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ABSTRACT

The objective of this 1nvest1gat1on is to study the gate field
controlled barrier injection transit-time (GFC-BARITT) device and static
injection transistor (SIT) theoretically and experimentally. The
GFC-BARITT device is proposed and its potential is explored.

The physics of three-terminal Eynch through (TTPT) devices,
SIT, metal semiconductor metal (MSM) and nt pn GFC-BARITT devices are
studied in detail. The particle current injection process for various
TTPT devices is examined and identified as diffusion over a gate
controlled potential barrier. Dc, small-signal and large-signal ac
models for the TTPT devices have been derived by using (1) drift and
(2) drift-diffusion approximations. The transit-time effect is
included in the small- and large-signal models. Also the small-signal
noise properties of the TTPT devices are considered. The potential
distribution in the device is calculated by using a two-dimensional
Poisson equation solver. The level of carrier injection in GaAs
GFC-BARITT devices is lower than that in silicon of InP devices.
However, the level of carrier injection in SIT devices is independent
of the material. To obtain high current from TTPT devices, high carrier
saturation velocity and high carrier injection are required. The
forward bias voltage Vp and the gate-source distance are the most
critical parameters for the operation of these devices.

A noniterative large-signal model is proposed. This model
was applied to the various FET devices. The results indicate that
InP FETs can generate more power than either the GaAs or Si FETs.
FETs are treated as a special mode of operation of the SIT device,
because either an increase in the channel doping concentration or the
channel width of a SIT device results in an FET mode of operation.

MSM and n+pn+ GFC-BARITT devices and ring oscillators were
fabricated utilizing silicon on sapphire (S0S). The principles of
operation of GFC-BARITT devices and their superiority over MOSFETs
for digital logic circuits are discussed.
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CHAPTER I. INTRODUCTION

1.1 Introduction

This study is concerned with basic device theory and modelling
of Three-Terminal Punch-Through (TTPT) devices, such as Gate-Field-
Controlled Barrier Injection Transit Time (GFC BARITT) and Static
Induction Transistor [1] (SIT)devices. Even though the operating
principles of these two devices are different, both can be character-
ized by the same type of mathematical expressions. The theory
developed in this study directly pertains to n+pn+ and Metal Semi-
conductor-Metal (MSM) GFC-BARITT devices, and n+n'n+ SITs. The results
can be easily adapted to the analysis of the other device structures,
such as p+np+ GFC-BARITT and p+p'p+ SIT devices.

As a result of the low gate-source capacitance and the
parasitic capacitance, and the high transconductance of TTPT devices
in general, they are capable of operation at high frequencies. The
experimental studies of SIT devices indicate that they are promising
in the areas of high frequency and high power analog circuit
applications [2]. Although there has been some experimental work
on SIT devices [1] and [3], there have been no published studies on
the theoretical capabilities and limitations of TTPT devices. For
these reasons, this present study will focus on the theoretical
constraints of the maximum frequency of operation of TTPT devices.

An experimental study of the switching speed of SOS GFC-BARITT

-1-



devices to show their feasibility for digital circuit applications
and the fabrication of a new MSM GFC-BARITT device are also

included.

1.2 Principles of Operation of Three-Terminal Punch-Through Devices

There are two types of TTPT devices. These are (a) the
minority carrier devices such as the GFC-BARITT and Lateral Punch
Through Transistor [4], and (b) the majority carrier devices such
as the junction gate SIT and the insulated gate SIT devices. 1In all
these devices, the carrier injection, either majority or minority,
is controlled by a third electrode. This electrode can be an
insulated gate as in the GFC-BARITT devices, a junction gate as in
SIT cevices or an ohmic-contact gate as in Lateral Punch-Through
Transistors. In the following sections, the GFC-BARITT and SIT
devices will be considered.

1.2.1 GFC-BARITT Devices. The principles of operation of a

MSM GFC-BARITT device are presented here for the first time and a
procedure for fabrication in silicon on sapphire (S0S). The GFC-
BARITT device is characterized by a narrow insulated gate close to

the forward-biased junction of a two-junction device as shown

in Fig. 1.1.  This structure includes n'n"n", n+p—n+, p+p'p+,
p+n'p+, MSM-type structures, and also some of the space-charge
limited triodes [5] and [6]. Depending on the type of structure
used, a GFC-BARITT device can be (i) a minority-carrier type (n+pn+,

p+n+p and MSM structures) or (ii) a majority-carrier type (n+n'n+

and p+p'p+ structures). A SIT device is a special type of majority
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Forward-biased junction Reverse-biased junction

Fig. 1.1 Structure of an Ideal GFC-BARITT Device.



carrier device which uses a junction gate instead of an insulated
gate.

In a minority-carrier type of structure, the carrier
injection is controlled by a reverse-biased junction in a punch-
through diode such as that found in MSM, p+np+ or n+pn+ type of
BARITT diodes. An insulated gate electrode has been added to a
BARITT diode to control the injection through the gate. A two-
terminal diode then becomes a three-terminal device with all the
features of a transit-time device. The advantages of a three-
terminal device over a two-terminal device are: (i) a three-
terminal device requires simple circuitry, and (ii) its efficiency
is also much higher than that of a two-terminal device.

The operation of a pn junction-type GFC-BARITT device can
be summarized as the control of the injection of the minority
carriers from the source to the channel through an insulated gate.
Even though the same principle holds true for the injection of the
minority carriers in a MSM GFC-BARITT device, the details of the
current transport of a MSM device are different from that of a p-n
junction type device. Because of this difference the following
section elaborates on the current transport mechanism of a MSM GFC-

BARITT device.

1.2.1a MSM GFC-BARITT Device: Current Transport Mechanism. A

MSM BARITT device with an insulated gate in the close vicinity of the
forward-biased junction is shown in Fig. 1.2. A MSM BARITT diode
allows current to flow when the applied bias voltage exceeds a

critical voltage across the drain-source terminals. The critical
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Fig. 1.2 MSM GFC-BARITT Device.



voltage is referred to as the punch-through (VPT) or the reach
through (VRT) voltage at which the depletion regions of the forward
and reverse biased junctions are joined together. For voltages
in excess of VPT’ the barrier height between contact 1 metal (the
source) and the semiconductor will be lowered. This is illustrated
in Figs. 1.3(a) and 1.3(b). As a result of this lowering of the
barrier, electrons from the metal will be injected into the semi-
conductor by way of thermionic emission. The current transport
mechanism of an MSM BARITT diode prior to punch-through has been
analyzed in [7] and is outside the scope of this present study.

In Fig. 1.3(a), the initial energy band diagram and the
barrier heights are indicated. In that figure, ¢p1'¢FP is the
Schottky barrier height against the holes in the p-type semiconductor.

¢, 1s the minimum barrier height against the electron injection

ni
from metal to semiconductor. ¢so is the junction potential barrier
also against the electron injection. VB] is the final barrier height
for the electron injection at contact 1. At contact 2, the same
symbois with index number 2 have the same meaning as those in

contact 1. However, in Fig. 1.3(b), the total barrier height against

the electrons is reduced. The electron current can be approximated

as in Eq. 1.7, by following Sze's treatment [7]:

= 2 -
JDS A**T2 DEXP( VBl/VT) , (1.1)

where A** js the effective Richardson's constant, T is the temperature

in degrees Kelvin, and V_, is the total barrier height against

B1
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electron injection and V. = kT/q where k is the Boltzmann constant
and q is the electronic charge.

As the voltage is increased further, a point is reached at
which the energy band at contact 1 become flat. This is the flat
band condition with the corresponding flat band voltage, VFB' For
voltages in excess of VFB’ the energy band is bent further down.

If the length of the p-semiconductor is LDS’ the corresponding flat

band voltage expression is given by

- N 2
V - E (1.2)

where NA is the impurity concentration of the p-semiconductor and
e is the semiconductor permittivity.

The increase in the applied voltage VDS between the VPT and
VFB voltages results in an exponential increase of the electron
current. The electron current, however, increases slowly with VDS
in excess of VFB' This current increase is due to the barrier
lowering effect of the electric field shown in Fig. 1.4. The

reduction in barrier height is given by Eq. (1.3):

QW e - V) |72
v =( DS FB)

ni
4'ng5 LDS

The minimum barrier height, ¢n1 is one of the main differences

between a pn junction (n+pn+ or p+np+) and a MSM BARITT diode.
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Unlike a MSM BARITT diode in which the metallurgy determines
the minimum barrier height, the pn junction type BARITT diode has no
such characteristic. There is, however, a space-charge limitation
to the injection of the minority carriers in the case of a pn
junction type BARITT diode. If ¢1n1 (¢1n1 = 0n, " A¢n) is high,
a MSM BARITT diode biased even at voltages in excess of VPT’ does
not show its usual exponential current voltage (I-V) characteristic
until the avalanche breakdown occurs. This unique characteristic of
a MSM diode distinguishes it from other pn junction type diodes.

In the discussion given above, the assumption was made that
the doping concentration was light enough and the length of the
semiconductor was long enough so that the flat band condition occurs
before avalanche breakdown occurs at the reverse-biased junction.

In this analysis, neither the role of an insulated gate close to the
forward biased junction (contact 1), nor the effect of the diffusion
of the injected carriers at the Tow field region on the I-V character-
istics have been considered.

The following discussion considers the effect of the insulated
gate on the I-V characteristics of an M-pS-M BARITT diode. The
applied gate voltage will modify the minimum barrier height ¢%1 of the
forward biased junction of a MSM BARITT device. For a positive gate
voltage, the barrier height V81 and the minimum barrier height of an
MSM BARITT diode are lowered. This is why a M-pS-M GFC-BARITT device
is able to conduct higher currents than a conventional M-pS-M BARITT

diode of the same size. However, if the gate voltage is negative,

the current flow will be reduced.
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1.2.2 Static Induction Transistors (SITs). One can

characterize a SIT as a three-terminal punch-through device, even
though the punch-through occurs between the gate and the drain
rather than between the source and the drain. If the channel of a
vertical FET is 1lightly doped, then the whole channel will be depleted
at the pinch-off condition. If the drain-source voltage is further
increased beyond the pinch-off condition, the FET operates as a SIT,
assuming that the drain-gate breakdown does not occur.

The SIT is a majority carrier injection-type device. Only
the Dc analysis of this device has been undertaken [1]. The Dc current
expressions for different approximations are given by

1/2

tr V
i kT rroes
Ips = q[Z_m] Ang exp | - & T (1.4)

for the thermionic emission approximation and

D
Ipg =0A Eﬂ'] exp

[ roYes )
n S

Vp
for the diffusion approximation.

The following expressions are given for the multi-channel SIT

device in [3]:

and



-12-

I = 1

DS ps11pss

for the thermionic approximation and

I = 1

DS ps21pss

for the diffusion approximation.

Where 1/2
- kT
Ipst RUN e LR
Dn
Ipsg = 4@ Wg nN -,
D = diffusion coefficient,

Ln = diffusion length

N = number of channels,
r = a constant which is less than unity,
ro = source resistance

k = Boltzmann constant,
m* = effective mass of electrons,

wGS = the distance between the source and the gate
A= Zws
Z = gate width
W. = channel width
n_ = the source doping concentration

¢ = forward bias due to VDS and

VGS = the source gate voltage.
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As the published reports indicate, the SIT is a high power
device [2], [8]. The major limitation of a SIT device is that its perfor-
mance is too process-sensitive as reported in [9] and [10]. This
makes it difficult to fabricate reproducible SIT devices. The process
sensitivity of the SIT as a power device is not as critical as in the
case of digital circuit applications.

A summary of the principles of operation and limitations of

various TTPT devices including SIT devices are listed in Table 1.1.

1.3 Outline of the Present Study

The objective of this study is to carry out a theoretical
and experimenta]'investigation of the capabilities and Timitations of
TTPT GFC-BARITT and SIT devices. Analytical equations, mainly circuit
models and computer solutions of the analytical device expressions
are utilized to determine dc small-signal, noise, and large signal
behavior of these devices.

In Chapter II, dc expressions for the GFC-BARITT and SIT devices
are derived for different semiconductors, dc expressions are given for
three different simplified cases: (i) a drift-diffusion approximation,
(i1) a drift approximation, and (iii) a thermionic diffusion approxi-
mation.

In Chapter III, small-signal, noise, and large-signal models
for GFC-BARITT and SIT devices are discussed. Also, the effect of
the transit time on the performance of these devices are considered.
The carrier temperature variation as a function of the electric field,

and its effect on the device noise is also accounted for.
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In Chapter IV, the outline of a computer program is developed
which calculates the D¢ current voltage characteristics, the small
signal circuit gain, and noise, and large-signal circuit gain and
efficiency of TTPT devices. In addition, a simple model for the
vertical field effect transistors is included in the simulation
program (SIM-GFC). A1l of the calculations can be extended to silicon
and/or III-V compound semiconductors, such as GaAs and InP.

In Chapter V, the fabrication, design, and testing of a
GFC-BARITT device are given. The resulting experimental and
theoretical data are then compared.

Finally, in Chapter VI, a summary of the results of this work,

and some suggestions are given for the further study of the TTPT

devices.



CHAPTER II. DEVICE PHYSICS AND DC CHARACTERISTICS OF GFC-BARITT
AND SIT DEVICES

2.1 Device Physics

This chapter presents a discussion of the physics of two types
of punch-through semiconductor devices. These are:

(a) A majority carrier device which is called a static induction
transistor [1] and

(b) A minority carrier device which is proposed and studied
for the first time here, the GFC-BARITT device. This is basically a
barrier injection transit-time device with a third terminal which
controls the injection of the carriers from the source to the
channel.

Both of these devices are two-dimensional and it is difficult
to derive analytical expressions for the device parameters. Therefore,
where possible, analytical expressions have been used along with some
numer%ca] approximations. Expressions for the dc current and voltage
characteristics include a field-dependent velocity expression to
account for the effect of the velocity saturation in the drift region
and the effect of the carrier diffusion at the low-field region. A

simplified solution of the carrier distribution is also given.

2.2 The GFC-BARITT Device

Although the device theory that is developed throughout this

. + + . .
chapter is general in nature, only the n pn abrupt-junction

-16-
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uniformly doped silicon and GaAs or InP structures will be dealt
with in detail. A Gate Field Controlled BARITT device (GFC-BARITT)
is a BARITT with an insulated gate. Adding an insulated gate to the
source side of the BARITT structure results in a GFC-BARITT device.
A typical device structure which is considered in this study is shown
in Fig. 2.1(a). A two-dimensional band structure of a GFC-BARITT
device is shown in Fig. 2.1(b). The principle of operation of this
device is based on the control of the injection of carriers from
the source electrode into the fully depleted channel through an
insulated gate. This device looks and acts 1ike a BARITT diode from
the drain side and responds 1ike a MOSFET from the gate side.
Although the operating principle is simple, the description
of the characteristics of the device is complicated. In general,
this device exhibits the disadvantages of a BARITT diode such as
(i) space charge limitation of the injection of the minority carriers
(self limitation) and (ii) diffusion effects at the Tow field region.
It also has some advantages over BARITT diodes such as (i) a
three-terminal device can be used in microwave and high-speed
circuits, (i1) since the gate is insulated, the only limitation on
RF input voltage is the gate breakdown voltage and (iii) Class Band C
amplifiers can be realized with this device. Changing the polarity
of the gate voltage either enhances or suppresses the injection of
the minority carriers. As a result the drain-source current can be
modulated.
The structure shown in Fig. 2.1(a) is an n+pn+ abrupt-junction

GFC-BARITT device. One can describe the device operation physically
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(b) Two-dimensional energy band diagram.

Fig. 2.1 GFC-BARITT Device.
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as the injection of carriers from one terminal, modulation of

these injected carriers through a second terminal (gate), their
drift in a high-field region, and the collection of the carriers at
the third terminal. Physically abrupt-junctions are not

necessary. They can be either a graded junction or a Schottky
barrier but the gate has to be insulated. Throughout this study
uniformly doped n+pn+ structures are considered for simplicity.

2.2.1 Diffusion Effect iﬂ_the Low Field Region. The exact

distribution of the injected carriers requires the simultaneous
solution of the basic semiconductor device equations. These are
Poisson's equation and the hole and electron continuity equations
together with several auxiliary equations which relate the basic
solution variables (hole density, electron density and voltage)

to the electric field, current density and charge generation. The

equations are:

Principal Equations:

2 = - -
veV ‘s (n-p ND) s (2.1)
_a_E. = -di
o d1v(Jp/Q) + G (2.2)
and
n . .
%i-— div(J /q) + G (2.3)
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Auxiliary Equations:

E = -grad V , (2.4)
Jp/q = PV - Dp grad p , (2.5)
Jn/q = -nv ot Dn grad n (2.6)
and
_ n - 1
6 = o fd/al +a |/l + RCEREERCEEN (2.7)
The variables in Egs. 2.1 through 2.7 are defined as follows:
V = the voltage,
p = the hole density,
n = the electron density,
ND = the doping density (positive for donors, negative
for acceptors),
t = time,
Jp’Jn = the hole and electron current densities, respectively,
G = the carrier generation rate,
E = the electric field,
0.0, = the hole and electron diffusion coefficients,
Vp,vn = the hole and electron drift velocities (dependent

upon E),
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Oty = the hole and electron jonization coefficients,
Ty, © the hole and electron Tifetimes,

n, = the intrinsic carrier density and
Pesly 7 the hole and electron densities which would exist

if the Fermi level coincided with the trap level.

The generation recombination term, Eq. (2.7) contains the
effects of impact ionization and trapping. Both of the terms
will be neglected under the low-field punch-through operating
conditions.

In this analysis, however, the exact solutions of the basic
device equations (Eq. 2.1 through Eq. 2.3) will not be attempted.
Instead, Poisson's equation is solved for low injections to
determine the potential distribution. Then the barrier height and the
Tocation of the point of the carrier injection are determined. From
the known potential distribution, the distribution of the
injected carriers can be determined by solving only one continuity
equation. ‘'Since TTPT devices are monopolar devices, the effects
of only the injected carriers are important.

Since for an n+p'n+ and M-pS-M GFC-BARITT and nfnnt ST
devices, the electrons are injected carriers, the problem to be

solved is

an (X,t) '| . 2 8
_P_____a,C = - adw(Jn) , (2.8)

where np js the density of the injected carriers.
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In the steady state, Eq. (2.8) reduces simply to

—div(g ) = 0 . (2.9)

At the Tow field region, the current density is given by

on
J = qnp(x)an(x) +qd —£ | (2.10)

n n a9x
Assuming that the electric field is a linear function of the
distance along the conduction path, x, the electric field can be

expressed as

E(x) = —————x , (2.11)
L2
DS

where VDS is the applied voltage between the drain and the source,
VB is the built-in potential of the n+p junction between the drain
or source and the channel, and LDS is the length of the channel or
distance between the drain and the source electrodes.

By defining

Eq. (2.11) becomes

E(x) = yx . (2.12)
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Using Eq. (2.12) in the expression of the current density yields

dp(x) = ang(x)u, o E(x) + aDyng (2.13)
where Mno is the Tow-field mobility and né is the first derivative
of np(x) with respect to x.

In Eq. (2.13), mobility variation along the path of conduction
x is omitted for simplicity. This is a valid assumption for the
first-order approximation, since Eq. (2.13) is only valid at the
Tow field region.

Finally, the continuity equation (Eq. 2.9) results in

gD _n"x + gn (x)unoY X+ quo yn

n"p D (s) = 0, (2.14)

p

where nB(X) is the second derivative of np(x) with respect to x.

After further simplification Eq. (2.14) becomes

n;(x) + axnﬁ(x) + anb(x) =0 , (2.15)
where
_ 2Vps
o = ) [
LosVr
V; = kT/q

and k is the Boltzmann constant, and T is the temperature in degrees

Kelvin. After rearranging and integration Eq. (2.15) over x, the
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second-order nonlinear differential equation reduces to a first-order

differential equation:

a;(—[n{)(x)+axnp(x)] = 0 . (2.76)

Therefore

n;)(X)‘LotXﬂp(x) = k ., (2.17)

where k1 is a constant. Rewriting Eq. (2.17) as in Eq. (2.18):

dn_(x)

n
—a§—~—- + uxnp(x) = k1 (2.18)

and then rearringing Eq. (2.18) results in

d—np—gﬁy+xdx=k dx (2.19)
np X & 1 npixi . :

Now Eq. (2.19) can be integrated over x which yields

T 5 _ dx
]n(np(x)) + 7 ax? = In k2 = kl W . (?20)

The right-hand side of Eq. (2.20) can be approximated as

kl(x/nsat) to obtain an analytical solution where n is the carrier

sat
density at a point, LS’ where the velocity of the carriers saturate.

Equation (2.20) then becomes
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]n(np(x)/kz) +0.5ax2 = k — . (2.21)

Finally, np(x) can be obtained from Eq. (2.21) and expressed as

np(x) = k2 exp[-0.5 ax? + kl(x/nsat)] . (2.22)

Applying the boundary conditions to Eq. (2.22), k1 and k2 can be

found:

(i) the first boundary is the injection point at x = 0

np(x)X=0 = Ny, this gives k2 = Nipje  (2.23)

where Ninj is the density of the injected carriers into the channel

and

(ii) the second boundary is a virtual point where the carrier
velocity saturates. This boundary was introduced by McCleer [11]

and gives the following:

nD(X)lx=LS = Msat o

n = n, . exp(-0.5 ql2 + k LS/n )

sat inj N 1 sat

and

In(n; ./n__.)
_ _ inj’ sat .
k1 = Mooy [6.5 uLS Ls } (2.24)
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To clarify the boundary conditions, the electric field
[Fig. 2.2(a)] the velocity [Fig. 2.2(b)] and the density of minority
carriers [Fig. 2.2(c)] are shown as a function of distance x in Fig. 2.2.
The current density must be the same along the path of
conduction, x. Therefore, Neat €N be obtained by equating the

pure diffusion current at x = 0 to the drift current at x = L.. This

S
gives
an
WDy sl 7 Weat"sat (2.25)
X=0
where v is the carrier saturation velocity. Finally, by

sat
combining Eqs. (2.22 through 2.24) with Eq. (2.25), a nonlinear

expression for n can be found as follows:

sat
0.5 ol Dn Dn ) :
n = >Ny oM n(n. ./n n. .» (2.26)
sat Veat inj VsatLS inj’ 'sat’ inj
where Nini = Moo exp[(VF - 0g/V1]s
L = ETH
S 2Vpe/Lhs
By~ Vsat/Hno?
VF = the forward biasing voltage across the source-channel

junction and

the barrier height induced by the gate-source voltage.
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(a) Electric field.

A v(x)

sat

e ——— —

-Le 0 L > X
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(c) Injected carrier.

Fig. 2.2 Field, velocity and carrier distributions of a TTPT Device.
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2.2.2 D¢ Current Density of a GFC-BARITT Deyice. The

expression for the current density Jps requires knowledge of

the distribution of the carriers and the field along the path of
conduction. For an exact solution of the current density, Poisson's
equation and the continuity equation must be solved simultaneously
with the appropriate boundary conditions. This is true for any
semiconductor device. It is, however, extremely difficult to obtain
analytical solutions for the current density, potential and carrier
distributions.

By considering the principle of the device operation, one may
obtain quasi-numerical expressions for the current density and
electric field. This approach is satisfactory as far as the
understanding of a certain device and simplifies the equations
considerably. In the course of this study, analytical solutions of
the characteristic equations of a device are obtained by making
certain simplifications. From Section 2.2.1 the carrier distribution
in the device can be used to obtain the current density. In
another approach, the diffusion effect is neglected by assuming
that all the injected carriers drift along the channel and contribute
to the current. In the following sections, two approximations for
the current density expression will be given.

2.2.2a Drift-Diffusion Current Approximation. The GFC-

BARITT device operation is governed by the two-dimensional potential
distribution. A device is divided into a number of thin devices as

shown. in Fig. 2.3(a) where each of them has different injection levels

as in Fig. 2.3(b). The next important problem is to find the level
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(a) Device seamented into N numbers of ay-thick BARITT diodes.

np(x,y)

%Jx,y)
np(XJ)

np(Xd)

nMXJ)

0 X

(b) Carrier distribution in each segment.

Fig. 2.3 A TTPT Device.
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of injection in each segment or Ay-thick BARITT diode. The potential
distribution is assumed to be the superposition of the potential along
the x-direction and the potential along the y-direction. The super-
position assumption will simplify the problem of the two-dimensional
potential distribution in a GFC-BARITT deyice. The potential along

the y-direction "gate potential” is then expressed as:

2
b(1) = (Vgg + Vpo) [] - (‘I‘;N‘Q"S”)] . (2.27)

the applied gate-source voltage at the surface of the

where VGS
channel,
VBZ = the built-in potential between the gate and the channel,
N = the number of segments or BARITT diodes of a GFC-BARITT
device and
¢G(I) = the potential of the Ith segment along the y-direction
due to the applied gate-source voltage.

The potential distribution along the x-direction can be
approximated from the BARITT diode expression [12]. In general, it
is a quadratic function of x (conduction path). The potential
VF(I) at the source side of the device must be known in addition
to a general knowledge of the potential variation along x. The
-combination of VF(I) and ¢G(I) will give the level of forward
biasing of each Ay-thick BARITT diode or segment. The density of

injected carriers, n. . can be expressed as:

inj

(I) = n__exp

Nin % (Ve(1) - og(ID],  (2.28)

ol
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where n the steady state density of minority carriers in the

channel (p-type semiconductor), "po = nT/NA’

i

VF(I) the forward bias yoltage at the Ith segment. An

expression for this will be derived in the next section,
NA = the impurity concentration of the p-type semiconductor,

ninj(I) = the density of the injected carriers at the Ith segment.

The current density, JDS(I) of the Ith segment is:

JDS(I) = quatnsat(I) . (2.29)

where Neat is given in Eq. (2.26) and Veat 18 the saturated velocity

of the carriers. Rearranging Eq. (2.29) and combining it with

the expression for Ngat? the JDS(I) expression of the Ith segment

becomes
= “VU. 2 + 1 H .
JDS(I) qninj(l) exp[-0.5 aLS les]vsat (2.30)
where
kI = 0.5al_ - RTINS
. S LS

The expression in Eq. (2.30) is given for the total current
whicﬁ is equal to the drift current beyond LS' If one requires
drift and diffusion currents separately, the distribution function
of the carriers in the channel can be used. The diffusion current

density would therefore be:
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diff
or

JDSdiff(x,I) = D (k - ax)n_(x,1)

and the drift current density is

J (x,I) qu,. N (x,1) E(x)
DS gpift nop

or

J (XsI) Qunon (XaI) YX

Dsdrift P

where

= 2 1
np(x,I) ninj(I) exp[0.5 ax? + k1X]

For x > L,

S
an_(x,I)
——Eﬁi—_—' = (ki - ax)np(x,I) .

E(x) = yx, the linear electric field, and

u__ = the Tow field mobility.

At every point

(2.31)

(2.32)
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At x = LS the point diffusion current becomes negligible. Therefore
at x Z-LS’ the total current density, JDS(I) is equal to J
(LS,I).

Finally, the total current IDS can be obtained from the current

DS gpi £t

density expression of the Ith segment which is given in Eq. (2.30):

N
Is = 2y :{: Ip() (2.33)
I:

where 7 = the width of the device,

Ay = D/N,

D = the half of the channel width (WS/Z) and

N = the number of segments into which the GFC-BARITT device
is divided.

2.2.2b Drift Current Approximation. In the previous section

the effect of the diffusion was discussed. The velocity of the
carriers was assumed to be a linear function of the field at the

Tow field region, but constant at the high field region. This
approximation, by itself, may introduce a larger error than by
neglecting the diffusion effect. Therefore, in this section the
effect of the diffusion is neglected, but the velocity as a nonlinear
function of the electric field is considered.

A nonlinear velocity expression as a function of the electric
field for Si [13] and for III-V compound semiconductors[14] are
given as follows.

For silicon:

E

V ——————
sat E + ESat

v(E) = (2.34)
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For II11-Y compound semiconductors:

[n E + (E/E )"
VE) - Mpof * Vgat(E/EL)"] , (2.35)
[T+ (E/E %] '

=
=
(1]
-3
M
<
7
n

the saturated velocity,

m
n

c the field at the peak velocity,

m
i

the field where velocity reaches half of the

saturated velocity, and

m
i

the electric field.
The ‘assumptions for the drift current approximation are:
(a) Negligible generation-recombination in the depleted
channel and hole current (unipolar conduction) are assumed.
(b) The device is an n+pn+ structure and is divided into N
number of segments as in Section 2.2.1, Fig. 2.3(a).
(c) The diffusion effect at the low field region of the device

is neglected.

(d) The carrier distribution along the conduction path is uniform.

(e) The potential of the Ith segment due to the applied gate
voltage is ¢G(I).

(f) The forward bias voltage due to the applied voltage between

the drain and source terminals is VF(I).

The current density of the Ith segment is

Ipg(x,1) = qnp(x,I)v(E) (2.36)
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and
np(x,I) = Moo exp[(VE(I) - ¢(1)/V,] . (2.37)

The field dependent velocity expressions are given in Egq.

(2.34) and Eq. (2.35).

The current density expression for Si devices is

E
Jne(X,I) = gnv —_— (2.38)
DS p'sat E + ESat

where E = dV/dx, the field along the conduction path, x. The
integration of Eq. (2.38) with respect to x results in an average
current density expression for the Tow level injection case as
follows:

VDS

Ine(I) = qv n
DS sat VDS + EsatLDS po

exp 17 [VE(D) - 46(D] . (2.39)

The current density of GaAs or InP can be found by using
Eq. (2.35) for v(E) in Eq. (2.36) and integrating Eq. (2.36) with

respect to the conduction path, x. This yields

Ips(D) = 35 exp(DVR(1) = oG(DI V), (2.40)
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where

L
n; [0.5 “noERB + 0.2 Vsat(ERB/Ec) ]

and [1+ 0.2(ERB/EC)“]

m
?

e = 2Vps/bps

Finally, the drift current can be obtained either from

Eq. (2.39) or from Eq. (2.40) and given by

N
- D
Is = 2z Z Ip(1) (2.47)

The current in a GFC-BARITT device can be calculated either
from Eq. (2.41) or from Eq. (2.33), if only VF(I) is known. In

the next section, an expression for VF(I) of the Ith segment of a

GFC-BARITT device will be derived.

2.2.3 Potential Distribution. Each segment of a GFC-BARITT

device is a BARITT diode. Therefore, Poisson's equation for each

segment can be expressed as

= - - . (2.42)

Equation (2.42) is the general expression which includes the space
charge effect (or injected carrier effect) on the field distribution.
It is necessary however to solve Eq. (2.42) simultaneously with the

current density and the continuity equations. To obtain an
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analytic solution of the problem (Eq. 2.42), some simplifying
assumptions have been made. These are:
(i) The potential along the y-direction is assumed to be
constant so one could solve a one-dimensional Poisson's equation.
(ii) The injected carrier distribution np(x) is replaced by

JDS/V. This gives

JndT,x)
N, - vax (2.43)

The expressions for the velocities are given in Eq. (2.34) for Si
and in Eq. (2.35) for GaAs or InP.

The inclusion of the velocity expression in Eq. (2.35) for
III-V compound semiconductors is difficult to implement as it is.

A modified expression for the velocity is given by

E

V(E) = VsatE—j*'_'—E—-'—' ’ (2.44)
sat
where
Esat ) Vsat/zuno
and Veat is the saturated velocity of GaAs or InP. Equation (2.44)

has the form of Eq. (2.34) and therefore the solution of Eq. (2.43)
will be valid for Si, GaAs and InP. Substituting the velocity

expression in Eq. (2.43) gives for silicon and GaAs, respectively,
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X,
X s ®s Vsat E
and
X, 1 I
3E _ May 1 sV Ips o) B
ax U [e v TE Ty E - (2.46)
S S sat s sat
After rearranging Eq. (2.46)
E
] sat
£ ., (-—-E ) tB (2.47)
where
L JDS(I)
! sVsat
and
aN
S
e i
From Eq. (2.47)
E dE
dx = . (2.48)
Esatai ¥ BiE
Finally, the integration results in
x = | (oiF Ui ' - 2.49)
g2 1sat tB4E)- 82 Ecat (B¢ * B4E) E=o (2.
i ; 0
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Substituting the boundary values gives

B v ME e E -
X = s, g2 sat i “sat g2 sat
1. .

1 1

1n(uiE + B, E) . (2.50)

sat

Replacing E with -(dV/dx) and integrating both sides of

Eq. (2.50) gives

l X2 R = VR_VB o LR
2 el ;;'Vl * ;;’Esat RLICHINN
Fomi Vp-Vp i -Le
L
%iEsat R
= 0[' In(o;Eg,, *85E)dx . (2.51)
i =-LF

Replacing dx from Eq. (2.48) and integrating over E results in

v
_1_ 2 2 - DS sat sat
IR = oo leaadlps Y

. i i 1

: i}aiEsat + 8iEpg) [T - Mn{asEo oy + 84Epp)] - (04Eq ¢ - B3Egp)
a2E2

_1sat
- [ - In{ogEq ot - BiEFB{} ¥
283

‘ {[1"(“1Esat * 8iEpg) 1 - [nloiEggy - BiEFB)]Z} ’ (2.52)
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where LR = the length of the depletion layer from the reverse-biased
junction side of the n+pn+ diode
LF = the length of the depletion layer from the forward-baised

Junction side,

EFB = the field at the forward-biased junction side and

ERB the maximum field at the reverse-biased junction side.
Expressions for LF and LR can be obtained from the conventional

depletion layer expressions, namely,

26 (Vg + V)12
Ly (2.53)
Ny
and
2e (Vg - V(1))]H2
T : (2.54)
| ay
where
Vps = Vp* Vel
and
Lps = ILgl * ILgl

Equation (2.52) can be simplified by neglecting the smaller

teyrms such as

(1) |ERB[ > IEFB[ neglect EFB terms,
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and
(i) lEsatl >> [EFB] .
Equation (2.52) then becomes
1,2 _oYbs % %iEsat
70 " Losllel = =t S Egp Lps TnlagEg,y) + —
B B B
i
{(“iEsat + BiEpg) (1 - Tn(ogEg ¢ + 84Epg))
o5EZat
- _J1.sat 2
2Egqt(] LICHIN)A In{oiEoy * B5Epg)]
24
:
2
[in( 1Esat):| }
and
2 1/2 1 ) P
- _S . /. 1y, , DS i
LDS(q A) (Vg - V(1)) "2l e T Fsattos
i
o.E
) i sat
1n(aiEsat) ¥ gl {(“iEsat * BiERB)
i
* (1= In{oy ifsat * 1ERB)) - 0‘1'Esat(] B ]n(uiEsat))}
252 .
*isat 2
264 {F]n( + BiERB)J []n(“1Esat)J s

where Eo = ZYDS/(LDS - LF)'

(2.56)
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The Vc(I) yalue of each segment in a GFC-BARITT deyice can
be obtained by an iterative solution of Eq. (2.54), (2.56) and the
current density expression from Section 2.2.1 or 2.2.2.

The expression in Eq. (2.56) is valid for all levels of
injection. It can, however, be simplified for two extreme cases:

(i) Low level injection (ai = 0) can be reduced to a simple

expression.
(ii) High level injection
(a) For a Tow level injection case,-a similar expression for

VF(I) has been reported for a p+np+ BARITT diode [12] as

L v £
DS DS s
- . (2.57)
[ 2 Ly qNA]

After rearranging Eq. (2.56) and defining

A NA »
VFB = '2—8—5' LDS (ﬂat band VO]tﬁgE) >
(Vep = Vpe)?
_ ~ Yeg - Vps

where VDS is greater than the reach-through voltage, V., but is

RT

smaller than the flat band voltage, VFB‘

(b) For the high level injection case,

and
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1/2 2
‘ 1/2 QNA) 1 (s Vbs , Esat
v, - = B L , Sa
(g - v1)) (25 [ ( 2 Y bos ]n(aiEsat))
S . i i
Esat Egat
+ 3 (Egar + Epg)L1 - Tn(as(E ¢ + Epa) )] v [1 - In(o,E )]

1

2
Esat

2
20,1

([]n(ai(Esat + ERB))]2 - []n(uiEsat)]zi] . (2.59)

The solution of a two-dimensional Poisson's equation is
numerically possible within a reasonable time of computation [15], [16].
Instead of the iterative solution of VF(I), the potential distribution
in every mesh point in the device can be obtained by using the rapid

Poisson solver and then searching for the maximum barrier height,

VF(I) - ¢G(I). The algorithm and the program for the Poisson solver

are given in Appendix A.

2.3 Static-Induction Transistor

The saturation of the current in conventional FETs is
attributed to different mechanisms by different researchers.
According to Shockley, pinch-off is the cause of the current
saturation [17]. On the other hand, Nishizawa claims that the series
channel resistance is responsible for the current saturation of
ETs [1]. He then proposed a triode-like operation of a FET by
reducing the series channel resistance. Recently, such a device

has been realized and triode-like characteristics were reported [1].
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Since then many applications of this deyice have been considered

[3], [18]. The SIT has potential applications in high power,

high frequency analog areas due to its:

(i) high input resistance,
(ii) Tow output resistance,
(iii) high transconductance,
(iv) small gate time constant and minority carrier storage

unlike Bipolar Junction Transistors (BJTs) and
(v) negative temperature coefficient at high currents which offers
stable operation [3] and a higher breakdown voltage due
to the large distance between the gate and the drain.
In Table 2.1 the power performance of SITs at different
frequencies is shown. This illustrates the potential of SIT devices.
In addition to all of these characteristics which favor
high-power high-frequency operation there are some physical
lTimitations to high power and high frequency performance of a SIT
such as: (i) at high injection levels, there will be majority carrier
storagé at the low-field injection region; (ii) it is a normally
on device and therefore the voltage swing of the input signal is
limited; (ii1) distributed gate capacitance of a planar SIT is high
which Timits the high frequency performance, and (iv) the drain
current is very sensitive to the lateral diffusion of a vertical
SIT which makes it difficult to fabricate reproducible devices.

Even though the SIT is a promising deyice for high power and

relatively high frequency applications, it has not attracted enough



Frequency
8 MHz

200 MHz
1.0 GHz
2.5 GHz
1.0 GHz
100 MHz
700 MHz

Power

2 kW
40 W
10 W
10 W
100 W
216 W
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Table 2.1

Power Performance of SITs

Efficiency

55 percent

Reference

[1]
(31
[1]

[8]

2]
)
(6]
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research interest especially in the United States. Recently, there

has been a growing interest in SIT devices. The potential distribution
[18], [19], [20], applications to digital circuits [21], [22], Dc
characteristics [3], [23], [24], possibility of VLSI applications
(which is not promisiny [9], [18]), and applications in microwave
circuits [2], [8], [24] of SITs have been studied by different

groups. None of these groups has comprehensively studied this

device. Most of them have reported the results of their experimental

studies.

2.3.1 Physics of the SIT Device. The SIT device is a special

case of vertical Junction Gate Field Effect Transistor (J-FET). If
a JFET is made of a thin and 1ightly doped semiconductor, then at a Tow
gate-drain voltage, the whole channel can be depleted before the
breakdown occurs. A typical SIT structure is an n+n—n+ one as shown
in Fig. 2.4(a). Since the channel is n -type materials, then at low
applied voltages between the gate and source it is completely depleted
and a barrier at the source side of the channel is created. This
barrier is induced electrostatically by the gate-source potential
difference. In a long-channel FET this is called the pinch-off mode
where current saturates. But since the whole channel is depleted unlike
the pinch-off case in FETs, the increase in the drain-source voltage
reduces the statically induced barrier at the source side of the
channel and exponentially increases the current.

The principle of the current conduction is very ruch like

that of a BARITT diode. The only difference is that in a BARITT
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(a) A Vertical SIT

(b) Two-Dimensional Energy Band Diagram.

Fig. 2.4 SIT Device. (G = Gate, D = Drain and S = Source).
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diode, minority carriers are injected but in the case of a

SIT majority carriers are injected. The barrier height is shown

in Fig. 2.4(b) for an n'nnt SIT. Even though the barrier height
and structure of a SIT are different from those of a GFC-BARITT
device, the form of the device eXpressions are the same. Therefore,
most of the results of Section 2.2.2 can be used directly for SITs
as well as for GFC-BARITT devices.

2.3.2 Dc Characteristics of the SIT Device. At low gate-

drain bias conditions, the channel may not be depleted completely.
In this case, the device operates as a FET and its characteristic
expressions such as the Dc current, small signal, and circuit

parameters (gm,gds,Cgd and C will be dealt with briefly,

ds)
because there have been extensive studies of FETs [25], [26] and
numerical studies [27], [28] and [29] in the last fifteen years.

By replacing the minority carrier density, npo in Section

2.2.2a and Section 2.2.2b, with N,, the D¢ current density and

0’
current expressions for GFC-BARITT devices become valid for SITs.

If tﬁe distance between the drain and the source is much larger

than the distance between the two gates on both sides ¢f the source
then the potential distribution in a SIT is very much like that of

a GFC-BARITT device. The current expressions of a GFC-BARITT device
are modified and repeated here for a SIT device. It is assumed that

the SIT is divided into a number of N sedments such as in a GFC-BARITT

device. The current density of the Ith segment for silicon is

v .V
J.(I) = qN sat_DS exp[ (Vo (1) - ¢.(I))/V;] . (2.60)
pst1) aNp (Vs * Eqatlps) F G T
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The VF(I) expressions derived in Section 2.2.3 are not valid
for SITs. In the case of a GFC-BARITT device, depletion is between
the drain and the source but in the case of a SIT device, the
depletion is between the drain and the gate. Therefore, the potential
distribution in a SIT is different from that of a GFC-BARITT device.
The actual potential distribution can be obtained by numerical
solution of the two-dimensional Poisson's equation.

It is possible, however, to obtain a simple approximation for

VF(I). In Fig. 2.5, along the OM path, the potential is a quadratic

function of distance. This potential is

\ (x2 + y2)
V(x,y) = Voo + Vo) ———— (2.61)
GS DS (LES + D2)
where D is the half of the channel, D = 0.5 ws + wGS' The potential
along the x-direction is
L (x2 + y2)
Vooy) = — 052 77 () ——— . (2.62)

At the zero bias case, there is a charge accumulation region on the
n -side of the n+n- junction of a SIT device which is a "Debye

length" wide as shown in Fig. 2.5(b). VF(I) is the maximum barrier
height value of the Ith segment in a SIT. From Eq. (2.62), assuming

that this barrier height occurs at x = x, from the source terminal,

D
then )
L G+ > 1)
v (1) = DS (Vo) N2 (2.63)
F 2 1/2 DS (L2 + Dz) > AT
(L2 + L 12) DS

DS N2
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(c) Built-in potential of an n'n"n* diode.

Fig. 2.5 A SIT Device.
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where

Equation (2.63) along with the ¢G(I) expression given by Eq. (2.28)
are used in the current density expression given in Eq. (2.60).

A simple expression of the DC current of a SIT device is

D
Is = 22§ Z Is(D (2.64)
1

N
I=
where JDS(I) is the current density of the Ith segment and is given
in Eq. (2.60), JDS(I) in Eq. (2.60) is the result of the drift
approximation of the injected carriers. In reality, at the Tow
field region, the diffusion of the majority carriers are also
important. The drift-diffusion approximation given in Section 2.1
is valid for SIT devices with a change of carrier type. The

results of Section 2.2.2a are modified and given for SIT devices next.

The ‘density of carriers in the saturated velocity region is

given by
ot i ( ) (2.65)
n = Dn, . - ———n. .In(n. ./n R 2.65
sat 2vSat ninj Vsath inj inj’ 'sat

where Ming = Ng exp(VF(I)) - ¢G(I))/VT.
The distribution of the injected carriers in the channel is
given by

= . - 2 4 k! R .
np(x) Minj exp[-0.5 ax klx] (2.66)

where
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ki = -LV/Lg In(ngs/ngae) = 0.5 olsg]

Nini’ "sat
Nishizawa et al. [3] claim that there is no minority carrier storage
effect in a SIT device and therefore it is a high frequency device.
[t is true that there is no minority carrier storage effect, but
there is a majority carrier storage effect which degrades the high
frequency performance. An expression of the carrier distribution in
Eq. (2.66) clearly indicates that the carrier storage effect will be
important at high injection. This means that SIT devices are no
exception as far as power and speed or high frequency performance of
solid state devices are concerned. The degree of majority carrier
storage is given in Eq. (2.66) may not be exact, but nevertheless it

physically predicts a phenomenon which is expected.

2.4 Dc Characteristics of a Vertical Field-Effect Transistor

A simple analysis of a vertical FET is given in this section
for completeness. A more complete model especially for GaAs FETs
has been given in detail elsewhere [26]. A one-dimensional analysis
of this special FET structure is relatively simpler than those of
conventional FET structures since the gate is at the center of the
drain and the source electrodes.

The FET structure which will be analyzed, is shown in Fig. 2.6.
The following assumptions are made:

(i) The device is divided into two regions: the first region

is LbS long and D-ymax wide and is a voltage controlled resistor and



=5
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the second section is LDS - LbS long and D wide and is an N-type
bulk resistor.

(ii) the voltage distribution in Region I is a linear function

of conduction path, x

V(x) = By . (2.67)

(iii) The effect of the velocity saturation is taken into
account.
(iv) The depletion of the channel along the conduction path, x,
is assumed to be gradual.
The current transport expression in Region I is given in the
following sections for different materials.

(a) For a silicon device,

dV(x)

Ips = WNpug(B) =555 (2.68)
where
1
u(e) = v
n sat ESat + E
and
T {ng(ves Vg, * Vps) ]t/
DS G qND

By rearranging Eq. (2.68) and replacing the field by (dV/dx).

a simpler equation is obtained as follows:

Jne E dx + J dV = qanDv dv . (2.69)

DS “sat DS sat
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Finally, integration of Eq. (2.69) results in the following

current density expression:

v

_ DS
JDS = q.ND v . (2.70)

sat '
(Vos * Esatbps)

The total drain-source current can be expressed as

I = 2qZ(

DS ) JDS . (2.71)

D= Yinax
Since the FET structure in Fig. 2.6 is symmetrical, the device
expressions are derived for a half-width device where Yimax is the
maximum depletion width in the perpendicular direction of the
conduction path, y, from the gate-channel junction.

The expression for Ynax €an be obtained by starting with the

conventional depletion approximation:

1/2
2e (Voo + Vi + V(X))
Ygep(®) ={ > GSqND b2 i\ . (272

Rearranging Eq. (2.72) yields

1/2

ydep(x) (Vgs clx) . (2.73)

%

where
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and

(o]
I

Vos/Lps

Finally, Yax is given by

Ymax y(x)dep (2.74)
x=LG
Inserting Eq. (2.73) into Eq. (2.74) gives
- /2
y = [c2(Vi. +c L . (2.75)
max = [62(Vgs *+ ¢ Lg)]
Then the drain-source terminal current IDS becomes
I. = 297 Nov Yo D-y ) (2.76)
DS q D "sat (Voo + E__.L') ymax : '
DS sat DS

(b) For a III-V compound semiconductor device an expression

for the terminal current IDS can be derived by applying the same

procedure as the one used for silicon devices. The current density

J.. expression can be obtained from Section 2.2.2a with some minor

DS
modifications to Eq. (2.40) and is given by

DS
0.5 Uno [Bg. + 0.2 V ( DS/LDS )
Jps = AN, (2.77)
1 +0.2 (V DS/LDS C)

and the total terminal current is given by
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IDS = 2I(D - ymax)JbS . (2.78)

The Yoax expression given in Eq. (2.75) can be used in Eq. (2.78).

2.5 Thermionic Saturation of the Diffusion Current

In the preceding sections, drift-diffusion and drift approxi-
mations of the carrier transport have been considered. These
transport equations however are incapable of describing the conduction
process in the vicinity of the potential barrier maximum. Therefore,
the only other mechanism to account for is the thermionic emission.
Within the barrier injection range, current flow cannot be regarded
as limited only by diffusion through the barrier region; thermionic
emission at the barrier maximum must also be taken into account as
suggested and done by Persky [12]. The empirical modification of
the current transport equation based on the concept of thermionic

saturation of the diffusion current [12] is as follows:

dn
_P
q“nan t b, &
Jn = an s (2.79)

[+ D, HYE'/(anTE)]

where Vip = the velocity of the thermionic emission over a potential

barrier of zero height and

*\1/2
VIE (kT/2wm*) " <.
VIE must be the limiting velocity in the absence of field-aided drift.
Equation (2.79) is considered as a current transport equation
instead of the standard drift-diffusion equation, and the following

assumptions are made:
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(i) the velocity variation with field is neglected so that
Einstein's relation can be used;
(ii) the space charge field effect of the injected carriers
is neg]ecfed.
(iii) the recombination-generation effect is neglected and
(iv) a one-sided abrupt junction is assumed.
A new current density expression is obtained for a BARITT diode [12]

and is given by,

- D
J, = abn e M%[‘[(zn) xD+Vf‘T—E] , (2.80)

where n_ = the carrier density at the source terminal and

S
= (V

- 2
e = (Vg = Vps)*/4(Veg¥)-

For v2m << Dn/VTE’ Eq. (2.80) reduces to

n = Qe e . (2.81)

The thermionic saturation of the diffusion current becomes
important when the doping concentration of the channel > 1017 cm 3.

In this approach negligence of the velocity saturation effect
may introduce an error which may be comparable to an error
introduced by using only the drift diffusion current transport
equation.

One can conclude that any simplifying assumption will
introduce an error to the current transport equation unless the
basic device equations are simultaneously solved in a two-dimensional

space.



CHAPTER III. SMALL- AND LARGE-SIGNAL MODEL

3.1 Introduction

The determination of the circuit and noise properties of a
solid-state device is facilitated by the assumption of small-signal
conditions. Under small-signal conditions, the Dc equations are
usually expressed in first-order Taylor series and their quiescent
values and the resulting equations for the perturbation quantities are
linearized. This usually results in coupled nonlinear ordinary
differential equations [11], [30].

There is another approach for the small-signal modeling of
semiconductor devices which is the "Charge Control Analysis" [25].
This approach relates circuit elements with physical processes since
there is a one-to-one correspondence between the static charge
distribution and the terminal voltages and currents. By assuming
that the terminal voltages and currents change sufficiently slowly
so that the internal charge distribution can be regarded as a
succession of static distributions, the dynamic model of both types
of devices (SIT and GFC-BARITT devices) are obtained. This approach
is called the quasi-steady-state approximation and was first used for
Junction Field-Effect Transistor (JFET) modeling [31].

In the following sections, the small-signal circuit elements of
both devices will be derived as a function of the device parameters.

The small-signal equivalent circuit which is considered throughout

-59-
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this chapter is shown in Fig. 3.1. Generally, the form of the
expressions for SITs and GFC-BARITT devices are the same. This
makes it possible to describe the small-signal circuit model of

both devices with common expressions. However, this is not

possible under all quiescent conditions. Under such conditions,

the expression for the circuit element of each device is given
separately. Some of the expressions are dependent on the parameters
of the semiconductor material. Therefore, whenever it is necessary,
expressions are given for devices made of silicon and also

of . III-V compound semiconductors. In the last section of this
chapter, a simple noise analysis of SIT and GFC-BARITT devices will
be given. Finally, the effect of the transit time of the drifting

carriers along the conduction path between the source and the

drain is included.

3.2 Small-Signal Circuit Elements

3.2.1 Transconductance. Transconductance is defined as the

variation of the drain-source current with respect to gate voltage

at a constant drain-source voltage:

BIDS

g
m Vs Vps = constant

ne

In Chapter II the expression for IDS was given as a function of the

terminal voltage V.. and V...

GS DS
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Fig. 3.1 Small-Signal Equivalent Circuit of a SIT or a GFC-BARITT

Device.
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3.2.1.1 Silicon Devices.

3.3.1.1a GFC-BARITT and SIT Devices. For a silicon device,

the drift approximation of IDsfor n+p'n+ type GFC-BARITT or nnn’

type SIT devices is

N
v ViZ
I =29 —38EDS" DNV ool (v (1) - en(1))/V.] , (3.1)
DS sat DS I=1

where o (1) = (Voo + Vo) (1 - [(I - 0.5)/N]2),

=
|

th = npo for a GFC-BARITT device,

the minority carrier density at thermal

=
1]

equilibrium.
Differentiation of Eq. 3.1 with respect to VGS results in the
transconductance expression which does not include the transit-time

effect:

2

N
G < G, [1 St ‘NO‘S)} expL (Ve (1) (Y], (3.2)
I=1

v

D Vsat DS
G = -2q Z=n
MO N th vT (v

* Egatbps)

DS

3.2.1.1b Vertical FETs. The drain-source current is given

in Eq. (2.77) and repeated in Eq. (3.3):
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Vps
IDS - 2qZND Vsat (V + E L! ) (D B ymax) i (3.3)
DS sat DS
' - 1/2
where L DS = CO(VéS + VDS) + LG,
= 1 _12 1/2
Ymax |:CO(VGS ¥ ClLG) LG] i
- 1/2 _ '
Co (2€S/qND) , Cl— VDS/LDS'

The transconductance expression is obtained from Eq. 3.3

and given in Eq. 3.4:

Yns Co (3.4)
g = ZgNv . 3.4
m2 D’sat (Voo + E__,L) Ymax
DS sat DS
3.2.1.2 1II-V Compound Semiconductor Devices.
3.2.1.2a GFC-BARITT and SIT Devices. The current
expression is given by
N
D
I = 2 NJOZ exp[ (VE(I) - 9. (D)/V;] , (3.5)
I=1
where
2.5 u_ —ZVDS) £y (—-—ZVDS)
" "noc LDS sga LDS
J = qn )
0 th
2VDS 4
SEY +( [ )
¢ DS
Nep = ND for a SIT and

>
1

= 2 - 3
th ni/NA for a GFC-BARITT device.
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The transconductance is then given by

where

3.2.1.2b Vertical FETs. The current expression is

given in Eq. 2.79 is as follows:

IDS = 27(D - ymaX)J0 (3.7)

1/2
= 2 | 121
{FO(VDS + C LG) LG}

The transconductance is given by Eq. (3.8):

o= 24— (3.8)

3.2.2 Conductance. Conductance is defined as the variation

of the drain-source current with respect to the drain-source

voltage as follows:

s °Ips

Ids oV
DS VGS_constant

Both the SIT and GFC-BARITT devices are high conductance or Tow

output impedance devices.
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3.2.2.1 Silicon Devices.

3.2.2.1a GFC-BARITT and SIT Devices. The derivation

of the conductance from the current transport equation is given in

Eq. (3.9). This conductance is valid for the GFC-BARITT and SIT

devices.

N
E _.L
~ sat DS 210D
= I + E, Ine(IVE(I) , (3.9)
DS  V,.V-N DS F
(v DS'T I=1

gds
ps * Esattps)Vps

where IDS = the total current given in Eq. 3.1,
Ips(1)
V(1)

3.2.2.1b Vertical FETs. The conductance is obtained

the current density and

the forward biasing voltage of the Ith segment.

from the derivation of Eq. 2.77 with respect to VDS and given in

Eq. 3.10

2
. Esatns 1. % (3.10)
X ) 1] v . .
ds DS 1 VpstVps * Esatlps! 2 Lps Ymax (0 Viax)

3.2.2.2 TII-V Compound Semiconductors. The conductance

expression is different from that of silicon due to the complicated

velocity electric field expression.

3.2.2.2a GFC-BARITT and SIT Devices. The current

transport equation is given in Eq. 3.5. From that expression, the

conductance equation is derived and given in Eq. (3.11):



N
_ 22 D1 Z 7 D
g, = 2L D 1 Vo(1)do(1) + 4 £ B
ds TV, NV L FINps N Vpe
— Ty
qua‘zvS o NG .
ol el R )|
0 DS —
e AR ) Jns (3.11)
5EY + —Egi J I=1 .
¢ DS _)

where JDS(I) is the current density expression for III-V compound
semiconductor devices as given in Eq. (2,40). nga is the saturated
velocity of GaAs or InP and EC is the electric field where negative
differential mobility starts. J, is as given in Eq. (3.5).

3.2.2.2b Vertical FETs. The conductance is obtained

from Eq. (2.76) for silicon and from Eq. (2.78) for III-V compound

semiconductor devices:

BJDS ( aymax ( )
g, = 27 =2(D -y ) - 2IDJ. —MaX 3.12
ds aVDS max DS aVDS
After evaluation, Eq. (3.12) becomes
‘ TR
q nga n ( VDS } vy 2VDS }
D J tht L i Lne
ds < Vg 2V "
5EY% + (—T%Ei )
¢ DS
L c2
G 0 1
-27DJ ~ . (3.13)
DS LbS Ymax (D - ymax)

3.2.3 Gate-Source Capacitance.

3.2.3a GFC-BARITT and SIT Devices. The total gate charge

under small-signal conditions is:
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3Qg5(0)
(t) = QGS(O)-PW_—V (t) s (3-]4)

QGS GS gs

where QGS(O) = the charge at steady state and

Vo)

The gate-source capacitance is defined as

the small-signal gate-source voltage.

3Qg5(0)

C =
aVGS

gs

VDS=constant

The gate-source capacitance is the result of the variation
of the charge in the channel with respect to the variation of the
gate-source voltage. This charge is due to the injection of the

carriers from the source into the channel :

N

D
Qs = 921+ V) Fng L))
[=1

SUORHONL AN
‘where YV is one for a vertical structure or YV is zero for a planar
structure. Equation (3.15) does not include the effect of the carrier
distribution. In reality, the stored charge in the channel is less
than what is found from the drift-approximation of the injected
carriers.

The effects of the diffusion on the small signal circuir
parameters will be analyzed Tater in this chapter. For simplicity,
in this section, diffusion effects will be ignored.

The gate-source capacitance is derived from the steady-state

channel charge (Eq. (3.15) and given in Eq. (3.16)):
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N
- 1 1 - 0.5\ ~(Leg(D-V (D)
Cgs - CgS(O) T 2 [] - ( N )Z]e s (3.16)

where CgS(O) = qZ(D/N)nthLG- For the insulated gate devices, the total

1 - + . .
capacitance CgSt CgsCOX/(Cgs C,y) where C,y is the oxide

capacitance.

3.2.3b Vertical FETs. The gate-source capacitance is due to

the charge of the depletion layer.  From Section-2.4, Cgs is obtained

as
alL, 3y 0y 4. (x)
_ DS ' ma dep
C = 2qIN (Wa +y ) ==+ (L}e - L) =9+ L ,
gs D { [ G “max SVGS DS G aVGS G avGS
(3.17)
where
oL4
DS 1 -1/2
s 2 Co (s + Vp, * Vpg) "7
2 2
Vaep™) 1 % Yhax 159..(&.9_)
Vs 2 Ydep Ves 2 Ypax\Lps

3.2.4 Drain-Gate Feedback Capacitance.

3.2.4a GFC-BARITT and SIT Devices. Under the small-

signal approximation, this capacitance is the variation of the

charge at the gate due to the change in the drain-source voltage:

é BQGS(O)

gd aV =
DS VGS constant



Differentiation of the QGS(O) with respect to VDS results in

the following expression for C

qd
P (VR RV
ng = qZ N——v;——a ¢ . (3.18)
[=1 DS

3.2.4b Vertical FETs. The feedback capacitance of the

drain-gate is due to the variation of the drain-gate depletion

layer with VDS:

3y, oy
DS max de
C ., = 2qIN (W +y ) =+ (Lhe = Lp) s | + L, —9€R
gd D {[ G “Ymax aVDS DS G BVDS G aVDS
(3.19)
where
2
avDS Ydep(LG) LDS
2
8y'max= l. CL I_-g_

and

oL,

_bs _ 1 -1/2

Vs 2 ColVgs * Vb, + Vpg) 7"

3.2.5 Drain-Source Capacitance.

3.2.5a GFC-BARITT and SIT Devices. The drain-source

capacitance is defined as the variation of the channel charge with

respect to a change of the drain-source voltage:
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9Q
C = __D.§_.

ds 3Vps v =constant

GS
where

N |
LOVE(T) -0, (1))/V-]
s T Alngrlps 2, e © T - (aa0)
11

This, however, does not include the diffusion effect. CdS is

obtained from Eq. (3.20) as follows:

- D, ]
Che - 2anthNLst—Z (3.21)

N
T I=1

Ve(1) . LVE(D)-95(1))/V4]
Vs

By comparing Eq. (3.21) with Eq. (3.18), Cds can be related to ng as
in Eq. (3.22):

od - (3.22)

3.2.5b Vertical FETs. The drain-source capacitance can be

approximated as

3Q
c . bs

ds BVDS VGS=constant

where

- 1
QDS - ZquDs(D —ymaX)ND

and



3.3 Diffusion Effects on Small-Signal Circuit Parameters

Cds = 2qZND [

oL, dy
DS _ - ' maxX|
Vs (D -Yax) = Lpshp 37 ]
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DS

(3.23)

In this section, the small-signal circuit parameters are

obtained by using the drift-diffusion device expressions of the

GFC-BARITT and the SIT device given in Chapter II.

the small-signal parameters

sections.

will be given.

3.3.1

The Transconductance.

is the same as in the previous

The drift-diffusion current

Derivation of

Therefore, in this section only the final expressions

expression in Eq. (2.24) is differentiated with respect to VGS’

and the resulting I expression is given by

I

where

and

N

oy

I=1

[DRVGS exp (USS1 + USS2) + V

USSi

uss2

1 >
=

d
—— USS2
T aVGS

exp(USST + USSZ)} ,

S Tth,
N VT sat

(VF(I) - ¢G(I))/VT

-0.5 qL?2 *+ k'L
S 1S

(3.24)
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3.3.2 The Conductance. The conductance is obtained by

differentiating Eq. (2.24) with respect to V

A&{

I=

DS*

exp(USST + UsSS2) -

S (USS2) exp(ussT + usszg} ,

DS

—

(3.25)

where AM, USS1 and USS2 are defined in Section 3.3.1.

3.3.3 The Gate-Source Capacitance. CgS is obtained from

the stored charge in the channel. For the insulated gate devices,
the total gate-source capacitance is obtained from the series
combination of the insulated gate capacitance and the stored charge
capacitance.

The stored charge capacitance is

N NN
S" 1 3¢G( )
C = AC T exp(USST) ZEI exp(USS3) + exp(USST)
gs o VT aVGS
I=1 J:l
NN
%v~—-(USS3)exp(USSSi},(3.26)
GS
J=
1
L L. .2
A, _S S
where USS3 = k! g J - 0.50 (NN-J) )
NN = an integer and
W L
a S G
AC = qZ N"'nth ﬂﬁ

G’ then after

3.26) becomes applicable for

Equation (3.26) is valid for L > L., if LS <
replacing LG with LS Jjust in AC, Eq.

this case also.
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The total capacitance, Ggs , is defined as
t

C = C C /(COX +C

)
gs 0X°gs

gs

where Cox is the oxide capacitance.

3.3.4 The Drain-Gate Feedback Capacitance. ng is also
obtained from the stored charge in the channel by differentiating it

with respect to VDS:

!
) N

N
Cyg = AC Z L exp(USS])Z exp(USS3) + exp(USST)
I=1 T DS Jd=1

NN
) :g: %V*-'(U553)exp(USS3;}(3,27)
DS
J=1

Equation (3.27) is derived for L Z-LG’ for the cases of

S

L. > LS’ just in AC, LG has to be replaced by LS'

G
3.3.5 The Drain-Source Capacitance. Cds is approximated from

the ng expression by

(3.28)

For LS > Lpg» LS should be replaced by Lyse If LS < LG,

replace (LG/NN) with (LS/NN) in Eq. (3.27).
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3.4 Carrier Transit Time Effect

The carriers are injected from the source electrode, drift
along the channel and are collected at the drain electrode-after
a drift time, 4 Because of this drift time, changes in the
drain-source current will occur in Ty second following the
changes in input. This delay causes a phase difference 6 between

the terminal voltage and the terminal current. The drift time is

also called a "transit time". It is formulated as

Lps
Ty = f el (3.29)
0
where v(x) = the carrier velocity as a function of the local electric
field along the conduction path, and
x = the distance that carriers travel in the conduction

path.
This transit time is included in the device expressions through the
assumption of an unattenuated current wave expression in the drift

reqion [28]:

e = Ipg exp(-ijd) . (3.30)

The small signal transconductance and conductance expressions
are obtained from the current wave equation in Eq. (3.30), and

given in Eq. (3.31) and Eq. (3.32), respectively:

* -jut
9y, = 9 © d (3.31)

and
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* —ijd

94 = Ygs © . (3.32)

Assuming a Tinear electric field distribution along the channel,
the 4 expression will be evaluated for silicon and for the III-V

compound semiconductor devices.

3.4.1 Silicon Devices. The velocity expression of silicon

as a function of field is inserted in Eq. (3.29):

DS
ry = dx , (3.33)
X= v E(X)
- -F sat
(Eg,, * E())

where E(x) = le’
= - 2
Yl Z(VDS + VB)/(LDS LF) »
LF = the depletion width at the forward biased junction and

LDS = the channel length.

The integration of Eq. (3.33) results in

where
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for a GFC-BARITT device and LF = the Debye length for a
SIT.
The transit time effect on I and 9gqg CaN be accounted for

by inserting Eq. (3.34) into Eq. (3.31) for transconductance and
in Eq. (3.32) for conductance.

3.4.2 1II-V Compound Semiconductor Devices. The field

distribution is a linear function of the conduction path. In this
section the only difference is the expression of the carrier velocity
which is given in Eq. (2.36) in Chapter II. Following the procedure
for silicon devices the conductance and transconductance expressions
are derived and given in Eq. (3.35) and Eq. (3.36), respectively.
These expressions are in the form of numerical integrations.

Explicit expressions could not be derived due to compiex carrier

velocity expressions for III-V compound semiconductors.

Conductance:
gzs = 94 ™38 (3.35)
Transconductance:
g = g e, (3.36)
where 6 = wty and . The transit time is given in Eq. (3.37):
oy = % L by /B . (3.37)

, (=l VP T
30 [rpnold + (gge) by /E*T*)
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where

3.5 Large-Signal Analysis

3.5.1 Introduction. The dc analysis of the TTPT SIT and the

GFC-BARITT devices have been done by closely following the BARITT
diode analysis. The large-signal behavior of these devices are
different from those of the BARITT diodes. The negative resistance
is essential for the use of a BARITT diode. On the other hand, the
TTPT devices amp}ify the input signal which is applied to the gate
and transmit the amplified signal to the output port. The
directionality of the three-terminal devices is an advantage over
the two-terminal BARITT diodes.

The simplified analysis of the BARITT diodes overestimates
the efficiency and the power capability of these devices [32], [33].
Humerical analysis [34],[35],[36],[50] and experimental studies [35],[37]
have shown that the early predictions for the efficiency and the
power capability of the BARITT diodes are orders of magnitude
higher than the real values. The three-terminal punch-through
devices have the high efficiency capability of the bipolar
Junction transistors (BJTs) and the high frequency operation
capability of the punch-through diodes. A collector efficiency
up to 55 percent for a SIT has been reported [2].

In this section, the large-signal analysis is done by making

the following assumptions:
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(i) The model is valid for operating frequencies below the
cut-off frequency which is defined as the frequency where the phase
difference between the input signal and the output signal becomes 2r.

(ii) The quiescent point is chosen in such a manner that the
gate channel junction is not forward biased in the case of a SIT
analysis.

(iii) A load impedance is calculated to match the predetermined
voltage of the device.

(iv) The electric field along the channel is assumed to be
determined by the dc bias conditions.

(v) The change in barrier height at the injection junction
follows the input signal.

(vi) The space charge effects will be ignored.

The small-signal circuit parameters will be modified for the large-
signal case. In the next section, the derivation of those
parameters is given.

3.5.2 Large-Signal Circuit Parameters. The equivalent

circuit model which is used for the small-signal approximation, will

be used in the large signal cases also. Instead of calculating circuit
elements from the dc device expressions, they are obtained by

using the average values of the time-dependent circuit parameters.

A similar approach has been used to derive the large-signal circuit
parameters of a MESFET from the dc device expressions [38],[39].

The derivation of the large-signal circuit elements is given for
silicon and for III-V compound semiconductors in the following

sections.
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3.5.2.1 GFC-BARITT and SIT Devices. The time-dependent current

is given by Eq. (3.38):

VE(I) - o4(1) ]

N
lgslot) = oo ) exp[ v
I=1 T

. (3.38)

in
g v

exp [V. (I)DERVGS(I)SinQut) + VO(I)DERVDssin(wt - 6)]
T

where Inso is the leakage current. DERVGS(I) = BVF(I)/BVGS and DERVpq =
BVF(I)/BVDS., The Fourier series expansion of Eq. (3.38) separates the

dc and ac currents. Considering only the first harmonic,

Ids(wt) = a + a cos(wt)+ b1 sin(wt) » (3.39)

where a, is the average dc current,

1
a = }—‘/- Ids(wt) cos(wt) dut

0
2T

and
1

b - Ff I, (ut) sin(ut) dut
0

The Vinsin(wt)is the input RF voltage and the Vosin(wt - 8) is the

output RF voltage due to the voltage drop across the load impedance

under large signal conditions. These two RF voltages can be assumed

to be known. From the known terminal voltages, the required load

impedance can then be calculated. A detailed explanation of the large

signal modeling is given in Section 4.7 of Chapter IV.
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The Fourier coefficients are

N N .
V... - DERV -
j{: exp { DSQ DS

I=1 VT

2m

Inso Jf
2m
0

VGSQ . DERVGS(I)]

V. y
mn . 0 .
. exp [+ V;—-DERVGS(I) sin(wt)+ V;’DERVDS sin(uwt - e)}- dot (3.40)

VDSQ - DERV.. - VGSQ . DERV..(I)
I](I,J) = exp [ D§ — & l
T
V. V0
- exp [+ Vlﬂ- DRV (1) sin(wt)+ 7= DRVpg sin(ut - 9)] ’ (3.41)
T T
I(I,J) = I sin(ut) > (3.42)
]
and
13(I,J) = I cos(wt) - (3.43)

1

The average dc current IDS is given by Eq. (3.44):

MW
e = 502 2{: 2{% 1,(1,9) - (3.44)
I:

(i
1]
—

The coefficient of cos(wt), a1 can be expressed as a function

of ENT1 which is given in Eq. (3.45);

ENTT = (3.45)

[~ =

J:

—
—
1]
—

and
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a1 = IDSO ENTT . (3.46)

The coefficient of sin(wt) bl is given as a function of ENT2

in Eq. (3.48):

N
}E: : (3.47)

~ =

ENT2 =
J=1 I=1
b1 = IDSO ENT2 (3.48)
where IDSO is
I = z w§- EEh v
DSO N VT sat

for the drift diffusion model. It is valid for both Si and III-V

compound semiconductors. In :the case of the drift model,

for the III-V compound semiconductors and

Iso = ZVsat ;§' v VESE T "th
sa DS © “sat-DS

for silicon.

The effective 9, is given by Eq. (3.49):
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1/2

a2
2 L
DERVGS(I) (b2 * 5 ) . (3.49)

i

g
Meff

The conductance can be found and is similar to the transconductance:

1/2

a2
= DERV.. (b2 + El) . (3.50)

g
dseff DS

1

The gate-source capacitance can be approximated from the time

dependent gate charge

N
La V. (1) v
QGS(wt) = N§' M§~ 21, n I)exp [ 13 sin(wt) + Vg-sin(wt - e)},
T T
I=1
(3.51)
where
We L
_ o,
AC = I 9
- 2 2y1/2
ng AC(b1 + 0.5 a 1) DERVGS(I) , (3.52)
eff
c = AC(b2 + 0.552 )*? DERV (1) (3.53)
gdeff 1 ! DS .
and
o C, (small signal value) . (3.54)
3.5.2.2 Vertical FETs.
3.5.2.2a Silicon FETS., The total current Ids(wt)

is given by Eq. (3.55):
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VDSQ + V0 sin(wt - 9)

Ids(wt) = AF : (D -Ymax(wt)) i
[LDSEsat + VDSQ + V0 sin(wt - 08)]
(3.55)
where
AF = ZZqNDVSat
and

= pl/2 . 1/2
Ymax (wt) CO (VGSQ + V'ln sSin u)t)
The Fourier series expansion of the Ids(mt) will result in

the dc and the ac currents:

nN

2n
O
Is = 7 Jf Liglut) dut (3.56)
0

The new numerical integrals can be defined as follows:

IE1 = (psg * Yo sinfut - o)) [D - Cl/z(Vng
. 0]
(LDSEsat + VDSQ + V0 sin(wt - 8))
£V, sin wt)l/z] (3.57)
n i
M
- AF N7 -
s = 55 0. EIl = a | (3.58)
J=1
M
- AF T
a = 5 EI1 cos ( T80 J) (3.59)
J=1
and M
AF . m
= oAb S, 3.60
b= 5 j{: £ sin (220 (3.60)

[«
n
—
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From the total current, Ieff is aobtained and

I t) = + tyt b i t
ds(w ) a, a1 cos (wt) : sint)
a2
= 2 4 1 ql/2
Ieff [bl ¥ 2 ]

The effective transconductance g

Mafg 15

g

= DERV..(I) I
meff GS )

eff >

where

DRV, (1) = 0.5 ¢/ .

GS

The effective conductance is

gdseff = DERVDS Ieff ’

E L
DS
DERV( . s 2

ol ! 2
(Vpsq * Vo 7+ Esbps)

The gate charge is QGS(wt):

QGS(wt) = ZZqND[LGYmaX(wt) + Y (wt)Ym (t)]

GD ax

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)
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The source gate capacitance is given by Eq. (3.66):

C,(wt) = TNy [Lg + cj)/z(vDSQ V] sin( gt - )21

gs
C 1/2
[ 0 _ ] . (3.66)
VGSQ L P sin(wt)

The effective Cgs at the fundamental frequency is given by Eq. (3.67)

Ce - 27N, (E15° + 0.5e162)1/2 , (3.67)
PBeff
where
1/2 M
- CO/ Z + 1/2 + . T . 1/2
Els = o2 Lg * € |Vpsq * Vo 510 (ﬁ-J - @
J=1
: ] - 1/2 sin(%i J ]
. 2T
(Vesq * Vinsin 71 J)
and
_ 0 “ 1/2. . g'll _
EI6 = [LG +C, (VDSQ + v, sin (M J Q)
J=1

. ! cos Zn ]
[Vesq * Vinstnli 2] )

The effective ng at the fundamental frequency is obtained

similar to ggS and given in Eq. (3.68):
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c = 27gN-(£172 + E18%/2) V2 | (3.68)
gdeff D
where c M
- _0 1/2 . 27
e17 = 52 ) E10Zsin (21g)
J=1
C M
- 0 1/2 2m
EI8 = M }: EIO cos ( H J)
J=1
and ' 2
EIO = 5
VDSQ + VO sin ( FT'J - 9)
The effective Cds at the fundamental frequency is equal to
C in Eq. (3.69;}:
gdeff
C = C . (3.69)
Sopr  9derf

3.5.2.2b III-V Compound Semiconductor FETs. The current,

transconductance and conductance expressions of the III-V compound
semiconductor (III-V C-S) FETs are different than those of the Si
FETs. The capacitance expressions are the same as those given in
Section 3.5.2.2a.

The total time dependent current can be expressed as in

Eq. (3.70)

L (ot) = 2Z(D- Y )JaNy (3.70)
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where
Y L
;- 2.5pn0ECEF + ngaEF ,
0] 4 L
5EC + EF
VDS(wt) = VDSQ + V0 sin(wt - 8)
VGS(mt) = VGSQ + V1.n sin(wt)
and

EF = ZVI'JS(wt)/LDS

By following the usual procedure, Ieff is obtained and given

in Eq. (3.71):

279N

- D 1/2
Ieff = (bi + 0.5 af) , (3.71)

where

ET1 cos ( %E-J) ,

v
—

n
M=

Ca
1
—

ET1 sin ( ﬁ—“d) ,

o
—

H
M=

C—l
i
—

(wt))/2 g

ETT =D - (C

0 VGSQ 0

The effective transconductance, 9 is derived from the
eff
effective ac current’Ieff and given by Eq. (3.72):

g = DERV.. I (3.72)
meff GS “eff
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and finally the effective conductance is given in Eq. (3.73):

g = DERV.e T cc - (3.73)
dSegf 05 e

3.6 Small-Signal Circuit Properties

3.6.1 Admittance Parameters. An equivalent circuit of a

SIT or GFC-BARITT device is shown in Fig. 3.1. In this
equivalent circuit, parasitic resistances of the electrodes are

included to analyze their effect on the performance of the device.

The y-parameters are obtained by a straightforward circuit analysis
of the equivalent circuit in Fig. 3.1. These expressions for

the y-parameters are:

y = G6(1-8), (3.74)
11 g 1

= -G - , 3.75)
12 g 82 (3.75)
y = Gd e R N (Q /6]
21 3
22 ) Gd” ) Bu) s (377
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where
] ]
Y YzG
1
s, = - g+ 29
1 g z x
11 11 11
G 'G 1
e o= g N4 1,8
2 Z X X - X s
11 2] 21 21 21
G ]
B = g - g 12
3 X z Z X z' z' ’
11 11 11 11 12 21
G G z!
A R TR 12
"l Z X X z X z z' -2z ’
11 21 21 21 21 11 12 22
Xl Xl ¥ - ]
¢ - .32 L= 32%10 7 X33
Yl 7 > ) z' - 7 .
11 12 22
z y4 zy
12 22
2" - z" - zy! - zy! -
12 2 i 22 Z ’ 'yl 4 ? ‘y2

zy2

21



11

11

12

13

31

33

and
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X' - X s, Z = x' - X zy = xy' +xy
22 12 12 23 13 1
Z = X
Yz y.
x' +x' ,z = x' +x!
32 22 22 33 23
——‘]—-—2— XI = i(—l—g— xyl = i(-.y._— ' = .X_.%.2_
X b x s X b X
1 13 11 ! 11 32 31
v X33
X33 Tox
X X 31 X_y2
22 . X! = 23 , Xy' = —=
X ”3 X X
21 < 21 21
1 1
— , G, = =— ,
Rm d Rd
L. Jo€C .-y , x = g*+ juC
R, gs 1 21 m gs
= = * + i + 9
Jngs , x13 y1 > X Gds JdeS JngS
y X = qr+ G% + juC Xy L
1 Tos 9m  ds ds in R
y - g* X = G* ch Xy = L
1 m *> 732 ds ds ) out R,
L S T
moor ds ds
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In the case of the equivalent circuit of the intrinsic

device, the y-parameters become much simpler than those given in
Egs. (3.74) through (3.77).
The y-parameters for Rm =0, Re = 0 and Rd = 0 become

1 .

= =+ C + C s . 8

Y., R Jol( as gd) (3.78)

= jwC ’ 3.79

12 Je gd (3 )

, = —(gr‘:‘1 + Jngd) (3.80)

and

y,, = g% * Jw(CdS + ng) , (3.81)

where the asterisk implies that the transit time is accounted
for in the I and 94s expressions. RC is the gate charging
resistance; and it is usually measured. In this case, however,
the dc contact resistance will be used.

3.6.2 S-Parameters. At high frequencies the measurements

are made in terms of the scattering, s-parameters. Therefore, it
is useful to relate measured parameters to intrinsic device
parameters. Such expressions are given in a text [40]. In this
section, the y-parameters are known, therefore, the s-parameters

will be calculated in terms of the y-parameters. The expressions

which relate the s-parameters with the y-parameters are:
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s - (- yll)(] i yzz) ’ Y1oY0,
11 ' ' A ’
(1 + y”)(1 + yzz) - YLV
_2y‘1?
. ) 2
12 (T+y' YT +y ) -y y
11 22 12 21
—2y;1
S =
2 Oy 0 +y ) -yl y
. (T +y )00 = y3,) + v,y
272 'l + i ’I + 1 ' i
( yll)( y22 12y21

.83)

(3.84)

.85)

If only the s-parameters for the devices are known, then the

y-parameters can be calculated by using the following expressions

given in Reference [40]:

! = R =
y11 11 O

| - R =
y12 y12 0

| — R =
y21 y21 0

(1 - 511)(] ¥ S22) t 5,50
+ + 1) - S
(1 S11)(522 ) 312 21
—2512
(1+s )(1+s )=-5s 5
11 292 12 21
42521
+ 1+ -5 S
( S11)( Szz) 12 21
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Vi, YR T s (3.89)

where R0 the resistance of the transmission line system (i.e.,

50 ohm or 75 ohm, etc.) and

y!. = the normalized y-parameters.

iJ
3.6.3 Gain and Gain Bandwidth Product. Gain is one of the

figures of merit for the amplifying devices. For the case of small
signal, one can define two types of gain:

(i) Maximum available gain (MAG)

v, I?

4 Real (y ) Real (y )
11 22

MAG =

(3.90)

and
(i) the maximum unilateral gain (MUG). It is given in terms

of the s-parameters in Eq. (3.91)°

s |2
21
MUG = (3.91)
(1-1Is {200 - [s_[?)
11 22
for [s | <1
11
s | <1
22
and
S = 0

12
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In addition to the gain of an amplifying device, its cut-off
frequency, noise figure, and noise measure are also important
figures of merit. The noise analysis is rather lengthy and wiil
therefore be done in a different section. The cut-off frequency,
fT also known as "unity gain-bandwidth product" can readily be

calculated in terms of the small-signal circuit parameters:

£ = m ) (3.92)

Equation (3.92) is derived by assuming a very simplified equivalent
circuit for the device. The fT is obtained from the equality of the
input and output currents. The resulting Eq. (3.92) may be
misleading in many cases as discussed in [41]. Because of the
effect of the transit time on 9 is neglected. Also, the 9 used

is the dc transconductance; the ac transconductance is expected to
be less than the dc value.

An alternative expression for the f, is given in Eq. (3.95)

-
and is a more physically meaningful one than Eq. (3.92). The

phase shift is due to transit time 6.

6 = Wty (3.93)
The device is useful up to 8 = 2w
2n = anTTd , (3.94)
foo= L (3.95)
T T )
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3.6.4 The Stability Analysis. Under certain terminating

conditions, the devices may oscillate due to the internal feedback
of the device. The inherent stability conditions are given in

Reference [40] and listed below:

i s s 1-1s |2 3.96
(1) Js s l<1-1s |7, (3.96)
ii S S 1-1s |2 .9
(i1) | )1 121 < l 22' , (3.97)
(iii) 2|s s | <1 -]s |2 -]s [?+s s =-s s . (3.98)
12 21 11 22 11 22 12 21

A11 three inequalities have to be satisfied simultaneously for the

inherent stability of a device.

3.7 Large-Signal Power and Gain of the TTPT Devices

An equivalent circuit of the three-terminal punch-through
devices is shown in Fig. 3.1. The same equivalent circuit will be
used with the large-signal circuit parameters to obtain the output
power gain and the efficiency of these devices. The y- and
s-parameters of the equivalent circuit are already known from
Section 3.6. In the large signal case, the Toad impedance, ZL’
cannot be assumed to match the output impedance of the device,
unlike the small-signal case.

The load current, iL’ can be approximated as

(3.99)
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From Section 3.5, the Ieff is directly used instead of the
-grﬁvgS approximation. The g% is the average transconductance,
therefore Vgs must be the effective gate voltage.

The output power, Po’ is

P, = Iéff/Rea1(yL) (3.100)

and the dissipated power, PDC’ is

PDC = VDSQIdS(average) . (3.701)

The collector efficiency, Neo is

_ 0 (3.102)

The added power efficiency, " is given in Eq. (3.103) :

ngoT g T E - (3.103)
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The input power, Pin’ is

V2
= 85
Pin 5 Re(yin) s (3.104)
where the Yin is the input admittance as
y12y21

Yin ~ Y T Ve, * Y

and yL is the load admittance. The power gain, Gp, is defined as
= 9
Gp 5 . (3.105)

Then finally the power gain expression is given in Eq. (3.106)

G = 2VoIeff

(3.106)

2
VgSRea1(y )

in

3.8 Noise Analysis

3.8.1 Introduction. The noise contributions to the small-signal

current and voltage of the injection type devices, specifically for
BARITT diodes, arises from two main sources:

(i) the shot noise due to the randomness of the injection
process at the forward biased junction discussed in [42] through
[44] and

(i1) diffusion noise due to the carrier velocity fluctuations

in the dirft-diffusion region of a BARITT diode and analyzed in [42],
(43], and [45].
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SIT and GFC-BARITT devices are also injection type devices,
therefore the noise analyses of a BARITT diode can be extended to
SIT and GFC-BARITT devices. In the case of the three-terminal SIT
and GFC-BARITT devices, the gate noise current has to be derived
in addition to the drain-source noise currents.

A formal procedure to derive the gate noise current of
FETs has been given by Van der Ziel [46]. Following the approach
of Van der Ziel, an expression for the noise current of the gate is
obtained. Only the major part of the gate noise is considered
because Van der Ziel has derived the gate noise from the coupling
of the drain source noise current through the gate electrode. In
addition to this coupling noise, there is another source of noise
which is due to the gate-channel interface. This is especially
important for the insulated gate device at low frequency operation
[47], [48]. The noise due to the insulator semiconductor interface
is also important for GaAs MESFETs because there is a thin insulating
film on the surface of the GaAs which excludes the area of the
gate electrode [49].

The noise figures of the insulated gate FETs and MESFETs have
been compared and it has been noted that these devices have atmost
jdentical noise figures at microwave frequencies [50]. One can
therefore conclude that the noise due to the insulator-semiconductor
interface is negligible at microwave frequencies. In the following
sections, then, noise sources of SIT and GFC-BARITT devices will be

analyzed at high frequencies.
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3.8.2 Noise in Punch-Through Diodes. The modeling of a device

(SIT or GFC-BARITT) is done by dividing the device into N-numbers of
segments. FEach segment is a BARITT diode. This approach will be
assumed for noise analysis also. There are a number of studies on
the noise analysis of the BARITT diodes [11], [42] through [44],
which can be applied to the Ith segment of a SIT or a GFC-BARITT
device. In this study, Statz's [43] analysis will be followed
and applied to a SIT or a GFC-BARITT device.

The total mean-square open-circuit nojse voltage, including
the shot noise in the injection region and the diffusion noise in

the drift-diffusion region of a BARITT diode has been derived [43]
and given in Eq. (3.107):

) dqu_ 3 aF [ 20 i, .
V2| = S;’t 2 [] os 8 4 b ( - i?—'Lﬂ)] . (3.107)
w=A Usa

where w = 2nf,
f = the frequency,
Af = the fregquency bandwidth,
o quatnp’ the current density,
A = the cross-sectional area of a BARITT diode,
a(I) = the barrier modulation parameter,

a(l) = /(2&5)/kTND Tn(JSO/JO) Jo,

the maximum current density of a BARITT diode and

@@
1]

the phase angle.
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3.8.3 Noise Sources of the Three-Terminal Punch-Through

Devices. Equation (3.107) is modified to express the open-circuit
noise voltage between the drain and the source terminals of the Ith

segment of a SIT or a GFC-BARITT device.

- bgy__, fdae(I) . 2D_L ,
Vgs? | = —=32t —£§2 [] s DS (3 - _lgmkj] , (3.108

, T d ~2y3

ZL%/N w afI)? + o es Veat
where
2¢c J
- s __DSo
(D) = \/kBTND]n (JDS“(‘IT) Ips(7)
and y
DS " (Vg/Vy)
\J = qV & 'l e b
pSo sait (V + L } D

DS sat = DS’

where VB = the built-in potential of the source channel

juntion,
ZNS/N = the cross-sectional area of the Ith BARITT diode,
LDS = the Tength of the channel |,

Since the noise voltage of the Ith segment of the device is
known from Eq. (3.108), the noise voltage of the whole device can be
calculated. 7o derive an expression for the noise figure, the
short-circuit noise currents of the three-terminal device must oe
known. The short-circuil drain-source noise current is obtained

from Eq. (3.108) as:
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N
17 | = Z %M1 V] (3.109)
I=1 n

where gdS(I) = the small signal conductance of the Ith segment. By

inserting Eq. (3.108) into Eq. (3.109), then the mean square short-

circuit noise current can be explicitly expresses as in Eq. (3.110):

N
2 = D g {4quatAdes(I) 1 - cos 6
n I=1 wZZWS/N a(l)? + wzeg

To find an expression for the gate noise current, i , only
the portion of voltage variation along the channel will be goupled
‘through the gate capacitance, Cgs’ because the gate electrode of a
SIT or a GFC-BARITT device, LG is normally much shorter than the
channel length, LDS' To be specific, the entire shot noise will
be coupled through the gate-source capacitance; however, only the
(LG/LDS) fraction of diffusion noise will be coupled. In Eq. (3.108)
the first term is due to shot noise and the second one is due to
the diffusion noise. Following Van der Ziel's approach [46], the
gate charge due to the coupling of the noise voltage of the

channel is:
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O
1

= Cc_ v\ (I) (3.111)
gs, gs dsn

or

|92 | cz_ vz ()] (3.112)
gs gs dsn

where Va implies that some portion of the V is coupled through
Sh dsn
the gate capacitance. It is defined as

] |
G
V(1) = (———) v Y . (3.113)
ds Los/ dSgigr  Ssnot
Vi is given explicitly in Eq. (3.114) below:
4qv__ Af L2

v (1] = sat 3y (1) 1-cose (LG )

n wZZWS/N af(I)? + wzeé DS

2D L .
2y3
€sVsat

The gate current is assumed to be

1.gsn 5 Jufge - (3.115)

The mean square gate noise current then becomes

N
|32 = :E} w2C?_ V2 (T)] , (3.116)

gs gs ds
n = n



-103-

where |Vé§ (I)| is given in Eq. (3.114). Finally, by inserting
n
Eq. (3.114) into Eq. (3.116), the mean square gate noise current

expression becomes

N
T _ 2p0 4quatAf 1 - cos ®
|1 s | w=C P JDS(I)
95, = 9 wZZ.WS/N a(I)? + wzeg

243
DS esvSat

3.8.4 The Noise Figure and the Noise Measure. The noise

figure of the device can be derived from an equivalent circuit of a
SIT or a GFC-BARITT device as shown in Fig. 3.2.

In Fig. 3.2 it is assumed that a SIT or a GFC-BARITT device
can be represented with a noiseless intrinsic small signal model
with two noise sources, igsn and idsn' Other noise sources which
are neglected, are:

(i) the noise due to the interface of the gate and the
channel [47], [48], [51] and

(i1) the generation-recombination noise which could arise
from both bulk and surface effects [25], [52] through [55].

The noise figure, F, and the noise measure, M, are defined

in Eq. (3.118) and Eq. (3.119), respectively. F can be defined as

F - the total available output noise power (3 11g)

the portion of the noise power at the
output due to the source alone
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. ..em+ Rem A'D
C . B 1
—szg ieg l
R
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' |
Zg - |
|
L

Fig. 3.2 Equivalent circuit used in noise analysis.
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The noise figure as a figure of merit is not by itself a sufficient
guide for the selection of an amplifying device. A Tow noise
amplifier may also have a low gain and can thus defer the noise
problem to a subsequent amplifier stage. Not accounting for the
network gain is a shortcoming of the noise figure definition. This

is overcome by introducing the M, which is defined by Haus [51] and

given in Eq. (3.119) as

F-1

M = 1 - 1/gain

(3.119)

The F expression for the common-source biasing conditions is

given [26] for the equivalent circuit shown in Fig. 3.2:

F= 1+ s, [FAER—
ROARy + Re H 2] —r—+ I1dsm

| L1* T IR 1z
- 2|z, 2 Cr("gsn| iy ) :

(3.120)
where TW & 4KT af,
11 & (Vey 7O,
11 21
Zt ) Zs ¥ Rm ¥ Rf’
Zs = the impedance of the noise source,
Rm = thermal noise of the gate parasitic resistance,
Rf = the thermal noise of the source parasitic resistance and

Re = the "real part".
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Cr is the correlation factor and is defined as:

i* i
c - 9s,, dsn
r

12 32
/l.lgsnl ]]dsnl

and RS = the input resistance which can be chosen from Eq. (3.120)
in such a manner as to optimize the noise fiqgure. The correlation

coefficient Cr is obtained by assuming:

(i) i e (3.121)
i) i = jwC V! 3.121
9s, 4 gs dsn
I=1
and
N
(1) g = 0 g, (DEME (3.122)

The small signal conductance gds(I) is a complex parameter, because
of the transit effect on the drifting carriers along the channel.
Under these assumptions, an expression for the correlation

coefficient is obtained and given in Eq. (3.123)

N
I
C = -j Z SasD) (3.123)
I=1

3.8.5 The Noise Temperatures. The importance of the noise

temperature of the carriers in the channel has been emphasized in
[56]. The carrier temperature at high field is not equal to the

lattice temperature of the semiconductor. The increase in the
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carrier temperature increases the noise contribution of the carriers
in the drift region. The empirical expressions of the electron
temperature as a function of the electric field have been given for
silicon [57] and for gallium arsenide (GaAs) [58], These expressions
are given in Eq. (3.124) for silicon and in Eq. (3.125) for GaAs.

One has to be cautious in using these equations as the general

theoretical expressions, because these are semi-empirical expressions.

For silicon:

—
i

, TO[O'S(] +TF I(E;Esat] )+ (E/Esat)z] (3.124)

and for GaAs

—
"

T L1+ 6(E/E_L)3] (3.125)

where To = the room temperature.

The' carrier temperature expressions are electric field
dependent, and in a detailed noise analysis, therefore one has to
include the carrier temperature expressions into the channel noise
expression. However, in this study an average carrier temperature
value will be used for simplicity. Despite the fact that:

(i) the above expressions are not general and are only
semi-empirical, and
(ii) the use of an average temperature will introduce an error

into the carrier temperature value itself, one would however



expect improvement for the calculations of the intrinsic noise
sources with the field dependent carrier temperature over the
constant carrier temperature case.

Assuming an average field E = (VDS/LDS)’ Eq. (3.124) and
Eq. (3.125) finally become:

For silicon:

- Vs 1 12 yVps 1V
T = TO[O.51+ 1442 |y E———H (3.126)
BS “sat DS “sat
and for GaAs:
. iV 1 2
Tn=T[1+6—LD—SE—-——”. (3.127)
DS “sat




CHAPTER IV. DEVICE SIMULATION PROGRAM (SIM-GFC)

4.1 Introduction

SIM-GFC is a program which has been developed to solve the device
expressions given in Chapters II and III. It can simulate a GFC-BARITT
device, SIT and a vertical FET (which is treated as a special case of a
SIT device). SIM-GFC consists mainly of subroutines which are the
solutions to the various analytical expressions developed earlier for
the various devices. Even though it includes some numerical solutions
it is an inexpensive program.

SIM-GFC has four levels: (i) Vp(I) is approximated for each
segment directly for each gate- and the drain-source voltage in
Level 1. This is the fastest and simplest level. (ii) Analytical
expressions of the two-dimensional potential distribution are solved
point-by-point to find VF(I) in Level 2. (iii) Level 3 includes the
numerical solution of the two-dimensional Poisson's equation. A
Fourier Analysis and Cyclic Reduction (FACR) algorithm is used,
because it is the fastest algorithm to solve the two-dimensional
Poisson's equation [16]. The effect of the space charge is neglected.
(iv) Level 4 calculates the small and large signal parameters from
the givén dc current-voltage data. This level is useful for simulation
of the performance of the SIT and GFC-BARITT devices. In all the
device expressions, the forward bias voltage of the source-channel

junction is the most critical parameter and the most difficult to

-109-
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obtain analytically. Therefore, if experimental data is used to
obtain the forward bias voltage, accuracy of the small and large signal
device parameters will be improved.

In each level, SIM-GFC evaluates the dc, small signal, and large
signal device parameters, and then calculates the maximum available
gain, Maximum frequency of operation, power output, collector
efficiency, the noise figure and noise measure of the chosen device
(a SIT or a GFC-BARITT device). The program handles three different
types of semiconductor materials: silicon, GaAs, and InP. The details
of the SIM-GFC program will be given in Section 4.2. The material
parameters as a function of the doping concentration and temperature
are given in Section 4.2. The results of the simualtion of the
various device characteristics are presented in Section 4.3 through
Section 4.7 and a comparison of the various TTPT devices is given

in Section 4.8.

4.2 Program Description

SIM-GFC is written to solve and evaluate all the device
expressions which were derived in Chapters II and III. Some of
those expressions are in analytical form and some are in numerical
form. It consists of many function subroutines which make it
easy to expand the program. The program has four levels. To
increase the efficiency of programming, most of the subroutines are
used in all four levels.

Levels 1,2 and 3 have the same functions as far as device

simulation is concerned. The only difference is that, in Level 1,
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a simple analytical expression for the forward bias voltage, VF(I), is
used and the effect of the space charge is neglected. In Level 2,
the two-dimensional potential distribution expression is solved for
point-by-point to find VF(I) at each x and y point. In Level 3, to
obtain VF(I) a numerical two-dimensional Poisson's equation solver;
POT1 subroutine [16] is used. In Level 4, a practical case is
considered; the device parameters are indirectly calculated from the
experimentally measured dc current-voltage values and VF voltages are
obtained from the known dc values. The small and large signal
parameters are then obtained from the calculated VF values.

The flow chart of the SIM-GFC program is shown in Fig. 4.1.
A summary of the functions of the SIM-GFC program is given in

Appendix B.

4,3 Material Parameters

In order to simulate devices under different operating
conditions, such as different impurity concentrations and temperatures,
the expressions for the material properties must include the effects
of those parameters. In the SIM-GFC program, the intrinsic carrier
density, the energy band gap, the mobility expression, saturation
velocity and the breakdown field expressions are updated for different
temperatures and impurity concentrations. Some of these expressions
are semi-empirical.

The material parameters as a function of temperature are as

follows:



-112-

( START )

Read Data

Update Material

Parameter for doping and T

]

Level 4

Level

Level 1

Simple Approximation

for VF(I) Level 2,3

Find VF(I)
for each segment

Diffusion-Drift Mode1 Drift

Call EXPERM

y

Find carrier
distribution

Call DRIFDF

Y

Uniform carrier
distribution

Call DRIF

Calculated small
and large signal
circuit elements

Call plots

Call ISSIG

(a) Main program of SIM-GFC.

Fig. 4.7 Flow Chart.
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EXPERM

Read

Ipss Ves» Vps

Drift Diffusion
Mode1 7 —1

LPetennine Carrier Distribution

Drift

Find VF

Y

Calculate
Small and Large Signal Circuit
Elements I I4s° Cgs' Cds and Cds

RETURN

(b) EXPERM subroutine.

Fig. 4.1 Flow Chart.
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SSIG

Calculate y-parameters

of the device equivalent

circuit: Y , Y , Y , V¥
11 12 21

\

22

Calculate
s ,S ,S andS$
11 12 21 22

Determine fT’ MAG, MUG,

Choose load impedance, fzﬂ, noise figure and
then calculat Yin’ YD

noise measure

efficiency, gain and
power

Update for doping
or the voltage

Update for the different
frequencies

Call plots

Y

RETURN

(c) SSIG subroutine.

Fig. 4.1 Flow Chart.
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(A) Energy band gap: A semi-empirical expression is given in
Eq. (4.1) for silicon, in Eq. (4.2) for GaAs and in Eq. (4.3)
for InP [59].

For silicon

EG(T) = 1.16 - 7.02 x 107*x T2/(T + 1108). (4.1)
For GaAs

EG(T) = 1.52 - 5.8 x 10°% x T2/(T + 300) . (4.2)
For InP

EG(T) = 1.42 - 5.8 x 107"% T2/(T + 300) . (4.3)

(B) Intrinsic Carrier Density: The temperature variation of
the intrinsic carrier density expressions for Si, GaAs and InP is
the same [30]. Only the values of the expressions for different
materials are different.

For silicon

ni(T) = 1.328 . 103 . TV e . (4.4)
For GaAs
) 1.5 -Eg(T)/2kT
ni(T) = 2.8 .103%3.T e . (4.5)
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For InP

1.5 -EG(T)/ZkT

n.(T) = 7.808 - 107" . T2 e . (4.6)

(C) Saturation Velocity and Mobility: The temperature
dependent mobility and velocity expressions are empirical [59].
Primarily the mobility of the carriers has a very complex expression
and is semi-empirical. This is because the quality of the crystal,
density of the defects and the amount and type of contamination are
different for different growth systems. The semi-empirical expressions
of the saturation velocity and the mobility as a function of
temperature are given below.

For silicon: The saturation velocity expression is given in

Eq. (4.7):
Veat = 2.4 x 107/[1 + 0.8 exp (T/600°K)] . (4.7)

The mobility expression for electrons is given in Eq. (4.8):

un(T) = 2.4un( = 300°K)/(1 + 0.8 exp(T/600°K)) . (4.8)

For GaAs: The saturation velocity expression is

Veap(T) = V(T = 300°K)  (T/300°K )yt (4.9)
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The mobility expression is

u(T) = w (T = 300°K) - (T/300°K)"% . (4.10)

For InP: The saturation velocity and the mobility expressions

are given in Eq. (4.11) and Eq. (4.12), respectively:

Veat(T) = V(T = 300°K) - (T/300°K)"2 (4.11)
and .

u (1) = u (T = 300°K) - (T/300°K)7% (4.12)
where Vsat(T = 300°K) and un(T = 300°K) are the room temperature

values of the velocity and the mobility respectively.
The material parameters as a function of impurity concen-
tration are:
(A) Mobility: An empirical expression is given for Si, GaAs,
and InP in Eq. (4.13). It has been‘reported that this expression
can accurately predict the mobility as a function of the impurity

concentration [60].

u(Ng) = u (T018)/[0 + /N /0] (4.13)

where un(1016) means the mobility of the semiconductor with carrier

concentration of 10 16cm 3.
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(B) Breakdown Field: The breakdown electric field is
obtained from the avalanche breakdown voltage expression given in
[30]. The breakdown field expression is given by Eq. (4.14) which

is valid for any semiconductor:

3/ 4 3/8

E 16 aN
BE = 15.492 (]—%) (‘—SD—) (——9) . (4.14)

Equation (4.14) includes the temperature effect on the breakdown

field through the temperature variation of the energy band gap Eg

4.4 Device Physics

The physics of the various devices has been investigated
through a study of the potential distribution, the carrier injection
and the effect of the space charge. In the following sections each
subject has been analyzed in detail. The various devices considered
throughout this chapter are listed in Table 4.1. The various

dimensions are shown in the associated illustration.

4,4,1 The Potential Distribution. The potential distribution

inside the device (a TTPT device) is calculated by the solution of
the two-dimensional Poisson's equation in Level 3. The potential
minimum in the vicinity of the source electrode is nonuniform across
the device thickness as shown in Fig. 4.2. The effect of the gate
voltage and its polarity on the potential minimum, VF’ is shown

in Fig. 4.2(a)-(b). The two-dimensional Poisson's équation is solved
numerically by using this fast Poisson's equation solver, POTI.

There is, however, a limitation on the polarity of the gate

voltage for the junction-gate and the ohmic-gate type devices. The



-~ 900%vSs0 Lo ¢ 0¢ ¢6°El w101 118 8S

LS LedL349A
syey [ 142A == 9'00°v0°L 20 ¢ S 26°€l 9101X§ 11S LS
syey [eoLI4an - - 0 0% ¢ 2l L81°0 s101x2 LIS 9s

S Texa3er L0 -- -- §0 60 ol 0¢ G802°0 4101 4-349 b4

dul feotaaen - 90 v £ €¢ ¢ S 26°EL s10lXs LIS SS

n% syey LBOLIUBA -=- 90 ¥ € €¢ ¢ S 26°¢€l 5101X%S LIS ¥S
- 1S leoladen - 90 ¥ € €2 2 g 26°¢1 s10lX§ LIS €S

' eotguan L0 == == £ €0 2 g 26°¢l si0l  8-249 £g

LS leotjasa  L°0 = == € €1 ¢ S 26°€l s10l 4-249 4]

LS ledt34dAa == 9°0 O € €¢ ¢ 0¢ e6°¢tl 7101 11S s

LS teotgasa L°0 == == € €¢ ¢ 0e ¢6°¢tlL #1101 g9-349 14

LS LedL34dA -~ 9°0 ¢ € €1 2 ] e6°El s10L. 1IS LS
lela93el  321A3(Q (wrt) (wr) (wr) Asnv AE;VAE:V (wrt) (wa) (¢ wd) 3d1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>