteristics of the device

The peak current of the device measured IMA/cm®, and the experimentally

estimated series resistance value 1s 20 Q.
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4.3.2. Modeling and Simulation Approach
The red dotted region in Fig. 4.3 set as the simulation domain, and the representative

structure is shown in Fig. 4.4.

N,=8e19/cm? Np=4e19/cm3

Np=1e6/cm?3 N,=1e6/cm?3
D€ >
10nm 23nm —X

Fig. 4.4 The one-dimensional BTBT diode structure and doping profiles used in the
simulation

Fig. 4.4 represents the one-dimensional Ings3Gag.s7As BTBT diode structure
constructed in OMEN. In the simulation, 3nm intrinsic layer between p- and n-sides of
the device is ignored, and the step-junction with constant doping profiles on both sides is
used to demonstrate the abrupt transition of heavy doping at the junction.

The doping profile at the junction determines the magnitude of the electric field in
the device, and affects the amount of the tunneling currents. Fig. 4.5 shows the influence
of doping abruptness at the junction on the Zener tunneling current (reverse-biased side
tunneling current) of the device. The simulation results for a step junction and a graded
junction are compared with the experiment data. The structure with the step junction is
expected to provide more tunneling current than linearly graded junction since it has the

energy barrier with a smaller width, which yields smaller electric field.
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Fig. 4.5 The influence of p-n junction doping profiles on the Zener tunneling current

In Fig. 4.5, the series resistances are calculated in a way to match the simulation data
to the experiment data. The fitted series resistance value of the device with step junction
(13.5 Q) is closer to the experimentally estimated value of 20 Q, but still far from the
expected value. This small series resistance implies that the simulated current is smaller
than the measured Zener current, and that there should be some physical meaning of
correction to increase the tunneling current. As discussed in the previous chapters, band
gap scaling can be one possible approach to increase the diode current.

Fig. 4.6 compares the experimental data at 300K of Fig. 4.3 with the simulated
results of two different InGaAs devices under forward biases. The two simulated devices
have the same dimension and doping densities as described in Fig. 4.4, but different
compositions of Indium and Gallium. All the data in Fig. 4.6 is corrected for series

resistances matched to the Zener current.
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Fig. 4.6 The influence of small band gap on the device current under forward biases

In Fig. 4.6, the blue line shows the experimental data of Ings3Gag47As device, and
the green and red lines show the simulation data of the devices with Ings53Gag47As and
Ing 75Gag 25As, respectively. Typically, as we have seen in Fig. 4.1, heavily-doped III-V
semiconductors at the doping levels around 10'¥/cm’~10"°/cm’ have about 200meV band
gap reduction. Therefore, Ing75Gag,sAs with a band gap about 200meV less than the one
of Ings3Gag47As 1s used to anticipate the BGN effect on the device current. The device
with 75% of Indium, which has a smaller band gap, shows a good agreement with the
experimental data except for the NDR region while the simulated Ings3Gag47As diode
provides much lower forward current and onset of the thermionic current at the larger
bias. This result suggests that BGN effect plays an important role in the determination of
the current peak and the turn-on point of the thermionic current.

However, as discussed in chapter 3, BGN is a function of doping concentration and
splits into the conduction and valence bands unevenly. Therefore, each band shifts for
both of the n- and p-sides of the device should be correctly calculated to examine the
effect of BGN on the performance of the device. Fig. 4.7 illustrates each band shift
calculation using Jain-Roulston model, and Fig. 4.8 shows the importance of this
calculation. The amount of majority and minority band shifts as well as the total BGN
calculated by the Jain-Roulston model and the parameters in Table A.4 in the appendix A

are summarized in Table. 4.2.
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Fig. 4.7 The band shifts and the effect of BGN on the device

Table 4.2 Calculated band shifts and total BGN of the device at doping of
Na=8x10""/cm’ and Np=4x10""/cm’

Energy Band Shift [eV] Source (P") Drain (N")
AE,i=AE¢+AEiy AEy=0.0702 AEc=0.1628
AEine=AEcort AEin AE=0.0358 AEy=0.0079
AEG=AE 14+ AEmino AEg=0.1061 AEG=0.1707

The resulted structure with BGN in Fig. 4.7 is hetero-structure like, composed of
Ing 64Gap 36As and Ing71Gag29As on p- and n-sides, respectively, with different band gaps.
In order to see the importance of the calculation of each band shifts, the simulated current
of this structure is compared with the simulated results of two other cases: the total BGN
distribution in a majority band only, and 50:50 distribution of the total BGN between
conduction and valence bands. Fig. 4.8 shows the result of this comparison, and it is
clearly seen in the figure that the distribution of the total BGN determines the current
peak and the turn-on point of the thermionic current. Therefore, the exact calculation of

each band shift is needed to get the accurate [-V characteristics of the device.
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Fig. 4.8 The importance of exact band shift calculation

4.3.3. Results and Discussion: BGN Effect

Fig. 4.9 shows the current-voltage characteristics of the considered device. The
simulated current of the device with BGN (red line) is compared with the simulation data
in an absence of the BGN (green line), and the experimental data (blue line). The Zener
tunneling currents of the simulated data are matched to the experimental curve with

different values of series resistances.
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Fig. 4.9 BGN effect on I-V characteristics of the device
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Fig. 4.10 The current flow and the corresponding band diagrams of the structure
including BGN (solid line). The band diagrams of the structure without BGN are also
shown with the dotted lines

Fig. 4.10 shows the current flow of the device including BGN at various bias points,
and the corresponding band diagrams (solid line) are compared with the band diagrams of
the device without BGN (dotted line) to demonstrate the effect of BGN. Each figure
represents the Zener tunneling current, the peak current, the valley current, and the
thermionic current in clockwise direction starting from the upper left diagram, and the
Fermi levels of the left contact and the right contact are denoted by Efl and Efft,
respectively. The black solid lines are the Fermi levels of the structure including BGN,
and the black dotted lines are the Fermi levels of the structure without BGN.

In Fig. 4.9, experimental Zener tunneling branch of the considered diode is relatively
well reproduced by the simulation approach when BGN is included. The matched series

resistance for this case (19.5 Q) agrees with the experimentally extimated value of 20 Q
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while the matched value of the device without BGN provides much lower value of 13.5
Q. It can be also expected from the upper left picture in Fig.4.10 that when BGN is not
included, the tunneling window is smaller, and therefore less Zener tunneling current will
flow at -0.4V.

On the other hand, noticeable differences for the forward biased side are observed in
Fig. 49 when BGN is included: (i) the peak current is significantly closer to the
experimental data (i1) the simulated current in the NDR region is too small, (iii) an earlier
turn-on of the thermionic current, but still occurs at too large bias. The first feature is the
result of the reduced band gap, which increases the tunneling current. While the
underestimation of the valley current can be explained by the absence of electron-phonon
scattering in the simulation model, convincing explanation for the third point is needed.
Assuming that a doping extracted from SIMS (Secondary ion mass spectrometry)
measurement can be different with the ideal doping profile used in the simulation,

investigating the influence of impurity concentration on the onset of thermionic current

will be a good approach to this issue.
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Fig. 4.11 The influence of (a) donor, and (b) acceptor concentrations on the onset of the
thermionic current

The left-hand side and the right-hand side pictures of Fig. 4.11 show the current
change around the valley point due to the variation of the donor (Np) and the acceptor

(Na) concentrations, respectively. The change of Np does not affect the on-set of the
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thermionic current while the decrease of N4 leads to the earlier turn-on of the thermionic

current. This can be explained with the band diagrams in Fig. 4.12.
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Ecp- Ee Ecp- Ef
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Fig. 4.12 The band diagrams illustrating the effects of (a) donor, and (b) acceptor
concentrations on the current around the valley

The most thermionic current is due to the flow of electrons over the energy barrier
from n-side to p-side. Therefore, the shift of the conduction band edge of p-side
determines the onset of the thermionic current since it changes the potential barrier
height. The variation of Np effects on the value of Eg-Ec,, but not on the height of the
junction barrier, Ec,-EF, in Fig. 4.12 (a) where Er is a Fermi level, and Ec, and Ec, are
conduction band edges of n- and p-sides, respectively. The increase of Np increases the
value of Eg-Ec, by lowering the n-side conduction band edge, and this yields the increase
of forward tunneling current. On the other hand, the variation of N makes the change of
Ecp-Er value, and therefore affects the junction barrier height in Fig. 4.12 (b). The
decrease of Ny reduces the value of Ecp-Er by lowering p-side conduction band edge, and
therefore results in the earlier turn-on of the thermionic current. Also, the increase of Na
increases Ev,-Er, which, in turn, more forward tunneling current. However, since the
band shifts of p-type are much smaller than the n-type, these effects due to the variation
of Ny are very small as shown in Fig. 4.11.

The change of the peak and thermionic currents can be also expected when we
compare the simulated structure in Fig. 4.7 with the Ing75Gag2sAs diode used in Fig. 4.6.

The band gaps of p- and n- sides of the Ing 53Gag 47As device with BGN are about 0.65¢V
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and 0.58eV, respectively, and both values are larger than the band gap of Ing75GagsAs
(0.54eV). However, the difference between the n-conduction band edge and p-valence
band edge (0.5525e¢V) has the almost same value with the band gap of Ing75Gag2sAs.

Therefore, we can approximately compare those two structures as illustrated in Fig. 4.13.

!

A
0.6450 eV 0.5525 eV
pP* N* 0.5804eV
\ 2
- -
P+

Fig. 4.13 The schematic comparison between the simulated structures composed of
Ing 75Gag 25As (solid line) and Ing 53Gag 47As with BGN (dotted line)

In Fig. 4.13, it is assumed that the location of the Fermi levels of both devices is the
same. Therefore, the tunneling windows of both structures are the same, which, in turn,
there is the same amount of the tunneling current for both devices. However, since the
Ings3Gap47As device with BGN has the higher potential barrier for the electrons, the
thermionic current will start to flow at the higher bias. It can be seen from Fig. 4.6 and
Fig.4.9 that the peak currents of those two devices are almost the same while there is a

shift of the thermionic current in Ing 53Gag 47As device with BGN.
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4.3.4. Results and Discussion: Excess Current

In the previous discussion with the results of Fig. 4.12, it was found that there is not
so much change on the onset of the thermionic current in the reasonable doping range.
Purely ballistic NEGF calculations seem to be not enough to model BTBT diodes due to
missing device physics, and we need to see this problem in a different point of view:
there is an excess current above the valley in the experimental data compared to the
simulated current at the same bias range. This excess current can be interpreted by the
current through the gap states, which is described in chapter 2.

If we assume that there are enough gap states introduced during the junction
fabrication process, we should be able to find the exponential excess current at the bias
right above the valley. Fig. 4.14 shows the raw data of the current of the considered
device. Simulation data are not fixed with any series resistances, and the experimentally
estimated value of 20 Q is extracted from the experiment data. The slopes of the current

starting from the valley are shown with the dotted lines in the figure.
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Fig. 4.14 The intrinsic [-V characteristics of the device



37

The thermionic current follows the rectifier equation 2.8 of a normal diode that it can
be presented by a line of slope close to q/kT in a semi-logarithmic plot. The slopes of
simulated currents in the bias range exceeding the valley point show this dependence
whether they include BGN effect or not. Even though there is not enough experimental
data beyond the valley, it is clear that there exists an exponential current with much lower
slope (almost 1/3.2 of q/kT), and few orders of magnitude higher than the conventional
diode current. This lower slope verifies the existence of the excess current at the bias
range where the slope is measured. Furthermore, this semi-logarithmic plot implies that
there must be a more or less continuous distribution of states inside the forbidden gap as
we assumed at the beginning of this approach.

Once we verify the existence of the excess current, we can calculate this current from
the equation 2.7, which can be rewritten in the form of

I . =1exp(c(V-(V,—IR)) (4.2)

Here, I, and V, are current and voltage at the valley, respectively, and Ry is a series
resistance. Assuming that the excess current is dominant at the valley, the slope of
experimental data at the valley is used for the constant 6. The measured values of those

parameters from the experimental data are listed in Table 4.3.

Table 4.3 The measured parameters for the excess current calculation

I, [A/cm’] V,[V] R, [Q-cm’] o
5.164x10° 0.745 20(600x107)* 12.1

From the equation 4.2, and the parameters in Table 4.3, the excess current included

in the experimental data are calculated. Figure 4.15 shows this calculated excess current.
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Fig. 4.15 The calculated excess current from the experimental data

Fig. 4.15 shows the exponential nature of the excess current, which is dominant at
the bias range beyond the valley. This calculated excess current is added to the intrinsic
simulated current. Fig. 4.16 illustrates the added excess current, and Fig. 4.16 shows the

effect of this approach.
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Fig. 4.16 The excess current (yellow arrows) should be added to the valley current
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Fig. 4.17 The effect of the excess current on the device current when BGN is considered

Fig. 4.17 shows the effect of the excess current on the I-V characteristics of the
device including BGN. The exponential excess current added to the ballistic simulated
data increases the current around and beyond the valley close to the experimental curve.

On the other hand, by adding the excess current to the simulated current without
BGN, we can reexamine the effect of BGN on the I-V characteristics of the device as

shown in Fig. 4.18.
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Fig. 4.18 The effect of BGN on the I-V characteristics of the device when the excess
current is considered
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Fig. 4.18 demonstrates the effect of the BGN on diode current when the excess
current is included. The result clearly shows that the BGN significantly increases the

tunneling currents on the both of the positive and the negative bias regions.

4.3.5. Results and Discussion: Temperature

The high density theories on which Jain-Roulston model is based are strictly valid
only at very low temperatures. At room temperature, there could be 0 to 20 meV more
BGN.[28] Fig 4.19 shows the effect of the increased BGN at room temperature on the
device current under forward bias. 20 meV increase of the total BGN is assumed, and this
value is split into conduction and valence bands with the same ratio of their original
shifts. The increase of BGN yields the slightly higher peak current, but does not influence

the onset of the thermionic current.
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Fig. 4.19 The effect of temperature on the I-V characteristics under forward bias

4.4. Reproducing and Understanding Experimental Data: Case 2

4.4.1. Experimental Structure

A homo-junction BTBT diode consist of InGaAs lattice matched to InP is fabricated
by the group of Alan Seabaugh in Notre Dame University, a partner in the MIND center.
Fig. 4.20 shows the schematic view of the BTBT diode with the ideal doping profiles.
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Fig. 4.20 Schematic diagram of a fabricated Ing s3Gag47As homo-junction BTBT diode

4.4.2. Modeling and Approach of the Simulation

> € >
12.5nm 23nm —X

Fig. 4.21 The one-dimensional BTBT diode structure and doping profiles used in the
simulation

Fig. 4.21 represents the one-dimensional Ings3Gag.s7As BTBT diode structure
constructed in OMEN. In the simulation, 3nm intrinsic layer between p- and n-sides of
the device is ignored, and the doping extracted from SIMS measurement is used. The
doping levels described in Fig. 4.20 are the maximum values of the SIMS data, which are
used for BGN calculation.

Fig. 4.22 illustrates each band shift and the effect of BGN on the device. The
resulted structure with BGN is hetero-structure like, composed of Ing¢GagsAs and

Ing 63Gag 37As with different band gaps. The amount of majority and minority band shifts
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as well as the total BGN calculated using the Jain-Roulston model and parameters in the

Table A.4 in the appendix A are summarized in Table. 4.4.
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Fig. 4.22 The band shifts and the effect of BGN on the device

Table 4.4 Calculated band shifts and total BGN of the device at doping of
Na=2.13x10"/cm’ and Np=7.52x10"%/cm’

Energy Band Shift [eV] Source (N") Drain (P")
AE3i=AEx+AEin AE=0.0933 AEy=0.0412
AE nmine=AEcortAEin AEy=0.0052 AEc=0.0253
AEG=AEmj+AEmino AEg=0.0985 AEg=0.0665

4.4.3. Simulation Results and Discussion: BGN Effect

Fig. 4.23 shows the current-voltage characteristics of the device. The simulated
current of the device with BGN (red line) is compared with the simulation data in an
absence of the BGN (green line), and the experimental data (blue line). The Zener
tunneling currents of the simulated data are matched to the experimental curve with

different values of series resistances.
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Fig. 4.23 BGN effect on I-V characteristics of the device

Fig. 4.23 shows that experimental Zener tunneling branch of the considered diodes
are relatively well reproduced by the simulation approach, and the peak current is
increased when BGN is applied. Low valley current can be explained by the absence of
electron-phonon scattering in the simulation model. However, there are too much current
for Zener tunneling side while there is not enough increase for the peak current.
Therefore, to match the experimental data on the Zener tunneling side, the series
resistance (Rs) values larger than 0.35 kQ/um?®, which is measured from the experiment
data are used.

From the results of Fig. 4.11, it can be expected that higher donor concentration and
more acceptor doping will increase the forward tunneling current including the peak
current. The effect of high donor and acceptor concentrations when BGN is included is
shown in Fig. 4.24. The constant doping profiles are used for both cases, and they are
compared with the experiment data, and the simulated current with the doping extracted

from SIMS measurement.
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Fig. 4.24 The effect of higher donor (yellow line) and higher acceptor (black line) doping
on the device current when BGN is included. The red line shows the simulated current
using the doping profile extracted from SIMS measurement

The increase of the donor concentration has more effect on the increase of the peak
current. However, for both cases, the Zener tunneling current also increases that they
have even larger series resistance values. It seems that the modeling and simulation

approach used for the device in the Case 1 is not quite valid in this case.
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5. CONCLUSION AND FUTURE WORKS

In this thesis, homo-junction InGaAs p-n tunneling diodes lattice matched to InP
were investigated. Devices fabricated at Penn State University and at Notre Dame
University were reproduced using a full-band and atomistic quantum transport approach
based on the tight-binding model and the Non-equilibrium Green’s Function (NEGF)
formalism. Band gap narrowing (BGN) is included in the tight-binding model by altering
its parameters using the Jain-Roulston model. BGN is found to be critical in the
determination of the current peak and the second turn-on in the forward bias region.

It was found that the experimental Zener tunneling branch (reverse-biased side) of
the considered diodes could be relatively well reproduced by the simulation approach,
contrary to the forward biased side. There, three important discrepancies could be
observed (i) the simulated peak current is too small, up to 2 orders of magnitude, as
compared to the experimental data, (i) the simulated valley current is also too small, (iii)
the turn-on of the simulated thermionic current occurs at too large biases. While the
underestimation of the valley current can be explained by the absence of electron-phonon
scattering in the simulation model, convincing explanations for the two other points are
needed.

In a BTBT diode, transport through the junction is governed by the potential profile
at the junction, and high impurity concentrations of the device influence the junction
profile. Therefore, BGN effect due to high doping is considered in the modeling of the
device. In this thesis, the Jain-Roulston model for the real band gap narrowing is included
in tight-binding approach: the exact band gap narrowing of the n- and p- sides of the
diodes were calculated as a function of their doping concentrations. The Jain-Roulston
model treats the shift of the conduction and valence band separately. BGN is then

included in the quantum transport simulations by shifting the band edges of the n- and p-
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sides. As results, an increase of the peak current, closer to the experimental data, and an
earlier turn-on of the thermionic current could be observed. However, purely ballistic
NEGF calculations are found to be incapable to model BTBT diodes, and a careful
investigation of the available experimental data suggested that the excess current through
the gap states could contribute to the BTBT diode current. As results of adding empirical
excess current to the ballistic simulated data, the closer current beyond the valley to the
experiment are obtained.

However, it seems like this approach is only valid for the device fabricated at Penn
State University. There are still problems with the contact series resistance Rg that must
be attached to the intrinsic simulation domain for the device fabricated at Notre Dame
University. To match the experimental data on the Zener tunneling side, values of Rg
larger than estimated must be taken into account. This will be further investigated in the
future, and another fabricated BTBT diode will be investigated to check the validity of
the modeling approach used in this thesis. For more rigorous modeling, the temperature-
dependence of BGN needs to be taken in account. More understanding of other high
doping effects can lead us to estimate the sources of discrepancies between the
experiment and simulation results. Also, the simulation including electron-phonon
scattering will be conducted to improve the remaining discrepancy between the
experimental and simulation results in the NDR region, and to expect the complete
behavior of BTBT diodes.

When all these considerations are satisfied, and if the method of implementing BGN
effect in other binary compound semiconductors are considered, we can apply these
approach to any other high doping device structures including hetero-structure BTBT

diodes and BTBT FETs.
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APPENDIX



A. BAND SHIFTS BY JAIN-ROULSTON BGN MODEL

CALCULATIONS|28-30]:
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In their theory, the equations are derived by identifying the 4 contributions to BGN:

shift of the majority band edge due to exchange energy (AEcxmaj) ), correlation energy

shift of the minority band edge (AEcormino) ), and carrier-impurity interaction shifts of the

two band edges (AEintmaj) > AEint(mino) )-

AEg = AE'ex(maj) + AE'cor(mino) + AE‘inl(maj) + AEint(mino)
where
AE x(maj A 1
=183 ——
R N3 T
AEcor(mino) _ 095
R 7
AE,, _ 157
R N

b's

AEi(mino) _ R(mino) 157

R R Nr%

b's

Therefore, the total band gap narrowing is expressed as

AE R .
£ =1.83 Ayl O';5+[1+ (mino) ] ISZ/
Nb3r’y ’t\'4 R Nbrs2

(A.1)

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

Multiplying effective Rydberg energy R, the above equations can be rewritten in the

following forms.
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021x10°A 1y 02IA( N V5 (A.6)
Aoy == N =" 08
N/’ N/’
11473x10°m)® 3 03628mS% ( N Y% (A7)
AE'cor(mino) = gi 25 N = 8: 25 1018
16829x10" 1, 00168 ( N 7 (A.8)
Ay = =z o V= 05| T
,E, M, N, (e,m,)~ \ 10
— 1 A
L6829 X107 1y N%:o.omsmd(m)( N jé (A.9)
i(mino) Nb 8}(},5 mall,S NbE:).S m;j 1 018
021A( N Y5 03628m°®( N Y4 00168 My )( N Y2 (A10)
AEg: 1 18 + 1.25 18 + 0.5 1+ 18
g, N/:\10 e” \10") "N, Em,)" m, )10
where
m’ (A.11)
md——
m,

The BGN parameters of the equation 3.8 can be calculated from the equation A.10.

0.21A A12
A=——x 10°° (A-12)
e.N;?
B 0.3628m5™ 1043 (A.13)
8i.25
0.0618 - (A.14)
= 05(1+ = >j><10—9
N, (egm,)" m,

The total BGN can be separated into the majority and minority band shifts, and the

constants in the equation 3.9 and 3.10 can be calculated from the following equations.

_0-21A( N )% 0.0168 ( N )% (A.15)
1 1

AE . = +
maj ngbl/3 018 Nb(grmd)O.S 018
03628m' (N Y4 00168m,,.0( N V2 (A.16)
AE ., = 125 18 05 15 18
£, 10 N,g~"m; 10



PARAMETERS:

Table A.1 Ings3Gag47As parameters for BGN calculation[34]
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& my M (mino) Mye Myp Mpp myp A Np
p-type | 13.5 Mgh Mye 0.041 0.61 0.6 0.05 0.75 2
n-type | 13.5 | mee | (mmtmp)2 | 0.041| 061 | 0.6 | 005 | 1 1

Table A.2 BGN parameters of p-Ing s3Gag 47As to calculate the total BGN (calculated
from the material parameters in Table A.1)

A

B

C

9.20x10”

3.57x107

3.65x107"

Table A.3 Numerical BGN parameters of n-Ing 53Gag 47As to calculate the total BGN

A

B

C

4.76x10

9.99x107

0

Table A.4 BGN parameters of Ing 53Gag 47As to calculate each band shift

C Cs Cs Cy
n-type 0.0476 0 0.0032 0
p-type 0.0092 0.0034 0.0113 2.2988e-4




