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Abstract

Spintronics is a new technology that employs the spin degrees of freedom of carriers instead of
electrons’ charge for storing and processing data. Either by using spins alone or by adding the spin
degrees of freedom to the more established semiconductor technology, it is possible to enhance

the functionality of the device greatly.

In this thesis, two major things have been done. In part one, after studying literature reviews which
were done on spin transistors, magnetic bipolar transistor models are proposed, Three quite
different magnetic bipolar transistors are developed by incorporating magnetic impurities in all
three regions. And the energy band edges of semiconductor device in the presence of magnetic
impurities are calculated. In part two, the proposed spin transistors models are validated by
employing on some application areas (Cascaded amplifier). The performances of magnetic bipolar
transistors (i.e., using one of the models of spin transistors and the proposed ones) for multistage
amplifiers are analyzed. In order to simplify the equivalent circuit for AC analysis, simplified re
model for low frequency is used. And hybrid-m model is used for high frequency. Since each
parameters in re model and hybrid-t model are function of spin polarization of carriers, the

equivalent circuit models used in this thesis work quite well for spin based transistor.

In this thesis it is able to come up with quite different types of magnetic bipolar transistors in which
spin of carriers are the main controlling inputs. It is shown that the device’s parameters are function
of the spin of electrons and holes, and the injected spin electrons in the emitter and collector.
Contrary to the conventional bipolar transistor, the magnetic bipolar transistor models are capable
of controlling current amplification factor and the density of minority of carries through spins of
electrons and holes. As a result, the performances of cascaded amplifier are improved compared

to the performances of the conventional transistor.

Keywords: spin transistor, spin, polarization of electron, magnetic bipolar transistor
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Chapter One

Introduction

1.1 Background

During the last 50 years, the world saw a significant revolution on a digital logic of electronics
from the earliest transistors to the powerful microprocessor in desktop computers. Most
electronic devices have used circuits that represent data as binary digits represented by the
presence or absence of electric charge [1]. The uses of transistors have grown since its invention
in December 1947, into a multibillion dollar market. Life today is dependent on heavily on the
capability of a few million transistors to process and to store data [2]. It is clear that an
integrated circuit contain around one billion transistors, each smaller than 100nm in size, i.e.,
a five hundred times smaller than the diameter of a human hair. At the outset of the 21st century,

the crossing of this symbolic 100 nm threshold ushered the era of nanotechnology [3], [4], [5].

Intel

37.5

" 2Z2nm
Transistor 55

Density
MTr/mm? 10 |

1

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
HVM Wafer Start Date

Figure 1.1: (Image: Intel) Ten years ago, the state-of-the-art for Intel was 3.3 million

transistors per square millimeter [30].

The miniaturization of devices has led to more reliable, less bulky and high speed performance
devices. Moore predicted the relentless progress of micro-electronics by his popular law which
state that microprocessors will double in power every 18 months as electronic devices shrink
and more logic is packed into every chip (shown in Figure 1.1) [1], [6].

Due to the miniaturization of semiconductor devices, the integrated circuits’ computational
power shows rapid decrease and decrease in speed. As the channel length continues on
reducing, the downsizing of the channel length has become the main challenge. In the future,

L0000
Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 1



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

it is expected the gate length to be 5nm. As a result leakage current will be too high for the
whole chip. From this trend, it looks that Moor’s law is running out of momentum. But, due
to constantly introduction of innovative changes in technological processes, the miniaturization
of devices continues and Moor’s law successfully continues. This is because the problems

associated with miniaturization are reduced. [2], [4].

One of the solutions to circumvent these limitations is the modification of the existing structure
that will help in extending their scalability. For instance, using double gate instead of single
gate in conventional MOSFET in which the additional gate is used to control channel potential
gate bias [2], [6]. The other alternative is to use new materials and technologies to replace the
existing silicon based technologies. For instance, nanowires, Carbon nanotube transistor, single
electron tunneling (SET) and graphene nanotube transistors are proposed to replace the silicon
MOSFET [7]. There are a number of ways to minimize the off chip power by using such as
double gate-metal oxide semiconductor field effect transistor (DG-MOSFET), fin-field effect
transistor (fin-FET) and Si-nanowire MOSFET. Dual material surrounding gate (DMG) is also
another technique to improve the carrier transport efficiency. Carbon nanotube field effect
transistor (CNTFET) is another approach in nanodevice which has higher performance and
lower power consumption. However the problem with all the aforementioned techniques is
volatility [2].

But it is well understood that miniaturization of the size of semiconductor devices will reach a
fundamental barrier. The fundamental physical laws of semiconductor electronics prevent them
further reduction of sizes. But researchers and scientists noted that the miniaturization of
devices has the concept of quantum mechanics which was developed in the last century-where
ideas such as wave like behavior is more pronounced for electrons. And electron spin is a
quantum phenomenon. As result many expert agree that spintronics with combined
nanotechnology will minimize the challenges related with miniaturization [1]. Developing a
novel device based on spin of electron is also an alternative way to solve the limitations of
using silicon based devices. Developing new spin based devices or spin based devices which
can work in coordination with the existing silicon based devices, will enhance the device

performance, and will also serve as an additional controlling input mechanism.
In summary, in order to keep up with this continuing miniaturization, it is appropriate to

come up with devices based on the quantum properties of the electron. In short, for this reason
and intending to enhance the multi-functionality of devices, researchers came up with another

property of electron known as spin [1], [2], [6].

L0000
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1.2 Basic spin electronics concepts

Spin electronics devices are based on the quantum properties of electrons whose characteristics
are basically determined by the spin of the electrons in the atom in contrary to the conventional
semiconductor electronics devices whose characteristics are dependent on the charge of
electrons. The gradual development of spin electronics’ technology from 1985 onwards is

presented in Table 1.1.

Lateral spin Semiconductor Metallic magnetic
transport devices spintronics multilayers
-1985 Spin injection into
metals
1985 — 1990 Interlayer exchange
coupling(IEC)
Giant
Magnetoresistance(GMR)
1990 — 1995 Ferromagnetism in Tunneling
dilute magnetic magnetoresistance(TMR)
semiconductor
1995 -2000 Carbon nanotube Long spin coherence in | Hard drive based on
spin valve semiconductors GMR
Spin injection into Spin torque
semiconductors
2000 — 2005 | Lateral metal spin Electrical control of Enhanced spin injection
valve and spin magnetism via MgO barriers
precession
Spin hall effect in
Electrostatic gate semiconductors
control of spin
transport
2005 -2010 Spin hall effect in Hanle effect in MRAM based on TMR
metals semiconductor spin Magnetic Superatoms
Spin Hall effect valve
detected at room
temperature.
2010-2015 Graphene-based
Spintronics switch
2015-2019 Low-current solid-state
spintronic device
Graphene-based room-
temperature spin field-
effect transistor

Table 1.1: Timeline [10],[45]

In the fundamental spin electronics structure proposed by Datta, S., and B. Das, in 1990 [11],
spin FET is sandwiched between two ferromagnetic materials as shown in the Figure 1.2.

]
Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 3



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

Contrary to the conventional field effect transistor, the source and drain in spin FET is
ferromagnetic material. The drain current reaches maximum value when the spin orientation is

parallel to the magnetization of electrodes and injection.

Material which exhibits unique magnetic behavior known as ferromagnetic material. lron,
nickel and cobalt are some of known good examples. Ferromagnetic materials exhibit a long-
range ordering phenomenon at the atomic level which causes the unpaired electron spins to line
up parallel with each other in a region called a domain. A small external imposed magnetic
field can cause the magnetic domains to line up with each other and the material is said to
magnetized. Semiconductor material is neither a good conductor nor a good insulator. The
conductivity of those elements with four valence electrons in the carbon group is not as good
as the conductors but still better than the insulators, and they are given the name
semiconductors [9], [11], [13] .

Source (S)

]

py
Ferromagnetic Drain -
(P ot T T Rt - High l -

Drain (D)
]

Ferromagnetic Source

Dilute Magnetic Semiconductor Pt 1l

Substrate 0|< """""""" > |L z

Dilute Magnetic Semiconductor

Source (S)

¥

Ve >0
Gate (G)

Drain (D)
—0

Ferromagnetic Source

D (TR D

TERTEET
Agpas Alg

Ferromagnetic Drain
Rs-Channel = LOW

Substrate

0

|< ............... Y |L

-

z

Figure 1.2: Schematic representation of the spin field effect transistor [12]
When the gate terminal voltage applies, the electric field induces Rashba spin-orbit interaction.
And this interaction controls the spin polarized s electrons which shown is in Figure 1.3a.
Figure 1.3b illustrates the situation when the gate voltage is zero [6], [9].

1.3 Giant Magnetoresistance

GMR refers to a large change in resistance (typically 10 to 20%) when the devices are subjected
to a magnetic field, compared with a maximum sensitivity of a few percent for other types of
magnetic sensors. When the magnetic moments of the ferromagnetic layers are parallel, the
spin dependent scattering of carriers is minimized, and the material has its lowest resistance.
When the ferromagnetic layers are anti-aligned, the spin-dependent scattering of the carriers is

maximized, and the material has its highest resistance. Before Giant Magnetoresistance (GMR)

Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 4
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came into existence, there was an effect called Aniso-magnetoresistance effect (AMR). In
1857, the British physicist Lord Kelvin reported “that iron, when subjected to a magnetic force,
acquire an increase resistance to the conduction of electricity along and a diminution of
resistance to the conduction of electricity across, the line of magnetization” this effect was
known as Anisotropic magnetoresistance (AMR). AMR can be used to detect changes of
magnetization, and it was a basis of hard drive read sensors before GMR invention. But, the
magnitude of AMR effect is small [2], [5], [13], [14].

The "giant magnetoresistive” (GMR) effect was discovered in the late 1980s by two European
scientists working independently: Peter Gruenberg of the KFA research institute in Julich,
Germany, and Albert Fert of the University of Paris-Sud. They saw very large resistance
changes 6 percent and 50 percent, respectively in materials comprised of alternating very thin
layers of various metallic elements. Figure 1.3 shows the implementation of GMR as a read
head in storage media [2], [6], [10].

GMR read head (Green)

_ Storage media

Domain wall 2 (+ve poles)

Domain wall 1 (-ve poles)

Figure 1.3: A schematic representation of GMR read head that passes over the storage media

[2]

1.4 Half Metal

The efficiency of the magnetoelectronic effect is more pronounced as the density of states are

more spin polarized (i.e., the more Nt deviate from NJ) at the Fermi energy (Figure 1.4).

]
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— =
_— '

-

- N(E) N(E) ——=

N(E) N(E)

Figure 1.4: Schematic illustration of the density of states for non-magnetic (Left) and
ferromagnetic CrO2 (right) [15]

As it can be seen in the figure 1.4, for the ferromagnetic case (right), the spin down electrons
(orange) are placed in a metallic band, while the spin up electrons (blue) Show an electronic
structure that is typical for an insulator. The net spin polarization shown by a thick blue arrow
[15], [19].

1.5 Spin Polarization
Theoretically, spin polarization can be calculated by the following relation [25],
Pn=s/n= (nT-n])/(n7T+n}) (1.1)

Where n1 is spin up electron and n| is spin down electron

The energy level diagram for spin up and spin down of normal metal and ferromagnetic
material is depicted in Figure 1.5. Since the spin up and spin down electrons in the normal
metal are non-magnetic material equal, their energy state will remain equal and lie above the
Fermi energy level (shown in Figure 1.5a). When either of spins completely dominates, their
energy states will lie above and below the Fermi energy level as shown respectively in Figure
1.5b and Figure 1.5c.

E E
E
Er L Er Er
il K i L
0 0 K 5 K
Normal Metal Pn=1 Pn=-1

(a) (b) (c)

Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 6



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

Figure 1.5: Energy level (E-K) diagram using SW model [2]

Ifn] =0; Pn=1 inthis case spin polarization is 100% because only majority spins are dominant
which is depicted in Figure 1.5. Such material referred to as ferromagnetic half metal or Heusler

alloys. If nt = 0; Pn = -1, if n1=n|; Pn =0 (only for paramagnetic or normal metal) [2].

Using Stoner-Wohlfarth (SW), the model of ferromagnet is shown in Figure 1.6. When the spin
up and spin down present as majority and minority in specific material, the trends of energy of
states is shown in Figure 1.6a and Figure 1.6b respectively. While Figure 1.6¢ shows a half

metal in which either of the spins dominates completely.

(a) (b) (c)
Figure 1.6: E-K diagram for ferromagnet and half metal at absolute 0 K. [2]

Source ferromagnetic electrode (FM1) polarized the injected electrons, and the polarized
electron drain into the semiconductor channel. The electric field is applied perpendicularly by
gate voltage as the spin polarized current flowing in the channel. 2-Dimension electron gas
(2DEG) is created by the current in the semiconductor; as a result spin precession occurs. The
spin orbit modulation is modulated by gate induced electric field, transforming into an effective
magnetic field (the Rashba mechanism). The length of the channel, the material of the
semiconductor and the gate voltage affects the spin orientation of the arriving electrons.
Depending on the orientation of FM2 (drain) magnetization, the spin orientation will either

parallel or antiparallel to the source electrode [2], [11], [13].

1.6 Ferromagnetic Semiconductor

Ferromagnetic semiconductors are noted for their potential advantage in integrating additional
functionality to the semiconductor device by employing spin degree of freedom. Recently, it is
noted for successful doping of iron in semiconductor which shows ferromagnetism at room

temperature. Ferromagnetic semiconductor can be used in

]
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application areas such as spin transistor [20].

A dilute magnetic semiconductor (DMS) is a semiconductor alloy in which a small amount of
(less than 10%) magnetic ion is doped to non-magnetic semiconductor materials. The first
magnetic was introduced in I11-V DMS, but they are working below 200K temperature [20],
[21], [22], [23], [24].

1.7 Spin Injection

Electrical spin injection is an excellent way of generating non-equilibrium spin in non-
magnetic material. When current flows from ferromagnetic material to metal, non-equilibrium
spin will develop as a result of spin polarized carriers presence in ferromagnetic region as

shown in Figure 1.7 [25].

(a)

L Fton J ’ T E -
(b) M uogg\@y b
N

I oM N, (E) Ny(E) N,(E)
L B

0 X

t
+(E)

Figure 1.7: Pedagogical illustration of the concept of electrical spin injection from a
ferromagnet (F) into a normal metal (N). [25]

Figure 1.7a shows the schematic device geometry in which it depicts the possibility of spin
injection from ferromagnetic material to normal, and the intensity of injected spin carriers into
normal metal is reach highest at the proximity of the junction which is shown in Figure 1.7b.
The energy of states in the normal metal and the ferromagnetic material is clearly shown in
Figure 1.7c.

Aronov and Pikus are the first to propose the idea of creating non-equilibrium electrons spins
in semiconductor by passing a current through a ferromagnetic contact. The process of spin
polarized electrons injecting from ferromagnet to non-magnetic semiconductor was the main
challenge. The conductivity mismatch between metallic ferromagnetic and the semiconductor
was another challenge [6], [10], [26].

]
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1.8 Statement of the problem

The reduction of the size of transistor in the integrated circuit helps the device to be Compact,
more efficient, and help to have better speed. But the continuing reduction of the size of the
transistor is more problematic as heat make devices to perform inefficiently; in addition,
leakage current is another concern when devices compacted together in a chip. Last but not
least, quantum effect will interfere with normal operation as the miniaturization of devices
continues. As a result, there is a need to develop a mechanism as a way out of this deadlock.
Hence spintronics devices are the best choice to circumvent these pitfalls. The beginning of
this long journey can be start by incorporating spins of carriers into the conventional devices
namely transistors. In order to alleviate the problem at hand, researchers have been conducting
researches on spintronics for the last few decades. Even though the researches which have been
carried out in the spin based bipolar transistor are few, there are researches which need further
study which have not been covered by earlier researchers. Besides, the developed spin based
models haven’t been validated fully by analyizing the performances of the parameters of a
device. Indirectly, up to now; the performances of the developed spin based devices have not

been anlayzed by applying on some application areas.
1.9 Objectives

1.9.1 General Objective
The general objective of this thesis is to investigate the functional variation of cascaded

amplifier when replaced with spin cascaded amplifier.

1.9.2 Specific objectives

» To study spin transistor

» To model magnetic bipolar transistor models

> To calculate the perturbed energy due to the interaction between the spin of magnetic
impurities and spin of carriers

» To validate the proposed models by applying on spin cascaded amplifier.

» To compare and contrast spin cascaded amplifier and conventional one using the
outcome

» To obtain the calculated parameters of the magnetic bipolar transistors and cascaded
amplifier

» To simulate the output response of the cascaded amplifier.

]
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1.10 Methodology

The methodologies used to carry out the thesis are:

» Studying different literature reviews on spin transistors.

» Performing a mathematical modelling of magnetic bipolar transistors

» Applying the proposed transistor model on some application areas (multistage
amplifiers)

> Obtain the calculated parameters as function of polarization of carriers using MATLAB
software.

» Simulate the output responses of performances of cascaded amplifier using LTspice
software.

The flow chart which shows the methodologies used in this thesis is shown in Figure 1.8.

Literature reviewing

|

Modelling of magnetic bipolar
transistors

|

Application of magnetic bipolar
transistor {Cascaded Amplifier)

|

Smmulation with suitable

software

Figure 1.8: Methodologies employed for this thesis
1.11 Scope of the Thesis and Limitation

1.11.1 Scope of the Thesis

This thesis examined the potential advantages of one of the spin transistors with respect to
conventional transistors. Spin transistor model is proposed and this spin transistor is applied on
some application areas. Different parameters of spin based multistage amplifier are evaluated.

The output response of different parameters is done by using by different electrical software.

]
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1.11.2 Limitation
In this thesis, it is a bit difficult to obtain enough reference which have done on magnetic

bipolar transistors

1.12 Contribution of the Thesis

Spintronics is a new technology and its development in device level are still in its infant stage,
and hence researches have been undergoing more or less in theoretical level. The development
of magnetic bipolar transistor will add additional controlling mechanism to the existing
conventional device. In addition, the increased amount of output attributed to spin will be

beneficial in some application areas.

1.13 Thesis Organization

In Chapter One, brief introduction of spintronics is done. Giant magnetoresistance (GMR), spin
valve and the like are also included, and this chapter comprises also an overview of the work
to be done in this thesis. In Chapter Two, literature review is discussed briefly. Chapter Three
presents the proposed spin transistor’s models. In addition, application of spin transistor is done
on multistage amplifier. Chapter four presents all the result of output response of the different
parameters which was carried out using different electrical software. Besides, all relevant
discussion pertinent to the obtained result is done. Chapter five discusses the conclusion and

recommended future works.

"
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Chapter Two

Literature Review
A research which was done on spin transistor is a magnetic field effect transistor (MFET) by
R. N. Gurzhi et al. shown in Figure 2.1. They proposed a magnetic field effect transistor that
exhibit a giant negative magnetoresistance by generating spin polarized current. The device
consists of a nonmagnetic conductive channel (wire or strip) sandwiched by a grounded
magnetic shell [27].

Ti=T1=Tu/2

=

Inuslator

Magnetic #
Conductor

Non-Magnefic
Conductor

Figure 2.1: A schematic of the spin guide [27]

The principle of operation lies on the fact that the withdrawal of one component of spin from
the channel result in spin polarized current in the non-magnetic channel. In contrast to
conventional one, this magnetic field effect transistor control electric current flow by magnetic
field. When current flows parallel to the non-magnetic metal (NM)/ magnetic metal (MM)
interface away from the channel entrance, a difference between spin up and spin down current
will develop. One of spin component will leave non-magnetic channel for magnetic shell. With
high probability, the electrons dissipate at the ground without returning back to the channel.

As a result, a polarized electric current will be generated in the channel. The current in the

channel is:
1= ﬁz oy cosh[ky (L—x) *(<f+> 2 g4 (f:>w<f,+1>w (2 1)
~ w “"™  wcosh(kn L) n/sw — 2 '
where
) cweos(knz), lz| < w/2,
fr = (2.2)

. d
ciy Sin [k,%:, (E — z)] , |z >w/2,
L0000
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+ - = 12y -2
K =k K ===\ a
MA s M NTN M_N: (2_ 3)

where L is spin-guide length, oy, ; are the corresponding conductivities, kn is damping
parameter, the diffusion length Am, n is the characteristic length-scale for equilibration of the

spin subsystems in the magnetic (M) and nonmagnetic (N) regions, respectively.

Simulation of spin field effect transistor was done by Ratheash Thakaekshmi and Alok Rastogi
[9]. They conducted this research theoretically using transistor based on magnetic impurity
doped with Zno ( Zno is zinc oxide). They modeled theoretically a switched change in the
channel charge. Finally using MATLAB software, they simulated range of channel parameters;
spin modulation relative to sensors, the electron mobility and the doping concentration for the
spin switched changes in the electron conductance. Their results show that induction of spin-
polarized electron channel through Rashba field can be considered a viable device structure for

a spin-FET. Studies on magnetic bipolar transistor need to be carried out thoroughly.

The other research which was done on magnetic bipolar transistor was by M. E. Flatte et al.
[28], where the base region is doped with magnetic impurities and injected unpolarized electron
in the emitter region (shown in Figure 2.2). The main aim of this research was to generate

100% spin polarized current injection into nonmagnetic semiconductor.

spin filtering spin dependent
- / recombination or
spin flip rate

spin polarized
pin p 00_, 00—->00 _ 00

conduction band
edges

conduction-band

chemical potential
valence band
edge

magnetic base collector

Figure 2.2: n-p 7-n transistor [28]

They obtained analytic solution for simplified of negligible spin relaxation and drift field in the

base using the following equations:

on °ny ny n n
Evp =+ Dp—=—L- 4L

E 622 TT\L ‘[T~L 5:5

(2.4)
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(2.5)
The emitter current density for spin direction s is:

— (_—9DBsnps0 -9VEB w) _4Veb) aDgpy, ), —9Veb)
Jgs = ((LBssinh(w/LBs)) [(e " kT -1) cosh (LBS)—(e kT —1)] - L [e” kT -1] (2.6)

The collector current is

- _qYEB) _acp) _9%¢p)
Joo = (S22 ) (0= 1) — (e - 1) cosh(-)] — L [TEw — 1] (2.7)
(LBSsinh(E) Lps L¢

where w is the width of the base, Vge is voltage between emitter and base, Vcg is voltage
between collector and base, Ls is diffusion length, ngsois the equilibrium density of spins. This
research didn’t investigate the influence of magnetic impurities in other regions (base and
collector). And it wouldn’t analyzed the effects when injected electrons are applied in other
regions. Lastly, the changes come from as result of interaction of spin of electrons of magnetic

atoms and carries was not dealt with.

R.R. Pela and et al. [12] studied magnetic bipolar transistor theoretically and compared the
result with conventional bipolar transistor. They simulated the characteristics curves, and they

compare and contrast the current amplification factor, the open loop gain, the hybrid

parameter and the cut off frequency. As a result, they obtained additional functionality of
bipolar junction transistor due to spin-charge coupling. It is clear that this research studied

limited parameters of a transistor; in addition, it lacks validating on application areas.

Another research which was done by Ansil Kumar et al. [29] is a spin-valve transistor. They
developed a spin valve transistor which shows high sensitivity at low field. With an external
magnetic field, they managed to change the relative orientation of magnetic layer in spin valve.
The emitter diode is forward biased and collector diode is reverse biased. The emitter diode
has a barrier height of nearly 0.85ev and the collector diode nearly 0.75ev in which a forward
biasing of emitter injects hot electron into spin-valve. This transistor was analyzed by inserting
spin valve in the base region, investigation of magnetic doped regions in the transistor were

not treated.

One of the interesting researches which were done on magnetic bipolar transistor (MBT) was
by Fabian et al. [31] (shown in Figure 2.3). The goal of this research was to show the possibility

of electrical spin injection into semiconductor based transistor. In addition the research was
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aimed to show whether the current amplification of the transistor could be tuned by spin or not.

They calculated density of minority electrons in the base as:

n?

i (2.8)

Nop= ——F——
Nap /((1— asp)

In addition they calculated the density of minority of electrons nye and spin see in the base

emitter junction as:
Nbe= No €XP vkLTC [1+ agp ] (2.9)
She=No EXP '%f [oop + @] (2.10)

Where a,, is equilibrium spin polarization in the base, a, is non-equilibrium spin polarization

in the emitter, n; is intrinsic carrier density and Nay is acceptor in the base.

forward reverse
2 aq -~ I = -\ult'.' >
c L :
— G?' - 53 _1H .
1i\'rg I ——
s Vit Ve . _
Vit Ve
= fer p base n collector
< be e
- -
—I2 | ‘ | | _Jré ;
U I3
—J
_;p b
Je
i ] *
- =
We Wb We

Figure 2.3: Scheme of an npn transistor with magnetic base [31]

In this research they showed the possibility of spin injection successfully through MBTs, and
in addition they showed how current amplification factor easily controlled by both the injected
source and the equilibrium spin.

The flip sides of this research are as follows: first this transistor model dealt with only one
region of the transistor (base) which was doped with magnetic impurities. Hence the influence
of other regions when doped with magnetic impurities was not investigated. Second, external
injection of polarized electron was studied by applying only in emitter region. The significance
of injected electrons in other regions was not studied. Third, this research assumed only
electrons as spin polarized in the base region and as result the impact of polarized holes weren’t

considered.
L0000
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Chapter Three
Modeling of magnetic bipolar transistors

3.1 Modeling of magnetic bipolar transistors
In this thesis, magnetic bipolar transistor models are mathematically proposed, and they will
be presented separately in detail below. All these proposed models are intended to work for
any magnetic material and it should be remembered that we are not using any specific magnetic
material doping. But we used spin polarization of carriers Pc= tan 2qy/ksT as a variable which
represent each magnetic material. The splitting of energy bands 2qy in the semiconductor is
attributed to the presence of magnetic material. The cause of this splitting can be to the
exchange interaction or Zeeman Effect. The later resulted from g factor (for instance LnSb has
g factor of 50 and Cdo.9sMno.0sSe is 50) [17], [18], [31], [33]. Below we how we used the spin
polarization of carriers as a variable to represent all types of magnetic material.
3.1.1 Type 1 Proposed magnetic bipolar transistor
In this type of transistor, we have three regions similar to the conventional transistor one, but
emitter and base are considered to be magnetic which is doped with suitable magnetic material
2qwye, and the collector is semiconductor material which is shown Figure 3.1.
This transistor has the following features:

» The emitter and base are magnetic and the collector is semiconductor material.

> In the emitter only holes assumed spin polarized

> In the base only electrons are assumed spin polarized

» There is an injected spin polarized electrons in the emitter

sz

EqU{:l
elTITTTLTL é
/

i Vi-Vie TTTLTL E.
ZqU-r I
- E.
We ’ Wh N W
n magnetic emitter p magnetic base n collector

Figure 3.1: npn transistor with magnetic base and emitter

]
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Here, it is assumed that electrons in the base are only spin polarized and holes are ignored for
simplicity. Similarly, holes are only considered polarized in the emitter region. As a result
splitting of conduction band in the base and valence band in the emitter are expected. This
splitting could be attributed to Zeeman effects or to exchange type which is resulted from
exchange coupling in ferromagnetic semiconductor. The amount of energy splitting in
conduction and valence bands are 2qy. and 2qyv respectively [31]. Additionally, there is
external injected spin polarized electrons in the emitter using by optical excitation or electrical
method [42]. The main goal of this research is to obtain additional controlling mechanism
(notably, spin) for the device’s parameters (for instance, current amplification factor) in

addition to charge of electron.

Density of electrons and holes in the base and emitter regions are calculated. Equation for
density of electrons in the base emitter junction which is resulted from spin and charge of
carriers is developed. Since holes are assumed spin polarized in the emitter, splitting of energy
band happened only in valence band. Using the following two equations [25], [32], density of
equilibrium holes and electrons in the base and emitter can be evaluated.

_& Ecﬂ_ﬂnl)
= — exp (—kT ) (3.1.1)

_ Nv ﬂpi_EVﬂ,)
PA= = exp (—kT ) (3.1.2)

where,
Ec/I: Eo - q@- ﬂq WC
Evﬂ: Evo - q@ - Aq l//v

A stands for { orT, @- built in potential in the junction, Ec -Conduction energy, z-Chemical

potential, and . is conduction splitting energy.

From above equation, we can write density of spin electron as:

Nc Eco—q@-Tqy,— i, +
nr= 7exp( T ) (3.1.1a)
_ Nc Eco—q@—qu,— 1,
n/= —exp ( T ) (3.1.2a)
The spin polarization of carriers is defined by [25]:
. (nT-nY
P=s/n = ) (3.1.3)

where s and n are number of spin of carries and electrons respectively.

]
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Using Equation (3.1.1a), (3.1.2a) and (3.1.3), spin polarization of equilibrium electrons in the

base is:

qy,
kT

Pob= tanh (3.1.4)

Again using Equation (3.1.1a) and (3.1.2a), we can show density of hole in the emitter as:

n? qv,
Poe =— cosh—=

o= cosho (3.1.5)

(Its derivation is shown in Appendix B: (1))

From Equation (3.1.5) we understand that the density of minority of holes is dependent on
splitting energy . And it is clear that cosh% has positive value for any value of v . The

density of holes in the conventional and researchers’ work is given by [31], [40]:
2
n;

NDe

Poe =

qv, _ 1

/(1— PZ)

where n; is intrinsic carrier density and Npe is donor in the emitter, k is Boltzman constant, T

qy,
KT

Since, cosh

is temprature and Pon is equilibrium spin polarization of holes and given by Pon = tanh

Equation (3.1.5) can be expressed as:

2
n; 1

Poe= —
Voo Ja- 2

From trigonometry we have the relation:

(3.1.50)

1
J (1- (tanh)?x)
Similarly using Equation (3.1.1a) and (3.1.2a), we can write equation that represents density

coshx =

of electrons in the base:
n? ay,
Nob o cosh T (3.1.6)
where Nay is acceptor in the base.
Here we can see that the density of minority of electrons is dependent on the splitting energy ..

The conventional value of density of minority of electron is given by [31], [40]:

nob =
Ngp

The density of holes in the base emitter junction is:

n?

i qVpe
Pe = exp (<)
NDe\/(l_ Pge) kT

]
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where vbe is biasing voltage between base and emitter.
Spin polarization is given by:
tanh( i) + P,y

P= C ﬂ_) (3.1.7)

1+ P, tanh——

Equation (3.1.7) can be derived as follows:
Nbe= N= Nob exp(%)

Or alternatively, we can write [25]:

= Mo exp(Ltkn) (3.1.8)
1= Moy exp(LDtn?) (3.1.82)
NJ= Nob! exp(w) (3.1.8b)

Rearranging equations (3.1.8a) and (3.1.8b) we can get the following equations:
n= exp e )[noCOSh(,U -) + Sosinh(w-)] ) (3.1.19)
S=ex p + i) [no sinh(z-)+ so cosh(x-)] (3.1.10)

where
2

And remembering the definition of spin (in Equation (3.1.3)), we have:
P=s/n, the spin polarization of non-equilibrium electron is:

_tanh(u=) + Py,
1+ P, tanhu—)

(Full derivation is shown in Appendix B: (2)
Using Equations (3.1.7) and (3.1.9), it is possible to show density of electrons in the base

emitter junction as:

P+ Poe)

T (3.1.11)

Npe = Nob exp(q;‘%) (1 + Pob

where Pqyp is equilibrium spin polarization in the base and Pe is non-equilibrium spin

polarization of injected in the emitter (It is shown in the Appendix (3)).

Here the density of minority of electrons in the base emitter junction is a function of equilibrium
spin polarization in the base and non-equilibrium injected spin polarization in the emitter. As
we can see when the injected spin polarization in the emitter P. and spin polarization of

equilibrium electrons in the base Py have the same sign ( if their spin directions are parallel),

]
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the density of minority electrons in the base emitter junction become high. And the converse

is also true.

The density of minority of electrons in the base emitter junction in the conventional transistor
is given by [31], [40]:

Nbe = Nob exp( L )

The presence of spin polarized holes in the emitter result in slight difference in the magnitude
of the density of electrons in the base emitter region with respect to the result obtained in the
researchers’ model. The density of minority of electron in the base emitter junction in the

researchers’ model is calculated as [31]:

Npbe = Nob eXp(q:%) (1 + PonPe)

The density of spin of electrons in the base emitter junction is calculated using Equation
(3.1.8) and (3.1.9) as:

(COSh(kT)) [(Pe Poe) + P ]exp(q be)

Sbe—
Ny 1- PoePe

The density of electron in the base collector region is calculated as:

(n 4% exp e (3.1.12)

Npc=

(This is shown in the Appendix B (4))
The density of minority of electrons in the base collector region in the conventional and

researchers’ model is ignored as result of its negligible value.

The emitter and collector currents are given by [25], [32] (their derivations are shown in the
Appendix B (5)):

Je =

—) —nbcsmh( )] + [—(pbe) (coth (3.1.13)

1
. W
smhL

Je = qi): [nbe - bc( : m))] - [ pbc (COth—)] (3.1.14)

By substituting the density of minority carriers into Equations (3.1.13) and (3.1.14), we can
obtain emitter and collector current which represent for magnetic transistor model. The base

current jy is Jo= je — jb and the current amplification factor 3 is defined by:

_Jc
p=% (3.1.15)
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1

= (3.1.15a)

DanNab(cothLW—;) J(1— P2,)

DnLpNp (coi:hﬂ Pe+ Poe _p2
pNDe In (1+Pop(T=p p,y )\ (1~ Poe)

(cosh:,—: - 1)+

where Dy and De are electron and hole diffusivities respectively, L» and L, are electron and

hole diffusion lengths respectively, and wy is nominal width of the base.

From this result, we can understand that the current amplification factor is controlled by spin
of holes and electrons. By holding one of the spin polarization of carriers constant, and varying
the other, we can see the exact effect. This result can be seen clearly in the result and discussion
chapter. The current amplification factor for conventional bipolar transistor has a value of [31],
[40] :

1

p= (3.1.16)

w
DpLnN gp(coth—2£
w pinNab
(coshL—b - 1)+ ( Lp)
n

Wb
DanNDe(COthW

The current amplification factor in the researchers’ model is only managed to be controlled by
spin of electrons and electron of charges. But in this model, we managed the current
amplification factor to be controlled by spin of holes as well. The current amplification factor
calculated by the researchers’ model is [31]:

1

w 2
wp, DanNab(coth—L;) J(l— PZ,)
(cosh—L - 1)+ W, (1+P,,P
n DanNDe(COthF ob™e

B = (3.1.17)

3.1.2 Type 2 proposed magnetic bipolar transistor
In this type of model, the base and the emitter are magnetic and the collector is semiconductor

material as shown in Figure 3.2.

[ TLT21LTL |
"‘] / | MLTL e,

[

2qu Vi-Vbe
b
. Ev
M We - & Vb 3 i Wi
- - T, L
n magnetic emitter p magnetic base n collector
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Figure 3.2: npn transistor with both emitter and base are magnetic

Generally, this transistor model has the following features:
> the emitter and the base are magnetic, and the collector is semiconductor material
> the holes are assumed spin polarized in the emitter
» both electron and hole are assumed to be spin polarized in the base

> there is an injected spin polarized electrons in the emitter

The main goal of this research is to increase the efficiency of the bipolar transistor by
employing the spins of electrons and holes. In addition it is also intended to have an additional
input controlling mechanism, notably spins beside charge of electrons. It is assumed that
electrons and holes are spin polarized in the base, and holes are only spin polarized in the
emitter. As a result, the conduction and valence bands split in the base and valence band in the
emitter. The density of electrons and holes in the base-emitter and base-collector junction is

calculated. Subsequently, the emitter and collector currents’ equations are also determined.

Using Equation (3.1.1a) and (3.1.2a), the density of electrons in the base is calculated as:

Nob = AT kT (3.1.18)
Nab

an(COSh(%))COSh(%)

where g is conduction band splitting, and gy, is valence band splitting.

(All derivations are shown in Appendix B: (1))

Or, nop can be expressed as:

n.z

l (3.1.18a)
Nab\/(l_ Pgb)\/(l_ Pipn)

Nob =

where Pop and Poph are equilibrium spin polarization of electrons and holes in the base

respectively.

From Equation (3.1.18), we can see that the density of minority electrons shows significant
changes as result of the spin polarization of holes and electrons in the base compared to both

the density of electrons in the researchers’ model [31] and conventional bipolar transistor’s
values. Since the cosine hyperbolic function cosh(%) is positive for any value, the density of

electrons increases. The density of minority of electron in the researchers’ model is [31]:

n? cosh(%)
Nob=—""T"—
Ngp

"
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And the density of minority of electron in the base in the conventional bipolar transistor is [31],
[40]:

_n
Nob = —
Nab

Using Equations (3.1.7) and (3.1.9), the density of electrons in the base emitter junction can

be calculated as:

cosh(LL cosh(qy/"
Nbe = i (N)b) (1+ Pow= P”‘;f) exp(Lke) (3.1.19)

where Pq is polarization of equilibrium holes in the emitter region, Pe is polarization of injected
electron in the emitter and Poy, is polarization of equilibrium electrons in the base region.
(Its full derivation is shown in the appendix B)

As we can see the density of minority of electrons in the base emitter junction is dependent on
both equilibrium and non-equilibrium spin polarization. The density of minority of electrons

in the base emitter junction in this type of model is increased due to the presence of hyperbolic
function (cosh (kT)) (resulted from spin polarization of carriers) and spin polarization of

in injected electrons in the emitter Pe. The density of minority of electrons in the base emitter

junction in the conventional transistor is:

2
_ U qVbpe
Moe = — exp(=")

ab

Compared to the researchers’ model [31], the density of electrons in the base emitter junction
in this type of model is increases due to the same reason explained before. And the density of
minority of electrons in base emitter junction in the researchers’ model [31] is:
qy,
_ n#(cosh(3))

Vbe
Nbe = ——— (1+ PoPe) exp(*,29)

ab

The density of spin carriers in base emitter region is calculated as:

cosh(L% cosh(
Sbe: ( ( )) kT [(Pe POe)+ P ]eXp(q be) (3120)

Nap 1— PyePe

It is clear that the density of spin carriers in the conventional bipolar transistor is zero. On the

other hand, the density of spins in the base emitter junction in the researchers’ model is [31]:

cosh(L%
Sbe= ( h( )) [Pe+ P ]exp(que)

ab

]
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The density of spin of electrons is a function of spin polarization of electrons in the base, spin
polarization of injected electrons in the emitter and spin polarization of holes in the emitter. On

the other hand, the density of electrons in the base-collector junction is given by:

n?(cosh(LL))cosh (i)
Nbe= ( (kT)) KT exp qVpc (3121)
Ngp kT

The density of spin carriers in the base collector region is :

n?(cosh(2L))cosh (L)
Spe= ( ("ITV)) KT~ pop exp L= (3.1.22)
ab

The density of electrons and spin in the base collector regions are ignored in the conventional

bipolar transistor and researchers’ model [31] because of its small magnitude.

The density of equilibrium holes in emitter is:

n?

Poe=———= (3.1.23)
Npe /(1— Pge)

The density of holes increases as the result of spin polarization of holes in the emitter Poe
compared to both the conventional bipolar transistor’s value and researchers’ value which has
the value of [31], [40]:

2
ni

Npe

Poe =

The density of holes in base-emitter junction is:

2
Pe= J”i —exp (ko) (3.1.24)
Npe (1_ Poe)

The density of equilibrium holes in collector is:

2

Poc= — (3.1.25)

Np¢

The density of holes in base collector junction is:
Pc= Poc EXP % (3126)

In the conventional bipolar transistor and researchers’ model [31], the density of minority of

holes in the base collector region is ignored due to its small magnitude.

Using Equations (3.1.13), (3.1.14) and (3.1.15), we can calculate the current amplification
factor. Since the electron and hole currents emanating from collector region are very small, we

can write the current amplification factor as:

"
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1

1) DanNab(cothI‘:V—;) J(1—P§b)J(1—P5bh)
—1)+

Wb Pe+ P
DnLpNpe(coth (1+Pob(1_epeplz)ee)\l(1_ P2¢)

(3.1.27)

The current amplification factor obtained in this model is quite different from the conventional
bipolar transistor and researchers’ model value. The current amplification factor in the model

developed in the researchers’ is [31]:

1

ﬁ =
(cosh wp 1)+ DanNab(cochV—zf) (1-P2%,)
Ln

w
DnlLpNpe(cothr e (H+PobPe

And the current amplification factor in the conventional transistor is [40], [33]:

1

B= W
wp DpLnNgp (cothL—pe)
(coshL— - 1)+ Wy
n DanNDe(COthH

The disparity between the current amplification factors of the two comes as a result of

incorporation of spin of electrons in the researchers’ model [31].

3.1.3 Type 3 proposed magnetic bipolar transistor with all regions magnetic
This transistor model type with all regions assumed magnetic which is shown in Figure 3.3 has
the following features:

1. All regions (collector, base and emitter) are magnetic

2. There is an injected spin polarized electrons in both emitter and collector regions
3. Electrons are assumed spin polarized in the base region
4

Holes are assumed spin polarized in the emitter and collector regions

Using Equation (3.1.1a) and (3.1.2a), the density of minority of electrons in the base is
calculated as:

2

n.
Nob = ——— (3.1.28)
Npe /(1— Pgp)
The density of minority of electrons in this type of model is similar to the density of minority
of electrons calculated in the model (in Equation (3.1.6)) where only emitter and base are
magnetic, and electrons are only assumed spin polarized. As a result the explanation which was
done earlier ( in section 3.1.1) could also apply here. Using Equation (3.1.7) and (3.1.9), the

density of electrons in the base emitter region is calculated as:

Mo = ——T (14 Pop Le=oe) y oy Ve (3.1.29)
) Npe [(1- Pgb) ° (1=PocPe) kT .

The derivation is shown in Appendix B: (3)
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Similarly, the density of minority of electrons in the base emitter junction obtained in this
model has similar effect with the one explained in the model (in Equation (3.1.11)) where

emitter and base are magnetic material, and electrons are only assumed spin polarized.

The density of spin carriers in base emitter region is calculated as:

2
n; (Pe— Pge)

Sbe= 1— PoeP
Npe /(1— P3y) oete

The density of minority of spin carriers in the conventional bipolar transistor is zero. In

Vpe
kT

+ Pop] exp (3.1.30)

comparison to the researchers’ model [31], the density of spin of electrons in the base emitter
junction has the same effect with the one obtained in the model where emitter and base are

only magnetic, and electrons are only assumed spin polarized (in Equation (3.1.19)).

In the same way, using Equations (3.1.1a) and (3.1.2a), the density of holes in the emitter is:

n?

j (3.1.31)

poez—
NDe4 , (1_ Pge)

The same explanation can be done here like the one we did on the density of holes obtained

111
C% <l w C%
_Tmmk 111410,

E+ T
v I E-.-\J/

magnetic emitter magnetic base magnetic collector

in the model type 1 (in Equation (3.1.5)).

Figure 3.3: Magnetic npn transistor with all regions are magnetic semiconductor materials

The density of holes in the base emitter is [31], [40]:

Pe = Poe exp(%) (3.1.32)

Using Equation (3.1.1a) and (3.1.2a), the density of holes in the collector is:

n?

i (3.1.33)

Poc = —F—=
Npe ’(1_ ch)

where Pq is spin polarization of holes in the collector region.
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The density of holes in the base collector junction is small and it is ignored in the conventional
bipolar transistor and researchers” model [31]. Using Equation (3.1.7) and (3.1.9), the density

of electron in the base collector junction is:

2
nl PC_POC
(1+Po 1-PycP,

Npe = ——
Npe /(1— PZ)

where P¢ is non-equilibrium spin polarization injected in the collector.

Jexp(£2e) (3.1.34)

(The derivation is shown in Appendix B: (4))

The magnitude of density of minority of electrons in the base collector junction is a function
of spin polarized equilibrium electrons and non-equilibrium injected spin polarized electrons
in the collector. In the conventional bipolar transistor and researchers’ model, the density of
minority of electrons in the base collector junction is ignored for its negligible value, which
has an equation of [40], [32]:

Mee = Nob (exP(%,25))

Using Equation (3.1.8) and (3.1.9), the density of spin carriers in the base collector region is

calculated as:

2 _
S [ +Pgs] exp()

S =
be 2 1= PocPe
Npe.|(1- PZ,)

(Shown in Appendix B: (3))

The density of spin in the base collector region in the conventional bipolar transistor and

researchers’ model [31] is zero.

3.2 Calculation of energy band edges using perturbation theory
The energy band edge of semiconductor in the presence of magnetic impurities is approximated
by using ordinary perturbation theory. The calculation is done for non-degenerate and

degenerate energy states.

The first order correction to the band energy is:
En® = -(1/2N)/exp(inr) * exp(-inf)}{/ 2k Mexch &r - R)[(S*R 4/ Ur) wAr) + S y/ 7 (r) yu(r) +
(St~ S)YAr) wAr)- o (r) wr))] dridr 3.21)

Thus the first correction is calculated as:

Mexcn

1) =_
En 2UN

[(SZR - (SZ)) (Nn?- Nn\l)] (322)

All calculations are shown in the appendix.
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The second order perturbation using equation is calculated as:

(2) 2 2 2
2)— MexanR [(Sg’ - (S)IS(n-m) [°r-2nrns+n’ )]
E @)= WS n (20— £ (3.2.3)

where S%r = x (S7R) = XSBs(Y), X is mole fraction of magnetic moles, Bs(y) is Brillouin
function and S is spin quantum number

y = (gLusSB)/ (KT), g is g factor of electron, ug is Bohr magneton, k is Boltzman constant and
T is temperature.

Therefore the energy band with perturbed state is:
E = Eo+ h2k2/2m* + Ex® + E,@

Degenerate energy states (For two fold degeneracy)is represented by the equation [34], [36],
[37]:

Els= Y% [Waa + Woo # W(Waa - Wop)? + 4/Wan/?}] (3.2.4)
where ,
Waa = (da/H1/ ), Woo = (' /H1/ ), Wab = (da /H1 / ¢h)
EL = % (S%R - (S ){[Nat - Nad] + [No? - Nod] £ V(N%at - n%p1)+ (n%al - N2l) + 28(b-a) [N%t +
N%al + 251 Nal]} (3.2.5)

(It is shown in Appendix B: (6))

Thus the energy with correction is:
E = Eo + W?k2/2m* + EW.
3.3 Application of Spin Transistor

3.3.1 Cascaded Spin Amplifier

Using the proposed magnetic bipolar transistor’s model (including both researchers’ [31] and
the proposed ones), different performances are investigated which includes: input impedance,
output impedance, voltage gain, current gain, current amplification factor, electrons and holes
generation current, density of electrons in the base and emitter current. Since a mathematical
model was developed section 3.1, the effect of doping of magnetic material is visible in the
splitting of energy bands. As a result, it is not necessary for now to depend on the doping
concentration of a specific magnetic material. Since the splitting energy is taken as a variable,
it is possible to use any magnetic material and determine its influence. Three stage cascaded

amplifier is shown in Figure 3.4.

]
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Vde=9v b R1= 47k R3=4.7k R11= 4.7k
R5=47k R7=4.7k R9=47k

= 4{ }—\ i 4{ }»OUTPUT
C5=1uF C7=1uF
Cl= 1uF J
T1 T3
vV T2

Rs=47k
C4=100uF

= R12=1k
R4=1k i R6=10k R8=1K] R10=10l C6=100uF

AC(Y Vs=100uv R2=10k

C2=100uF

Figure 3.4: common emitter cascaded amplifier using Microsoft Office Visio

Current amplification factor of 132 for conventional bipolar transistor is calculated by

substituting the following parameters [31]:

Lp = Ls = 10um, Ln = 30um, oob= 0.9, We = W = 2um, Wy = 1.5um, ni = 1.5 * 10*° cm?,
Ne = 107 cm?, Np = 10% cm?, N = 10° cm?®, D,=100, D, = 10cm?/s, Area=17um? and

Vbe = 05 V, Vbc = OV

It should be clear that the same parameters are used to calculate for both conventional bipolar
transistor and for the proposed magnetic bipolar transistor. In order to show how magnetic
material and injected spin polarized electrons are integrated into the transistor, mathematical
model was developed which is covered in chapter 3. As it is explained in chapter 3, the injected
spin polarized electrons are mathematically incorporated into the device. Even though
transistor’s regions are not doped with magnetic material, its effect is visible in the variable
spin polarization of electrons and holes. This is because the splitting of energy bands is caused
by presence of magnetic impurities in the region. This splitting energy is about 2q [31], and
from chapter 3 the spin polarization is defined as Pob= tanh (2qu/ksT). It is also remembered
from chapter 3 that this spin polarization is used as a variable to determine different parameters
including current amplification factor. Hence it is clear that the type of magnetic material will

only prevail in the magnitude of spin polarization of carriers. This is because the strength of
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spin splitting will depend on the g factor of the magnetic material. As a result, the exact type

of magnetic material used is not important.

In order to analyse the small signal AC analysis for transistor, AC equivalent circuit is needed.
And for low frequency, the simplified re model is used; and for high frequency hybrid-x is
used. The hybrid-r can work quite well for low frequencies as well. Since the parameters of re
model and hybrid-z are functions of spin of carriers, the equivalent AC models used for spin
based devices in this thesis will work quite well. Bearing this in mind, different parameters of
cascaded amplifier calculated as:

Input Impedance

4.7%108%1,%B + .1.59+10"5

Rin tot ([(57*103)re*8 +(4.75108)]. 1 f )
(3.3.4)
where f'is frequency, B is current amplification and re IS emitter resistance
Output Impedance
Zo=Vol B *ib=(ro//Ru) IbB/Blo=ro// Ruz=ru1 (3.3.5)
Voltage Gain
Av (o)) = %* A ™ Av ™ A = (2.2 + 1033::7130891[;3*5 Te)2(Te) 3.3.6)
Current Gain
Assuming Vs = 100uv
Ai=[8.24 *10%(8.24 *10° + Bre)] *(5°) (3.3.7)

3.3.2 High frequency model hybrid-r common emitter model

In section 3.3.1, low frequency small signal analysis using simplified re model was considered.
In this section using more advanced equivalent circuit model for high frequency, small signal
analysis is investigated. After calculating each parasitic resistances and capacitances values of
hybrid-m model, the performances of cascaded amplifier are analyzed. The hybrid-t model is
shown in Figure 3.5. In order to calculate the hybrid-r parameters, evaluation of hybrid

parameters are needed.

]
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IE
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Figure 3.5: the hybrid-z model for the common emitter configuration

hie= aVbe/a|b|Vce=constant =1 (a Iv/ aVbe)|Vce=constant = VTB/ Ic :26*10-35/ Ie
hie=0 /01y |VCE= constant = Pdc= P

To calculate hre and hoe, Vbe and Vee should be determined. Using Thevenin theorem to single
stage of Figure 3.4, the base emitter voltage obtained as Vi, = VsRghie/((Rs +Rg)[Rs//Re +hic])

where Vr is thermal voltage (26*10°V), Rs//Rs signifies as Rs parallel with Rg and similarly

Reg is parallel combination of RiandR>.

hre: aVbe/aVcellb: constant = VsRB VT B/ICZ/(RS +RB)[RS//RB + VTB/IC] Rc: [8.2*10-11 B/IZC] /
[7*10° + 26*1073p/Ic]

hoe: alc/aVCEllb: constant = 1/Rc = 2.12*10-4 Siemens

It is clear that the hybrid parameters are function of current amplification factor 3 and collector
current. And from section 3.1, current amplification factor and collector current are function of

spin polarization of carriers.

Resistance values for the hybrid-= parameters calculated below.
gm: 0 Ic/@Vbeche:constantE 'IC/VT = '384'(; (W|th IC: IS eXp(qVEB/KT))

Iz = 0 Vel OV lb|vee=constant = Hre/m = Bac (VT)/ Ic = 26*10_3[3/10

re= r/hre= {(BV1/ Ic)((Rs +RB)[Rs//Re + V1P/Ic]Rs} /(VsRe V1 P/1%)) = [182Ic + 6.76*10™
1/[8.2%10]=2.2*10 Ic + 8.24*10° B
ro= 1U{ 1/Rc — (B /ry)}= 1/{2.12*10* — [B/(2.2*10%Ic + 8.24*10°B)]}
Here also it can be seen that the parasitic resistances are function of current amplification  and

collector current Ic. In other words the parasitic resistances are function of spin polarization of

carriers.

"
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Calculation of hybrid-n capacitances [43],[44] will be conducted below.
Cy= Ciaco/(1- Viec/Vinc)/MIBC

where Vgc is reverse biasing voltage, Vbinc is built in voltage in the base collector junction,
MJC is grading coefficient for base collector junction, Cjsco is the capacitance without

biasing. Hence;
Cisco= Area* sqrt(Kseoq/2Vyi)(NsNc/(Ns+ Nc))

where Ks is dielectric constant of semiconductor material (Ks= 11.7 for silicon), Area=17.2*10"
® Ng and Nc are doping content in the base and collector respectively. And Vgc is given by
[44]:

Vinbe= VT In(NcNg/ni?)
The grading coefficient Mjsc lies between 0.3 and 0.5, and we will choose around 0.4. Hence,
Cy = Cigco= 1.86*102F, Vyinc=0.64V
As a result the base collector junction capacitor Cgc is [44]:
Cisc= 1.86*1012
Cr= base emitter junction Capacitance + diffusion capacitance (Cd)
Ca= Qn/Vee|opoint=W%2Dg*Ic/VT = 4.33*10°13*|c

where W is width of the base, QB is charge accumulated in the base, and Dg is diffusion

coefficient.
The base emitter junction capacitance Cge is given by [43], [44]:
Cieo= Area* sqrt(Kseoq/2Vi)(NeNc/(Ne+ Nc))
Cx= Cigeo/ (1- Viee/Vpi)MPBE

With Mjge= 0.4, Vee= 0.5V (the forward biasing voltage which is used to calculate the

parameters of the transistor):
Viive= V1 IN(NeNg/Ni2)= 0.76V
Cigeo = Area* sqrt((Kseoq/2Vhi)(NsNE/(Ng+ Ng))= 5.4*1072
Cige= Cigco/(1- Vee/Vbibe) 1/Myge= 8.4*10712

Cr=8.4*1012 + 4.33*103*I¢

]
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Now the performances of the cascaded amplifier for high frequency of small signal will be
investigated.

where Cjgeo capacitance between base and emitter at zero biasing, Vbibe is built in voltage

between base and emitter
Input impedance
Rin= [1/(Xcullry) + 1/(Xeallrz) + 1/(Re)] ™t +Xc

(Xellry) = {(2.2%10%2 Ic + 8.24*10° B)/(2f(1.86%1072))} {sqrt[(2.2*102 I + 8.24%10° p)?
+1.36%1029/f2}

= [1.88*10%IC/f + 7*10Y7)/ sqrt[(2.2*10%2 Ic + 8.24*10° B)2 + 7.32*10%/f2]

(Xcallrz) = {[26*103B/1c]/ [(5.2*101 + 2.7*10°21C) 1} {sqrt[(26*103p/Ic)? + (1/[5.27*1011
+2.7%102 1))}

Xc= 1/2rf (1*10-6)= 1.59*10°/f

where f is frequency
Output impedance
Rout= Rol/ Re ={4.7*10%/[2.12*10* — [B/(2.2*10"I¢ + 8.24*1088)]]}/ {(1/[2.12*10* -
(B/(2.2*%10%Ic + 8.24*10°B)] ) +4.7*10%}

To calculate the output impedance, it will be suffice to substitute the current amplification

factor B and collector current Ic.
Voltage gain

Av= = [sqrt( 38 *10'8 + (4.39 *10%Y/f2)] [[38.4lc -{sqrt[(26*103/Ic)? + (1/[5.27*10% +
2.7%10%2 1))} {4.7%10%[2.12%10% — [B/(2.2%¥10%2Ic + 8.24*105B)]]} ]°

Current gain
Als: ib]_/is: RB/ ((I‘n//ch) + RB)
A= [Re/ ((r= /1 X 2)+ R8)] [(gma-(1/rua/Xcu)) H{[(1/rx/IXCr1) + U(rua/Xew)] P

where rr // X ris resistor rr parallel to capacitive reactance of X » and gm is

transconductance.

The result of this investigation is fully analysed in chapter 4 in section 4.1.2 using MATLAB
software.
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Chapter Four
Result and Discussion

In chapter three, magnetic bipolar transistors were proposed and their performances on
multistage amplifier were investigated. In this chapter, the obtained results are discussed. In
section 4.1 the output response is investigated using MATLAB software. In section 4.2,
simulation is conducted using LTspice and Hspice software.

4.1 Output responses using MATLAB software

4.1.1 Result obtained for low frequency re model small signal analysis using MATLAB
software

In Figure 4.1, the density of electrons in the base is shown as function of polarization of electron
in the base. We are using values for polarization of electron in the base in the range from -1 to
1. When we say -1, we are referring electrons are 100% polarized as spin down; i.e., there is
no spin up polarized electron. Similarly, 1 implies that all electrons are polarized as spin up.
When the value of polarization of electron lies between -1 and 1 (different from zero), it
signifies that spin up electrons present predominantly as majority in the range between 0 and

1. Similarly, spin down electrons become majority in the range between -1 and 0.
Here in the plots, the abbreviations represents as follows:

Poe —spin polarization of holes in the emitter

Pobh — spin polarization of holes in the base

Pob — spin polarization of electrons in the base

Pe — injected non-equilibrium spin polarized electrons in the emitter

]
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Figure 4.1: density of equilibrium electrons in the base versus polarization of equilibrium

electron in the base

In Figure 4.1,

» The red line represents when base magnetic with injected spin electrons in the base set
to Pe= 0.9, and only electrons are assumed spin polarized (this was done by
researchers [31]).

» The blue line represents when base and emitter are magnetic, and electrons and holes

are assumed spin polarized in the base with Popn=0.9.

From the Figure 4.1, the density of electrons is highly dependent on electron’s spin
polarization. When the spin polarization of electrons set to zero, the value of density of
electrons gives us the conventional transistor’s density of electrons value. The density of
electrons in the base rises significantly due to the presence of magnetic impurities in both
emitter and base regions (which is shown in blue line). The number of spin polarized holes in
the base due to spin splitting of energy bands help in increasing the density of electrons in the
base. It should be clear that the emitter and collector currents are mainly function of density of
carriers. Hence as the density of electrons increases, the currents will also increases. Similarly
the current amplification factor deviates from the conventional value. As a result the variation

of density of electrons has significant impact on the performances of the transistor.
The emitter current density as function of spin polarization of electrons in the base is shown

Figure 4.2

]
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emitter current density versus polarization of electron in the base
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Figure 4.2: emitter current density versus polarization of equilibrium electron in the base.

In Figure 4.2,

» The red line represents when base magnetic with spin injection electrons in the emitter
set to Pe =0.9, and only electrons are assumed spin polarized (this was done by
researchers [31]).

» The black line represents when base and emitter are magnetic with the spin polarization
of holes in the base set to Pooh= 0.8 and holes in the emitter set to Poe=0, and both
electrons and holes are assumed spin polarized.

» The blue line represents when is base and emitter are magnetic, and only electrons are
assumed spin polarized with the spin polarization of holes in the emitter set to Poe=
0.999.

From the Figure 4.2, we noted that as the spin up electrons becoming more and more
predominantly majority, the emitter current density (black color line) rises up significantly in
the model where base and emitter are magnetic (additionally electrons and holes are spin
polarized) compared to the emitter current (the red color line) in the model where only the base
are magnetic. So we noted that as far as the density of carriers’ increases, the emitter current
will also increases correspondingly. And since the number density of holes and electrons are
dramatically rises up in the model where magnetic impurities employed, emitter current will

also similarly shows increment in its magnitude as well.

]
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Amplification is one of the main functions of bipolar transistor, and current amplification factor
is the decisive parameter in voltage and current gain. In Figure 4.3, current amplification factor

versus spin polarization of electrons is shown.

current amplification factor versus polarization of electron
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Figure 4.3: - current amplification factor versus base equilibrium electron’s polarization.

In Figure 4.3,

» The red line represents when base is magnetic, and only electrons are assumed spin
polarized in the base and with spin injection of electrons in the emitter set to Pe=0.9
(this was done by researchers [31]).

» The blue line represents when base is magnetic, and injected spin polarized electrons
are ignored (Pe = 0).

» The black line represents when base and emitter are magnetic with the spin polarization
of holes in the base set to Pobh= 0.8 and holes in the emitter set to Poe=0 , and both
electrons and holes are assumed spin polarized in the base.

> The light green line represents when base and emitter are magnetic with spin
polarization of holes in the emitter set to Pee =0.999, and only electrons are assumed

spin polarized in the base.

Figure 4.3 shows how spins of carriers are used as a controlling input mechanism for current
amplification factor of a transistor. When polarization of spin of electrons is zero, current
amplification factor has the value of around 132 which corresponds to the conventional

transistor value (when the emitter current is taken as 1mA). When the polarization of spin of

]
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electrons is increasing gradually, the current amplification factor gets larger and larger. As we
can see the current amplification factor (the black line) has comparatively larger values in the
model where the base and emitter are magnetic (Both electrons and holes are spin polarized in
the base).

The 3D view of current amplification factor as a function of polarization of electrons and holes

in the base is shown in Figure 4.4.

£ 2500
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41000
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0

pol. of hole in base 44 pol. of electron in base
Figure 4.4: 3D view of current amplification factor

In Figure 4.4, as the spin up electrons becoming predominantly majority, the current
amplification factor shoot up tremendously. This three dimensional curve has the same shape
with the one we plotted in Figure 4.4 except the inclusion of holes as variable here.

In order to have full analysis of a transistor for small signal analysis, we need AC equivalent
circuit models. We know emitter current is a function of emitter current and thermal voltage.
In Figure 4.5, the calculated emitter resistance as function of polarization of electrons in the

base is plotted.
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Emitter Resistance versus polarization of electron in the base
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Figure 4.5: Emitter resistance versus polarization of electron in the base

In Figure 4.5,

» The red line represents when base magnetic with the spin injection of electrons in the
emitter set to Pe=0.9, and only electrons are assumed spin polarized (this was done by
researchers [31] when only base is magnetic).

» The black line represents when the base is magnetic, and injected spin polarized
electrons are ignored P.=0 (It means that on the conventional BJT we added only
magnetic material on the base side and we didn’t use additional spin injection).

» The blue line represents when base and emitter are magnetic, and electrons and holes
are assumed spin polarized in the base with spin polarization of holes in the base set
to Pobh=0.8 and spin polarization of holes in emitter set to poe=0.

» The light green line represents when base and emitter are magnetic with spin
polarization of holes in the emitter set to Poe =0.8, and only electrons are assumed spin

polarized in the base.

From the Figure 4.5, we can see that wide range values of resistance for different polarization
of electrons are obtained. In contrast to conventional transistor, where the resistance value is
fixed (26 ohm- resistance value for emitter current of one milliampere which is related to zero
spin polarization of electrons as shown in the figure), the emitter resistance in spin based
transistor can have wide range of values. This may be a good option for applications that seek
different design parameters. The emitter resistance 3D view as function of spin polarization of
electrons in the base is shown Figure 4.6.
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Figure 4.6: 3D view of emitter resistance

From 3D view in Figure 4.6, we can see that when both spin polarization of electrons and holes
in the base are zero (the number of spin up and spin down electron are equal), we get the emitter
resistance equal to 26 ohm which is a conventional transistor’s emitter resistance value when
the emitter current is taken at 1mA. It is clear that it is possible to find wide range of emitter

resistance values by varying both polarization hole and electron or either of them.

Input impedance is another important parameter in dealing with amplifier. In Figure 4.7, the

input impedance as function of polarization of electrons is plotted.
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Figure 4.7: Input impedance versus polarization of electron in the base

In Figure 4.7,

» The red line represents when base magnetic with the spin injection of electrons in the
emitter set to Pe=0.9, and only electrons are assumed spin polarized (this was done by
researchers [31]).

» The blue line represents when base is magnetic, and injected spin polarized electrons
are ignored Pe=0 (It means that on the conventional BJT we added only magnetic
material on the base side and we didn’t use additional spin injection).

» The light green line represents when base and emitter are magnetic, and electrons and
holes are assumed spin polarized in the base with spin polarization of holes in the
base set to Pon=0.8 and spin polarization of holes in emitter set to poe=0.

» The black line represents when base and emitter are magnetic with spin polarization of
holes in the emitter set to Poe =0.8, and only electrons are assumed spin polarized in the

base.

From Figure 4.7, we note that the input impedance is dependent on spin, and as a result, it is
managed to obtain wide range of values of input impedance. This will help in selecting suitable
input impedance that suit specific application. We can see also that the input impedance
remains constant for specific value of spin polarization of holes in the base and for variable
values of spin polarization of electrons in the base. The input impedance is higher in the

proposed magnetic bipolar transistor model (Where base and emitter are magnetic and in
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addition the electrons and hole are spin polarized). This is as a result of spin polarization of

holes in the base.

Figure 4.8 is plotted below for the proposed magnetic transistor (Where both base and emitter
IS magnetic and electrons are only assumed spin polarized) separately because of its having
smaller magnitude compared to the others (Shown in figure 4.7)

Input Impedance versus polarization of electron in the base
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+
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Figure 4.8: Input impedance for magnetic transistor (When both emitter and base are

magnetic and only electrons are spin polarized in the base)

The input impedance of the proposed model shown in Figure 4.8, slightly lower in magnitude
than the other proposed models (Shown in Figure 4.7). The reason behind this is that the current
amplification factor in this proposed model has lower magnitude compared to the others. This
is attributed for the presence of magnetic impurities in the emitter. Even though the higher
magnitude of density holes will increase the magnitude of the emitter current, it will also boost
the magnitude of the density of base current. As a result the current amplification factor is

lower in magnitude.

The 3D calculated input impedance is shown in Figure 4.9 as function of spin polarization of

electrons and holes in the base.
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Figure 4.9: input impedance in 3D

From the Figure 4.9, we understand that for fixed values of spin polarization of holes in the
base, the input impedance has constant value regardless of what values of spin polarization of
electrons have. The input impedance in Figure 4.9 has the same graph plotted in 2 dimension
plot in Figure 4.7. By holding the spin polarization of holes at constant value and varying the
spin polarization of electrons, we can get constant input impedance in the proposed model

where the base and emitter are magnetic (depicted in light green color in Figure 4.7).

The calculated voltage gain versus polarization of electrons is shown in Figure 4.10.

w10° voltage gain versus polarization of electron
T T T T T T
— Pe=0.9
. e LR LR LT LR P PP P — Pe=0 H
: : i |— Pe=038
11| T Leeeeeeiiccod|—— Poe=0, Pobh=108 |
3
& 25
o
]
o
w2
o
=

15

0
0.75 0.8 0.85 0.9 0.95 1
polarization of electron in the base

"
Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 43



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

Figure 4.10: voltage gain versus polarization of equilibrium electron in the base.

In Figure 4.10,

» The red line represents when base magnetic with the spin injection of electrons in the
emitter set to Pe=0.9, and only electrons are assumed spin polarized (this was done by
researchers [31]).

> The blue line represents when base are magnetic, and injected spin polarized electrons
are ignored Pe=0 (It means that on the conventional BJT we added only magnetic
material on the base side and we didn’t use additional spin injection).

> The light red (magenta) line represents when base and emitter are magnetic, and
electrons and holes are assumed spin polarized in the base with spin polarization of
holes in the base set to Pobn=0.8 and spin polarization of holes in emitter set to poe=0.

» The black line represents when base and emitter are magnetic with spin polarization of
holes in the emitter set to Poe =0.8, and only electrons are assumed spin polarized in the

base.

The voltage gain increases comparatively when the spin is becoming dominantly spin up
electrons in the model where the base and emitter is magnetic (Both electrons and holes are
spin polarized). Since the current amplification factor is higher in the proposed model where
the base and emitter are magnetic (depicted in light red or magenta color), the voltage gain also

will increases similarly.

In Figure 4.11, the calculated current gain as function of polarization of electrons is plotted

below.
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Figure 4.11: current gain versus polarization of equilibrium electron in the base.

In Figure 4.11:

> The red line represents when base magnetic with the spin injection of electrons in the
emitter set to Pe=0.9, and only electrons are assumed spin polarized (this was done by
researchers [31]).

» The blue line represents when base are magnetic, and injected spin polarized electrons
are ignored Pe=0 (It means that on the conventional BJT we added only magnetic
material on the base side and we didn’t use additional spin injection).

» The light red (magenta) line represents when base and emitter are magnetic, and
electrons and holes are assumed spin polarized in the base with spin polarization of
holes in the base set to Pobn=0.8 and spin polarization of holes in emitter set to poe=0.

» The black line represents when base and emitter are magnetic with spin polarization of
holes in the emitter set to Poe =0.8, and only electrons are assumed spin polarized in the

base.

In Figure 4.11, the current gain in both proposed models (the red line and the magenta (light
red line)) show improvement in its magnitude compared to the conventional bipolar transistor’s
current gain (when spin polarization is zero). Current gain is approximately proportional to

cube of current amplification factor. As a result the current gain we obtained is reasonable.
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4.1.2 Analysis for higher frequency for small signal

In section 4.1.1, we considered the small signal for low frequency cascaded amplifier of re-
model using MATLAB software. And that was done by plotting different parameters as
function of spin of polarization of carriers. In this section, we will investigate the low and high

frequency small signal analysis for hybrid-m model as function of frequency.

In the coming all simulations analysis, the current amplification factor 132 represents the
conventional bipolar transistor’s value. This comes from the fact that using the parameters
listed in section 3.3.1, the current amplification factor for the conventional bipolar transistor is
evaluated first. After that, the same parameters which were used for conventional transistor are
applied on the proposed magnetic bipolar transistors alongside with the injection of spin in
different regions of a transistor as explained in chapter 3. And then at different spin polarization

of carriers, the current amplification factors for proposed transistor are evaluated.

For small signal analysis and for low frequency, the input impedance as function of frequency

is plotted in Figure 4.12:
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Figure 4.12: Input impedance as function of frequency for low frequency

In Figure 4.12:
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The red line represents a transistor which has current amplification factor f= 132. This
transistor is considered as a conventional transistor. This is because; using appropriate values

we obtained the required parameters of the transistor.

The blue line represents a proposed magnetic bipolar transistor (Where the base and emitter
are magnetic and only electrons are spin polarized in the emitter which is Poe= 0.8) with current

amplification factor B = 248.

The green line represents a proposed transistor by the researchers [31] (Where only base is

magnetic material) with current amplification factor  of 378.

The black line represents a proposed transistor (Where the base and emitter are magnetic
material, and both electrons and holes are spin polarized in the base with electrons are spin
polarized with Pob=0.85, holes spin polarized in emitter with Poe = 0.83 and holes are spin

polarized in the base with Poon= 0.83) with current amplification factor 3 =826.

From Figure 4.12, the proposed transistor with current amplification factor 826 (With both base
and emitter are magnetic including both electrons and holes are spin polarized) has higher
magnitude of input impedance. The output responses shown in Figure 4.12 has similar trend of

output responses shown in section 4.1.1 in Figure 4.7.
In Figure 4.13, the input impedance for high frequency as function of frequency is plotted.
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Figure 4.13: Input impedance for relatively higher frequency

In Figure 4.13:

The red line represents a transistor which has current amplification factor § =132. This
transistor is considered as a conventional transistor. This is because; using appropriate values

we obtained the required parameters of the transistor.

The blue line represents a proposed magnetic bipolar transistor (Where the base and emitter
are magnetic and only electrons are spin polarized in the base which is Pob= 0.8) with current

amplification factor § = 248.

The green line represents a proposed transistor by the researchers [31] (Where only base is

magnetic material) with current amplification factor § of 378.

The black line represents a proposed transistor (Where the base and emitter are magnetic
material including both electrons and holes are spin polarized in the base with electrons are
spin polarized with Pgb=0.85, holes spin polarized in emitter with Pge = 0.83 and holes are spin

polarized in the base with Pown= 0.83) with current amplification factor 3 =826.

In Figure 4.13, more or less all the proposed transistors eclipsed the conventional transistor’s
input impedance value. We can also see that its input impedances are deteriorating at very high

frequencies.
In Figure 4.14, the voltage gain for relatively high frequency is plotted.
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Figure 4.14: voltage gain at high frequency as function of frequency

In Figure 4.14:

The red line represents a transistor which has current amplification factor  132. This transistor
is considered as a conventional transistor. This is because; using appropriate values we

obtained the required parameters of the transistor.

The blue line represents a proposed magnetic bipolar transistor (Where the base and emitter
are magnetic and only electrons are spin polarized in the base which is Pee= 0.8) with current

amplification factor 3 248.

The green line represents a proposed transistor by the researchers [31] (Where only base is

magnetic material) with current amplification factor § of 378.

The black line represents a proposed transistor (Where the base and emitter are magnetic
material including both electrons and holes are spin polarized in the base with electrons are
spin polarized with Pgy=0.85, holes spin polarized in emitter with Pge = 0.83 and holes are spin

polarized in the base with Pown= 0.83) with current amplification factor 3 826.

From Figure 4.14, we note that all the spin base proposed transistors shows good performance
which will agree with our analysis in Figure 4.10. But the voltage gain is not constant for certain
of ranges of frequency. Something should be done to make the voltage gain constant. In

addition its magnitude is deteriorating at higher frequencies.

4.2 Simulation result for cascaded amplifier using Spice software

In section 4.1, we plotted the mathematical model using MATLAB software. Next we will
simulate the electrical circuit model of the system using LTspice XVII and Hspice software.
LTspice is used because it is comfortable working with schematics. On the other hand Hspice

is programing language based software which is explained in section 4.2.2.

4.2.1 Using L Tspice XVI1I software

It is worth consideration that both the conventional and proposed transistors which have been
dealing here have been assumed made of the same parameters except the incorporation of
magnetic materials in different regions and the injection of spin injection of electrons in the

emitter and collector of the proposed magnetic bipolar transistors.

In the coming all simulations analysis, the current amplification factor f = 132 represents the
conventional bipolar transistor’s value. This comes from the fact that using the parameters
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listed in section 3.3.1, the current amplification factor for the conventional bipolar transistor is
evaluated first. After that, the same parameters which were used for conventional transistor are
applied on the proposed magnetic bipolar transistors alongside with the injection of spin in
different regions of a transistor as explained in chapter 3. And then at different spin polarization
of carriers, the current amplification factors for proposed transistor are evaluated.

In order to carry out the simulation in the LTspice, we need transistor models that suits the
magnetic bipolar transistors and the conventional bipolar transistor characteristics. In this way,
it is possible to use parameters pertinent to each respective type of transistors. Hence it is
imperative to develop transistor symbol for the proposed transistors. The transistor symbol
developed using LTspice is shown in Figure 4.15. Following this, essential parameters for each
developed magnetic bipolar transistors is incorporated in the developed transistors’ model, and

saved in the library file of the LTspice.

@ (b)

Figure 4.15: a) customizing symbol b) transistor symbol

H-parameter of the transistor is measured for current amplification factor of =132 and p=248
using LTspice and calculated, and the result is shown in Table 4.1. At current amplification
factor =132, spin polarization of carriers is assumed zero (Conventional transistor). And for
current amplification factor B = 248, the spin polarization of electrons in the base is Po,= 0.83
and the spin polarization of holes in the emitter is Poe= 0.8 (magnetic bipolar transistor in which

the base and emitter are magnetic and in addition only electrons are spin polarized in the base).

H parameter B =132 B =248
hie 4923 9,044
hre 2.07*10* 1.72*10*
hre 114 214
Noe 2.07*10* 1.1*10°
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Table 4.1: H- parameters of the transistors for f=248 and =132

From the table 4.1, we see that the input impedance is higher for proposed model (When the
base and emitter are magnetic in addition electrons are only spin polarized in the base) when
current amplification factor is p =248. The forward current gains have more or less closer value
to the dc current amplification factors.

Figure 4.16 shows a cascaded amplifier after we customized the transistor symbol and
connected in LTspice. In Figure 4.16, the cascaded amplifier is shown with created transistor

model for current amplification factor of 132 with the transistor model of 2ERM132.
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Figure 4.16: cascaded amplifier

Next, the output responses of the cascaded amplifier are simulated for different cases:

1) When the magnetic bipolar transistor is magnetic in the base and in the emitter region,
including only electrons are spin polarized in the base.

2) When the magnetic bipolar transistor is magnetic in the base and in the emitter,
including electrons and holes are spin polarized in the base.

3) When only the base is magnetic, and only electrons are spin polarized in the base (This
is the researcher’s [31] work)

4) For the conventional transistor for f=132 (Spin polarization is zero)

1- When the magnetic bipolar transistor is magnetic in the base and in the emitter

region, including only electrons are spin polarized in the base.

]
Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 51



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

For spin polarization of holes in the emitter Poe= 0.8 and spin polarization of electrons in the
base Pon = 0.83 (magnetic bipolar transistor when base and emitter are magnetic and also

electrons are only spin polarized in the base), different parameters calculated as [39]:

B = 248, ic= 3.1mA, Is= lIc exp(-Vue/Vi) = 1.42* 10 A, Vie=vilnNeNs/ni?=0.757, Vic=
Vin(NeNe/n®)=  0.64, Cieo=sqrt((esgNeNe)/(2Vie(Ne  +Ng)))=  5.4*10%%  Cyc=
sqrt((esqNsNc)/(2Vic(Ns +Nc)))=1.86*10"1?

Simulation is also done for conventional bipolar transistor with relevant parameters calculated

as:

B = 132, ic= ImA, Is= lc exp(-Vee/V:) = 4.58* 10? A, Vie=vinNeNg/ni?=0.757, Vic=
Vidn(NeNe/ni?)=  0.64,  Cieo=sqrt((esgNsNe)/(2Vie(Ns  +Ng)))=  5.4*10%%  Cyc=
sqrt((esqNeNc)/(2Vic(Ns +Nc)))=1.86*1012

where s is saturation current, Vt is thermal voltage, es is permittivity of air, Ve and V¢ are
built in voltage across base emitter and base collector junctions respectively, Cieo is
capacitance due to base to emitter junction when there is no biasing and Cjco is base collector

junction capacitance without the presence of biasing.

Input impedance will be investigated below for different current amplification factors. Input
impedance at spin polarization of holes in the emitter Poe= 0.8 and spin polarization of electrons
in the base Po, = 0.83 (magnetic bipolar transistor when base and emitter are magnetic and also
electrons are only spin polarized in the base), current amplification factor has the value of 248.

Input impedance at current amplification factor B= 248 is simulated in Figure 4.17.

10Hz  100Hz  1KHz  10KHz 100KHz 1MHz  10MHz  100MHz
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Figure 4.17: input impedance for current amplification factor of = 248

From Figure 4.17, the input impedance count high at lower frequencies and start declining as
the frequency increases.. The main reason for this trend is that at low frequencies the reactance
of the capacitor become large and its contribution to the whole input impedance will be higher.
At higher frequency, the capacitor will have generally very small reactance in such case it can

be ignored.

In Figure 4.18, the input impedance for current amplification factor of 132 is simulated. It
should be remembered that the transistor with current amplification factor of 132 is considered

the conventional bipolar transistor value which we calculated using relevant data.

1z,2.6084023KQ

Figure 4.18: input impedance at =132

From simulation result of Figure 4.17 and Figure 4.18, the input impedance is higher for g =
248 (when spin polarization is Poe = 0.8, and pop = 0.83). In most application areas, high

impedance is needed.

In Figure 4.19 and Figure 4.21, the output impedance is simulated for magnetic bipolar
transistor and conventional transistor. For magnetic bipolar transistor of spin polarization of
electrons Pob = 0.8 and spin polarization of holes Poe= 0.83, the current amplification factor is
around B = 248.
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1Hz 10Hz 100Hz 1KHz 10KHz  100KHz  1MHz  10MHz

Figure 4.19: detailed measurement for output impedance at = 248

Cursor 1
Wivout)/1{11)

Freq: 3.1062715KHz Mag: 4.5114816KG @
Phase: -3.194 26637

Group Delay: 2.8006085ps
Cursor 2

Figure 4.20: Detailed measurement of output impedance for f= 248

For the current amplification factor 132, the output impedance is simulated in Figure 4.21.

M (n002)/1{11)|

1Hz 10Hz  100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz

Figure 4.21: output impedance for B= 132
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Cursor 1
Wiwout)/111)
Freq: 10KHz Mag: 4.4038362K @
Phaze: -0.929018°
Group Delay: 2 57R55Tps|

Figure 4.22: Detail measurement of output impedance for B=132

As it was predicted in section 4.1, the output impedance more or less has the same for all cases.
This is because the output impedance of the third amplifier is too large, and the net output
impedance rely on the collector transistor which is Res= 4.7k ohm.

In order to determine the voltage gain, the output and input waveforms simulated for different
current amplification factor f which represent proposed model and the conventional bipolar
transistors. In Figure 4.23 and Figure 4.25, simulations of voltage gains for current
amplification factor B of 132 and current amplification factor B of 248 are presented

respectively.

Figure 4.23: voltage wave form for B=132
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20ms  40ms 60ms 80ms 100ms 120ms 140ms

Figure 4.24: input and output voltage waveforms at § =248 to determine voltage gain

Figure 4.24, the peak to peak voltage at current amplification factor =248 is approximately
2.68V whereas the peak to peak input voltage is 120uv. Therefore the voltage gain is Ay =
Vout(pp)/Vin(pp)= 2.23 *10*. From Figure 4.23, the voltage gain for current amplification factor
B=132 is Av= Vou(pp)/Vin(pp) = 1.2V/120uV= 1 *10*.

The current gain performance for different current amplification factor (Current amplification
factor of 248 and 132) is simulated in Figure 4.25 and Figure 4.26 respectively.

60ms 80ms 100ms 120ms 140ms 160ms 180ms 200ms
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Figure 4.25: Current wave form for current amplification factor of /=248

Figure 4.26: current output waveform for g =132

From Figure 4.25, the peak to peak current output for current amplification § =248 is lout(pp)=
0.573mA and the peak to peak input current is lin(pp)= 2.4nA. So the current gain is Ai= lout/lin
= 1.2mA/4nA=2.38*10°. Similarly for B = 132 in figure 4.26, the current gain is loutlin=
0.257mA/2.4nA= 1.07* 10°. And it can be concluded that the current gain is good at current
amplification 3 =248.

2- Simulation of magnetic bipolar transistor when both base and emitter are

magnetic including electrons and hole are spin polarized in the base

For spin polarization of holes in the base Pobn= 0.87 and spin polarization of electrons in the
base Por=0.85, the current amplification factor is around 826. Different parameters calculated
as [39], [43], [44]:

B= 826, 1:=5.55MA, Is= lc exp(-Vie/Vi) = 1.13* 10 A, Vie=viInNeNs/ni?=0.757, Vic=
thn(NENB/niZ): 0.64, Cieo=sqrt((esgNeNe)/(2Vie(Ns +NEg)))= 5.4*10'12, Cic=
sqrt((esgNsNe)/(2Vic(Ns +Nc)))=1.86%1012

where s is saturation current, V is thermal voltage, es is permittivity of air, Ve and V¢ are
built in voltage across base emitter and base collector junctions respectively, Cieo is
capacitance due to base to emitter junction when there is no biasing and Cco is base collector

junction capacitance without the presence of biasing.
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The input impedance for a transistor with current amplification factor B=826 is simulated in
Figure 4.30.

,5.8038321KQ

Figure 4.27: input impedance at current amplification factor = 826

The transistor with current amplification factor f= 826, has an input impedance which deviate
hugely from the input impedance of a transistor with current amplification factor f= 132. At
frequency 1 kHz, the input impedance is around 5.8k ohm. On the other hand the conventional

transistor with current amplification factor f= 132, the input impedance is 2.6k ohm at 1k Hz.

In Figure 4.28, the output impedance is simulated for a cascaded amplifier for for current

amplification factor = 826.

10Hz 100Hz 1KHZ 10KHZ 100KHZ 1MHz 10MHz
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Figure 4.28: output impedance for current amplification factor of f= 826

The output impedance is more or less has similar values for all cases. This is because when the
output impedance of the transistor paralleled with Rc (The transistor at the collector which is

R11), the total output impedance becomes equal to approximately the value of resistance Rc.

In Figure 4.29, the voltage waveform is simulated which help us to predict the voltage gain.

Figure 4.29: input voltage Vs and output voltage Vout waveform for B=826

From Figure 4.29, the peak to peak voltage at current amplification factor B 826 is
approximately 6.07V whereas the peak to peak input voltage is 120uv. Therefore the voltage
gain is Av = Vour(pp)/Vin(pp)= 5.06 *10*. For conventional transistor with current amplification
factor B= 132, the voltage gain is around 10* which is depicted in Figure 4.23.

The current waveform which helps to calculate the current gain is depicted in figure 4.30 for

current amplification factor = 826.
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40ms  60ms s 100ms 120ms 140m

Figure 4.30: current output for B= 826

From Figure 4.30, the peak to peak current output for current amplification p =826 is lout(pp)=
1.29 *103A and the peak to peak input current is lin(pp)= 2.4nA. So the current gain is Ai=
lout/lin = 5.4*10°. Similarly the current gain is calculated in figure 4.29 for p = 132 which is
lout/lin=.457TmA/4nA= 1.07* 10°. As a result, the current gain is good at current amplification
 =826.

3- Simulation result for the magnetic bipolar transistor when only the base is
magnetic material and in addition electrons are spin polarized in the base.(

This is the researchers’ work [31])

At spin polarization of electrons in the base Pob= 0.8, the current amplification factor for this
magnetic transistor (Where only the base is magnetic material and only electrons are spin
polarized in the base) is B = 378. Different parameters calculated as [39], [43], [44]:

B =378, Ic= 2.84*10-3, Is=5.78 *1071%, Vie=vilnNeNB/Ni?=0.757, Vic= thn(NENB/niZ): 0.64,
Cieo=sqrt((esqNeNe)/(2Vie(Ns  +Ng)))=  5.4*10%2,  Ci=  sqrt((esqNsNc)/(2Vic(Ns
+N)))=1.86%10"22

where s is saturation current, Vt is thermal voltage, es is permittivity of air, Ve and V¢ are
built in voltage across base emitter and base collector junctions respectively, Cieo is
capacitance due to base to emitter junction when there is no biasing and Cjco is base collector

junction capacitance without the presence of biasing.

The input impedance for current amplification factor § =378 is simulated in Figure 4.31.

"
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1Hz 10Hz 100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz

Figure 4.31: input impedance for =378

Comparing the result obtained in Figure 4.31, Figure 4.18 and figure 4.27, the input impedance
for magnetic bipolar transistor (When the base and emitter are magnetic material in addition
holes and electrons are spin polarized in the base) current amplification of B =826 has the
highest magnitude of 5.19k ohm at 1k Hz. The recorded output value of input impedance for 3
=378 is 4.46k ohm, for 3 =248 is 3.71k and for § =132 is 2.6k ohm respectively.

In Figure 4.32, the voltage waveform which helps us to calculate the voltage gain is simulated.

20ms  40ms  60ms 100ms 120ms 140ms 160ms 180ms

"
Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 61



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

Figure 4.32: voltage waveform for 3 =378
From Figure 4.32, the peak to peak output voltage for 3 =378 is 3.81v and the voltage gain is
A= 3.18*10% To generalize:

At B =378, the voltage gain Ay = 3.18 *10%, at p =132, A,=1*10%, at p = 826, Ay= 5.045 *10*.
B =248, voltage gain is Av= 2.23*10%,

And it can be seen that all the proposed magnetic bipolar transistors show good performance.

Simulation is done for current waveform to determine the current gain in Figure 4.33.

Figure 4.33: current waveform for § =378

From Figure 4.33, the peak to peak output current is 8.13*10A and the peak to peak input
current is 2.4nA. Then the current gain is 3.39 *10°. Compared to other current gain of current

amplification factors:
At B =378, Ai= 3.39 *10°, B =248, Ai = 2.38*10°, B =826, Ai= 5.4 *10°, p =132, Ai= 1.07*10°

All the proposed magnetic bipolar transistors show better performance.

4.2.2 Simulation using Hspice software
Hspice software is programming language based software which allows users to define the
parameters of the models as they wish. Important parameters for simulation purpose calculated

as:

VJE:vtInNENB/ni2:0.757, Vic= thn(NENB/niz): 0.64, Cieo=sqrt((esqNsNe)/(2Ve(Ne +NEg)))=
8.4%1012, Cyc= sqrt((esqNeNc)/(2Vic(Ne +Nc)))=1.86*10"2 , MIC=MJE=0.4.
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where V¢ is thermal voltage, es is permittivity of air, Ve and V¢ are built in voltage across base
emitter and base collector junctions respectively, Cseo is capacitance due to base to emitter
junction when there is no biasing and Cyc is base collector junction capacitance without the

presence of biasing. We have also:

B =132, ic= 1mA, Is= Ic exp(-Ve/Vs) = 2.08* 10°1°A

B =248, ic= 3.1MA, Is= Ic exp(-Vbe/Vi) = 6.43* 101°A
B =378, ic= 2.82mA, Is= Ic exp(-Ve/Vy) = 5.9% 10°5A
B =826, ic= 5.55MA, Is= Ic exp(-Vie/Vy) = 1.14* 10°1A
where Is is saturation current and Ic is collector current.

In this section, the output response of the cascaded amplifier is conducted for different spin
polarizations. In Figure 4.34 the voltage wave form for transistor of current amplification
factors of 132, 248, 378 and 826 is simulated using Hspice software. Simulation for voltage
waveforms which constitute all current amplification factors of a transistor is presented in
Figure 4.34.

Graph11
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Figure 4.34: output and input voltage waveforms using Hspice software

From Figure 4.34, it is obvious that the voltage gain has good performances in all the proposed
transistors. More or less, it strengthens the claim what was done using LTspice software in
section 4.2.1 and MATLAB software in section 4.1.

Simulation for current waveforms which constitute all current amplification factors of a

transistor is presented in Figure 4.35.

current waveforms

-Zn

Y132

i(r3vaE

M 1 L
|1

E."l ||'.{| | 240

alu 1000 150u 2000 250u

Figure 4.35: output and input current waveforms using Hspice software

Similarly, the current waveform shown in Figure 4.35 illustrates the predicted result in section

4.1 and section 4.2.
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Chapter Five

Conclusion and Recommendation

5.1 Conclusion

Spintronics is a new technology, and its researches are more or less carried out theoretically
and experimentally using fundamental physics concept (such as spin injection, spin filtering,

or semiconductor ferromagnetism).

In the first part of this thesis, magnetic bipolar transistor models were proposed in which the
spin degrees of freedom of carriers added as an additional controlling input to the existing
charge based device. The strength of spin splitting in the energy bands are specifically depends
on the type of magnetic material we used. By just investigating the magnitude of spin
polarization of carriers, it is possible to differentiate which spin polarization matches with the
specific magnetic material. Hence, the proposed magnetic bipolar transistors will works for all
types of magnetic materials. As a result, from this thesis it is managed to come up with quite
different types of magnetic bipolar transistors which are functions of spin of carriers. In the
second part, the proposed magnetic bipolar transistors are validated by applying on application
areas (Cascaded amplifier). Here three stage cascaded spin amplifier is considered, and input
impedance, output impedance, voltage gain and current gain are analyzed for low and high
frequency using suitable AC equivalent models. In addition, density of equilibrium electrons
in the base, current amplification factor, density of electron / hole generation current and
emitter current are clearly developed. Using MATLAB software, the calculated characteristics
of all the aforementioned parameters investigated. In addition, simulation is performed using
Spice software to investigate the performances of the voltage gain, current gain, input

impedance and output impedance.

From this thesis, it is clear that incorporation of spin carriers in the device will help to boost
the output responses of different parameters of the device. Further, in the proposed transistor
models, it is obvious that the density of minority of carriers and the current amplification factor
are tuned by spin of carriers. Contrary to the conventional cascaded amplifier, the spin
amplifier’s parameters have wide range of values which is a function of polarization of spin
carriers. All in all, it can be concluded that spin can be a main player in controlling a device’s

parameters.
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5.2 Recommendation
This thesis focused on one type of spin based transistor, i.e., magnetic bipolar transistor. In
addition to studying on magnetic bipolar transistor, it is also possible to research on other types

of spin transistors. So:

1) It is possible to develop a model by injecting polarized/ unpolarized electron on the
base side.
This thesis is based on the existing bipolar transistor by injecting spins to the device to exploit

the advantage of spin degree of freedom. It is also possible:

2) Itis possible to work on other type of spin transistors, for example, spin valve transistor,
spin-FET, and so on.

3) It is also possible to calculate the new energy bands resulting from splitting of
conduction and valence bands due to presence of magnetic impurities using different
techniques. In addition, recombination rate, mobility and diffusion constant can be
calculated.

4) Developing small signal AC models for spin based transistor is another interesting area

to study.
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Appendix

1 Derivation of density of minority electrons and holes

To show the density of equilibrium electron in the base as:

2

Nob=—7* cosh cosh
Ngp KT T

(When electron and hole are considered spin polarized, both conduction and valence energy
bands split)

Starting with the following equations [25], [32]:

ni= — exp(M)) (B1)

pi= =~ exp(- ) (B2)

Where,

Eci= Eo-q@- AqQuc
Evi=Evo- q D ‘ﬂ,q l//v

A represents 7or ¥

_ Nc —(Eo—qP-Aqy,—u, )
nz=—- exp( = )
~(Eo—q®-1qy,— 1
1= 5 exp(- Tt al)) (B1a)
2 kT
_Ne o ~(Eo=q@—Vay.—p, )
nJ=— exp( = ) (B2a)
And remembering n=n;+ ny [25], it follows:
— _ Nc —(Eo—qP-"qy —p1,1) Nc ~(Eo—qD—Vqy, —u, ¥)
n=nt+ny= ?exp( = ) + 7exp( = )
1 T v
= Nexp(-Lent?) [exp(-IUaly 4 gxp(- e
= Ncexp(—( vo_dP)) cosh—(wli;” ) (B3)
_ _ Nc —(Eo—q®-Tqy —p, Dy  Nc —(Eo—qP=Vay —p, ¥
s=n1- nJ—?exp( - ) - 7exp( = )
v
= N exp(rEerf) [exp(— L) - (-t |
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— —(Eyo—q D)\ _: (qy.+u,)
o = Ncexp(—kT ) sinh e ) (B4)
Similarly for holes:
(upA—(Evo—qP-2q v,,)
pz— - exp(- o )
_ Nv —(upT—Eypo + qP+ 1qy,)
pT=—exp( = )
_ Nv _(ﬂpJ_Evo +tqd+ \qu//,,)
Pv=— exp( T )
_ _ Nv ~(uy"~Evo+ qP+1qy,), Ny ~(y¥~Evo + qP+ Yay,)
P=p1+ ps= — exp( o ) + - exp( . )
_ N (- E,,o+ qo) qt//,,) =, v+ vqy,)
= gexp( ) [ exp(— ) +exp(——"]

= exp(M) co h( p q%)

(Eo qcD) (q l//c un

—(- E,,,,+ ) (u qu/,,)
=) cosh( "))

np = ( Ncexp( ) cosh y (Nv exp(

Eo Em) (qufc ) Wv)
osh( ” )

cosh

= NvNc exp(

= n2 cosh8Era) cosp(“a 1))

If the spin down and spin up of pp and pn are spin independent and equal, then:

q wc q %

np= ni? cosh cosh

Using the usual equation [40] of concentration of holes and electron in the p type

2
semiconductor for conventional transistor: ngp = (i)
ap
2
no= L2 coshq L cosh——* W" (B5)
Nap

Analogous equation can be made for equilibrium holes in the emitter. In case when conduction
energy bands are only considering splitting, one can set = 0. The same could be applied to
valence energy bands. In this case, for instance, when electrons are only considered polarized
in the base, the density is given by:

o= ()

Nap

coshte (B6)

And when holes are only considered spin polarized in the emitter, the density of holes in the

emitter is:
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— niz vy
Po= (N—Decosh ) (B7)
Polarization of equilibrium electron and hole is given by:

Py = tanh ~2 (B7.1)

Poe - tanh-2 (B7.2)

To prove equation (B7.1), the definition of spin polarization [25] is used. This is:

_(nT-nd
T (nT+nd) (B8)
Using equation (B3), (B4) and (B8)
N7+ ne= Neexp(—E22 q@) cosh "”f(;‘m )
nr-ne= Neexp(—Eee qu)) sinh Wf{;’m))
If the chemical potential pn is spin independent, then:
Pob tanh W‘
2 Derivation of polarization
Polarization of non-equilibrium electron density is:
tan (On) b
— kT 0
P= 1+P btanh(éﬂ_)) (3l1-7)
0 KT
The derivation will proceed below. The density of electron in the emitter base junction is
given by:
Nbe= N= Nob exp(%) (B9)
Or alternatively, we can write [25]:
5) +6
NA= Niob exp(W) (B10)
5) +6
1= Noby exp((LEB ) (B11)
5p) + 6
NJ= Noby exp(L;””) (B12)
n=nr+ny= nobrexp(w) + Noby exp(w)
T kT

Density of spin electron is:
I EEE———
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( :unf)) _

s=np-ny= exp((q( ®) )) [Nob 7 exp(—2~= Nob+ exp(( ”"J)] (B14)

And equilibrium electron and spin can be given respectively as:

No= Nob 7+ Nob (B15)
S0 = Nob 7- Nob¥ (B16)
Noat = (No +50)/2 (B17)
Nob¥ = (No — S0)/2 (B18)

Substituting equations (B17) and (B18) into equations (B13), one can get:

n=n; +ny= exp((q(&l’) ) [(no +so)/2exp(Zal “?)) + (no-so)/2 exp(ns ’”)]

= eXp((qf%){ No /2 [(EXP(((SliI—¥?)) + eXp(% )] + So/2 [(exp((‘sl’:—;?)) - exp((‘s:_;ﬂ)]}
And taking
e = (e 2t 1 )2
n= exp((‘“ c1>>)) {no /2[(exp(<<ﬂ+_ﬂ—) + exp(M 1 + so/2 [(exp(E (u+ u_))) ]
(8 cu+ ZDNN

exp(

n= exp(C2 ) g cosh (22 ) + so sinh (S52)] (B19)

Similarly it is possible to show the spin carrier as;
s= exp(22) g sinh (S42 ) + so cosh (252)] (B20)

Evaluating polarization of electron is straight forward. Using equation (B19) and (B20):

( /t_)
tanh + Pob

1+Pyp tanh

where Pos is polarization of equilibrium electron in the base.
3 Derivation of density of electrons and spins in the base emitter junction

The density of electron in the base-emitter junction when electron in the base and hole in the

emitter is considered polarized is given by:

Nbe= Nop(1 + Z2-25P,) exp 22 (3.1.10)

1-PePye
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Multiplying equation (B19) both the denominator and numerator of the right hand side of the
( #_)

equation by no cosh (

(Su_ ) ((q5<l> +6u,)

n= no cosh (=== exp (On ))]

) [1+ Somo tanh (

(q <1>) [exp ((( Spay )+ Su_) S, —(8u_)

(6u)
P 7

= Nop EXp—— 1 [1+ Sono tanh (

= Nor2 exp% [exp (q&])k;&u N, exp (qé‘d)k-;‘&u 1 [1+ sono tanh ¢ i’; N (B19a)

If the discrepancies between duT and Sud is considered small compared to 8¢, it can be

set: 3uT = dpd. And as a result:

(qdd + du)
kT

(Su_ )]

N=no exp [1+ Pypr tanh (

n=no exp — [1+ Pygr tanh (( Ou ))] (B19b)

From equation (4.1.9)

h ) _P=Pob__constant (B21)

tanh =7 1- P(Pop)

The chemical potential u assumed constant in the depletion layer and hence it will help

connect the polarization at the right and left depletion layer.

Combining equation (B19b) with equation ((B21) give us:

— Vpe (Por— PoRr)
N=Noexp 22 [1+ Py, (S-5—20)] (B19¢)
When the emitter region is considered magnetic, Pyg=P,.. And when the emitter considered
nonmagnetic, Pyz= 0. And P; = P, (spin polarization of injected electrons in the emitter)
The density of spin carriers in the base emitter region is calculated as:
s*= exp(w) [no sinh ( ‘) ) + So cosh (( ”" =]

(un

Dividing the right side with no cos —=2=, the density of spin is:

. (Spy) (q6d + py ) (6puy)
$*=np cosh o exp( = ) [ tanh (—kT ) + Pob ]

Using the relation listed in equation (B21):

_ (8u,_) (@69 + 1,.)\ (Por—PoR) ,
She= Mo COSh — 2= exp(—— ") [ > pr + Pob ]

]
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If the discrepancies between duT and 8ud is considered small compared to 8¢, it can be

set: out = dul. And as a result:

be [( Por— POR) POb]

Sbe=No exp-— [, o
o

4 Derivation of density of holes in the base collector region

Density of minority holes in the collector is calculated similar to what we did for density of

holes in emitter.

N EcA—u A
mc=?cexp( ( “” )

)

—(u, A—Ev2)
pzc— — exp(—L—)
Since holes are assumed spin polarized in the collector, only valence band split. Following

similar steps like before, one can obtain:

(ﬂp q l//,,)

np = (Nchexp—C sh (——))
+qy,)
Poc = —))
Noe= Nop(L + 22-20<P) (822)
Nbe= N*= Nop exp((q bC)) (B23)

Following similar steps from (B18) to (B17):

n* = exp((q&b—“”’“)) [no cosh (=) ‘))+so sinh (( “”‘ ~“oh]
5 (5 5
s*= exp(—(q d’kJrT“ ”+)) [no sinh (—( : ;') ) + so cosh (—( lf;‘))]

n*= nor [exp (ad0+oul) exp W¢+T‘SM] [1+ somo tanh (%)]

KT
But,
( /ln—)
tanh + Pop
P* = s*/n* = S,
1+ Pyp tanh "‘
And-
1) P—-P
tanh (=) = 0 = constant (B24)

]
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The density of electron in the base-collector junction (when electron in the base and hole in

the collector is considered polarized) is given by:

5b+6
Nbc= Nor2 [€XP Ww pw] [1+ so/no tanh( = ”‘]

The chemical potential u assumed constant in the depletion layer and hence it will help

connect the polarization at the right and left depletion layer.

(a8¢ +8u7) (8¢ + W)] [1+ somo — =221

= +
Nbe= Nor2 [eXp o exp - P(P 0

Combining equation (B17b) with equation ((B19) density of electron in the right hand side of
base collector is:
— (a8 +8u7) (@8¢ +8ud) (PL—PoL)
NR= Moz [eXp “————+exp————] [1+ Popr (m)]
When the collector region is considered magnetic, P,; =P, .. And when the collector considered

nonmagnetic, Py, = 0. And P, = P. (spin polarization of injected electron in the emitter from

collector to the base). Hence,

be= nora [exp L2924 3D) | o (q6c1>+6y¢)] [1+ Pype (Fe=Pocy]

kT 1— PycPc

If the 8 considered spin independent, we can set: 5uT = dud. And as result:

5 )
oc= o exp L0 [y p (P o)

)
Nap

Qy.

T exp 2 [1+ Popp (7525 (B25)

cosh

The equation in (B25) represent when all regions are doped with magnetic impurities. If the
collector region is made of semiconductor material, the density of electron in the base collector
region will reduced to:

(i)

q
Noc= Mo €XP 2 = s cosh "'C Zbe

EXP Ter kT
The density of spin carriers in the base collector region is calculated as:
5= exp((E4n) [ng sinh (“22=2 ) + 5o cosh ((2en=]

Dividing the right side with no cos ( ”"‘).

S*=np cosh( ”" exp((q&b””*)) [ tanh ((6”” ) + Pob ]

Using the relation listed in equation (B24):

"
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(6uy,_) (@6 + 1y )\ Pe— Poc ,
Shc= No cosh o exp( = ) [1 P, Poo |

If 3 considered spin independent, we can set: duT = dud. And as result:

v P.— P,
Soc=o exp =7 [[Z5 =5+ Pov ]
c

5 calculations of emitter and collector currents

In order to calculate the currents, it is necessary to evaluate the densities of electrons in the
junction due to diffusion of minority carriers. The non-equilibrium electron in the base resulted
from diffusion is given by [25], [32]:

d’n_ n
The solution to the above differential equation is:
n(x) = A sinh (Wb ")+Bsmh(—)
With boundary conditions:
Nn(0) = Npe, N(Wb) = Npc
B (sinh= Ln )+ (sinh‘liv—rll’) 807
n(X)_ Mbe sinh‘:ﬁ Mlbe sin ‘Z—Tll’ ( )
Then the current is:
dj(x) _ _ an(x)
dx - an dx
w X X
- an (cosh=—T—= n_7y (cosh;—)
(X) [ be sinhw—z ™ Moc sinhw—ﬁ] (828)
Ln Ln
At x=0, J"(0) = j"be
. __qDbn cosh?2 1
oo = = e s — Mo i | (B29)
n n
At X= W, " (Wb) = j"bc
0 qDp 1 (cosh‘liv—:)
Vo= S Lwe) S = Moe ] (B30)

Similarly, the minority hole carrier can be calculated with simpler boundary conditions.

In the base emitter junction, the minority hole carrier can be calculated as:

]
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Pe(x)= A(sinh( X) + B(sinh &e=2)
Ly Lp
The boundary conditions are:
p(0)=0, (at the contact electrode , the density of electron reduces to zero.)
And at the junction, p (We) = poe . Therefore,
(smh—))
Pe(X)= Pbe — (B31)
In the collector base junction, the solution for density of hole carrier is:
X
L)
With boundary conditions:
At base collector junction x = 0, p(0) = psc. And in at contact electrode x= we, p(wc) = 0.
(sinh™E%))
¢(X)= Poc —” (B32)
And therefore the hole emitter current is calculated as:
Jp — 4Pp_dp(x)
o dx (B33)
(coshﬂ))
P = abp
JPhe Ip Poe Smhﬁ (B34)
(coshﬂ))
P = abp Lp
S R (B35)
P
Therefore the emitter current and collector currents are:
Je= %be + j e
Yb h79))
_ gDy (costh ) wp qu (cos
= [Nbe et — Npc smh( )] + [ (Pbe) ,nthv: ] (B36)
Je= j%c + jPbe
h2b h79))
_ gDy 1 ((coshy, )) q D,, (cos
T L [nce sinhy2 Moo —; )] [ Pec sinhL (B37)
jb = je - jc
And current amplification factor 3 is:
D Nhe Nhc
e ﬁ[sinh? B tanh‘liv—g] ( oth—)*pc
B: - = Dn(petnpc), 1 1 (838)

]+—(coth )*pe +—*pc
Ln tanh—b smhﬂ
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6 Energy band edges in magnetic bipolar transistor is approximated using ordinary 15

and 2"d order perturbation theory.

For non-degenerate energy states

First order perturbation equation [37]:
En® = ((n°) [H1|n°

where Hy is the Hamiltonian describing perturbed eigenvalue and n° is unperturbed
eigenstate.

And H! is given by [35], [34]:

H! = -V/2N Zr [ Mexch 3(r - R) {S*R w'u(r) wi(r) +Sry™ (1) wi(r) + (S%R-(SH) [y™ (1)
ya(n) - i () wi(n)] dr
where S'R=S*+3SY, SR=S*-9
v () = 1NV T afm exp(- inn)|L)
wo. () = 1AV Xn am. exp(inr)| A)

V is the volume of a unit cell and their total number is N, A is 1 or ¥, a’nand an are creation
and annihilation operator of charge carrier respectively.
And eigenstate is defined as:

Ny = 1AV exp(inr) [A)

Mexch IS exchange interaction between carrier spin and local magnetic spin varies over unit
cell, (S?) is the average spin polarization of magnetic subsystems, SR is spin operator of

magnetic atom at lattice site R.

The first order correction to the band energy is:

En® = -1/2N [ exp(inr) * exp(-in}{] Zr Mexcnd(r - R) [(S"= wi(r) w(r) + Smy™ (1) wi(r) +

(SR (SO ™) wi(r) -y (1) wi(r) )] dr}dr
Using the commutation relation [41], [38] of:

afnt@) and(r) = %2 (1)

afnd (1) ant () =% o (1)

N, () = @) amu(r)
where o is pauli spin matrice.

+

o’ =o*+oYis spin raising Pauli matrice and o™ = *- ¢” is spin lowering Pauli matrices

]
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En® = -1/(2NV) | [[£r Mexen(r - R) 8(r - R) [(S"8 Tn (% 0) + S En (4 0 )+ (SR - (5) T
(Nn? - Npd)] }dr]dr

= -U/(2NV) [| Mexen [(S'r Zn (Y2 6*) + SR Xn (Y2 5 )+ (SR~ (S%) Zn (Na? - Nad)] H1dr
= -RI2NV) [Mexen [(S"r 2n (Y267) + SR 2n (Y26 )+ (SR~ (S%)) (Nn? - Nni)] }

Using Pauli spin matrices [38]:
0

Sx:h/2((1) é),syzh/z((i’ ‘Oi), szzh/z((l) %

c =c*-6c ="+
s+R=sx+SV:h/2(2 (1))+h/2(? ‘Oi)zh/z(l‘jri 151')
Sroy=h2( o, oHIC D-@ =R D
seo'h(y D=h2lG -0 NE P+C

)

—i 0,,,1 O

(S+R1/20'+S'R(1/20+)=h—2(0 i)+(0 )=0

—1

En® = -R/(2NV) [ Mexch [(SR-(S?) (Nnt - Nnd)]

Hence the first the energy with first order correction is:
E = Eo + h?k?2m* + E,)
The second order correction method calculated below.
The equation for second order correction is [37]:
En®) = Znen KMOH1In%)Z/(E% — E%m) = Zien |IMH1n)dr(2/(E% — Em)
= Ymen || exp(-imr) exp(inr) Hi)dr|%/(E% — E%n)
= VM%xcn/2N(E% — E%) > [{ T exp(i(n-m)r) [ 8(r - R) [ (S*r wiu(r) wr(r) + Swryft (1) wi(n)
+ (SPR- (SW(N) wi(r) + (St~ (SH)[W'L (1) wi(r) )] dr}drf?
= VM%xch/2N(E% — E%) 3 I{ [ exp(i(n-m)r) [ &(r - R) [ (S*r a'u(r) ar(r) + Sraft(r) au(r) +

(ST - (SP)[ a™(r) ar(r) - (S%-(SH)[a'L (r) al(r))] dr}drf?

]
Addis Ababa University, AAIT, School of Electrical and Computer Engineering Page 81



Analysis of the functional variation of cascaded amplifier when replaced with their spintronics equivalents 2019

= (VI2N)(E% — E%) = ] exp(i(n-m)r) | Mexen (r -R)3(r - R) [ (S'r %2 6~ + SR (Y2 0%) +
(S%R-(SH)[ nt- nu] dr}dr?
= (VI(2N(E% — E%n))) Mexeh X [{J exp(i(n-m)[(S*r % 6 "+ Sk (Y2 6*) + (S%R - (S)[n* -
ni}drf?
= (VI(2N(E% — E%n))) Mexch 2 men [{8(N - M) [(S'R %2 6 "+ SR (Y2 ™) + (SR - (SH)[ nt - ni]}?
= (V/(2N(E® — E°m))) Mexch X men 8(n - m)[(S% - (SH))(n* - n1)]?
= MZexchRI4(VN)? (E% — E%) Zn [(S%R- (SP)]28(n - m) [n?t - 2 ntni+ n2y)]

S*r =X (S*r) = XSBs(y))
h is planck constant, Bs(y) is Brillouin function and S is spin quantum number
y = gLusSB/KT,

where g is g factor of electron, us is bohr magneton, k is boltzman constant and T is

temperature.

Therefore the energy band with perturbed state is:
E = Eo + h2%k2/2m* + E,O + E,@

where m* is effective mass

For degenerate energy states

First perturbation correction for two folds degeneracy:
The formula for first perturbation correction [36], [37], [34] is:
EL: = % [Waa + Who + V{(Waa - Whp)? + 4/Wap|*}]

where Waa = (¢l H!¢a), Wob = (d6]H|0b), Wab = (balH ), H' = -V/2N Tr [ Mexen 8(r - R)*
{SRYUN) W) +Sry™ (1) wilr) + (SR- (SN () yr(r) + v’ (1) wir) 1}dr

Waa = (1/2N) Mexcn([(exp(iar) * exp(-iar)) Zr [ 8(r - R) {S™r yii(r) wt (r) + Sry™ (r) wi(r)
+ (SR~ (SN (N w(r) +y' (1) wyn)]}dr)
= (12N) Mecen(frdr [ 8(r - R) {S"r wiu(r) w(r) + Sry (1) wi(r) + (SR-(SH)Iw™ () *
wi(r) -yl () wi(n]idr)
In the non-degenerate case, it was obtained:
(S'R%20 " +SrR(*06") =0
And using the commutation relation [41], [38]:

]
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—/——————————/—/—/—/—/—/—/—/—/—/—/——
— +
afnta) and(re) = % 6*(ro)
aTnl« (ra) ant (r(x) =g~ (ra)

N (o) = afnk(r(x) am(r)

Waa= (1/(2N)) Mexen(JRdr] 3(r - R) (S~ (S9)[w ™ () w1 + 'y (1) wi] dr)
= (U(2VN)) Mexcn([r dr] 8(r - R) (S7r- (SH)[at (r) ar - &'y (r) au] dr)
= (RI(2VN)) Mexcn( (SR - (S?)[Nat - nal] )
Similarly Wy and Wap are:
Wb = (RI(2VN)) Mexch (SR - (S2) [Nt - nbi]

Wap = (1/(2N)) (H{(exp(-iar) exp(ibr)) Zr | Mexcn (r -R)3(r - R)dr (S%r - (S) [ aa™(r) aat - ™y
(r) aal] }dr
= (1/2N) ([{(exp(-iar) * exp(ibr))Xr | Mexch 8(r - R) (S% - (S?)[Nat - Nal]) dr}dr

= (1/(2VN)) Mexcn 8(b-a) (SR - (S))[Na? - Nal]
Waa + Whp = (R/(2VN)) Mexcn( (S - (SH)){[Nat - Nal] + [Nt - nol]}
(Waa - Who)? = [(R/(2VN)) Mexcn]*( (SR - (S)°[(Nat - Nat ) - (No? - Nod)]?
= [(RI(2VN)) Mexch]? ( (S%r - (SH)? {n%t + n%pt + N2l + N%pl - Nap?t - Napl}
E%: = [(RI(2VN)) Mexcn] (SR~ (%) {[Na? - Nat] + [Nt - ol] £ V(n%at - n%1 + 02l - N0 - Nap? -
Napd) + 28(b-a) [Nt + Nl +2nat Nal]}
Thus the energy with correction is:
E = Eo + h?%k%2m* + EQ.
7. Parameters inserted into equations in section 3.3
1. Resistors values
R4 = R8 = R12 =1k ohm
R1=R5 =R9 = Rs= 47k ohm
R2 = R6 = R10 =10k ohm

R3 =R7 =R11=4.7 k ohm
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2. Input voltage
s = 100uv
3. Transistor’s doping concentration content

To calculate the emitter current, the cross-sectional area of emitter is taken as 17um and

Lp = Ls = 10um, Ln = 30um, ciob = 0.9, We = W, = 2um, W = 1.5um, nj = 1.5 * 10%° cm?,
Ne = 10" cm?3, Np = 10 cm3, N = 10% cm?, Dn=100, Dp = 10cm?/s, Ve = 0.5V, Ve =0 v
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