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ABSTRACT

Epitaxial n*pn™n* bipolar power transistors offer several advantages over the
previously used npn- structures. 'The collector of this type of transistor is more
lightly doped than its base. As a result high current effects occur predominantly in
the epitaxial collector region. At low voltages, the transistor operates in saturation
and when the current is high, a space-charge region is formed in the lightly doped

collector region to support the current. Therefore, the need for an understanding the

dynanii_cs of the epi-collector under different collector current densities is necessary.

In order to investigate the dynamics of the epi-collector transistor, a new approach
called ‘re_gional appmach’- is applied. The whole epi-collector is divided into three
regions, namely i) injection region, ii) intermediate region and iii} end region. By
applying regional approach, the electric field distributions and the voltage in each
of these regions can be determined. Only in the injection region where the electric
field is low, the carrier mobility is considered constant. In other cases, nonlinear
dependancy‘ is assumed. By using the present inodel, the different characteristics
of bipolar transistors are studied. The model needs simple representation of the
physical effects considered and demonstrates its ability to simnulate device behaviour.
The results obtained by this model are in good agreement with experimental data

obtained in an earlier work.
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CHAPTER 1

Introduction

1.1 Epitaxial Bipolar Transistor

Modelling of epitaxial n*pn~n* power transistor is necessary because of its
* increasing use as high speed switch in poﬁrer conditioning applications. The epitaxinl
technique consists of growing a thin, high-purity single-crystal layer of silicon or
germanium on a heavil;v,r doped substrate of the same material. This augmented
crystﬂ'forms the collector on which the base and emitter may be diffused through
some standard processing [1] Epita.xial techniques are useful in manufacturing
power transistors. For a power translstor switch, the desired features are current-
handling capability in the on-state and blocking voltage in the off-state together
with switching times and losses. These features can be successfully achieved in
an epitaxial transistor. A typical structure of an epitaxial bipolar n‘*jm"n"‘ power
Vtransistor is shown in Fig. 1.1. The region adjacent to the base-collector junction
is the most lightly dopeéd and supports the reverse-biased collector-base voltage.
Hence, this region essentially fiétennines the breakdown voltage. In regard to the
collector thickness W, the obvious choice would be to allow the depletion layer to
spread freely at the specified olpen base breakdown voltage BVpogo. But a moderate
reduction of W¢ less than the unbounded depletion layer width can lead to an
advantageous rise in maximum collector current I¢. On the other hand, in order
to avoid change of voltage-blocking capability such reduction must be accompanied
by a decrease in the collector impurity concentration N¢, thereby increasing the

collector resistance.
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The best perforinance of transistors demands a combination of high doping levels
and thin epitaxial layers to meet the requirement of supporting BVppo voltage.
Optimization of the collector layer in this respect leads to a reach-through condition
at breakdown. The heavily doped (n*) substrate cuts the electric field abruptly at

the n™n* interface with zero voltage drop.

Epitaxial techniques offer great versatility for manufacturing power trangistors.
Multilayered epitaxial transistors may combine some of the advantages of the pre-

vious structures.

1.2 Currelnt-voltage relationship under low injection level

Device modelling aims at relating physical device parameters to device terminal
characteristics. Device modelling is especially important for integrated circuits,
since simple and accurate device models are needed to predict the performances
of circuits. Models representi}lg accurate transistors are complex and difficult to
study. Therefore, there is a trade-off between accuracy and complexity. Different
models are analyzed until recently considering low and high level injection. The
most simplified model for low level injection is the Ebers-Moll model [2].

1.2.1 The Ebers-Moll model

Ebers-Moll model is simplified model for bipolar transistor. This model consists
of two diodes connected back to back and two current sources. The current soirces
are driven by the diode currents which are assumed to have ideal characteristics.

Forward and reverse-biased diode currents are given by

Ir = Iro (e'-'ﬁ‘ - 1) | (1.1)
In = Ino (e"'ﬁ‘ - 1) ‘ (1.2)

where, Irg and Ipp are the saturation currents of the normally forward and reverse-

biased diodes, respectively. The terminal currents are,

)
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IE=IF—-0]IR (13)

Io = In— anlr - | (1.4)
and
Ip=—(1—-ay)Ip—(1~ay)In (1.5)
where, ay and a; are the forward and reverse common-base current gains, respec-
tively. Equations (1.1)-(1.5) give relation between terminal currents Ix and I and
the terminal voltages, Vgg and Veg.

Using equations (1.1), (1.2), (1.3) and (1.4), I and I¢ can be written as,

Is = an (e“-‘ﬁ‘ - 1) +ap (eﬂi‘ - 1) (1.6)

and, .
Ic =ay (eg‘?;ll - 1) + axn (eﬂE‘ - 1) (1.7)

Here,

a1 = Igo (18)
2y = ‘-‘Iﬂo (1.9)
an = —anlro (1.10)
ayy = Ih‘.O ‘ (1.11)

From the reciprocity characteristic of the two-port device,

a2 = any (112)

so that,

QIIR() = O'NIFO (1.13)



Fig. 1.2 shows the circuit diagram of the Ebers-Moll model of a bipolar junction
transistor.
The Ebers-Moll model was developed based on the following five assumptions

(for an npn transistor). |
i) Electrons diffuse from .ex;ﬁtter to collector,
ii) drift is negligible in the base region,
iii) the emitter current is made up entirely of electrons,
iv) the emitter injection efficiency is unity and |
v) the active part of the base and the two junctions are of uniform cross-sectional

area.
Current flow in the base is essentially one dimensional from emitter to collector.

In Ebers-Moll model base-narrowing (Early effect) was not incorporated. The
model did not consider the collector region in evaluation of current-voltage charac-

teristics of the transistor.

1.2.2 The Gummel-Poon model

The Ebers-Moll model [2] has been the major largesignal model for bipolar
transistors since its formulation in 1954. It is based directly on device physics
and covers all operat:ing regions, that is, active, saturated and cut-off operation.
But various approximations limit the accuracy of the model. In 1957 Beaufoy and
Spafk&s [3] analyzed the bipolar transistor from a charge control point of view. The
charge control model or the equivalent charge control form of the Ebers-Moll model,

is directly useful for transient analysis.

As device technology evolved over the years making possible devices of repro-
ducible charateristics and as better understanding was gained in device-theories,
many new eflects were identified that are not represented by Ebers- Moll model
[2]. Among these are a finite, collector-current-dependent output conductance due

to basewidth modulation (Early effect) [4], spacecharge-layer generation and re-

"
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combination (Sah-Noyce-Shockley effect) [5], conductivity mod}llation in the base
{Webster effect) [6] and in the collector (Kirk effect) {7] and emitter crowding.
The Gummel-Poon model |8} makes use of a general charge-control relation
which links junction voltages, collector current and base charge. This charge control
rel:;tiori, used in conjunction with conventional charge control theory, allows many
of the effects not contained in the basic Ebers-Moll model to be incorporated in an

integral, physical way, in comnpact form.

To obtain the integral charge relation, consider the current equations,

S, '
Jo=quana— (1.14)
and
B¢
=g (1.15)

where J, and J, are electron and hole current densities, y, and p, are the elctron

and hole mobilities, ¢, (¢p) electron (hole) Fermi level.

The electron and hole concentrations can be given by,

n=mn;exp{q(y — ¢.)/kT) (1.16)
p = n;exp {g(¢, — ¥)/kT) (1.17)

n; is the intrinsic concentration and v is the potential.

The space derivative of the pn product can be written as

d q{pn) (84, B¢n
&P = T (a;_ Ba:) (1.18)

Integrating the equation (1.18) from x=0 to x=W, using equations (1.14) to (1.17)

and considering negligible recombination, it can be shown [8]

i
i

el

' : Jee ¥ n(x)
—_ - —_——— —— . 9
P"-lmp :Pnl:_w BT Jo dz (1.19)



where, Joc is the current density that would flow from emitter to collector if the

transistor had unity gain. Substituting equations {1.16) and (1.17) into (1.19) yields

thy — P /- J w
P.’rp (ﬂ_lggfi_)) |s=0 — ezp (Q(d’PkT‘f )) lz:W = ;?% A %)—da: (1.20)

In the model the electron imref ¢, is considered constant in the base. Therefore,

Vep = ¢p(0) — 6(0) (1.21)
~ and |
Vea = ép(W) — ¢u(W) (1.22)

'These voltages differ from terminal voltages by ohmic drops. Equation (1.20) be-

comes

gAg foii ndx
where Ag is the active area. The Gummel-Poon model is based on equation (1.20)

: TR _ R
Icc = Apdec = qnidyDp

which links junction voltages, collector current and base charge. The modelling

kX st

problem reduces to modelling the base charge

Qo=g4 ¥ ndz (1.24)

which consists of five components :

Qs =Qso+Qis+Quc+ Que + Qac (1.25)

where, Qpo is the zero-bias charge, Qg and Q¢ are charges associated with emit-
ter andl collector depletion capacitance, Q z and Q¢ are minority-carrier charges
associated with emitter and collector'diﬂ'usion capacitances. As the injection level
mcreas;as, the diffusion capacitances increase. Thereby giving rise to the hlgh—

lruectlon gain degradation. Rewriting equation (1.23), it can be shown

Icc =Ir —In (1.26)

(1.23)




where,

elw -1
Ir = IsQso (——-———-—-Q ) (1.27)
B
o | e _
Ip = IsQpo (__e Q 1) (1.28)
B

Equations (1.27) and {1.28) resemble equations (1.1) and (1.2) in the Ebers-Moll
model. The charge Q5 can be expressed as BrypIy, where 75 is the lifetime asso-
ciated with minority carriers in forward current and B is a factor that is usually
equal to unity, but may become larger than unity from the Kirk effect. The charge
Q¢ can be expressed as 7plz, where 75 is the lifetime of minority carriers in reverse

current. The base current is given by

Ig= dQB a1 (1.29)

where the base recombination current can be separated into two parts,
[N tj“';l

‘IIm = Igg+Ica (1.30}
where, -
Igg =1, (eﬂﬁn—l) + I (6:_:“ —1) (1.31)
and
' v
Ies =1 (eaﬂ' - 1) (1.32)

‘In these equation's, m, and m, are the emitter and collector ideality factors.
For 1deal currents m, and m_ are both equal to 1; for depletion-recombination-

generatlon currents, m, and m, are both equal to 2. The total emitter and collector

currentp can be expressed as,

5]

-



dI dVep

Ig=lIcc +1pp +7F (—“d:) + CiE ("_dt ) (1.33)
(dIg dVee

Ie =Icc — lcp—7r (—dt ) +C; ( i ) (1.34)

Fig. 1.3 shows the circuit diagram of the Gummel-Poon model, complete with series
resistances. Since Qg is voltage-dependent, the eflect of high injection in the base
(eI becoming larger than Qgao) is included. The current-induced base push-but
(Kirk eflect) is represented by the factor B, which is a function of Ic and Vga. The
emitter part Iggz of the base current is modelled by two diodes in paralled, one
ideal and one with an ideality factor m, > 1. This makes the current gain at low
cutrent levels bias dependent. The voltage dependence of Qj¢c (=c;.Vcg) models
the Early effect. Many physical effects have been taken into account through the
- bias -dependent Qg.

1.3 Current-voltage relationship under high injection level

Recently, K}jll et al. [9] presented a compact model which is an extension of the
Guinmel-Poon model [8]. This model is applicable to bipolar junction transistors
even exhibiting quasi-saturation or base push-out eflects. When device with a lightly
doped collector region is operated at high injection levels (in the collector region),
dc current gain falls sharply fromn its maximum value. Such an operating regime
is generally refered as quasi-saturation. Quasi-saturation can be defined as the
region where the internal base-collector metallurgical junction is forward biased,
while the external base-collector terminal remains reverse biased. In this mode
of operation, minority carriers are injected into the epitaxial region, widening the
electrical base of the device and thus reducing current gain and storing excess charge
in the epitaxial region. A plot of I¢ versus Vcg for various fixed base currents is
shown in Fig. 1.4 for a typical transistor exhibiting quasi-saturation [9]. This figure

shows two distinct quasi-saturation regions, the ohmic and the nonohmic region.
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In the ohmic region the locus of points at which the device enters quasi-saturation

from the regime of normal forward mode follows a slope approximately equal to the -

unmodulated epitaxial collector conductance. Above some critical collector current,
in the nonohmic region, the device is observed to enter into the quasi- saturation

region at voltages higher than the ohmic region locus of points would predict.

The quasi-saturation effect has been investigated by many authors [10, 11, 12,
13 and in general two distinct models have been developed for the ohmic and
nonohmic regions of operation. For the ohmic model, the carrier drift velocity is
assumed to be linearly proportional to the electric feld. For the nonohmic quasi-
saturation model, the carriers in the entire collector space-charge region are assumed
to be moving at their scattering-limited velocity. In the nonchmic model, Whitter
and Tremere {11] have examined the importance of two-dimensional effects, such
as current crowding and current spreading. Kumar and Hunter {14} showed that
a one-dimensional model is adequate to model the nonehmic quasi-saturation ef-
fect. In the present research the model for the epitaxial collector region is derived
fromn physical equations describing seiniconductor behavior which are simplified and
solved analytically. A single equation results fromn a steady-state analysis, and it
describes the current in the epitaxial region as a function of two junction potentials
and three device parameters. These parameters are related to physical quantities
such as doping concentrations and carrier mobility. This equation inciudes the
effects of hase widening, conductivity modulation and field dependence of carrier
velocity. Two additional equations, (defined in terms of one model parameter),

represented the excess charge stored in the epitaxial region.

1.4 Summary of the Dissertation

Now a days, epitaxial n*pn~n* structures are extensively used as power transistors
{1. Since in this type of transistors collector is more lightly doped than base,
high current effects occur predominantly in the epitaxial collector region. At low

voltage, such a transistor operates in saturation and when the current is high, a

Yo
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space-charge region must form in the lightly doped collector region to support the
current. Reported works on epitaxial bipolar transistor did not adequately account
these effects. A knowledge of the injected minority carrier density profile in the
lightly doped collector region is essential for predicting the transistor currents in
the quasi-saturation region. To obtain a accurate profile both diffusion and drift

components of the minority carriers are considered,

In chapter 1 of this thesis, the literature survey on bipolar transistors has been
undertaken. Recent works on epitaxial power transistors are also reviewed in this

chapter.

[n chapter é, a detailed analysis of the work, particularly for collector region, is
given. Unlike the previous models, a regional approach rather than charge control
approach in evaluating the I-V characteristic of a transistor is employed. The whole
collector region is divided into three regions, i.g. i) injection region, ii) intermedi-
ate region and iii) end region. The field distribution in each region is determined
considering the appropriate boundary conditions. The area under the field distri-
butions within each region will give the voltage. The sum of all these voltages will
give the total voltage across the epi-collector. The low electric field is considered
in the injection region. The diffusion current in the consecutive two regions were
neglected. Since the electric field in region ii) and iii) is high, this is a good ap-
proximation. In this chapter, an analysis is also given for the condition Vpp < Vgg
i.e. the transistor is saturated. Recent. inadel based on the Gummel-Poon mod-
el presented by Hanggeun and Fossum [15] has failed to incorborate this mode of
operation in their model. The present model incorporates the recent study on the

base of the transistor.

In chapter 3, a computer program using iterative scheme is developed to study
the characteristic of the transistor. Nunerically obtained characteristics are found

to be fruitful with experimental results.

id
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CHAPTER 2

Current Voltage Characteristics of Epitaxial
Bipolar Transistor

2.1 Introduction

% In modemn bipolar transistors, the collector is more lightly doped than the
‘base. The high-current effects occur predominantly in the epitaxial collector re-
gion. These effects are empirically, and inadequately accounted for in the existing
bipolar transistor models. Recently, Kull et al. |9} proposed a dc model which
retains the ideas of Gummel-Poon model {8] and includes quasi-saturation device
pilysics. Kull’s commpact extension, however, is not applicable in general because
of the assumption that the entire epitaxial collector region is quasi-neutral. The
model is only useful for high voltage (thick-epi) transistors and produce but yields
erroneous predictions whenlapplied to VLSI transistors. Hanggeun and Fossumn [15]
extended Kull's model to account for the possible existence of the current-induced
space-charge region in the epitaxial collector. Their model did not include the satu-
ration condition, i.e. Vg < Vag and like other existing models requires parameters
extracted from measurements. On the other hand, the proposed model in this work

requires only physical parameters such as device make-up.

'The present model employs a regional approach rather than previously used
charge—cdntrol approach. Ina bipolar transistor at high currents and low base-
-éollector voltages, an injection region in the collector adjacent to mettalurgical
collector-base junction is found to form. In the remaining part of the collector the

minority carriers behave as ohmic, tepid or even as hot carriers moving with the



~ scatfering limited drift velocity. A detailed description of all possible carrier and
field distributions within the collector and their dependence on current and voltage,
as well as, on doping level and width of the colliector are given. 'T'he base minority
carrier density at the junction edge is related with the base-collector junction voltage

for all injection levels.

The proposed model includes device physics such as base push-out, collector
conductivity modulation and voltage drops in low and high field collector regions
under all injection levels. Comparisons of model predictions with measurements

available in the literature are included.

2.2 Analysis of Epitaxial Bipolar Transistor
2.2.1 Lightly Doped Collector Reg'ion Model

A one-dimensional n*prn~n* structure of an epitaxial bipolar transistor is shown
in Fig. 2.1. At relatively low collector voltages and high collector currents, injection
model mmust be used. Both the base drive and the collector-emitter voltage Viop will
determine whether the transistor operates in quasi-saturation or active mode of |
operatimi. For operation in quasi-saturation, the collector can be divided into three
different regions. The regions are, i) an injection region, ii} an intermediate region

and iii) an end region. Different regions of the collector will be treated subsequently.
i) Injection Region (z £ 2)

The electric field in this region is low and the carrier mobility is independent
of the electric field. Both types of carriers are important, because there exists a

space-charge neutrality. That is:

p+Nec=n (2.1)

and

&l

(2.2)

&8
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For high current gain, minority carrier current in the epitaxial collector can be

neglected. For npn transistor, the above assumtion gives,

Je =0 (2.3)

To satisfy the condition J,. = 0, the drift component must be equal to the
diﬂuéi_on component having flow in the opposite directions. Total current due to

minority carrier is the sum of drift and diffusion currents. Therefore,

- d
Joe = quppE(z) — qﬂpﬁ (2.4)

Substituting J,. = 0 in equation (2.4), it can be shown that,

1 dp
Elz) =Vp——— 2.5
@) =Viotra (25)
The other basic equations, for one-dimnensional geometry, are
. dn
—Jne = W‘u"-fir(z) +qD, 5= (2-6)
dr
dF ¢ :
—==1 — 2.
= =L+ No—n) (2.7)
Substituting the expression of E(x) of equation (2.5) in equation (2.6) using the
relationship, -
p=n— Ng
it can be shown that,
2n— Ngdn
- Jnc = nT N 1. 2.8
90— N, dz (2.8)
Rearranging equation {2.8) one can obtain,
Jm: n— Nc :
- dr = 2.9
aD. = —— N dn (2.9)
18 .



Integrating equation (2.9) with Ic = —JucA., { Ic is the collector current, Nc is

the collector doping density and A. is the emnitter area) it can be shown that,

29D, A, 1 n, - Ng
z= To (no—n+2Nglll(n_Nc)) (2.10)

where, n, is the electron concentration at the collector side of the collector-base
junction.
The expression for électric field E(x) derived from equations (2.1), (2.2), (2.5)

and (2.8), can be expressed as,

Io ( 1 :
= - 211

‘ E(.’B) qy.nA,, 2n — Nc) (2 )
and voltage across the injection region derived from equations {2.1), (2.2) and (2.5)

is,

Vag = — [ Blz)dz

[ L
—.-—-<m) Tﬂ—‘l\rcn

Ny — NC)
ny — N¢

where, n; is the electron density at the end of the injection region i.e. at = = z;.

= Vrll'l ( (212)

Once 73, 7, and n; are known, eqns.(2.1)-(2.12) completely describe the situa-
tion in the injectioﬁ region. The concentration 2, can be calculated in connection
with the intermediate region. For determination of n,, the value of Vcp (internal
collector-base voltage) is required.

At high injection prevailing both in the base ar;d the collector, hole (electron)
concentration at the collector side of the collector-base junction p, ( n, ) can be

shown to be of the following form by applying the law of junction {Appendix A),

AN, (1 + Agge--%‘-‘) e

Po= {2.13)
1~ Aze—gﬁf

g



and

= N¢ +p, (2.14)

n?

wgwz» Nc (N) is the carrier concentration in the collector (base)

where, A=
region and  n; is the intrinsic carrier concentration for silicon. At low injection

condition in the base, equation (2.13) reduces to,

Do = ]—’G"'Z' exp(—Vep/Vr) (2.15)
where, Vo is positive if the junction is reverse-biased.

When the transistor is saturated, i.e. Vog < Vgg, the whole collector is con-
ductivity modulated and the width of the injection region z; will become equal to
the collector width W,. The electron concentration can then be determnined if Ves
is known. In other situations, the first region is terminated at the plane z = z;,

where the neutrality condition (2.1) is no longer self-consistent, in particular we

have chosen the following condition to define the value of z;

edE
qd:c

== le=z, = Ne — n(x;) (2.16)

Thie holes are neglected {p(z1) = 0). There is a discontinuity in p(z) at = = =,,

but n(z) is continuous at this point. Substitution of (2.8) and (2.11) in (2. 16) results

in an equatlon for n; and can be written as,
1 1

= ~N,
™=t DA,

i

(2D, VrAelc?) (2.17)

If the values of N¢, D,, A, and Io are known then n; can be calculated from
equation (2.17). Inserting n; in eqn. (2.10) leads to an equation for z whose solution

is the boundary of the first region z;.

o0



ii) Intermediate Region (a:l Sz lz+z)

This is a transition region from the cold electron regime of the injection region to
the hot electron regime of the foilowing regions. In this region, the electron diffusion
current is neglected. The excess holes are also neglected in Poisson’s equation. The
electron density decreases from n; to ny. Space-charge neutrality does not exist in
this region. The boundary condition comes from the requirement of continuity of
' the electric field across the plane ¢ = z;, B(xy) = E(z7) = F.

In this region, the electron velocity is assumed to be related to the field [16] by
the relationship, '
1 -1 | 1

Z = —p,::E + ;}: IUhBTG, F < E, (2.18)

where, F, is the field for which the velocity takes the scatterring limited value v,
aud v,, is an adjustable parameter which is chosen to obtain v,(E,) = v,. For
electron, the scattering limited velocity is assumed to be equal to 107 cm/sec and
the electric field E, is considered to be 2.5 x 10* V/cem {186},

From Poisson’s equation we can calculate voltage across intermediate region.

That is,

dE ¢
'&; ~ 'g (Nc - n) (219)
By defining,
J1 = qu,N¢
Jp = quun
Jo
a =
Hn€s
1
b= L (ﬂ _ ﬁ)
v, \vY, Upm



and

= Je
i (% = Ne)

o R

equation (2.19) becomes,

dF a

‘The solution of Poisson’s equation is,

s _ [
Ey—-E+ El-ln (—uﬁ-——-——) = b(x — z;) (2.21)
a g - F

The boundary value n, depends on the situation in the end region. ‘T'hat is,

Y

m=Nc for Jc<J (2.22)
and
Je
Ny = TNC fO‘f' . JC,' > Jl (2.23)
1 .

For Jo < J;, the voltage of the intermediate region is given by,

V, = — /"Eda:

BB
= [ gE (2.24)
TRl

Substituting % from equation (2.20) and after simplifying,

Vo = [ = —_ + —(E, — + —lnp—2% 9 .95

For the condition of collector current specified, the width of the intermediate
region is found by integrating equation (2.20) within the boundary «; and z,. After

simplification we get,

~D
o}



1 k, ' ,
Th= <t (F E -1 .
T2 l5(( 2= l+bn—-E,) (2.26)
where, £ is the electric field at the end of the intermediate region i.e. at =z = x;+x3.
The value of F; depends on the situation in the end region.

On the other hand, in the case of J¢ > J;, with similer calculation as before,

the voltage and the width of the interinediate region is found to be,

v=T (E-jE - gnpt) e
and
-1 E, —%
_ ——lp 2 _ &
2= ((E —B,~%In B _) o (2.28)

Therefore, the voltage and the width of the intermediate regin can be calculated
if J¢, Jv, By, E, or E,, v, and v,, are known from equation (2.25) and (2.26} for J¢
< J, and Irom equation (2.27) and (2.28) for Jp > J;.

iii) End Region (z; 4+ 2, < 2 < Wp)

In this region,

iyWhen Jg< Jl, field and carrier density are constant. Therefore, n, = Ng
and E(x) =F,. Substltutmg E(z) = E, in equation (2.18), the expression for
electric field takes the form,

R (2.29)
1 1
Hn (a - a)
With Ji=¢qu,N¢c . and Jg=gqu,n equation {2.29) becomes,
E(z) = By = —kpJe (2.30)

where, E=—4



~t

it) When Jg > Ji, the carrier density and field are no longer constant.
Carrier density is given by np = ‘—%Nc, and electric field E{z) increases with a

constant slope of e (-’{r — 1)

For Je < Ji, the voltage and width can be written ss,

‘/3 = ngs (231)

Replacing E, by equation (2.30) and simplifying equation (2.31) it can be found

that,

Vi = — (;’é____”j oy _ (2.32)

The width of the end region is given by,

T3z = Wc — T~ T2 (2.33) )
For J. > Jy,
gNe [ J.
Vi = Euzy + 22C (— — 1) z3 (2.34)
2e Jl

The voltage and width of the end region can be obtained from equation (2.32)
for Jo < J; and from equation (2.34) for Jo > J; if v,, ¥sm, J1, Jc and z;3 are known.
The limit of quasi-saturation mode is reached when z; = 0. This results for

different current densities in :

VCB = IBRB -+ kach fOT Jc __<_ J] (2.35)
and
I .
. Vea = IsRp + E,W¢ + g;VTc (TC - 1) WZ  for Je> (2.36)
1

where, Ig is the base current, Rg is the extrinsic base resistance and Vg is the

external voltage between collector and the base terminals.
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2.2.2 DBase Region Model

In d.c. analysis models, the collector region model as proposed in the previous
section need to be incorporated with the existing base model. "I'he base current
density Jg can be modelled as the current density J,. injected on the base into the

emitter. If the recombination within the base is neglected Jg can be given by {17],

Jo = = 10,2 (eﬁ‘ - 1) (2.37)
Gg ¢
where,
- .
GE= o NE(a:)da: (2.38)

NEg(z) is the emitter doping concentration and n;, is the effective intrinsic concen-

tration including band gap narrowing effect [18].

[N )
N = 1.4 x 10%%zp (.433 1_0% {2.39)

Recently, Hurkx [19] has studied the velocity saturation effects on the minority
carrier transport in the base of a bipolar transistor. An improved expression of the

electron current density J,, is derived

qn?, (el’f'ﬂnﬁE — e!{’f)
Jo = e (2.40)

where, the Gummel number with velocity saturation is given by [19],

Gy=Go + — | L (2.41) .
"\ (3)
where, G, is the base Gummel number without velocity saturation. For a inho-
mogeneously doped base in is found that r =~ 0.75 {19]. The dopant-dependence of
N[Ny is given in [20].

For epitaxial n*pn n* bipolar transistor, the base is not uniformly doped.

e}
n



Graafl et. al. [21] have derived analytical forinulla for the collector current consid-

ering the doping profile approximated by,

NB(IB) = Nne_d% 7 (242)

whére, t is a measure of the strength of the built-in field. The neutral base lies
between 0 and Wp. They have established equations for collector current Ip both
for low and high injection conditiéns. The detailed analysis are given in [21].
Using the equations derived in this chapter, the I — Vog characteristics of an
epitaxial n*prn~nt bipolar transistor as a function of Iz (or Vpg ) can be obtained.

In next chapter, a procedure for obtaining the characteristics are given.

2.3 Conclusion

'The current-voltage characteristics of a bipolar transistor have been modelled
based on the relevant device physics associated with the free carrier transport within
the collector layer. The proposed model covers the saturation, quasi-saturation and
active mode operations. The results obtained by the mode! simulation are in good

agreement with the experimentat data reported in a literature.



CHAPTER: 3

Model Implementation and Results of Epitaxial
Bipolar Transistor

3.1 Introduction

The epitaxial n*pn~n' trausistor is extensively used as power transistors. S
ince this type of transistor, the collector is more lightly doped than the base, the
high current effects occur predominantly in the epitaxial collector region. At low
:roltages, the transistor operates in saturation ana when the current is high, a space-
charge region is forined in the lightly doped collector region to support the current.
To study this phenomena a regional approach is applied in evaluating the 1-V char-
acteristics of the transistor. ‘The whole collector region is divided into three regions,
i.e. i) injeétion region, i) intermediate region and iii) end region. The field distribu-
tions in each region is determined considering Lhe appropriate boundary conditions.
'The area under the field distributions within each region will give the voltage across
that region. The sum of all these voltages will give the total voltage across the epi-
collector. The low electric field is considered in the injection region. The diffusion

- current in the consecutive two regions were neglected.

A computer program using iterative scheine is developed to study the character-
istics of transistors, The equations which are used during numerical analysis togeth-
er with their derivations have been presented in chapter two. We have developed
an slgorithm of the computer program for model simulation which is elaborated

sequentially.

e
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3.2 Numerical Analysis of Epitaxial Bipolar Transistor

Injection model is used at relatively low collector voltage. For operation in
quasi-saturation, the collector is divided into i) injection region, ii) intermediate
region and iii) an end region. The relevant equations are derived in chapter two
for numerical evaluation of I versus Vpg characteristic. The flow chart of the
computation is shown in Fig. 3.1. Total algorithmn is divided into twenty two steps.

The steps are as shown below:

1. Start the program.

2. Read some necessary coeflicients. These coeflicients include electron charge
(a), base width { Wp), collector width (W¢), emitterwidth (Wg), emitter area
(A.), doping concentrations in emitter, collector and base, scattering limited

velocity etc.
3. Specified base ‘current (1s), collector current (I¢) and ERROR (tolerance).
4. Guess internal collector-base voltage Vg
5. Calculate collector junction built-in potential (Vp;,1).
6. Compare Vg with Vog. I | (Veg) | 2 |(Vasir)| than choose new Vg

7. Calculate hole concentration (p,) and electron concentration (n,) at the base-
collector junction at collector side, collector current density (J¢}, width of the
injection region (z;) and majority carrier concentration at the boundary of

the injection region (n;).

8. Justify for z;. If z; greater than or equal to the collector width W, then

recalculate n,.

9. Calculate electric field at the boundary of the injection region ( E,), voltage

across the injection region (V}), electron concentration in emitter at the base

28



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

side of the emitter-base junction (ng) and internal voltage across base-emitter

terminals (Vg g).

Justify for VB‘E- if Vpg greater' than Vpg;;r, choose new I and repeat from

step (3).

Calculate effective intrinsic concentration in emitter {n;. )}, maximum collector

current (Ippmax), and base current (Ip).

Compare the calculated value of I to specified value of Ig.

Iglapeqified)

Calculate ERROR. ERROR = |faleoteted)-talepeaicd)|

If ERROR greater than a constant given in step (2) than modify the value of

internal collector-base potential Vg and repeat from step (6).

Check the width of the injection region (z;) with the collector width (W¢). If
z; grester than W¢ than calculate Vog and print ‘Hard saturation’. Stop the

program.
Print ‘Quasnt ‘Quasi-saturation’.
Calculate collector current density (J;) at scattering limited velocity.

H collector curreut density (J¢) less than or equal to J; then calculate electric
field in the intermediate region () and width of the intermediate region (:1:2)
a) I (z)+x,) greater than or equal to We than calculate‘Eg, Va, Ve, Vea.
Print ‘Quasi-saturation-1’. Stop the progratn. b) Calculate V,, V3, Vg, Ves.

Print ‘Quasi-saturation-2’. Stop the prograni.
Calculate F,, 4.

If 2; + z, greater than or equal to W than calculate Vi, Vg, Ve, Print

‘Quasi-saturation-3'. Stop the program.
Calculate V,, V3, Vor, Vepg. Print ‘Quasi-saturation-4°.

24

o T



READ
BEVICE HAKE-UP,
PARANETERS

SPECIFIER 1., 1

ETOL

GUESS 9,

CALEULATE P,.n,,

Vet Yo My

CALGULATE £, W,

rsI ' i

FE

N

Uer ? uk]Liﬂ,/}___p\E“, —b
-
Ve

-9

FIND n,

CHODSE NEW I,

rrrerrrrreer———

E S



{

CALLULATE oo
iCH.IBN,EREURQ
EEHUR:(I?-?FN)JIB

¢

ERROR ¢ .24

TALCULATE
o
lJE E

FRINT
HARD SATURATION

¥
CALCULBTE
i
(3
FRINT ' (QHASI-
SRTURATION
_ 3T0P

¥

CRLCULATE J)

k

CRLCULATE ¥, CRLLULATE E5)

| =



|
s | ' | . /k\\

™
C? ﬂ1!+1zj.g%ffj:)- 9‘ HQ)—-——- . —= Hu-ﬁnn—- 1(‘+xaj;dr ’,;j
f S et

N | \rz

?E{) ?Eé

B ©)
| |

t Y \

SRLCULATE CALCULATE CALCULATE CALTULATE HE.

o\ ) T T 1 S oy E_.0 Y 0o

: g
R TR rE oy PRI IRS

7

FRINT "OUgst
~SRTURAT IO

\\ COUDITION-2

-

Gl

FREINT
~SRTURATIIN
CONDITION-2

PEINT * Gl ]
-SATURATION
\\ CONDITICN-9

FRINT *quasi
-3HTURATION
COUGITION-1"

rd

”
".r:-cm-nww: 1T

4

Fig, Z.4. 2 §lew ohert illustrating the procedure for compuling current-woltage characterictics,

v



22, Stop the program.

At high injection prevailing both in the base and the collector, p, is calculated

from the equation (2.13). For convenience, the equation is rewritten here.

ANy (14 Alle=Vor's) -Yor
— 8 .
Po= 1 — A?e—2Vew/Vr (3.1)

- and n, is calculated from the equation,
n, = p, + N¢ (3.2)

The width of the injection region z; is calculated from the equation (2.10) by sub-
stituting the value of n is equal to n, . The value of n; is obtained from equation
(2.17). The electron concentration ng in emitter is calculated by applying Regula-
Falsi method. With the calculated parameter values and using different equations
of chapter two we can calculate the value of E;, V;, Ve, Vawr, %, Iom, Inn
By comparing calculated internal base-collector voltagc; to the guess internal base-
collector voltage, new base-collector voltage and other parameters corresponding to
this new value is recalculated. Then injection region is comnpared with the collector
width. If x; is greater than W, then the device drives in saturation and Vg is

calculated from,

Vee =Ves + Ve + V) (3.3)

Otherwise, the device is in quasi-saturation. By deﬁning,

Jy = quN¢ - (3.4)

Ji is compared with collector current density Jc. If collector current density is

greater than J; and z; + x5 is greater than or equal to W, then,

Vee=Ver + Ve + Vi +V, , (3.5)



If collector current density is greater than J, an_d z1+x2 <We then Veg is calculated
from, ,
Vee=Ver + Vee+Vi+Va+ V) (3.6)
But Vig is calculated in diflerent way if Jo less than or equal to J;, In this case

- ¥y + 1, is compared to We. H Wy, is greater, then

Vee=Vep +Vae+Vi+Va+ V4 (3.7)

Otherwise,

Ve =Vag + Vo + i+ Vi (3.8)

In the above, V), V5, V; are calculated from different equations for different values

of V(; B

3.3 Results

With the numerically calculated parameters from computer program, different
characteristics are obtained.

Fig. 3.2 shows collector current as a function of collector-emitter voltage with
different base currents. For higher base current, the collector current is higher
for same collector-emitter voltage Vog. This situation can be explained with the

following equations [17]:

— unbAf.

ng+ Np
IC WB (2 ('HE — np) Nﬂhlm) (3.9)
ny = 5N+ .'5NB\]1 + ?_’0_(110].\_%{‘.’3)_ (3.10)
¥,
Jg = g—}?ﬂni (e'ﬁr‘l — 1) (3.11)
Gg
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and
ngNg

2
ux

VBr B = VTI?I

(3.12)

We can see from equations (3.9)-(3.12) that for higher base currents Vg g in-
creases which increases ng. To keep Vg constant, Vopg is decreased. Therefore, n,
also decreases which increases collector current. So, with constant Ve, collector
current with base currents. These plots also show that quasi-saturation occurs in
a wider bias range if the base current is increased. This is because a larger base
current results in a larger collector current in the collector and thus a larger volt-
age drop in the quasi-neutral collector, keeping the internal base-collector junction

forward biased long after the external base-collector terminsl is reverse biased.

Fig. 3.3 shows the collector current versus collector-emitter terminal voltage for
different values of base-emitter terminal voltage Vpr. From the characteristics we
can see for same collector emitter voltage Vg, collector current increases with Vg g.
This can be explain with the same equations above. For higher Vg g, ng increases
and to keep Vpg constant, Vop decreases with increase of Vgp. So, n, decreases

and therefore, I increases.

Fig. 3.4. gives collector width as a function of collector-emitter voltage for given
bﬁse current Ip at 50 pA and collector current Ié at 3.5 mA. It is found that with
increasing collector width the collector-emitter voltage increases. A particular value
of I fixes Vpp as clear from equation (3.11) and Ve can be obtained from the
collector current [19]. Now, the voltage drop accross epi-collector increases with
We.

Fig. 3.5.. shows basewidth as a function of collector-emitter voltage for given
values of collector and base currents. 1f base width increases then collector-emitter
voltage also increases. For given I, the collector current will decrease with base
width as I, varies inversely with Wyg. To keep IC constant, the collector junction
Ver (Vep > 0) must be decreased with Wpg, thereby decreases the injection region.

The consequence of the decrease of width of the injection region is to increase Vpg.



15

-
N

RN SIS B SN NN SN

w0

o2}

Collector current lc (mA)
(]

o

lIIlI|||I||[IIllI]1I|II

0 30 60 90 120
Collector—emitter voltage Ve (Volts)

Fig. 3.3. Current—voltage characteristics of a bipolar
transistor for different vaolues of Veg!

37



Collector width W (microns)

30

N
Q

0

R R ARSI I O A O I O A A A

0

‘llll]lilll[l!lI[lill]lIll]Illl]llll
10 20 30 40 50 60 70

Collector—emitter voltage Vee (Volts)

Fig. 3.4. Collector width as a function of collector—emitter

voltage for given values of collector aond base o
current of a bipolar transistor.



3.0
~ 7
2 2.5
O -
1o -
S .
E 7 o = 50 pA
mz'oe |c='-3.5 mA
= .
£ ]
-
o ]
e .
o 12
[17] —
@ 7]
m -
1.0 —IIIIIIIlI]IiIIlIlIl[II]IIIlf[]lllllllll[lll'lIlill
0 2 4 6 8 10

Collector—emitter voltage Vg (Volts)

Fig. 3.5. Base width aos a function of collector—emitter
voltage for given volues of collector and base
current of a bipolar transistor.

34

f



Fig. 3.6. shows variation of collector-emiter voltage as a function of emiter
widt.h/for given values of base and collector currents. The base current I p decreases
with Wg which is evident from equation (3.11). The Vgp need to be increased in
order to obtain constant g against increase of Wy, The constant collector current
decrease thereby increase of Vo and consequently increases the injection region.

‘This increase in injection regions resuits in decrease of Veg.

Fig. 3.7 is the characteristics of emitter aren as a function of collector-emifter
voltage for given value of base and collector currents, Fig. 3.8 shows I¢-Vgg char-
acteristics as a function of basé current Ip calculated from the present model and
obtained from meastirements reported in Kull et.all [9]. The device make-up is giv-
en in table 1 and device parameters used in calculations are given in table 2. The

results are agreed well with the measured value.

3.4 Conclusion

The different characteristics of an epitaxial n*prn~n™ bipolar transistor are s-
tudied by using the present model. The mnodel meets the requirements of minimum
complexity for representation of the physical effects considered and has demonstrat-
ed its ability to simulate device behavior under dc operating condition. A computer

program is developed based on algorithm illustrated in this chapter.
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CHAPTER 4

Conclusions and Suggesfions

4.1 Conclusions

Epitaxial n*pn~n* bipolar transistors are extensively used as power transistors,
specially in high speed switch. Modelling of this type of transistor is important with
its increased use. | Device modelling aimns at relating physical device parameters‘bo
device terminal characteristics. Simple and accurate device models are needed to
predict the performances of the device. Models representing accurate transistors are
complex and difficult to study. Therefore, there is a trade-off between accuracy and
complexity. Different models have been analyzed till-date considering low and high
level injection. But these models are not generally applicable specially at current
densities exceeding space-charge limited current density. Therefore, an improved
model based on physical principles is now essential for accurate simulation of this

high current effects.

The collector of epitaxial bipolar transistor is more lightly doped than its base.
As a result, high current effects occur predominantly in the lightly doped epitaxial
collector region. At low voltages, the transistor operates in saturation and when
the current is high, a space-charge region is formed in the lightly doped collector
to support the current. In this research work, the dc current-voltage characteristics
of a bipolar transistor have been modified based on the relevant device physics
regarding the free carrier transport within the collector layer. The proposed model
covers the saturation , quasi-saturation and active mode operations. The model

is simple in representing' the physical effects and has demonstrated its ability to
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situlate device behaviour under dc operating conditions. The present model does
not require parameters extracted from measurements. The results obtained by the
model simulation are in good agreement with the measurements reported in the

literature.

4.2 Suggestions

In the proposed model, minority carrier current in the epitaxial collector has
been neglected. Hence, the model can be improved by taking into consideration the
ininority carrier current in the epitaxial-oollector region. Another limitation of this
model js that, the flow of current through the transistor has been considered to be
one-dimensional. Further modification of the model can be done considering two

dimensional case.

45



REFERENCES

[t}

21

3l

4]

(6]

{7l

(8]

[9)

[10]

[11]

Ph. Leturcq, "Power bipblar devices," Microelectronics and Reliability, Vol.
24, No. 2, 1984, pp. 313-337.

J. J. Ebers and J. L. Moll, "Large-signal behavior of junction transistors,"
Proc. IRE, Vol42, No. 12, 1954, pp. 1761-1772.

R. Beaufoy and J. J. Sparkes, "The junction transistor as a charge-controlled
device," ATE J. (London), 13, No. 4, 1957, pp. 310-324.

J. M. Early, "Effects of space charge layer widening in junction transistors,"
Proc. IRE, 40, No. 11, 1952, pp. 1401-1406.

~ C.T.Ssh, R.N. Noyce and W. Shockly, "Carrier generation and recombina-

tion in p-n junctions and p-n junctions characteristics," Proc. IRE 45, No.
9, 1957, pp. 1228-1243.

W. M. Webster, "On the variation of junction transistor current gain am-
plification factor with emitter current," Proc. IRE, 42, No. 6, 1954, pp.
914-920.

Jr. C.T. kirk, "A theory of transistor cutoff frequency (fr) falloff at high
current densities," IRE Trans. on Electron Devices, ED-9, No. 2, 1962, pp.
164-174. .

H.K. Gummel and H. C. Poon, "An integral charge control model of bipolar
transistors," The Bell System Technical Journal, Vol. 49, 1970, pp. 827-852.

- G. M. Kull, L. W. Nagel, S. W. Lee, P. Lloyd, J. Prendergast and H. Dirk-

s, "Unified circuit model for bipolar transistors including quasi-saturation
effects," IEEE Trans. on Electron Devices, Vol. ED-32, No. 6, 1985, pp.
1103-1113. ‘

L. E. Clark, "Characteristics of two-region saturation phenomena," 1EEE
Trans. on Electron Devices, Vol. ED-16, 1969, pp.113-116.

R. J. Whitter and D. A. Tremere, "Current gain and cut-ofl frequency fall
off at high currents," IEEE Trans. on Electron Devices, Vol. ED-16, 1969,
pp. 39-59, '

47



12]

- (18]

[14]

f16]

(17]

18]

(19}

20}

1]

W. J. Chudobiak, "The saturation characteristics of n-p-v-n power transis-
tors," IEEE Trans. on Electron Devices, Vol. ED-17, 1970, pp. 843-852.

P. L. Hower, "Application of a charge-control model to high voltage power
transistors,” IEEE Trans. on Electron Devices, Vol. ED-23, 1965, pp. 863-
870.

R. Kumar and L. P. Hunter, "Collector capacitance and high-leve} injection
effects in bipolar transistors," IEEE Trans. on Electron Devices, Vol. ED-22,
1975, pp. 51-60. :

J. Hanggeun and J. G. Fossuin, "Physical modeling of high-current transients
for bipolar transistor circuit simulation," IEEE Ixans. on Electron Devices,
Vol. ED-34, No.4, 1087, pp. 898-905.

V. Gianfranco, "The eflects of carrier accumulation at the cathode on the
negative resistance induced by avalanche injection in silicon bulk devices,"
Solid-state Electronics, 18, 1975, pp. 1123-1130.

H. C. Graaff, W. J. Kloosterman and Schinitz, "The emitter efficiency of
bipolar transistors,”" Solid-State Electronics, 22, 1977, pp. 515-521.

G. E. Possin, M. S. Alder and B. J. Baliga, "Measurements of the pn product
in heavily doping epitaxial emitters," IEEE Trans. on Electron Devices, ED-
31, 1984, pp.3-7. |

G. A. M. Hurkx, "An iinproved analytical description of the effect of veloc-
ity saturation on the collector current of a bipolar transistor," Solid-State
Electronics, 35, 1992, pp. 1397-99.

J. W. Slotboom and H. C. IGraaﬁ', "Measurements of bandgap narrowing in
Si bipolar transistors," Solid-State Electronics, 19, 1976, pp. B57-862.

H. C. Graaff and W. J. Kloosterman, "New formulation of the current and
charge relations in bipolar transistor for modeling for CACD purposses,"
IEEE Trans. on Electron Devices, ED-32, 1985, pp. 1415-1419.

40



APPENDIX

Mathematical Expressions for Minority Carriers
at Junction Edges

The law of junctions can be written in the generalized forms as,

n,(0)- = e v/

n.(0) 7,

and

Pa(0) _ Puo vy
2,(0)  Pw

where, V; is the voltage across the junction.

The minority carrier at the base side e(lgé of the collector-base junction can be

derived using the above equations and can be written as,

N AV
Np = (-‘ﬁ;) (N_C) e Vew /Vr (Al)

and also from law of mass action,

RpPp = NuPn : (A2)

Considering the charge-neutrality condition in base and collector,
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it can be shown from eqns.(A1) and (A2),

pn= Aln,e~Ver/Vr 4 peVer Y N (A3)

where, A = (;—}E) -5}5

'The solution of the equation (A3) in p, is,

Ao+ Al eV )

Pn - - 1 _ Aze_zycyfvr (A4)

P e
N
*
‘.\ N "
‘ \--‘..’ )
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