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ABSTRACT

Numerical simulations and experimental measurements have been carried
out to study the transient behavior of the P*-N--N+ structure under dif-
ferent levels of injection in both the reverse and the forward pul sed direc-
tions. A major part of this research is devoted to the explanation of the
anomalous vol tage that appears across the diode terminals when pul sed in the

6 anp/cmz.

forward direction with current densities in the range of 103 to 10

A numerical iterative method of solution of the one-dimensional basic
two-carrier transport equations, coupled with Maxwell's and Poisson's equa-
tions, describing the behavior of the semiconductor device is presented.
The method is of a very general character, with none of the conventional as-
sumptions and restrictions introduced, and freedom is available in selecting
the doping profile, generation-recombination |aw, mobil ity dependencies, and
injection level. For a specified arbitrary current excitation, the solution
yields the terminal voltage and all the quantities of interest throughout
the entire device as functions of position and time.

The pure implicit technique along with the Newton-Raphson iteration are
used to solve the equations; while the explicit technique is used to obtain
a first guess to start the iterative solution.

A numerical method is arrived at for the determination of effective
transient |ifetimes in the case of excess diffusion due to very high current
density. As the transient solution approaches steady state, the transient
| ifetimes reduce to their equilibrium values.

The use of band-to-band Auger recombination as a process complewentary
to the impact ionization process, along with the transient |ifetimes explain
the large terminal voltage across the diode structure when pulsed with in-

tense current density in the forward direction.




CHAPTER I

INTRODUCTION

Present semiconductor device modeling of the volt-ampere characteris-
tics, transient response, and avalanche breakdown is adequate for predict-
ing the response of junction devices in the normal region of operation. For
very high injection levels, such as diodes operating under intense current

pul ses in the forward biased direction with current density of 103 anp/cnz

to 106 aup/cnz, these models are no longer adequate and do not predict the
anomalous voltage that appears across the terminals of thed device.

In order to achieve analytical results for a diode in a closed form
solution, a number of assumptions are usually introduced. These assumptions

limit the solution to specific device structures and operating conditions.

Some of these assumptions are as follows:

(a) The separation of the device into different regions: either a
space-chargg layer that is fullx depl eted of mobile carriers or

quasi-neutral regions.

(b) The neglecting of the majority carrier current in the low doping

region.

(c) The |imitation of the doping profiles to abrupt junctions or to

linearly graded junctions.
(d) The assumption of constant mobil ities.

(e) The use of a linear low leve! recombination rate.
Most of these assumptions are not valid for high-injection levels.

Numerical techniques, with the aid of high speed digital computers,
represents an alternative approach to the problem. This is accompl ished by

solving the one-dimensional two carrier transport equations, along with

Maxwell's and Poisson's equations. By using either the implicit or explicit

o Lot L etiaials
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numerical techniques, one can obtain the transient and the spatial distribu-
tions of all the physical quantities of interest such as the electric field,
the hole density, the electron density, the current densities, etc.

A. De Mari [1] solved this set of coupled second ordered non-1 inear
equations assuming constant electron and hole mobil ities, absence of a
generation-recombination term, and with the application of external exéita-
tions of low to moderately high current density values. Scharfetter and
Gumme! [2] solved a similar set of equations for a Silicon N*-N-P structure
operating under reversed bias conditions as a Read diode oscil lator. Lee,
Lomax, and Haddad [3] developed a computer program to simulate a Silicon
N*-P-N’ structure operating as an avalanche diode oscillator. All of these
authors used different numerical techniques, and different boundary condi-
tions to achieve a numerical solution to the set of equations.

It is the purpose of this work to develop a solution to the set of
equations that is free from any of the traditional assumptions and thereby
simul ate the transient behavior of a current driven one-dimensional solid
state structure starting from the therma! equil ibrium condjtion (or a known
steady-state condition). This computer simulation is used to explain and to
predict the unexpectedly |large transient voltage, which appears in the ex-
perimental measurements of diodes that are pulsed with a very narrow and
large current pulse in either the reversed or the forward directions.

Chapter II presents the mathematical equations to be solved numerically
and the |iterature review for different numerical techniques, along with the
methods used in this research . It also exposes the various sources of er-
rors that could result in divergence or instability. Chapter III describes
a numerical method to obtain an accurate solution of the thermal equil ibrium

gase. The thermal equilibrium solution is necessary since it serves as the




initial conditions for the transient problem. As an example of the numer-
ical calcul ations, the transient solution for the reverse biased case is
il lustrated in Chapter IV. In Chapter V, the theory of the forward biased
case under different levels of injection is discussed in detail along
with a numerical method to predict an effective transit |ife time. The
transient solution is also presented. Chapter VI describes the experimental
results, the diode fabrication procedure, and the method used to measure the
physical parameters such as the doping profile and the width of the low dop-
ing region. It also contains a comparison between the theory and experi-
ment. In the appendices (A to C) are gathered the formul ation for the con-
struction of the matrix coefficients, the algorithms to solve a tridiagonal

matrix, and the tri-tridiagonal matrix.
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CHAPTER II

MATHEMATICAL EQUATIONS

It is the purpose of this chapter to present a numerical method for
the transient’ solution of the one~dimensional two carrier continuity equa-
tions coupled with Maxwell's equations and with Poisson's equation. The
method is of a very general character. It allows for the freedom of
choosing the generation recombination |aws, the doping profile, and the mo-
bility dependencies. The transient solution results in a know! edge of all
the physical quantities, between the device contacts, as functions of dis-
tance and time. The pure implicit technique is used to iteratively solve
for the electric field, the electron density, and the‘ hole density at
each instant of time. The explicit technique 1is used to initiate the
iteration. A |iterature review for different numerical methods is also
included for comparative purposes.

The fundamental! equations that govern the one-dimensional behavior of a
semiconductor material afe »

(i) Maxwell's Equations

9
JO) =9 (1) + o) + e —E-g-’t‘-él

3J(t)
e 0 (2)

which shows that the total current density may vary with time but is con-
stant with distance. The third term of equation (1) is the displacement
current. The first and second terms are the electron and hole currents

resi.2ctively. Their current flow equations are




{ﬁ Jﬁ(x,t) = e u (x,0) Nlx,LEX,L) + €D (x,t) 2!%5;51 3)

and
Jptx,t) = & u(x, IP(X, DEX, L) = e Dolx,b) pixt) %)
The above two equations show that electron and hole currents consist of ;
drift and diffusion components. The dependence of mobil ities and diffusion ;
! coefficients (u(x,t) and D(x,t)) on distance and time follows from their i
j dependence on the electric field E(x,t) as follows
KT _KT 1
f Dp 3 "p Dn 3 ¥n
o, = vaiEI = IVnIEI
i
where !
vy ¥ 1500 E cm/sec for E < 3.5x103 Z
| i
v, = 1.45x10% €015 cassec for 3.5x10° < £ < 1.4x10° 1
6 s ‘;
\ 9x10 cm/sec  for E > 1.4x10 :
{ ]
' V. 600 E cm/sec for E < 3.5x10°
v, = 4.68x10% E0°%%5  cm/sec for 3.5x10° < E < 1.4x10° i
Vp = 9x106 cm/sec  for E> 1.lox10s
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(ii) Poisson's Equation

B 2 & Lptx,t) - nlx,t) + Ny = N

% REE ‘ (s

A

where, u;(x) and N;(x) are the ionized donor and acceptor iupurities/cu3

(iii) Continuity Equations

3J_(x,t)
an(x,t) _ _ Gl g
—-i_t-L_ = U(x,t) + - s - + G(x,t) 6)
: 3d,(x,t)
IP(x,t) P
——Lat = = U(x,t) -y X + G(x,t) (7

where U(x,t) is the net hole-electron recombination, typically given as,

2
np-ni

Ulx,t) =
tpo(h+ni) + tno(p*ni)

If the |ife times are equal, then =t and the recombination term

; no  po’
reduces to the following:

np - ni2

Ulx,t) = ————1
tn(n+p+2ni)

The minority carrier lifetime is a function of the doping density in the

diffused region and is therefore shorter than that of the bulk region. The

relation between the lifetime and the doping density is as follows [4] (51:
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where
Tb is the low doping region |ifetime
NB is the doping density

AN1 is a constant typicaily 1.89 x 10'%/cn>

The generation term, with no |ight on the sample, is
6(x,t) = a lJnI n+ lepl P

where

6
3.8 x 106 exp (:l'-ls-g-ig—)

-]
n

6 &
= 2.25 x 107 exp (ﬂi"—eﬂ)

L
[l

are the ionization coefficients for the electrons and holes.

At this point it should be noted that only six of the above seven equa-
tions are independent since equation (2) can be derived from the remaining
six equations.

With the application of a current pulse to a P*-N diode (i.e., changing
the current density with time) the transient behavior of E(x,t), p(x,t), and
n(x,t) becomes of primary interest. In order to fully understand the time
variation of these quantities, one must pay special attention to the

dielectric relaxation time and the transit time.-

(1) The dielectric relaxation time constant "t ":

This quantity cotnrols the variation of the electric field with time
in the case of constant electron and hole densities. An approximate value
for the dielectric relaxation time can be derived if one assumes that the

hole and electron mobilities are independent of the electric field.
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Combining equations (1), (3), and (4) for the displacement current di-

vided by &

3E(x,t) _ 1 i &
. —Tt!— - CJ(e) Jn(x) Jp(x)J

;T 1
] = ;-[J(t) - e(unn(x) + upp(x))E(x,t) |
IP(x) Incx) !
+ G(Dp - Dn Tx-—-)] :
i =1L - oo B, + p03
where
a(x) = e(un n(x) + up P(x))
3 P(x) _ an(x)
D(x) = G(Dp TX-— Dﬂ T)
or,
R 4 200 gyt = L ey + pe03 @®

If a positive current step of magnitude Js is appl!ied, the solution of equa-

tion (8) becomes

- o(x)

J
E(x,t) - E(x,t=0") = - R‘;T [i-e ¢ 3

where

ECx,t=07) = 20X}

The dielectric relaxation time constant is then
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Therefore, if one considers a P*-N diode with the fol lowing parameters:

N, =108 = poo

2
up 200
Ny = 10" = o
Mn 2 1500
¢ = 11.8 x 8.856 x 10 14
e=1.602 x 10717
In the P side: f
o
s -14 :
1rp e”nNA 3.261 x 10 "“sec. %

and, in the N side:

~ € -12
T ™ e"n"b = 4.347x10 "“sec.

(2) The transit time flt“:

Tiis quantity controls the time variation of the minority carriers in a

semiconductor region of width (W), with a time invariant electric field.

The general definition of the steady state transit time is:
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ttg—:'!
m
where
nn is the minority carrier charge contained in W, and
J' is the current densify of minority carrier.
The above transit time can be approximated in simple cases:

(i) For a short base P*-N diode under low level injection conditions,

the minority carrier distribution in the N region can be approximated as in

Fig. 1. In this case,

e W ‘
2 n -
G =7 Pro’ * € ¥Pro

J. is the diffusion current and is given by:

(pn(o) -p.)

no
J_=eD
m P Hn
Therefore,
2 2 2
. . un . l‘r’u Pno 2 "n
£t Dp Dp (bn(O) - pno) 2 op

4

In the case where W = 10 x 10" cm and Dy = 15.54

T, = 3.22 x 1078 sec.

(ii) For a P*-N diode, with an N region under avalanche conditions, the
base region is under very high-level injection and the minority carrier

density can be approximated by an average value throughout the width Hn.

The minority current is considered as a drift current, and the minority car-
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Figure 1. Minority carrier distribution in a short
base under low level injection condition
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rier velocity 1is taken as the scattering !imited saturation velocity (vs).

Therefore,
% . €Pn¥n
In 3 ®PnYs
Tef = Hn/vs

The above is the full transit time, the average transit time 1is about one

hal f this value,

")
T, = 23; =5 x 10 Mgec.

As shown from the above cal cul ations, the relaxation time is smaller than
the transit time. Therefore, the time variation of the minority carriers

fol lows the time variation of the electric field.

Mathematical Equations to be Solved

From the previous discussion, it is obvious that the electric field E
and the carrier densities are all functions of distance and time. These
quantities cannot be solved in the N region alone because the boundary con-
ditions near the transition region have an unknown time dependence. There-
fore, one must try to solve for n, p, and E for the entire P+-N device as-
suming the ohmic contacts as boundaries on both sides of the device.

To reduce the redundant calcul ations, the parameters of the basic equa-

tions are normalized. The normalization factors used here are the same as

SRR

G i




- 13 -

those used by A. De Mari (1). The fo!lowing definitions have been made:
2

0y = unit of carrier diffusion constant (cm”/sec)
bn(bp) = diffusion constant

-e = electron charge

K = Boltzman's constant

LD = intrinsic debye length

n, = intrinsic carrier density (= 1.18 «x 1010 for Si)
Ve = thermal voltage (- %I = 0.0259 volt)

e = permitivity (= 11.8 x 8.85 x 107 % F/cm for si)
un(up) = mobility of carriers

Table 1 lists the symbols, units, and their values for silicon at room tem-
perature. The basic equations (1) to (7) can be normalized and rewritten as
fol lows:

Normal ized Basic Equations

v
g _|.n |on
In =V - [T e o
v
gt p |ap
Jp = Vpp + T |3x (§]0)]
. .
-37 =p n + "D NA “an
an £ NPT - aJn
3t =a an n + Blvplp Tn(2+n+p) 3IX (12)

ARSI T =)

e X e by
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aJ
aP _ -_np -1 2
o ® e vnl n+ BIVPIP T, D) * a3
= - 9E
A e T 1 3 14

where all the variables are now the normal ized variables.
Substituting equations (9) and (10) into equation (11), we get equation
(15). Also, the substitution of equation (9) into equation (12), and of

equation (10) into equation (13) yields equations (16) and (17).

36 .74 P _ an. _ Z £
3t - TET [val . IV,,l a,(] v, n vp p = J(B) 15)
v ] .2 v dv
an _ |_n| 3 n -.n_ 1 ""n, 3E, 3n
, ‘;,T"E"‘;;'Z"[v b 'E'Z'*E’Jf'lax ax
! dv
n 3E - __hp=1
; *ar et c|Vn|]n + BlvplP —'——rn(2+n+p) (16)
| V.| .2 v dv
3p - | P3P o - _P,1_p, 3E 3P
'a'%"e_ax’tvp*f EZ+EdE] X X
+t-dv° 3 L g1y |IP + a|V |n - —B-L__ an
dE x P ni? tn(2+n+p)
Where
-2.555x10°
a=1.43x10%e IE 18




5

4.76x10
g =8.51x10%e TEI (19
v, = 373 E for E < 5.11x10° (202
v, = 7.351 x 10° €°°%  for  5.11x10% < E < 2.2¢10% (200
v, = 3.6 x 10° E > 2.2x10% (200)
v, =123 € for E < 5.11x10° (212)
v, = 416 x 102 %% for  5.11x10% < € < 2.2¢10* (21
v, = 3.4 x 10* for E > 2.2x10° 210

Equations (15), (16), and (17) are the three second ordered coupled non-
linear differential equations that have to be solved numerical ly to deter-
mine E(x,t), n(x;t), and p(x,t) at each point in the structure at each in-
stant of time. Once this is accomp! ished, then the electric field E(x,t)
can be integrated at each instant of time to obtain the termina! voltage
across the device at each instant.

The boundary conditions are obtained from the assumption that perfect

ohmic contacts are made to the P’ region and the N region. One contact is

at x = 0, the other at x = L. Therefore, the normal ized boundary conditions

Ot o e




e S e NN SN .

ke R R

-17 -

for the particle densities are as follows:

|

-
~
= .

n(0,t) =

. '
p(0,t) = "A
n(L,t) = ND
pPL,t) = 1/Ny |

The electric field is chosen at the boundaries so that the total

equals the external applied current.

(22a)

(22b)

(22c)

(22d)

current

The initial conditions are assumed to be the thermal equilibrium dis-

tributions for E(x,0), n(x,0), and p(x,0).

Type gj_equations

Before discussing the numerical methods used to solve the three coupled

non-linear differential equations, we first discuss the type of equations.

The general form of a second order |inear partial differential

two independent variables x and t may be written as follows:

2 2 2

i St s e e i
A axz + 2B TIT" +C atz F( 3T’ 3t s X5 8

The type of equation is determined by the quantity:

2

A =8% - AC

equation

Where A is the discriminant of the partial differential equation (P.D.E.)

in

o bl s s e e e e A e L b g e i i i




(a) 1If A > 0, the equation is said to be hyperbolic

(b) If A =0, the equation is said to be parabolic

(¢) If A <0, the equation is said to be elliptic
It is clear that equations (16) and (17) are parabolic non-linear equations
since C = B = 0.

Therefore, the parabolic equation can be written in the following form:
azz Y4

9l
_=F(_'—’ 5 X, t)
at a’(2 ax

To solve this equation one needs to know its open boundary conditions, i.e.,

the value of Z(x,t) has to be known on three sides of a rectangle described

as follows:

=0,and t >0
=L,and t >0
=0,and 0 < x<L

The obtain a numerical solution, the x and t axes have to be divided
into uniform or non-uniform spatial and time steps (Ax and At). Then the
spatial and time derivatives are approximated by one of several differential
equation schemes at each space and time point. This procedure reduces the
partial differential equation to a set of algebraic equations to be solved
simul taneously.

Convergence and stabiliéy are the two problems of major difficulty in
the numerical solution. To understand what they mean, the following terms
are defined:

D = exact solution of the partial differential equation
A = exact solution of the partial difference equation

generated by the difference equation scheme

S SRR e A SR
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N = numerical solution achieved from the partial difference
equation
D - A = discretization error
A - N = numerical error

The discretization error or the truncaton error is a result of the fin-
ite sizes of the time and spatial steps. The convergence problem deals

with the conditions under which D -aA => 0, for aAx and At -> 0. The

stabil ity /problem deals with the condition under which A - N is small

throughout the entire region of solution (space and time).

Numerical Techniques Used to Solve the Equations:

The normal ized set of equations to be solved are as follows:

3E(x,t)

Xt 2§ (k) + 4ot = I (24)
B = Gix,t) - ROx,) + 2dPIXT) (25)
D) = 6x,t) - REx,H) - 2nix,t) (26)
XD = pex,t) - Nx,t) + NDCX) @n

To solve the equations numerically, the x-axis and the time axis are
divided into spatial and time steps (Ax and At). The spatial and the time
derivatives are then approximated by a difference scheme. This procedure
reduces the non-linear partial differential equations to a set of algebraic
equations to be solved numerically.

The time-space mesh that is used to derive the difference equations is
shown in Fig. 2. The one-dimensional semiconductor device is divided into

JW partitions. At both ends of each partition, there are space charge
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points where the hole density, electron density, and doping density are de-
fined. In the middie of the two space-charge points there are field points
1, where the electric field intensity, hole current density, and electron
current density, and all the parameters which are functions of the electric
field intensity are defined.

Two methods could be used to transform the non-linear partial dif-
ferential equations into difference equations: the exp!icit method and the
imp! icit method.

In the explicit method, if all the variables are known at any time lev-

el t , then the variables can be calcul ated directly (that is explicitly) at

K

the time level t by evaluating the spatial derivatives at time level t

K+1 K®
The 1implicit method 1is a more complicated procedure. It consists of
representing the spatial derivatives by a finite-difference form evaluated
K+1 instead of tK as in the explicit method.
This results in a system of simul taneous nonl inear equations in the unknown

at the advanced time level t

variables at time level tK+1' The pure implicit technique is used here,
with the aid of the Newton-Raphson iteration method to solve the equations,
while the explicit technique 1is used to calculate a first guess for the
unknown variables in order to start the Newton-Raphson iteration. The basic

reasons for this choice will be discussed in a |ater section of the report.

The pure implicit technique:

The time-space mesh of Fig. 2 is used to convert the partial differen-
tials into algebraic equations in a difference equation form. It is assumed
that the thfee variables of interest, (the electric field, the hole density,
and the electron density) are known at time level tK and at all the previous
time levels. In the rest of this chapter, the time index is assumed to be

K + 1, unless otherwise specified. For example, E(I) means the electric




field at point (I, K + 1), while EK(I) means the electric field at point
(I,K). Keeping this notation in mind, the different quantities in equations
(24), (25), and (26) are evaluated at points (J, K + 1) and (I, K + 1) as

fol lows:

_ED - 5D
At

) - PR
5 At

NG _ N - N W)
at At

The drift components of the hole and electron current densities at
point (I) depend on whether the electric field is positive or negative as
explained in Fig. 3.

For negative electric field, the drift current components depend on
N(J) and P(J2), while in the case of a positive electric field they depend
on P(J) and N(J2). Using a central difference for the diffusion current
density terms, the difference equations for the current densities become:

For ECI) > 0

INCI) = =VNCI)*NC(J2) - |-‘E’!(‘%’- Z—X INGI2) - NCI)I

. WECD) 1 “
JPCD = =VP(D P + [Esr = [P = P(D]

For E(I) <

INCI) = =UNCD) *NCJ) -|lé-'z‘%-’-| L a2 - v
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JPCI) = =VP(D) *P(J2) -|-‘E’-§§)I-’-| Loewa - P 30

The generation term at the Jth point is approximated by its average value

between the Ith and the (I - 1)th point (I and I1) as shown in Figure 2.

6 =% (G(ID + 6(D))

= ,2_. LaCID)«[INCIT| + BCI1+[JPCID|I

+ % CaCD) e [INCD| + B8CD«|JPCD |3 31

wWhile

NP1
RC = TgIZINCD + PCDT (32)
WP = Loupen - gpana (33)
°";‘:"’ = Z—x CINCD) = INCID] 3%

It is clear that the quantities in equations (28) through (34) depend
directly or indirectly on the electric field, the electron, and the hole
densities, all of which are defined at points J1, 11, J, I, J2, and 1I2.
Therefore, the vector of unknowns in equations (24), (25), and (26) at

points I and J is defined as follows:
Cx] = [E(I1),N(J1),P(J1),E(I),N(J),P(J),E(IZ),N(JZ),P(JZ)]T (35)

By writing equations (24) to (26) in a difference form, and by moving all
terms in the three discrete equations to the right hand side, and by using

equations (28) through (30) to show the dependency of each term on the vec-




tor [X], we obtain the following three discrete functions:

K_
Fir o ECIE(D)

T + JNCI) CECD) NG ,NWD]

+

JP(I) [EC(D,PW),PW2] - J(t) =0 (36)

K
P W) - PW) o

F2J = it 5-G(I1)[E(I1),N(J1),P(J1),N(J),P(J)]

+-% G(I)LECI) ,NCJ) P NPT - R(INW),PL)] #

1

i s

WP CEC(D ,PW) ,PW2)] - JP(IDLEUID ,PWD ,PWIIY (37)

K
g = NG = NG L gy CECI) NG LPCIT) NG PO

F3 At %

RS

+-% GC(I)LECD) N ,PW) ,NWI),P(I2)] = RWIINW) ,PI] ‘ ]

= %;-{JN(I)tE(I),N(J),N(JZ)] = JNCIDCECID NG ,NWDIY (38) %

The one-dimensional semiconductor device contains a total number of "M"

spage-charge points, and "M-1" field points, including the boundaries J = 1

and J = M.

TIPRE R NPERw o

At time level K + 1, equation (36) will be written once for each point
2<I1<M-1, while equations (37) and (38) will be written for each point
2<J<M-1, resulting in a system of 3(M-1) simultaneous equations in the

3(M-2) unknowns,




EC(D N ,PW), where 2 < I, J < M-1.

The boundary conditions for the particle densities are obtained from
the assumption that perfect ohmic contacts are made to the device termi-
nals. One contact is at x = 0, the other is at x = L. Therefore, the nor-

mal ized particle densities at the boundary are:

NCD,t) = N(1) = 1/NA” :

PC0,t) = P(1) = NA” :
) 39

NCL,B) = NGO = N

P(L,t) = P(M = 1/ND*

The electric field is obtained iteratively through the solution of
equations (36) to insure a constant total current at the boundaries, and

throughout the whole device.

Newton-Raphson Iteration Method

To solve the system of nonlinear 3(M-1) simul taneous equations, the
Newton-Raphson iteration method was used. In order to have a better under-
standing of this procedure, Newton's Method for solving a single non-|inear
equation is discussed first.

This method is il lustrated graphically in Fig. 4. If this figure, if
F(x) = 0, then x = a is the required solution. If an initial approximation
x; to the root a is provided, a sequence Xi412 Xj4pre0e May be defined by

the recursion relation

T e
ax X=Xi Xi'xi+1

or
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Figure 4, MNewton's Method to solve F(x) = 0
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Ctds st ik s

F'(xi) . [xi+1 - xi] = -F(xi) (40)

We draw a tangent to the curve y = F(x) at the point (xi,F(xi)). This

tangent meets the x-axis at the point (x..,,0). If, then, the curve crosses

i+
the x-axis at a point (a,0) sufficiently near (xi,F(xi)), it may easily be

¥ seen that the number x.

i1 is nearer a than Xse A criterion for terminating

the iterative procedure of (40) is:

X. - X.
i+1 3

i+

< e

Here ¢ is a small positive number. For ¢ = 10'", the final value of Xi41

should be accurate to approximately N significant figures. It should also

i be noted that Newton's method may fail to converge to a root, if given a bad
5 starting value.
The concept behind the Newton-Raphson Method is identical except that
it applies to solving a set of simul taneous nonl inear equations. Therefore,
r equation (40) will take the form of a matrix equation as follows: i
: 3
8 i"1
' alf] : o g
—— V= ) e T, %D
5 -~ ~ ~ o~
where 5(1_1) is the old approximation of the 3(M-2) arrays of unknouwns,
while 5(1) is the better approximation.

f(x(i-1)) is an array of 3(M-2) functions similar to equations (36), ;
(i-1) |

(37), and (38) evaluated according to the old approximation X
sttt
T is a square matrix of 3(M-2) dimension, whose elements are

described by equation (42). .




aFL(l) where

: 2 < 1
k™ "3k and 2% 1 o

With the above notation im mind, equation (41) is applied to equations
(36), (37), and (38) to evaluate the corrections in the array [X] of equa-
tion (35). Therefore, the discretized equations at points I and J yield the

following matrix equations:

[AECIN)] '3 3
ANWJT) i=-1

-F1I(X )
a1 a2 a3| b1 b2 b3| c1 c2 c3 ::::;) ~

! i-1

a, as a6[ bk b5 b6 |c4 Cg s :ggj; FaJ(x" ) (43)
a, a, aslb, b, bglc, c, ¢ AE(I2)
B e e B e ~F340X
[AP(J2) . -

i-1)

Equations (36), (37), and (38) show the dependency of F1I, F2J, and F3J
on the elements of the X array. Therefore, the Matrix elements in equation

(43) are defined as follows:

colN o (44a)

3F11I 0 (44b)

pE L D (44c)

i 2 126U _ 1 3JPCIN “ad
4 T JECI1) 2 3ECIN  ax JECIN)

aF2J _1 36(11) (44e)

i s
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aF2)  _ 1 aG(I1 _ 1 aJP(ID)

g 3% T wQD C ZIPAD X PGD (44
| a = _2F3J _136(I1) _ 1 3JINCID the)
7 " 3ECIT) 2 FECIT)  Bx IECIN
__3F3J _ 1 .26CI1) _ 1 3JNCI)
38 T INGD - ZINGD _ Bx INGD (44h)
_ 3F3J _ 1 2611 g
3 = PG " 270D (46%)
_8FII _ -1 . aJNCD) | 3JP(D) .
by =38 "3t t 3Dt IED (45a) ~
_3aF1I  _ aJN(D)
bz T INQ) T IN(D (45b) ]
E:
3R _ aP(D) 1
by = 3P0y = P - ?
_3F20 _ 126D , 1 aJPCD
by = 3ECD = 2 3ECD ' ax 6D (45d)
b = 3F20_ _ 1 26(I1 1 3G(D) _ 3RW) b
5 AN ZINQDY  ZaIN@) N
_aF20 _ -1 12611 , 1 36(D) _ aRW)
bs = 3pCy ~ 3t T ' 2P 3P (456) |
1
L1 P 1 adpUID) |
ax aP(J) Ax aP(J) :
: b. = 2F3J_ _136(D) _ 1 3JNCD) ot i
7 T 3E(D T ZIE(D | Bx IED .
_AF3J _ -1 , 1 36CI1) , 1 36(1) _ 3RW) 3
bg = INCH “ 3t T TING T TING  INCD (45h) ;
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J1 aINCD 1 3N
Ax aN(J) Ax 3INCJ)

aF3J _ 1 36(I1) _ 1 a6(I) _ 3R(J)

by = 3PCy - 2w T Z (D) 3P0 (459
Rt

C1 = m =0 (46a)

aF11  _ 3JNCD) e

€2 TINGD ~ INGD

€3 T3P0 - PAD (46¢)
¢, = stz = O (46d)
b ? a:g;) = % ::gg (46e)

3F2J _ 1 aG(I) .1 JP(I) 466

¢ =3Ery - 0 (469)

_ aF3J_ 1 36(D _ _ 1 3JNCD)
g = INCID 2 INUD  Bx INGID il

1 36(I) :
9 = 3P0 _ 2 PLD (461)

A detailed calcul ation of these elements is found in Appendix A.
Poisson's C[equation (27)] 1is used to eliminate the AE(I1) coefficients,

31, a,r and a,.

E The discretized form of Poissons's equation is:




ECI) - ECIT)

= = PWJ) - NQJ) + NB(J) 7

If for any reason, the values of N(J) and P(J) were changed by AN(J) and

AP(J), the changes of AE(I) and AE(I1) will be related by equation (48)

AE(I1) = AE(I) - Ax [AP(WJ) - ANQJ)] (48)

Therefore, the coefficient AE(I1) will be distributed to the coeffi-

cients of AE(I), AP(J), and ANCJ) as follows:

akAE(I1) = aaAE(I) - (a4Ax) CAP(J) - ANCWI)]

a, AE(IT)

7 a7AE(I) - (a7Ax) [AP(J) = ANWD)]

This will change the elements, a,r 3, b1, bS’ b6’ b7, b8' b9 as

lows:

b6 - b6 - (akax)

b7 - b7 + a,
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b8 - b8 + (a7Ax) '

b9 * b9 - (87Ax)

Rewriting equation (43) using equations (44), (45), (46), and (49)

in equation (50).

AECI)] - y

ANCID) i=1

00 0]b, b, b0 c, cgl [8PLUD ok
S e I

i=1

0 ag a4 b, bs bg| 0 ¢5 ¢4 ::gj; = |-F2J(X )

0 ag ag] b, by byl 0 cg ¢ AE(I2) i i-1

N N by BT oy oy RO F34(x' )

4P CJ2)] -

By defining the submatrix EAi], tBi], and [ci], as follows,

00 O - e gidte, = D
[Ail = |0 ag ag| . [Bi] = b‘ bs b6 5 [CiJ = |0 Cs Cq
0 ag ag b7 b8 b9 0 cg Cg

’

(49g)

(49h)

resul ts

(50

SN

and by repeating equation (50) for all the spatial points 2 < I < M-1, and




é 2<J <M1, at time level of K + 1, we obtain the following equation:

[AE() ] [-F12 ] :
AN(2) -F22 i
: AP(2) -F32
} 18,1 [C,) _ . -F13
k£ . -F23
E § (Al (B,] (C,)
1 3 3 3 : P33
€a,d ta4; €e,? ¢ "
(A 8  [c,] aECD | T |-F11 e
ANCY) -F2J
: AP(Y) -F3J
L [Ayo] [By 51 [Cy 5] A i
ﬁ» ? CAy-q] 8By 4] . p
 § 3 T [ae-D|  |-FI-D)
-
k AN(M-1) -F2(M-1)
. AP(M-1) -F3(M-1)
t L 4 L A
! : 003 eax*'"3 o'y (53)
where [J] is a Tri-tridiagonal Matrix with a dimension of 3(M-2). Also [AZJ

and [C"_1J were eliminated due to a knowledge of boundary conditions.

Equation (52) is solved at each Newton-Raphson iteration. The algo-

rithm of solving this equation is included in Appendix B [9].

TR R e

The solution of equation (52) gives EAx(i)], which is the difference
between the two iterations i and i-1. When this difference reaches a very
sma!| number, we consider that the solution for the instant of time tee is
satisfactory. Using this solution, we proceed to solve for the next instant

of time.

e e ik s e it
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To start the iteration procedure at any instant of time, a first esti-

mate for the array of unknowns is calcul ated using the expl icit technique.

The explicit technique.

The space-time mesh used for the expl icit technique is shown in Fig. 5.
In this method, the right hand side of equations (24) to (26) are evaluated

at the time level tK. The definitions of JN, JP, G, and R are the same as

in the implicit method. This allows us to directly calcul ate the different

variables at time level t from a knowledge of their values at the pre-

K+1”

vious time Ilevel tK‘ Therefore, Maxwell's equation and the two continuity

equations for points I and J, can be written as:

et = ¥ + attan®n + % - X3 (54)
P** ) = PR + atce®) - RR) + %; WP - w*am1 s
N = 8w + atte®w) - rRR) + -17 N - NKama e

It is clear that the value of E(I) at time level t depends only on

K+1
the values of NWJ), PW), E(I), NW2), and P(J2) at‘:the leve! tK' while the

values of N(J) and P(J) at the level t depends on N@J1), PW1, EGD,

K+1
NCGJ), PWJ), ECI), NW2), and P(J2) at time level tK.
Referring to Fig. 6, only those variables within the pyramid-shaped

area A can have any influence on the value of E(I), P(J), N(J) at time level

tK+1' whereas it is known that the solution of the partial differential

equations depends also on the variable values in B for times earlier than

tK+1' Therefore, this method is used here only to calculate a first guess

of the variables to start the Newton-Raphson iteration at time l|evel tK+1'

Ay
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To start the transient solution, an accurate initial condition is also
required as a boundary condition, which describes the spatial distribution
of the electric field, the hole density, and the electron density at time t

= 0. The 1initial conditions used here are the therma! equilibrium condi-

tions. Chapter III explains in detail the method used to obtain the thermal

equil ibrium conditions along with some computer generated results.

Literature review for different numerical techniques

bl

A. De Mari [1] solved a similar set of coupled non-linear differential

equations using the following assumptions:

AT e Rl

(i)  constant hole and electron mobil ities, i.e., the region where

S

the hole and electron velocities are |inearly dependent on the

electric field, was considered.

f: (ii) the absence of the recombination-generation term.

TETAT ¢

(i1ii) external current excitation in the form of a current step with

a maximum value of current density smaller than what is con-

e sl

sidered for this research.

Using the general ized pure implicit scheme, equation (23) was represented by

3

R

the following difference equation:

: & 2
ki - k=1%i = 3 2(x,t) 3z(x,t)
-—-_-;5¥-_-— = kFi F {ktn——;;ii——Jx.,ktﬁ-—-—L-—Jx1,z(x,tk)}

where
K is the index identifying the instant of time t

K 3
i is the index identifying the spatial point x

- R e R
e SRR P
2

o
{
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At =

K tK is the magnitude of the time step at the instant K.

™ k-1

In DeMari's work a non-uniform two-dimensional mesh in the position and
time coordinates, as shown in Fig. 7, was used. The assigned boundary and
initial conditions specify all the quantities at i =1, i =L, and K = 0.

The boundéry conditions used for the particle density were the same as

presented 1in equation (22). As for the electric field, charge neutral ity

: was assumed at the ohmic contacts. This boundary condition can be derived

from equation (5) to give the following equation:

3EC0,t) _ AE(L,t) _
3 ; = ax’ =0 (57

The initial conditions for n, p and E were either the thermal equilibrium
: distributions or an arbitrary steady state distribution. Therefore, the
three non-|inear equations generate the following system of difference equa-

tions:

E. E.

kAt

n. n.
k'i - k=11 _ k(FII)i (59) 3
kAt 1

Pi. i ek
.'i_i_T't‘_l_‘_ = (C(FIID, (60)

> a

Quantities at instant of time t S.tx-1 at any spatial point 0 < X3 <L are
assumed known. An iterative procedure is employed at each instant of time
; to determine the unknown quantities. Therefore, a third index j was intro-

duced to identify the cycle of iteration, while the correction for the elec-

e 5 i

e e
X
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Figure 7. Time=-space mesh for the generalized
pure implicit scheme
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tron and hole densities An and Ap were defined as the difference between

densities corresponding to two successive iterations.

GHD _ G (D
k475 = k" K" (61a)
G+ _ GHD (D
K2P; = kPi kP (61b)

The quantities labeled K in equation (59) and (60) were identified with the

subscript (j+1) and by using relations (61), the following equations were

obtained:
(j) G+ _ (6))
K(Tn) KAn K(Fn) (62)
(j) G+ _ (j)
K(Tp) KAp K(Fp) (63)
(3+1) _ (i)
KEa = K(FE)u (64)

where Tn and T_ are tridiagonal matrices. The quantities an, aAp, Fn' and Fp

p
are the vectors:

an, s,
ang 8ps
An = . Ap = .
Any_q 4Py-1
Ll b

:
i
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(F), F(Fp)2
(Fn)3 (rp)3
F, = rp = :
(F) et (Fp) §el

Singe the iterative procedure is repeated at each instant t, the index j was
i set to zero each time consistency was reached at one instant. GQuantities
labeled with the subscript j = 0 are then the trial distribution required to
initiate the iterative procedure at the next instant of time.

Scharfetter and Gumme! [2] solved a similar set of equations for a sil-

icon Read diode oscil lator. Their equations did not direct!y contain a dis-

DT P

placement current component. Therefore, after using the difference approxi-

i
f mation in Poisson's equation and the continuity equations, the following set
3
E B of equations were obtained:
- B = g - Ly W - 3 M=11/ax 65)
- W = g + L4 D - 4 (=1)]/ax (66) 1

E(M) - E(M-1)
AXx

=49 2L &
= ;-[p(N) n(N) + ND(N) NA(N)J 67)

where the Mth point is located midway between the major mesh points N + 1

TR LIS M R

and N. The current equations were taken as:

= - -a-E

Jp q uppE KT Yo Ix (68a)

- I equnEeRty & (68b)
4 n Yn ¥n ax

g It was noted that substituting expressions (68a) and (68b) in (65) and (66)

- S AR T T P T A T TR A BT TS A R T
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leads to a numerical instabil ity whenever the voltage change between mesh
points exceeds 2KT/q. Therefore, equations (68a) and (68b) were treated as

differential equations in p and n with Jn' Jp, Hne Hoo and E assumed con-

p
stant between mesh points. The solution of these then relates Jn and Jp to

the other variables as follows:

PN u_ (M) PN+ 1)y (M)
Jp(M = EM Lo e M) ¥ TT=exp(EM 0 (69a)
n(N+1)un(H) n(N)un(H)

Jp(® = EMM (T=exp(=E(Max)) ' (T-expCE(Max)) (§9b)

The hole and electron concentrations were presented by the two component

vector Y; where,

0
Y = f(Y)

i.e., the time derivative of Y equals some non!inear function of Y. If YD
is the initial value of Y, and 3Y is the deviation from this value as time

increases; and,

y(t) = yo + 3y(t) (70)

3 af

+ — 8y

0
8y = f(yo) + My = 3y

I1f M, f, and §Y were ordinary numbers, the solution of (44) is:
sy(t) = (eMt-1) f/m

or

i it e S
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2

Sy(t) = fot(1 + Mt/2 + (ME)T/6 + ...)

For sma'l but finite time step this can be written in the following form:

I
sy(t) = s M
-
or
_ Mt ”
1 ,ro sy = ft @1
Y
The vector Yn was defined as: YN = |7 where y1, Yos Y3 are deviations in
Y3

the hole concentration, electron concentration, and electric field. The

right hand side of the contihuity equation is defined as the vector fN as

f

$ The vector equation that was solved for each increment
2

fol lows: fN

of time is:

2 =
E? HN] (yN) = 2(f (72)

o'N

where

=

CY

<
=

The matrix elements of M are defined by the expanded form of (72) shown

below:
o Oh e oo | oxja |1 + 73
+
"y Yy M=l N 1Yz w Y2| N+t
+ (FL)

Y= *+ (FR), y; = (RH)
M 3" M SH N
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where: (RH)N = Z(fo)N, the 2 x 2 matrices XL, XM, and XR are obtained by
taking the partial derivatives of fN with respect to Y4 and Y, at mesh
points N-1, N, and N+1 respectively, while the two component vectors FL and
FR are obtained by taking the partial derivatives of fN with respect to Y3
at mesh points M and M-1.

The boundary conditions were introduced by requiring that Jn in equa-
tion (68b) 1is equal to the terminal current density at the N-contact and
that Jp in equation (68a) is equal to the terminal current density at the
1 P-contact. In addition, the electric field at the two end metallic contacts
] is assumed to be zero.

Lee, Lomax, and Haddad [3] also solved a similar set of equations for
S$i avalanche-diode oscilltors, using the implicit and explicit techniques.
The recombination term was ignored in using the imp!icit technique. In the
expl icit method, the time space mesh shown in Fig. 5 was used to derive the
difference equations. The unknown parameters at the instant t = tK+1 were

obtained as follows:

K+l _ K Y
E pj = Dj + At [-a-t-Jt = K
" K+1 K . 3N
K1 _ K+ IE
By = Epq t A Rt - ke

For each time advancement, the time step At is not a constant. It has to be
determined at each time step to satisfy certain numerical stability condi-
tions in order to insure that the numerical model does not result in oscil-

latory behaiior and diverge.

E
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In the implicit method, the time space mesh shown in Fig. 2 was used.

The vector @ and the vector F were defined by:

_ P
[el = INI

_ |FP| _ |aPrat
CFl = |FN| 2 |aN/at|

The objective was to find a difference equation to approximate the continui-
ty equation evaluated at the instant of time hal fway between the Kth time

step and the (K+1)th time step or:

9QKH1/2 _ o K#1/2 _ 0K, 3 oK, AQ
EETJ = [F] = [F]" + sa[F] > (74)
) K , AE
+ 3E CF] >
2 9 K, _ 9 K . 3 K
X3 ﬁ CF] [aQ] a—E[F] [CAE] 2CF] (75)

Equation (75) is identical to equation (73) of Scharfetter and Gummel,
although the argument used in deriving equation (75) was different. The
above equation is solved for each instant of time.

At the boundaries, it was assumed that the surface state density is
high enough so that surface recombination velocity is infinite and the sem-
iconductor is extrinsic; hence the particle densities at the boundaries as-
sumed their thermal! equil ibrium values. For D. C. solutions with constant
current, the value of the electric field at the boundaries was chosen itera-
tively such that the space average of particle density over the active re~
gion of the device was equal to the specified D. C. current.

As a conclusion, the explicit method is very inexpensive for each ad-

vancement of At but because the size of At is |imited by the stability con-

S s Y-




ditions, it may become expensive when the particle densities are high, the
mobil ities are high, or when the simulation is to be carried over a long

time duration. The implicit method is complicated and is more expensive for

each At, but it is more stable numerically. Also, the time step At can usu-~

ally be made very large. It has been observed that if the initial guess is
not good the implicit method sometimes becomes unstable when A t equals in-

finity, i.e. for steady state calcul ations.
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CHAPTER III

THERMAL EQUILIBRIUM CONDITION

This chapter describes a numerical method used to obtain an accurate
distribution for the electric field, the hole density, and the electron den-
sity at thermal! equilibrium. The thermal equi! ibrium solution is used as a
boundary condition for the transient problem as discussed previously in
Chapter II.

In this formul ation one hés compl ete freedom of choosing the semicon-
ductor device structure between the two ohmic contacts. Thi~ ‘s accom-
plished by specifying the acceptor and the donor impurity distribution.
Al though the formulation presented could easily be modified to include de-
generate semiconductors, Boltzmann statistics are assumed.

The thermal equilibrium condition is, by definition, with no applied
voltage and no net current flow. The solution is obtained by accurately

solving Poisson's equation:

_ 2%

+ 4 . ) T
- Ftb CP(x) N(x) + No(x) NA(x)] (76)

ax

A semiconductor device consists of bulk regions and transition regions.

As an example, Figure 8 shows the electron energy band diagram, and the po-
+ :

tential variations with distance for a P -N structure. By using the fol low-

ing definitions:

0r(x) = V(x) = EF(X) - E; () (77a)

Tl fois




-'49 -

¢ s B S “\\\\\

’ \\-_-—-_-.—_-—
“\\\\\ &

% Ty v(x) = EF(x)-Ei(X)

5 .

Figure 8, Band diagram and potential variation for
P+-N structure

(b)

(a) electron band diagram
(b) potential variation with distance
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o(x) = Vi -Or(x)

VT = KT/q (77¢)

Each term of equation (76) is written as a function of ¢(x) as follows:

2 >
i aZV(x) s 370, (0 = - VT [?Z!(x{]

ax axz 3)(2

= -¢ (x)
n,.e

¢(x)
=n; e

+
No(x) No(x)

+
NA(X) NA(X)

4 + exp
-

where ED and EA are the donor level and the acceptor level as shown in Fig.

9. Also,

]
= (ED - Eg/2) + $(x) (83a)

EF - ED

E . (s; - Eg/2) - ¢(x)

A B

Therefore equations (81) and (82) can be rewritten as:




(b)

Figure 9. Donor and acceptor levels
(a) for N-type
(b) for P-type




N;(x) = N0

+ -
NA(x) = NA(x)

Yigg!
: éVT(ED Eg/2)

1 ]
(E, - Eg/2)
dis éVT A

By substituting equations (78) to (80), and (84) and (85) into equation

(76), equation (86) results:

o 32 (x)

9 -
= Teovn

No(x) ANA(x)

-¢(x) $(x)
n.e - n.e + -
[ i i T eQ(x) PR e-o(x{J

In order to solve equation (86) numerically, the device is divided into
(M-1) spatial steps. The second order derivative is approximated by the

three-point finite difference formula. Therefore, for point J in Fig. 10,

equation (86) reduces to the following:

$0J2) - 9(J) _ 9Cd) - ¢ID)
HCJ) [T¥ED) .
ACIY + AGID = 'rgmc.
LI RALLEL)




ND(J) 4NA(J)

-$(J) ¢ (J)
n.e -n.e + - —
[ : ? 1+2ae¢(J) 4+be '(J)J

or

GLe U1 ,0C) 060221 =0

H( oW1 = (HWI+HW 1) (D +HUND$ (UD)

qHCIIHCIT) CHCI) +HCS1) )
2.€.VT

+

@87

T P RO
i N i BRI B LoD
1+2a¢ 4tpe ¢V

Equation (87), for all points 2 < J <M-1, is solved using a Newton-Raphson
iteration method. To start the iteration procedure, a first guess for ¢(J)
is required at each spatial point. This guess is obtained by assuming
charge neutral ity throughout the whole device. Al though this assumption is
not valid outside the ou'k regions, the solution of ¢(J) in the transition
regions will be corrected after a few iterations.

Therefore at each spatial point the following non-linear equation is
solved using Newton's Method.

ND(J) ANA(J)

=0y = 0 (88)

-4 (J) ()
FLe )] = n;e L AL LT P + -
\ . 1+Zae‘(J) 4L+be

A first guess for Newton's method is easily obtained as follows:

For N-type regions, ND(J) = N(J) and NA(J) =0

b i

A
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J=1 J+1
=]l =J2

Figure 10. Spacial steps for thermal
equilibrium case
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Figure 11, Using the same points as space
charge points and field points
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¢(J2)
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Figure 12, Different space charge points
and field points




N, (J)

$(J) = InC ,‘: ) (89a)

i
while for P-type regions, NA(J).s P(J) and ND(J) =0

: n.
1 s 1
¢J) = '"(—NA(J)) (89b)
Starting with either equation (89a), or (89b) the correction in ¢WJ), for
each iteration is:
£ L}

A ¢ J) = -F[¢K(J)]/F EQK(J)]

K+1
The iteration is repeated until AQK(J)IQK+1(J) is very small. Then having

the space charge neutrality solution, the Newton-Raphson method is app!ied

to solve equation (87) as follows:

a.’f" 20(J1) + a_:%_)_ 26 () + T:i‘f‘z? 26(J2) = -6 (90
or
A8OCIT) + B AW + C a0 = D, o

This procedure is repeated for (M-1) spatial points. Using the boundary

condition of %%-= 0 at the ohmic contact or:
A6 (1) = 44(2) (92a)
A¢ (M) = Ap(M-1) (92b)

The following matrix equation results:




et L e =

S

b
i
¥
%
?
i
|
g
f
1
5
¢

Cy

Au-1 Bu-1

A¢ (M-1)

- -

Equation (93) is solved for each iteration by using the algorithm of Appen-
dix B. The iteration is continued until A¢(J)/9(J) reaches a very small
number for 2 < J < M-1. Knowing the exact spatial distribution of ¢(x), the
electron and hole distributions are easily obtained from equations (79) and
(80).

To calcul ate the electric field, one has to keep in mind that the =zero
electron and hole currents are the main numerical constraint for thermal
equil ibrium. At this point we have to make a decision on whether to use
different space-charge points ahd field points, or to consider all points as
space charge and field points. Also a decision has to be made on whether to
calcul ate the electric field directly from Poisson's equation, or to calcu-
late it from Jn = 0 and JP = 0. In the following discussion, these four

possibil ities are investigated and compared with each other.

(a) Usiqg the same points as space charge points and field points:

The following quantities are defined according to Fig. 11.

Q) = or(J)IVT




A0 IT) = () - oI

Ad(J) = 9(J2) - o (D)

INGI) _ NG = N1 _ M [em) + 800 _ (D) - Aoc.m]

ax 2AX 2AX
= NQWJ) [L86C8) _ -86C41)
7 T [e e ] (94)
P M [0 - 80C0) | meD) + 200N
ax 2AX
_ PQ) [-ae () _ _aeJ1)
= e e ] (95)
- A VI*NGJ) 8¢ ()__-4¢UJT)
JNCQJ) .qun[E(J) NQJ) + T (e e )] (96)
JPCI) = qu LEC) Py + YIPU) (84U _mas D)y, 97
p 2AX
(i) Using Poisson's Equation:
a’r' (A
& = —yrfae I + 49 (J))
EW) i VT SEX (98)

If 4¢(J) and A4¢(J1) << 1, the exponential terms of equations (96) and (97)
can be approximated by a |inear term and gnly then JN and JP will have a
zero value.

The total potential variation across a typical transition region, as

shown in Fig. 8, is about 0.8 volts. If this region is divided into a 100

spatial points, the average value of 4¢(J) will be given by:




20Cd) = 3.;5 . 'ﬂ1m = 0.3 which is not << 1

Therefore, this method requires a very |arge number of spatial points, which

makes it difficult to use.

(ii) Using the current equations:

In order to calcul ate the electric field from equations (96) and
(97) so that JN = JP = 0, a¢(J) has to be equal! to a¢(J1), which is not the

case, expecially if a non-uniform mesh is used.

!

(b) Different space-charge points and field points:

Fol lowing the same argument as in (a) and using Fig. 12, we get:

n.

INCD) _ 75 (o€ + 80C0) _ LoD 99
X AX
_ NG aeC) _
i T Ce 1]
n.
PCL) . 3 om¢J2) _ =0 (J2) + 80(J), (100
ax AXx
PCJ2) - 00 ()
= T C1 e ]
for E < 0:
INCD = qu CECD NG + ﬂ&‘i’- (29 qy3 1on
i . VT*PWLI2) . 28CJ)_
JP(I) = quptE(I) PWJ2) + S (e 1] (102)

(i) Using Poisson's Equation:




ECI) = -%m) (103)

As in case (a-i), the use of Poisson's equation requires a very |arge

number of spatial points to insure that JN = JP = 0.

(i1) Using the current equations:

From equations (101) and (102), one can easily obtain a value for

the electric field to satisfy the zero current requirement
e =¥ (1 - 2 (104)

Therefore the electric field is calcul ated using equation (104).

It should be noted that for small values of 4¢(J), equation (104) can
be approximated by equation (103). Therefore, in order to satisfy both the
zero current condition and Poisson's equation, 84(J) should have a small
value 1inside the‘P+-N transition region. As a result, a uniform space-mesh
is safe to use in the case of a low doped N-region, while for high doping
where the potential variation in the P’ =N transition region is large, a
nonuniform space-mesh is necessary.

Al though all the formul ations and numerical methods apply for any two
terminal one-dimensional semiconductor device, from now on we will be con-
cerned with discussing and presenting the results for the pt-N-N* diode

structure.

Device under consideration:

The typical construction of a semiconductor P’—N-N’ diode is illustrat-

ed 1in Fig. 13. The junction may be circular with a diameter of 3 mils to 5

3

mils. The light!y doped N~ bulk semiconductor may be doped from 101‘/cn to

3

1016Icn and has a thickness (w) from 10 microns to 300 microns. The

3 20

P’-region is heavily doped from 1018/cu tor 10 Icus. The N*-region is




Aluminum
Contact

Sio

10 to 30 mils nt

/

Large Area Ohmic Contact

Figure 13, Cross section of a typical PPt junction,
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3

doped at about 1019/cn » and its thickness (b) may vary between 10 and 25

mils.
The doping profile of both the Pt and the N* regions is approximated by

the comp!ementary error function distribution as in equation (105).

C(x,t) = Cs erfc (——) (105)
2/t
where:

C. 1is the constant surface concentration

D is the diffusion coefficient

t is the diffusion time required for C(x,t) to
reach the doping concentration of the N-type
at the physical junction location x.

In this chapter, the thermal equil ibrium solution is presented for two

14/cm3

device structures. The first device has a low doped N region of 10
and a total length of 10 microns. The metal lurgical junction of the pr-N
transition region is located at a distance of 1.6 microns. Figure 14 shows
the uniform space mesh used with 198 spatial steps, 198 field points, and
199 space charge points; only the space charge points are indicated in Fig.
14. Figures 15 and 16 show the electric field spatial distribution and the
carrier density distributions.

The second device has a total length of 20 microns. The doping density

3 in order to match

of the N-region is chosen to be equal to 2.64 x 1015/cn
the fabricated device discussed in Chapter VI. A non-uniform space-mesh is
used with 239 spatial steps, 239 field points, and 240 space charge points.
As discussed before, the point density is highest inside the p*-N transition
region, to insure a small potential variation ""r(J)"' Figures 17 and 18

show the electric field distribution and the carrier density distributions

T

i e




of the second device.
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ELECTRONS AND HOLES (CM )
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Figure 16. Electror and hole density distribution of thermal
equilibrium for diode #1
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Figure 17. Elect'rlc field distribution at thermal equilibrium
for diode #2
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CHAPT:R IV

REVERSE PULSED CASE

In this chapter, the numerical technique and the formulations of
Chapter II are used to solve for the transient behavior of the two P*-N-N*
structures previously considered in Chapter III.

The device of 10 microns length and 10"’/cm3 doping density 1is con-
sidered first. The thermal equilibrium conditions of Figs. 15 and 16 in
Chapter III are used here as the initial conditions. The external excita-

2 ampl itude,

tion 1is 1in the form of a negative current step, of -10 amp/cm
and 0.1 nanosecond rise time. The numerical solution simulates the device
transient behavior, between the thermal equilibrium and the steady state.
The time step "A t" is chosen, when implementing the computer program, in
such a way that a converged solution is obtained after a maximum of five
iterations for each instant of time. If not, a new At is chosen.

Fig. 19 shows the applied current density vs. time, along with the
ouput voltage vs. time. The time axis is divided into three regions, A, B,
and C. Region A describes the behavior between thermal equilibrium and
punch through ofA the N--region. Region B 1is the period between punch
through and the beginning of impact ionization. Region C describes the
aval anching period unit! a steady state solution is reached.

The spatial distributions of the electrons and holes, displacement
current density, carrier current densities, and electric field for the in-
stants of time indicated in Fig. 19 are shown in Figs. 20 through 38.

The transient solution of region A is shown in Figs. 20 to 23. Immedi-
ste'y after the current step application, the electric field will change in

4 whart period of time in order to support the total current. Therefore,

TR
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the displacement current component will be equal to the total current

throughout the whole device according to the following equation:

Sl AR
J (T-O ) - E-s-t-

Shortly after the step application, the build-up of ohmic voltage across the
heavily doped P+-region causes the total current to be carried by the major-
ity carriers (holes) instead of being carried by the displacement current.
Similarly, in the N-N* region, the total current will be carried by majori-
ty carriers (electrons). 1In the pt-N depl etion region, the carrier densi-
ties are very small, too small to support any current. Therefore, the total
current will still be carried by the displacement current component as shown

9 3J

in Fig. 21. At this stage, the-a —

% term of the electron continuity

equation near the depletion region is negative in the N - region. Also, the
--% -;;g term of the hole continuity equation is negative between the P+ -
region and the depletion region as shown in Fig. 20 for times t1 to té.
Mathematically this causes recombination of majority carriers near the de-
pletion region. Physically it represents extraction of majority carriers,
or in other words, depletion. This carrier depletion is shown in Fig. 22
for region A. As the N--region continues to deplete, the displacement
current component replaces the electron current component. Therefore, the
electric field increases negatively in the depletion region until punch-
through at time té. These electric field distributions are shown in Fig. 23
for region A.

In Region B, the current is mainly carried by the displacement current
in the N--depleted region as shown in Fig.’ZS. The carrier depletion con-

tinues at a much slower rate as shown in Fig. 25. The electric field con-

tinues to increase negatively until it approaches the avalanching value of

R R
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about -2x10s volt/cm at time t13 as shown in Fig. 27.

Region C describes the aval anching part.of the transient behavior as
expl ained graphically in Figs. 28 to 35. 1In the first part of this region,
the electron and hole impact ionization coefficients increase very rapidly
as the electric field continues to increase.

At this point, it should be noted that since no acceleration terms are
present in the equations, the response of the carriers to the electric field’
in a computer simulation is instantaneous. Wwhereas, it is known that some
time delay does occur due to the fact that a particle needs time to ac-
celerate and ful ly respond to the app! ied field.

Therefore, the rapid increase of the impact ionization coefficients
causes the carrier densities to reach a high level . These large carrier
densities combined with the high electric field result in the particle
current density components assuming values which are higher than the exter-
nally applied current density. This in turn causes the displacement current
to switch to a positive value. This situation is illustrated by the curves
of the time instant t19 in Figs. 28 to 31.

As soon as the magnitude of the electric field drops, the impact ioni-
zation coefficients and the particle currents decrease, and again a large
portion of the total current js carried by the displacement current com-
ponent as illustrated by the curves of the time instant tZO in Figs. 32 to
35. This trade-off between the particle currents and the displacement
current causes the output voltage to fluctuate around an average value as
shown in Fig. 19 until near steady state where the particle current densil
ties replace the displacement current component as shown in Figs. 32 and 33.
At steady state, the displacement current component vanishes throughout the

whole device. Also, the generation rate due to the avalanching mechanism is
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balanced by the rate of carriers extraction, and the Shockley-Read-Hall
recombination rate. In other words, the two continuity equations reduce to

the following two equations.

: 3J
B 110n
G R+-q- o (106)
aJ
BT | P
G = -R 3 I7% (107)
where:
G =

aly | + BlJpl

2
pn - n;

To(p+n+2ni)

From equations (106) and (107), it is clear that at steady state the

following condition has to be satisfied

J )
1 WL T ECR
st g I (108)

The steady state solution is shown in Figs. 36 to 38. The solution in
Fig. 19 is obtained by dividing the time axis into a thousand non-uniform!y
spaced time steps. The time steps have relatively small values in region A,
where the time variations of all the physical quantities are changing very
rapidly. In region B, the time steps are made larger since the electric
field is mainly the variable quantity. In_region C, the time step is re-

duced again in the avalanching period. As the steady state approaches, the
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time step could be adjusted to a very large value without any loss of accu-
racy. This is one of the very important advantages of using the iterative
implicit technique.

The time levels of the different points indicated in Fig. 19, along
Wwith their time step number and the output voltage are summarized in Table
2.

Similarly, the transient behavior of the second device of 20 microns

length and 2.66 x 10"°/cw>

doping density is presented in Figs. 39 to 51.
The thermal equil ibrium conditions of Figs. 17 and 18 in Chapter III are
used here to initiate the transient solution. The external excitation is in
the form of a negative current step of =100 anplcuz ampl itude, and 0.1 nano
second rise time.

Figue 39 shows the external app!ied current density vs. time, along
with the output voltage vs. time. The spatial distributions of the electron
and hole current densities, the displacement current density, the carrier
densities, and the electric field for the instants of time indicated in Fig.
39 are shown in Figs. 40 to 51. There are mainly three differences between
this device and the first device previously considered:

(1) longer device

(2) higher doping in thé N -region

(3) larger amplitude of the externally applied current step.

The second difference causes a s!ower rate of the N -region depletion,
which is combined with the first difference result in a partial depletion of

the N -region at steady state. The second and third differences are respon-

sible for the higher electric field, and for more voltage fluctuation near

steady state.
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Table 2. Output voltage as a function of t’me

Region Time Level Time in Number of Output’ Vo' tage
Nano Seconds Time Steps in Volts
t] 0.2 20 - 0.606
tz o.l' "0 i '-38
t3 0.6 60 - 2.38
A
th 0.8 80 - 3.62
ts 1.0 100 - 4.99
t6 1.2 120 - 6.4
t7 los ]80 o 8056
t8 2-] ZAO * 12-93
t9 3.0 360 = 19058
th 1.4 520 - 83.84
t12 14.4 580 -107.31
t]3 ISOS 750 “'h7058
tlh 23.5 800 -179.43
ts5 24,5 810
th 25.§ 820 -194.63
tl7 26.5 830 -202.65
C tlS 27.5 840 -210.683

tyo 29.5 860 -210.68
tyy 37.5 940 -213.05

steady t23 38.0 945 -213,04

state tzh 43.5 1000 -213.04
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Figures 40 to 43 demonstrate a very interesting phenomena in the sense

that after time t3 (=1.8 ndnoseconds) both carrier depletion and aval anche
mul tipl ication are simul taneously present. This is due to the triangular

shape of the electric field. Therefore, the high electric field near the
metal lurgical junction causes avalanche mul tipl ication, while the negative

3 aJ
L. 0l and - 1 P
q q

terms of Ty s
tion, cause carrier depletion. This is very clearly illustrated in the

in the low field regions, away from the junc-

curves of the time instant ts. Figs. 44 to 47 show the spatial distribu-
tions of the different quantities at one of the voltage fluctuating time in-
stants t6 (= 4.8 nanoseconds), while Figs. 48 to 51 show the steady state
solution at time instant ts, (=8 nanoseconds). The time levels of the dif-
ferent points indicated in Fig. 39, along with their time step number and
the output voltage, are summarized in Table 3.

To summarize the reverse pulsed conditions, the device with low doping
density and short N -region depletes at a relatively fast rate until punch
through 1is reached. The electric field 1increases uniformly in the
N -region, until the onset of avalanche by impact ionization. On the other
hand, the device with high doping density and long N -region does not fully
deplete. In this case the electric field increases while keeping its tri-
angul ar sﬁape in the depletion region until it reaches avalanche. In both
cases, the steady state condition is satisfied when the rate of generated
carriers via avalanche mul tipl ication is balanced by the recombination and

depl etion rates as shown in equations (106) and (107).
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Figure 40, Electron and hole current density distributions for
time instants t' to ts as shown in Figure 39
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Figure 44, Electron and hole current density distributions for time
instant tg as shown in Figure 39
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Figure 46. Electron and hole density distributions for time instant
t6 as shown in Figure 39
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Table 3. Output voltage as a function of time for Figure 39

! Time Level Time in Number of Output Voltage
: Nano Seconds Time Steps In Volts
- t 0.6 60 = 1913
t ' 1.2 120 - 22,895
2
! ts 1.8 180 - 45,16
5 30 240 -117.86
t tg 3.6 300 -166.68
i tg 4.8 420 ~142,99
t, 8.0 560 -150.2
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CHAPTER V
FORWARD PULSED CASE

The main purpose of this chapter is to explain the unexpected!y high
vol tage which appears across the P+-N--N+ structure when pul sed with extreme
current densities in the forward pul sed direction. A qual itative discussion
is presented first, followed by the computer simulation results using the
conventional Shockl!ey-Read-Hall recombination term 1in the two continuity
equations. Discussion of the results leads to the prediction of an effec-
tive transient |ifetime which varies with time and reduces to its equilibri-
um value near the steady state condition.

In the P*-N"-N* structure, there are four regions which may give rise
to the unexpected high vol tage across the device, the heavily doped pt and
n* regions, the P*-N" transition region, and the N region. The heavily
doped regions operate under low level injection conditions; therefore, their
ohmic voltage drop is almost nonexistent. The voltage across the pr-N"
transition layer is very small due to the forward biased condition. There-

fore, the low-doped N region must be considered the cause of the large vol-

tage. This can be explained by considering the behavior of an N-type sem-

iconductor at an extreme current density. At relatively low current densi-

ties bulk silicon will obey Ohm's Law and the current density is given by

equation (109) and (110).
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electron concentration, #/cm

1.602 x 10~19, coulomb

o
]

oy mobility, cmzlv-sec

t = electric field, v/cm

Vd = average drift velocity of the carriers, cm/sec

This relationship is valid at low values of electric field. At larger elec-
tric fields (or current density) the mobility will become field dependent
[5] as shown in Fig. 52.

At electric fields below the critical value for avalanche breakdown,
the electron concentration is constant. The resistance of the bulk region,
therefore, increases as the electric field increases. Since Fig. 52 is for
very pure material, for doped material one would expect the slope to be
smaller at low values of the electric field. However, in both cases at an

4

electric field of about 2 x 10 v/cm the electron velocity approaches a

scattering-!|imited value of about 107 cm/sec. Much higher electric fields

’ v/cm before the scattering |imit-

are required for holes in silicon, 2 x 10
ed velocity is obtained. For N-type silicon an applied field in excess of

104 v/cm, the velocity being scattering-limited, implies a large resistivi-

ty. Or, looking at it from the current standpoint, by using equation (110),

e

Gk
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Figure 52. Electron and hole drift_velocity vs, electric field
for pure samples of Si.
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Y= oWy, = 10" x 1.602 x 10719 x 107 = 160 Amp/cm?

1 3

in the high resistance region, for an N-region doped 2zt 10 4/cn » where

N2N below avalanche. This implies that the larger the N-region is

DI
doped, the larger the current density needed to place it in the high resis-

tance region. If the bulk N-region is 7 microns, then,
2 4 -4 _
V=2x10 v/ecm x 7 x 10 * = 14 volts.

This voltage appears across the bulk region alone, independent of the junc-
tion being forward or reverse biased.

At current densities larger than 160 Amp/cmz, ;d cannot increase;
therefore, the electric field increases to the avalanching value to generate
enough carriers to support the larger current density. This occurs at an
electric field of about 1.5 x 10s V/cm for electrons in silicon. In this

case, the voltage across the bulk region is at |east,

5

V21.5x10 x7x 10°% = 105 volts.

In the diode structure, these bulk effects are coupled with the junction ef-
fects. As discussed in Chapter II, the time variation of the minority car-
ries follows the time variation of the electric field due to the relaxation
time constant being shorter than the transit time.

To study the behavior of a P+-N-N+ diode following the application of a
low level current pulse, we assume that the diode is initially at thermal
equil ibrium. To insure that the device will reach a final steady state be-
fore the pulse end, we assume that the pulse width is greater than five
times the transit time of the N region. Immediately after the pulse app!i-
cation, the electric field will change in a short period of time in orlier to

support the total current. Hence, the displacement current component will
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be equal to the total current throughout the device according to the follow-

ing equation:
= &) 9E

As time proceeds, one can investigate four separate regions. After a
time of the order of the dielectric relaxaticn time constant in the two
heavily doped regions, the build-up of ohmic voltages causes the total
current to be carried by the majority carriers (holes in the P+ region and
electrons in the N' region).

Similarly, in the low doped region, the majority carrier current will
replace the displacement current after a period of time of the order of the
dielectric relaxation time constant in the N -region. In the P*-N" transi-
tion layer, the minority carriers start to diffuse and charge the transition
layer capacitance. This pﬁenomena needs a period of time in the order of
the transit time, during which the hole and electron currents replace the
displ acement current in the transition layer.

If a large current pulse is applied to the P*-N--N+ diode, initially
the voltage that would appear across the diode will be the sum of the vol-
tage across the transition region and the ohmic voltage drop across the N
region, as discussed in the low current pul se case, except that the ohmic
drop in this case is much larger due to lower mobility of the carriers at
the higher electric field. As the minority carriers start to diffuse, the
N~ region will operate under high injection conditions, conductivity modul a-
tion will start, and the voltage across the N -region will begin to decay
with a time constant approximately equal! to the transit time.

1f an extremely intense current pulse is applied, the large current

density will initially be carried by the displacement current component.

SR TP r»..iaﬂ‘-!ﬁ?%
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The majority carriers in the N~ region will not be sufficient to replace the

displacement current; therefore, the electric field increases very rapidly
to create avalanche, which in turn generates enough majority and minority
carriers to replace the displacement current. In this case the N region is
under high level injection, and yet the voltage appearing across the device
is wvery high. As the injection and diffusion process has time to take
place, the electric field necessary to support the current decreases.

In the remainder of this chapter the numerical method of Chapter II is
used to solve for the transient behavior of the pr-n-n* structure, with
external excitations in the form of current steps with different amplitudes
and rise times.

The device under consideration is the first device presented in Chapter

3

II1 with a Ilow doping region of 101‘/cm , and 7 microns width. The total

device length is 10 microns. The N -region "lifetime" is 4 x 1078 seconds.

External excitation in the form of a low current step

A relatively low current step is first applied to the device initially
under thermal equilibrium. The thermal equilibrium solution is described by
Figs. 15 and 16 in Chapter 111. The current step has a rise time of 1.25
nanoseconds, and an amplitude of 1 anpere/cnz. The response of the device
is illustrated in Figs. 53 to 57. The terminal voltage v(t) as a function
of time is shown in Fig. 53 along with the external excitation J(t). Figs.
54 to 57 show the electron and hole current density components, the dis-
placement current density component, the carrier densities, and the electric
field as functions of position for various instants of time.

Immediately after the current step appl ication, the current will be to-
tally carried by the displacement current component according to equation

(111). As soon as any electric field is established in the heavily doped

bi Lo
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regions, the current will be carried by the majority current component.
This situation is illustrated in Figs. 54 and 55 for the time instant t1
where the total current is equal to 0.2 anplcnz. At this time level, the
current is partially carried by the majority carrier component, and partial-
|y by the displacement current component in the low doped region, while it
is totally carried by the displaceuent current component in the depletion
region. A positive displacement current means an increase in the electric
field, or less negative value as shown in Fig. 57. After a short time, the
current in the N -region will be totally carried by the majority carrier
component. This occurs within a period approximately equal to the dielec-
tric relaxation constant of the N -region. This is illustrated by the
curves of the time instant t2' where the displacement current is still equal
to the total current in the depletion region. At time level t3, the deple-
tion region becomes narrower due to the increase in the electric field, and
to some carrier diffusion across the junction. This causes the electron
current component to further replace the displacement current component on
the right side of the depletion region. At this point, it shou!d be noted
that one of the main differences between a forward biased junction and a re-
verse biased one, is the sign of the spatial derivatives of the electron and
hole currents near the depletion region. In Chapter IV it was shown that

these two terms cause carrier recombination or in other words carrier deple-

tion near the reverse biased junction. From Fig. 54, it is clear that the

3JP
X

tive near the depletion region. This causes electron diffusion from the

%-l%%! and --% I terms of the particle continuity equations are posi-

-~ + P 5 + &
N -region to the P -region, and hole diffusion from the P -region to the
N -region. As time proceeds, these carrier diffusions increase and cause

the electric field to decrease in the N -region and also cause the displace-

T . T > BT A1t AT T (R TN i
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Figure 54, Electron and hole current density distributions for
time instants tl to t6 as shown in Figure 53
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Figure 55. Displacement current density distribution for time
instants Y to t6 as shown in Figure 53




s—
.~

-
o

"

t

L]
&

ELECTRONS AND-HOLES (CM )

2SN

u

Y0 oevicE Lensth v mickls

Figure 56. Electron and hole density distributions for time instants
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ment current to decrease in the depletion region. This process continues
until steady state, where the displacement current goes to zero throughout

the entire device, and the total current is carried by both electrons and

B o ot o M o

holes as illustrated by the curves of the time instant t6 (which is near
steady state). It should be noticed that after a time of the order of t2,
the disp!acement current in the N-region is almost non-existent compared to
that in the depletion region. Therefore, any time variation of electric

field inside the N -region does not affect the output voltage for this level

of injection.

External excitation in the form of extremely high current step

An extremely high current step of 104 Amp/cm2 ampl itude and two pico é

$
:
;
:
:
2
:
a
§
3

: 4 : : + - 4 :
seconds rise time is appl!ied to the P -N -N structure. The computer simu-
lation results are iilustrated in Figs. 58 to 69 for nine instants of time.

Shortly after the step application (t1 and t.), the current in the heavily

2
doped regions is carried by the majority carrier components, while the dis-

placement current equals the total current in the low doped and the dep!e-

tion regions. As shown in Fig. 59, both quantities - %.Iﬁig near the

X
aJN

x| near the N+-region are positive and have very large

P+-region, and -% I

values due to the high current level. On the other hand, the quantities

2 ¢ |aJP aJN
q |ax ax

This causes a very large number of holes to diffuse from the P*-region to

near the N+-region and-% I near the P+-region are very small.
the N -region, and a similar amount of electrons to diffuse from the
N*-region to the N -region. In other words, the P*-N" and the N*-N" transi-
tion regions show identical behavior. This increase of the diffused car-
riers causes the hole current to replace the displacement current in the
left side of the N -region, while the electron current replaces it in the

right side. Also it is clear from Fig. 62 that the electric field increases
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very rapidly with time, due to the large displacement current value, until
it reaches an avalanching value. At first (t1 and tz) the avalanche multi-
plication effect is noticeable in the hole increment. As the electric

field, the electron current, and the hole current increase, the avalanche

mul tipl ication gets larger. As a result, the avalanched carriers start to

S
§
o
.

E : : play a role in current transport as shown for time instant t3. This process

continues in Figs. 62 and 64. The carrier levels increase due to diffusion
and avalanche multiplication, the particle currents increase, and as a

result, the displacement current decreases, then switches to a negative

value as the particle currents become larger than the external applied
current. This causes the electric field to decrease in the N -region, and
consequently, the output voltage decreases as shown in Fig. 58.

To reach a steady state, the displacement current and the time varia-

tion of both holes and electrons should go to zero values or,

JN + JP (112)

n
[
~+

PN - n2
i i =1 [adr] 1 |auN (113)
10(P+N+2ni) q jax q |9x
equation (112) is satisfied for time instants t8 and t9 as shown in Fig. 67,

but the condition of the following equation is also satisfied,

f e
' p ! IiJl| o | |°_J£| PG g (114)
q |ax q |9x o0 P+N+2ni)

This is again due to the high current values. Equation (114) causes

the carrier levels to keep rising throughout the entire device until the

minority carriers in the heavily doped regions become comparable to the dop-
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Figure 59. Electron and hole current density distributions for time

instants Y to t3 as shown in Figure 58

LR TR v 7T . e




v,

= J25 '~

11000 -

s 40

1 i 1 i

DISPLACEMENT CURRENT (AMP/CH )

g

-10¢0 -

[\

.00

Figure 60,

w; T
1.00 2.00 3.00

. ) .20 7. ? . /
oevICE Leneti i nickéls Y 0% M0 e

Displacement current density distribution for time instants
t, to t3 as shown in Figure 58

2 ks Bl




TR T

as shown in Figure 58

- 126 -
20
10
D e W e 7 e o e

w0l N S

L) \‘ //

w Jr \ > — —_
i v
§ m“-b ,‘
. (/
. !
2 .
(2} \\
£ o
o
@

10 ‘- \

10 ‘qb

10 ‘-.

.00 1.00 2.00 3.c0 w}& LENGmeIN ﬂic%&?‘s 7.00 8.C0 9.c0
Figure 61, Electron and hole densities for time instants t = 0 to t3

s it




- 127 -

260.0

2
-3
1

Gt

8
o
1

8
°
1

ELECTRIC FIELD IN KV/CM

60.0 ~

ca 1.c8 2.00 2.00 3 8.50 9.0 10.00

i | T T
..o .CO 6.
cevid Leretin mickSs

Figure 62, Electric field distribution for time instants t = 0 to t
as shown in Figure 58 3
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Figure 63. Electron and hole current density distributions for time
- instants t, to t7 as shown in Figure 58
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Figure 64, Displacement current density distribution for time
instants t, to t7 as shown in Figure 58
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Figure 67. Electron and hole current density distributions for time §
instants tg and t9 as shown in Figure 58 3
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Figure 68. Electron and hole density distributions for time instants
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tg and t_ as shown In Figure 58
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ing density, which causes the current at the ohmic contacts to be carried by
both Fhe minority and the majority carriers, in such a way as to reduce the

particie current derivatives and to satisfy equation (113). This situation

continues until t9 where the output voltage drops to a value of 2.1 volts
without reaching a steady state.

From the results presented previously, it is clear that although the
present formulations are adequate in explaining the transient response for
relatively low current densities, it fails to give a physical explanation
f:-: for extreme current levels, where the device is too far from the equilibrium
3 condition. This is mainly because in the forward bias case, the present

formul ation does not provide a means of extracting any plasma formation in

the N -region. Having that in mind, the transient response of the previous

section 1is reanalysed during three stages, the excess diffusion stage near

t=0, the impact ionization stage, and near steady state where the displace-

ment current is very small.

YT

The excess diffusion stage and the transient |ifetime prediction

The transient behavior near t = 0, for example time instants t1 and tZ'

is shown in Figs. 59 to 62. The time rates controlling the electron and

hole changes are described by the two continuity equations:

W 1 |aJN
, L g a+e+a|ﬁ_‘ (115)
§
. and
LA -1 |aJe
: R f G a l | (116)
where
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rO(P+N+ "i)

and G assumes a small value at this stage.

aJP

The extremely high value of |3;— compared to |3i!

3 + -
5 in the P -N tran-

sition region causes the number of holes to increase at a much higher rate
compared to the increase in electrons. A similar situation develops in the
N+-N- transition region caﬁsing a large increase of electrons compared to
holes. Whereas, it is known that in a neutral or in a quasi-neutral region,
there is the restraint on the system that the net change in negative charge
is balanced by a change in the positive charge [7]. It is also known that
in case of Ilow level injection, due to the complicated nature of the two
continuity equations, it is customary to solve a simplified continuity equa-
tion which controls the time variation of the minority carriers. Then the
assumption of A N = A P is usually used.

The above discussion suggests that the two recombination terms in equa-
tions (115) and (116) may not be equal, especially when the device is too
far away from equilibrium, as in the present case. Blakemore [8] pointed
out that these two recombination terms can be different in the two continui-
ty equations, and that there is a hope of finding equal terms only in care-
fully purified semiconductors of small intrinsic band gap width at high tem-
peratures, when band-to-band processes dominate the recombination behavior.
Therefore, the two continuity equations are rewritten with different recom-

bination terms as follows:

PN - nz
N _ _ r 1 [adN
2 T ’G"aln—l SEae
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The transient |ifetimes L and L are adjusted in such a way to I|imit
the increase of majority cas to that of minority carriers in the two heavily
doped regions, which normally operate under low level injection. The heavi-

ly doped regions are defined according to the difference between the two

quantities %%21 and |%%! near the ohmic contacts as follows:

P+-region where, I%%gl > I%%! : (119)
and

N+-region where, %%!| > %%ﬁ (120

Throughout the entire device the minority carrier continuity equation
assumes the norma! |ifetime ”ro", white the transient iifetime in the major-
ity carrier continuity equation is adjusted to satisfy equation (121) in

both the N+, and the P* regions.
AP=AN (121

Therefore, in the heavily doped reqions, equations (117) and (118) are
equated to give the following transient |ifetimes:

In the P+ region,
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where
PN - n2
Z-= —__._1_
P+N+2n,i
and
0 = equil ibrium |ifetime.

The lifetime variation inside the device is shown in Fig. 70. At the

start of the transient sofution, the transient lifetime is very short, and

3JP

it depends on the level of injection. As time proceeds, the value of |ax

approaches I%%!|' and the transient |ifetime reduces to the equilibrium

lifetime "to" throughout the entire device.

The impact ionization stage

5 volt/cm,

As soon as the electric field reaches a value of about 2 x 10
the electron and hole levels start to increase in the N_-region, which
causes an increase in electron and hole currents. The particle currents in-
crease, combined with the electric field increase result in a higher rate of

carrier generation. Since in the present formulation there is no means to

extract the excess carriers, the electron and hole currents continue to in-

crease until they exceed the external applied current. This causes the dis-
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placement current to switch to a negative value; and while the electric

field is J-creasing, the carrier level keeps increasing until the electric

field drops below the avalanching value of 2 x 105 volt/cm. Therefore, a

way of |imiting the increase in carriers during this stage is needed. Ac-
cording to Blakemore [8], the band-to-band Auger recombination is a process

complementary to impact ionization. An expression of the band-to-band

recombination [7] and 3] is given by:

PN - n?
R., =B (122)
BB n?

where B is a constant. In a later section, the computer simulation results

for different values of B are presented.

Near steady state stage

This stage is described by equations (112) and (114), and is shown in
Fig. 67. In order to satisfy equation (113) in the case of high current
density, the equilibrium |ifetime “10" must be shorter. Therefore, the
equil ibrium |ifetime depends very much on the level of injection. An inves-
tigation of the solution with different equil ibrium |ifetimes is also found

in a later section.

The use of transient |ifetime and band-to-band recombination in the case of

an extreme current step

In this section, the externally applied current step is the same as the

2 amp! itude and 2 nanoseconds rise

one described before, with 104 Amp/cm
time. The transient |ifetime adjustment described previously is first wused

without any band-to-band recombination during the impact ionization stage.

The voltage vs. time transient response is shown in Fig. 71 as the curve in-
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dicated by a zero band-to-band recombination constant (B = 0). Fig. 71 also
shows the transient response using both the transient |ifetime adjustment
i: and band-to-band recombination with different values of the constant B. The
; electron and hole currents, the displacement current, the carrier densities,
and the electric field as a function of distance are shown in Figs. 72 to 75

for the first part of the transient response which is common to all curves
!/

of Fig. 71. At this stage tpe total current in the N -region is mainly car-
ried by the displacement current component as shown in Figs. 72 and 73.
From Fig. 74 it is clear that the use of the transient |ifetime does I!imit
the excess diffusion of carriers near the heavily doped regions. Figures 76
to 79 demonstrate the variations of the physical quantities with no band-
to-band recombination. As explained previbusly, the particle currents, as
well as the carrier level increases to a very high value, which cause the
displ acement current to switch to a high negative value. This results in a

fast decrease in the electric field as shown in Fig. 79 for the time instant E

t and consequently the output voltage continues to drop to a very low

_ »
] value as shown in Fig. 71. Figures 80 to 83 demonstrate the spatial varia-

tion of the physical parameters using band-to~band recombination with a

value of 5 x 1015 for the constant B. At time instant t10, the impact ioni-
zation is taking place, the electric field and the carrier levels are high,
the sum of the electron and hole currents exceeds the total applied current.
Therefore, the displacement current switches to a negative valug. Combining
that with the band-to-band recombination, the net effect is a decrease in

the carrier levels and the electric field. Consequently, the electron and

hole currants decrease, while the displacement current switches back to a

positive value as shown for the curves and time instant t11. At the time

instant t12 the device reaches steady state, the displacement current goes




UQ|1BeU}qWOI3J puULq-03=puiq
pue awj3aj|| Judjsuedl 9yl bujsn da3s Juadind ybjy A|swasIxd ue 4oy (3)A °|L °4nb14

Spuod9souey u| |}

3 gL°o 91°0 ‘o cL°o 1o 80°0 90°0 10°0 20°0 |
= 1 S e i 1 ) 1 N 1 u
m—o_ =g —N— 1
* L = : -
muo— G =9 —O— ; _u 0$
- X §°7 = —— .
- “ 3
- —0— - c “
; m-o- 8 mu 00l - :
<
3 ‘O=wg —o—0 o
i ot
' o
- 051 *
g s
au m.
. o 4
, i - 002
X— %
/ —O— -0 O~ O .
: 8
N—u : :u . 3 S - ode
B— {— vi- ?
mu
. nu A 00¢€
A
p

L BSLB Lto tU)e



r—

10000
9000 -
6600
o~ Y000 -
g N
; zonn-1 Ny %5 ¥ e
s
W
g ° e 03
w
g
g-zwn-
&
£
w
dm-
~5000 ~
-6000 -
e ; 2.00 3.00 v.c0 5.0 5.3 7.0 600 9.5
¢ o o o 4. o = ¢ o G
Gl e oeviEE Lenatiin mickous
Figure 72. Electron and hole current density distributions for

time instants t' to t. as shown in Figure 71

5

16.30




)
g
1

d

DISPLACEMENT CURRENT {AMP/

g

B3
.00 1.00 2.00 3.00

—

8.00 9.2 10.00

V. 5.50 §.90
oeviCE Lena® v wickShs

Figure 73. Displacement current density distribution for time instants

t‘ to ts as shown in Figure 71




ELECTRONS AND HOLES (CM )

!/
S

o
////

3.c0 .00 5.00 8.c0
UEV}CE LENGTH IN MICRCNS

T

.60 3.2 3.ca

Figure 74. Electron and hole density distributions for the instants
t =0 to t5 as shown in Figure 71




il ek i

kAL e s e

- 146 -

400.0

8
o
1

ELECTRIC FIELD IN KV/Ci¥
5 2
o o
1 i

A proae

D
4

:
LR
N

100.0 - \53
0.0+ \Ez
N
0
\Eo
s 1.00 2.0 .0 ' c0 7.00 8.0 1.0 19.20

v s'.:o lr.m
OEVICE LENGTH (N MICRCNS

Figure 75 Electric field distribution for time instant t = 0 to t

as shown in Figure 71 5

e T TR AR T T T N AR T I P o o B T




s

g
|

/

o e
WNgFe . Ny Ng.Jg

g
1

2
ELECTRON fiND HULE CURRENTS (RMF/CM )
o

b

k- 3 3 T L - 1
.00 .00 2.00 3.00 .C0 .30 5.20
i oevice Leneriiv mickils

U U

R
.20 8.0 9.0

Figure 76. Electron and hole current density distributions for time
instants t6 to t9 as shown in Figure 71




- 148 -

52000
‘ 40000 -
i
* :
v 30000
t 20000
; “— J
Fis o s ,
< | S e
( f : o . _ / ‘/{
e k4 |
E | z \ !
E -1c000 4 . i
- < i
1 & |
4 a
& -20000
-30C00 - /-JD9
| 40000
'm T ' T i Al 1 %[ e
08 1.00 2.00 3.60 OEV%& LENG?&MXN HICSR'&S 8.50 3.00 10.20
; Figure 77. Displacement current density distributions for time instants
; tg to t9 as shown in Figure 71
: ;:
P :
i




P

e
Ns%'/Q:;'/<:;L/<(/

9%

7
Z 7

ELECTRONS AND HMOLES (CM )

.00 . 1.00 ; 2.00 j.co0 DEV\ECCE LENGTS'.WI N M1 CSR-S?JS 2.0 8.0
Figure 78. Electron and hole density distributions for time
instants t6 to t9 as shown in Figure 71




ELECTRIC FIELD IN KV/CM

/—Ee

u T
.00 1.00 2.09 3.20

T \ L 5 L] T
4.3 .00 §.90 7.00 3.co
0evige LenaTi N nickeNs

Figure 79. Electric field distributions for time instants t6 to t

as shown in Figure 71 2




i i i LR e e S R S

3 - 151 -
10000
g
v‘ m-
' 6000
~ 400

5

g
i &
i [
S .
£
i 2 -0
§ on
z’ g ]
o 3
& o] |
!
i
: -sa0
f
£
£ -6000 -
i
¥
: Losg N .00 3.5 ¥.c0 5.00 6.0 7.00 8.00 3.0 10.00
; sl T bty * oevicE et v ikt : : :
Figure 80. Electron and hole current density distributions for time
: instants tlo to t12 as shown in Figure 71
i :
i

=




'

]

r:
g
£ o
g
:

:

0eviEE Leneti®in mickdhs ¥ 00 @ W@
Figure 81. Displacement current density distribution for time instants
th to t:‘2 as shown in Figure 71

T '
.00 1.00 2.00




ELECTRONS AND HOLES (CM )

ke

T

A L\
.00 1.00 2.00 3.00

T

oevid® Lenafi N mickiNs T ; I e

Figure 82, Electron and hole density distributions for time instants

t'o to t;, as shown in Figure 71




- 154 -

sl

:

270.0 4

150.0

ELECTRIC FIELD IN KV/CH

100.0 -

lubiint s

. = B 5

-80.0 T T
.00 i.co0 2.00

U T 1 Al . Bl j
4.00 $.00 5.00 7.0 " 4 o
DEVICE LENGTH N MICKONS 5 il M

Figure 83, Electric field distribution for time instants t,, to t,,
as shown in Figure 71




T RN T T A

i
4
|4
£
<
b
H
¥

PP —

e

r 155 -

to zero, and the sum of the electron and hole currents is equal to the total
current.

In conclusion, the use of transient |ifetimes and band-to-band recombi-
nation, indeed predict a high vol tage across P+-N-—N+ structure for extreme-
ly high current densities. The steady state high voltage depends on the
strength of the band-to-band recombination. The larger the value of the
constant B is, the lower the carrier level. Therefore, the electric field
needed to support the current is higher. The initial decrease in the output
voltage in Fig. 71, followed by an increase until steady state, is attribut-
ed to the instantaneous response of the carriers to the electric field as

discussed for the reverse biased case in Chapter VI.

External excitation in the form of high current step

In this section, the forward current step has a 100 amp/cnz

amp! itude
and 1.25 nanoseconds. The effect of varying the equilibrium |ifetime on the
near steady state stage, which is previously discussed, is presented here,
along with the effect of using the transient |ifetime. Figure 84 shows the
output voltage as a function of time for three different cases. The first
case, which 1is 1indicated by the triangular shaped marks, is the transient
response without using the transient |ifetime, and with an equil ibrium !ife-

8 seconds. The electron and hole current

time in the N -region of & x 10
densities, the disp!acement current density, the carrier density, and the
electric field as functions of distance are shown in Figs. 85 to 88 for the
time instants t = 0, t1, ess, and ts. It should be noticed that as steady
state is approached, and the displacement current drops to a very small
value, electron and hole diffusion continues in order to decrease the spa-
tial derivatives of JN and JP to satisfy equation (113). The time instant

t, of Fig. 85 shows that at the ohmic contact of the P’-region, 30X of the

7
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total current is carried by electrons, while the other 70% 1is carried by
holes. A similar situation on a lower scale appears at the ohmic contact of
the N+-region. Whereas, it is known that the total current at the ohmic
contact of the P+-region "is totally carried by holes, and at that of the
N*-region is totally carried by electrons. The second case which is indi-
cated by circul ar shaped mgrks in Fig. 84 illustrates the transient response
using the transient lifétime with the same value of equil ibrium |ifetime as

before. The spatial distribution of the important parameters for the time

instant to'ta""' and t12 are shown in Figs. 89 to 92. As shown in Fig.

84, the use of the transient |ifetime causes an increase in the peak vol tage

due to the fact that it |imits the excess majority carriers to that of the
minority carriers in the heavily doped region, near t = 0, as explained pre-
viously. Due.fo the equal equil ibrium |ifetimes of these two cases, the
near steady state behavior is identical, as seen by the equality of the out-

put voltage in Fig. 84. This is also shown by the carrier diffusions con-

tinuing to decrease the spatial derivatives of JN and JP, as shown for the

time instant t12 in Figs. 89 and 91. The third case which is 1indicated by
the symbo! "x" 1in Fig. 84 demonstrates the transient lifetime and with an

10 seconds. This lifetime is 50 times short-

equil ibrium |ifetime of 8 x 10
er than that of the previous two cases. The net effect of the shorter |ife-
time is an increase in the steady state voltage, as well as in the peak vol-
tage.

Figures 93 to 9S_illustréte the parameters of interest as a function of :
distance at steady state. The shorter equilibrium lifetime |imits the car-

rier diffusion and satisfies the steady state condition of equation (113)

which is repeated as follows:
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As a result the total current in the P’-region is carried by holes and by
electrons in the N+-region as shown in Fig. 95. Also the lower carrier lev-
els causes a higher electric field, which in turn results in a higher steady
state voltage.

In conclusion, the results of this chapter show that the |ifetime of
the Shpck{ey-Read-Hall recombination expression depends on the level of in-
jection in the case where the junction is forward biased. As the injection
level increases, the |ifetime becomes shorter in order for the device to
reach a steady state where the total current is carried by majority carriers
near the ohmic contacts; and as the |ifetime becomes shorter, the steady
state voltage, as well as the peak voltage of the transient response, in-
creases.

In case of extreme levels of injéction where the device is too far from
equil ibrium, the use of a transient |lifetime is necessary in order to !imit
the excess diffusion. If the level of injection is high enough to cause
avalanche multiplication, it becomes necessary to use band-to-band Auger

recombination to |imit the plasma in the avalanching region.
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CHAPTER VI
EXPERIMENTAL RESULTS

This chapter out!ines the diode fabrication procedures as well as the
methods employed to determine the important diode parameters. These parame-
ters are the diode area (A), the N -region doping density (ND), and its
width (W). These diodes were tested in the forward direction with an exter-
nal excitation in the form of a current pulse. A comparison between the ex-
perimental results and the computer simulation is also included.

As a point of comparison, N_ was first determined by calcul ations based

D
on the depletion C-V characteristics of MOS capacitors, which were fabricat-
ed from the same starting wafer. Then ND was determined from electrical
measurements on fabricated diodes. The diodes are diffused and were fabri-
cated with very short drive times (two hours at 1100°¢) for the boron (P
diffusion. This procedure results in diodes with junctions that behave as
near!y abrupt junctions. This was verified when the slope of the reverse
C-V characteristics (on log-fog paper) approached -0.5. Once the abrupt
junction was confirmed, the theory available allowed cal cul ation of ND from
the slope of %7 versus V characteristics.

The width of the N region of the diode was measured direct!y by angle
lapping and then staining with an acid solution. The wafer was scribed and
broken to get a chip of the proper size for mounting on the s® chuck for
lapping. Once stained, the cal ibrated eye piece in the microscope allowed

measurement of the width W. To get the width W from electrical measure-

ments, a doping profile is required. This can determine the width of the

|ight!y doped region if punch through precedes impact ionization in the re-




10 =

versed biased direction, as shown for the first device considered in Chapter
IV. If avalanche occurs first, then the N -region is not completely deplet-
ed, and W cannot be determined from the C-V measurements.

The specification for the starting wafers of single crystal silicon are

listed in Table 4. All the wafers were <111> oriented epitaxial N on N
The resistivity and width values |isted were from data provided by the

manufacturer.
Table 4. Specifications of the Silicon Wafers

Wafer Width Resistivity Doping
3

#) Cum) (ohm-cm) (em °)

1 12.10 843 6.0 x 10" |
14

2 5290  28.60 1.8 x 10
15

3 &A% o 248 2.0x10

D T TR R R TR T L

The diode fabrication procedures as well as the MO0S-C procedure are

out! ined below:

Diode Fabrication Procedure

1. The wafer was ul tracleaned by running through a series of solvents and

acids.

2. A 20008 thick oxide was grown on the wafer in a dry oxygen atmosphere at

1100°C for 4 hours and 30 minutes.




3.

6.

7.

9.
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The wafer was scribed in half to be processed; one as diodes and the oth-

er as MOS-capacitors.

By using photoresist and masking procedures, the diffusion windows were

opened in the oxide.

A boron deposition of 20 minutes at 1100°C was followed by a 2-hour drive

in a dry oxygen atmosphere at 1100°C.

The oxide stabil ization step was performed in the phosphorus deposition

furnace for 10 minutes.

A photoresist masking procedure was used to open contact windows in the

oxide.

This was followed by an aluminum evaporation step at 10-6 torr, deposit-

ing a coat of 2000R to 3000R of aluminum.

The photoresist masking procedures were used to remove the excess alumi-

num and to form the desired aluminum pattern on the wafer.

10. An aluminum evaporation step was performed on the back of the wafer,

after stripping the oxide while protecting the wafer front.

MOS-C Fabrication Procedure

1.

A phosphorous gettering step was performed in the phosphorus deposition

furnace for 20 minutes after the oxidation step.

6

2. The aluminum evaporation step was performed at 10 torr, depositing a

coat of 2000% to 30008 of aluminum.

it i ek
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2. The wafer was annealed for 5 minutes at 500°¢C in a nitrogen atmosphere.

4. The last two steps of the diode fabrication were then repeated to com-

plete the M0S-C fabrication.

!2 from MOS Measurements

To insure that the starting material was correct as l|abeled, MOS capa-
citors were fabricated so that the epitaxial layer doping density could be
establ ished béfore the other methods were attempted. Fig. 96 1illustrates
the MOS structure.

For the MOS wafers, the doping density was found by obtaining the accu-

fﬁ mul ation capacitance and the minimum depletion capacitance from the C-v

characteristic similar to Fig. 97. The theory for this is presented below.

csco C0 capacitance of the SiOz

C ; = =
equiv. Cs+co Cs

capacitance of the semiconductor

For the geometry of Fig. 96, we have the series combination of the two capa-

citances.

C = CO = co = co
equiv.e 1 + C,/C eaknAW KW
et > 5 i,
0°0"s 0"s

C
@ 0
KSXO + KOU

XoKs 4

COXOKS = Cqusxo + CquoU
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Figure 96, MOS Capacitor Geometry
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and therefore

K.X C
e s e
umax & Ko [; 2 ] (123)

C0 is the maximum capacitance of accumulation where the voltage is positive.

In accumul ation Ceq = CO' Having CO’ the width of the oxide layer is calcu-

lated. -

X0 =T ‘ (124)

This value is a much more accurate method for determining x0 than might be
estimated from the color code for silicon dioxide on silicon.

Then, W

| cul re:
nax Was calcu ated, whe

=23 joul e/
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300%
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Ke = 11.8
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n, =1.18 x 10'% ™
Ko = 3-8
A =12.6 x 107% cn®

Having umax’ ND was obtained from a plot made from the following formula [6]

relating ND and uma"'

"

St
4KT K ¢ N
i ‘\/ $ %0 )

W = —a, In s (125)

Table 5 summarizes the data found for the MOS wafers.

Table 5. MOS Analysis of ND for Starting Material

Wafer cmax cmin X0 ND (MOS) ND (rated)
# b eH A (m™ (em ™
1 12.4 1.4 3420 3.60x10'% 6.0x10"
2 1.2 4.2 3790 1.65x10"* 1.8x10™
3 10.9 6.8 3890 1.75x10'°  2.0x10'"°

4 16.2 5.6 2620 2.60x10'% 1.7x10"*

!o from Diode C-V Measurements

For the diode wafers, the reverse C-V characteristics and the log C vs.
log V of these characteristics were plotted as shown in Figs. 98 and 99 for

wafer #3. This was done to see if the junction can be appruximated by an

wwmmmmwm~ s i s o o ....,Ldf :
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Figure 99. Log C vs. Log V for Diode Wafer #3




\ abrupfﬁjunetion;*wln abrupt junction is known to have a 1og C vs. log V plot
with a =0.5 stope. If the junction is !inearly graded, this slope becomes
-0.333 [61. These slopes were found to be -0.29, =0.5, =-0.51, and -0.42,
for wafers #1, #2, #3, and #4 respectively. For the abrupt junction diodes,

. the reverse biased C vs. voltage can be used to determine N.. In this case,

D
' .the following equations are app!icable:

| ‘/_. . 3
da /e N A
= AL | (126

C2 "
bi—
q=1.602 x 10717

€ = €, for the semiconductor

area of the P+ region

>
n

'} built in potential, typically less than 1 volt.

bi

L S 2 127)
c qe _N.A
s D
(‘%) ‘
a\t 2 {
= (128)
A(VbiIV) qes“pAZ

Equation (128) indicates the slope of the 1lcz vs. (vbi:y) plot and its
relationship with Ny. For a uniform!y doped N region, this slope would be

constant. For a non-uniformly doped N~ region, the slbpo wou!d change and
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2

_the plot is not a straight |ine. Fig. 100 illustrates the 1/C" vs. V plot

for wafer #3. The plot is |inear. Therefore, the background doping is uni-

form for this wafer.

The doping profile method consists of plotting the ‘l/c2 vs. V charac-

- teristics of the wafer all the way out to the breakdown voltage. ND(H) is

found in the same manner as Np (diode). In this case, however N (W) is

2

found from the slopes of adjacent points on the 1/C~ vs. V characteristics.

The width W at each point is found from the abrupt junction capacitance
equation as follows:

W= (129)

Table 6 summarizes the results for "D' In obtaining these results the

abrupt junction approximation was used for all wafers.

Table 6. Results for ND Using Different Methods

Wwafer Ny (diode) N, (rated) Ny (MOS)

# Cem) ™ (em) ™3 (em) ™3

1 6.0 x 104 3.60 x 10"
4 2.67 x 10" 1.8 x 10" 1.65 x 10"
5  2.64 x 10" 2.0 x 10" 1.75 x 10"°
6 3.46 x 10" 1.7 x 10" 2.60 x 10"

Note that the N, (diode) was higher than the rated value and that MOS
data gave a value less than the diode data. This seems reasonable since
doping with impurities at high temperatures during the pt diffusion for the
diodes may add unwanted impurities.

a A ncsin e T hal
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The Width W

The width of the N_ region is not easily obtained from electrical meas-

urements. If the breakdown mechanism is pure punch-through, then W could be
found from the ND(U) profil ing technique. The more usual case, however, is
pure avalanching.

A destructive test to obtain W is illustrated in Fig. 101. The same
angle lap and stain procedure is used to get the junction depth (of the P+ i
region) and the N region W.

The major effort for measuring these parameters consists of |apping and
staining. Chips were cut to the proper size for mounting on the 5° chuck, :
and the chips were angle-l|apped until the proper depths had been reached.
Then, the |apped regions were stained with the hydrofluoric acid solution.
It is often necessary to repeat the |apping and staining several times in
order to clearly discern the interfaces between the regions of the wafer.

b | since a 5° chuck was used, the geometry of Fig. 101(b) is applicable. The

") o AEOB

microscope can be cal ibrated such that a calibrated vernier is read through
3 the microscope and knowing the lens magnification the microscope measured

depth is easily determined.
; f Actual depth = (sin S®)(microscope meas. depth) (130

Then, by equation (130), the depth of either the Pt or N” region is calcu-

lated. It 1is recommended that for a shallow pt region, a 1° block be used ?

while for a large W a 10° block be used to ease the angle lapping and stain
problems. |
Table 7 shows the results of determining the P* region and N region |

widths by the angle lapping and stain procedures.
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The diode area is the area of the P* diffusion region, which is circu-
lar and equal to 12.6 x 1074 ca®.

Tableé 7. Angle Lap and Stain Data

Wafer rated (ym) W meas. W - Junc. Depth

‘i [ Epi-Layer Cum) (um) Cum)
3 Epi-Layer
1 12.1 36.0 33.1 2.9
2 52.9 49.4 47.8 1.6
3 21.3 18.4 17.0 1.4
4 54.8 58.6 56.5 2.1
Diode Testing Resul ts

Samples of the fabricated diodes from wafers #2, #3, and #4 were pack-

aged and tested with large forward current pulses. The output vol tage of
the Velonex pul se generator was applied to the series combination of diode
and a 225 ohm resistor. This results in a current pul se through the diode.
The Velonex pul se generator has a maximum output vol tage of 2.5 kilo volts,
with a 30 to 50 nanosecond rise time. This rise time is a function of the
load impedance which results from the resistor and the diode series combina-
tion. Current pulses of 0.48, 0.80, 1.60, and 3.20 Amperes amp! itude, 50
nanoseconds rise time, and 300 nanoseconds pulse width, were used to obtain
the diode trénsient response. The current through the diode, and the vol-
tage across it were recorded as functions of time from a dual trace oscillo-
scope. Table & summarizes the results, where Tesr Topr Vopr Vpsss and Iy
are shown in Fig. 102 along with the general shape of the transient

response. The quantities of Table 8 are defined as follows:

Trs is the rise time of the app!ied current pulse
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Top is the time corresponding to the peak voltage across the diode

vDP is the peak voltage across the diode

v is the steady state voltage across the diode

DSS

ID,JD are the amp!itude of the current pulse in ampers and anp/cnz

i

Table 8. Results of pulsing the diodes in the forward direction

Wafer # Trs TDP VDP VDss ID JD
(n.sec.) (n.sec.) (volts) (volts) (amp) (amp cmz)
2 50 50 1.2 4 ' 0.48 3.81 x 10°
2 50 50 13.4 5  0.80 6.35x 10°
2 50 40 23.5 7 1.60 1.27 x 10°
2 Sa . fan . ¥a 10 3.20 2.54 x 10°
3 50 40 3.4 2.0  0.48 3.81 x 10°
3 50 40 4.6 2.2 0.80 6.35 x 10°
3 50 40 7.6 3.2 1.60 1.27 x 10°
3 g ] 4 15.0 5.0 3.2 2.5 x 10°
4 50 30 5.5 2.6 0.48 3.8 x 102
4 50 30 7.5 3.6  0.80 6.35 x 10°
4 50 30 10.8 4.6  1.60 1.27 x 10°
4 50 35 18.5 7.0 3.10 2.46 x 10°

The diodes were also pulsed in the reverse biased direction. The pulsed I-V

characteristic is shown in Fig. 103 for wafer #3.

Comparison between Theory and Experiment

Diodes of wafer #3 were chosen for comparison with the computer simul a-

tion results under reverse and forward pulsed conditions. A summary of the

]
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measured physical parameters for diodes of wafer #3 are as follows:

Type of junction = abrupt

15, .3

2 x 10" /cm™ rated value

3

Doping density “D

1.75 x 10'%/cn> MOS-C measurements

2.64 x 1915Icm3 diode C-V measurements

1.4 microns

Depth of junction
N -region thickness = 17 17 microns

Diode area = 12.6 x 10-4 cm2

Reverse Pul sed Case

The doping density of the N'-region was first assumed to be 2 «x

10" /e’

according to the rated value, because it falls between the two
values obtained from the M0S-C and the diode C-V measurements.

A transient behavior solution similar to the one discussed 1in Chapter
IV was obtained. The external excitation was in the form of a current step
with a rise time of 0.1 nanoseconds, and amp! itude of 100 Amplcmz, or 126
milli-Amp. The computer simulation resulted in a steady state output vol-
tage of 185 volts. This voltage is very high compared to the experimental
data of the pulsed I-V characteristic of Fig. 103. This indicated that the
actual doping density of the N -region is higher than the rated value.
Therefore, the value of ND obtained from the diode C-V measurements of 2.64
X 101S/cm3 was assumed. The transient behavior under reverse puised condi~’
tions for this case is included in Chapter III under the same external exci-~

tation previous!y discussed of 126 milli-Amp amp!itude. The result of the

output voltage as a function of time is shown in Fig. 39 which shows that

‘the steady state voltage is 150 volts. This value is in excellent agreement

with the experimental data of Fig. 103. Therefore, the actual doping densi-

ty of the N -region is that obtained from the diode C-V measurements.
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According to Sze [6]1, an approximate expression of the breakdown vo!-

tage for a one sided abrupt junction is given by the following eguation:

372 16,-3/4

Vg = 60(Eg/1.1) (ND/10 volts (131)

where Eg is the band gap in eV(=1.12 eV for Si). Equation (131) results in
a breakdown voltage of 167.3 volts which is higher than the actual value of
150 volts. It should also be noted that the approximate equation of (131)

predicts a constant breakdown voltage for all current levels, while the

steady state condition of the computer simulation depends on the current:

level according to equations (106) and (107) of Chapter IV.
Chapter III presented the thermal! equil ibrium condition for this device
assuming a total device length of 20 microns. The importance of using non-

uniform spatial steps is also discussed in Chapter III.

Forward Pul sed Case

The first part of the measured transient response under forward pulsed
conditions, which 1is described in Table 8, is shown in Fig. 104 for diodes
of wafer #3, with a pul se ampl itude of 3.2 Amp. (6r 2.564 x 103 Anp.lcnz),
and a rise time of 50 nanoseconds. One might be tempted to try to simul ate
this behavior with a current step of long rise time as used experimentally.
This proved to be impractical for several reasons. First, it should be not-
ed that a computer simul ation does not contain acceleration terms, the car-
rier response to the electric field is essentially instantaneous. This
results in a shorter response time when compared with experimenta! data.
For example, if the measured peak voltage occurs at time TDP' the computer
simul ation results in a peak voltage at a much shorter time. Therefore, the

computer simulation will predict and explain the device behavior with a dif-

ferent time scale. As a result the use of long rise times, as used experi-

P T T
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mentally, will not yield an exact response. It is also important to realize
that the time step requi#ed to achieve an accurate converged solution
; j' depends very much on the size of the smallest spatial step, as well as the
| shortest |ifetime used. This time step !imitation was analyzed in detail
for the case of explicit method [2], while due to the complicated nature of
the implicit method, a relation between the r?quired time step and the dif-
ferent parameters used is hard to find. Therefore, the use of a non-uniform
spatial mesh with small steps near the P+-N junction limits the time step
size. Also, the use of a non-equilibrium transient |ifetime adds another
restriction to the time step.size, due to the presence of very short |ife-
times in the beginning of the transient solution. Therefore, in order to

reduce the computational time to a practical level a short rise time is used

in general. This rise time is further reduced if a transient |ifetime is

used.

coit i Vi i il s AN .

As discussed in Chapter V, the Schock!ey-Read-Hal! |ifetime depends on
the level of injection. A shorter equil ibrium lifstine results in a high
steady state voltage, while the use of transient |ifetimes results in a
higher peak voltage.

Figures 105 and 106 shou:the transient response of the computer simula-
tion for the experimenta! device with the external excitation in the form of
a current step with an amp! itude of 2.54 x 103 Aap/cuz. Figure 105 shows
the result with a rise time of 1 nanosecond, and an equil ibrium !ifetime of
3.1 x 10"10 seconds. This results in a peak voltage of 11 volts and a
steady state voltage of 7.6 volts. It is clear that the steady state vol-

tage is higher than the experimental value which implies that a longer |ife-

time 1is required, while the peak voltage which is lower than the e: “erimen-

tal value implies the need of using the transient |ifetime. Therefore, the

N TN OO —— ‘iﬁﬂﬂﬁﬂ“
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simul ation was repeated using the transient |ifetime adjustment and an
equil ibrium !ifetime of & x 10'10 seconds; also the rise time was decreased
to 1 picosecond. Figure 106 shows the result of this transient behavior.
The peak voltage has a value of 17.4 volts compared to an experimental value
of 15.7 volts, while the steady state voltage is 6.8 volts compared to an
experimental value of S5 volts which implies that the actual equilibrium

10 seconds. A longer |ife-

lifetime is longer than the used value of & x,10-
time will result in a lower steady state voltage as well as a lower peak
value. 1In other words approach the experimenta! results.

Therefore, the computer simulation can be used to obtain a value for
the equilibrium !ifetime in the forward biased direction by comparing the

computer simul ation results with the experi-enfal resul ts.
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CHAPTER VII

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER STUDY

Summary and conclusions:

A summary of the research presented in this report and the conclusions
which may be drawn from this research are given in the present chapter. On
the basis of the results of this work, some recommendations are then made
for further study. 7

Numerical! methods were used to solve the basic one-dimensional two car-
rier transport equations coupled with Maxwell's and Poissons's equations.
These solutions were used to analyze and to exp!ain the transient behavior
of the P'-N-N" structure, in case of extremely high injection levels, for
both the reverse and forward directions.

Special effort was directed toward explaining the anomalous voltage
that appears across the diode terminals when pulsed in the forward direction

¢ 2. The problem

with an intense current density of 103 amp/cm- to 106 amp/cm
formul ations described are of a very general character with none of the con-
ventional assumptions and restrictions introduced. There is freedom in the
choice of the doping profile, generation-recombination law, mobility depen-
dencies, and injection level. The boundary conditions are appl!ied at the
external ohmic contacts. For a specified arbitrary current excitation, the
solution yields the terminal voltage and all the quantities of interest
throughout the entire device as functions of position and time.

A comparison between the explicit and ‘tbe imp! icit numerica! method
shows that although the imp!icit method is complicated and hence is more ex-

pensive for each time step At, it is more stable numerically and the time

step At can usually be made very |arge when the solution approaches steady
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state conditions. Since the implicit technique requires a good starting
boint, the explicit technique is used to obtain a first estimate for the im-
plicit technique. An accurate solution of the therma! equilibrium condition
problem is also essential in obtaining a convergent solution of the tran-
sient behavior at extreme injection levels.

A numerical method was used to obtain an accurate distribution for the
electric field, the hole density, and the electron density at thermal
equil ibrium. In order to numerically obtain a zero value for both the elec-
tron and the hole current densities, different space charge points and field
points were used. The therma! equl ibrium results show that non-uniform spa-
tial steps are required in the case of large potential variations across the
junction. |

It was determined that devices with a low doping density and a short
N -region deplete at a relatively fast rate until punch through under
reverse-pul sed conditions. The electric field increases uniformly in the
N -region, until the onset of avalanche by impact ionization. On the other
hand, a device with high doping density and |ong N -region does not fully
depl ete. In this case, the electric field fncreases while keeping its tri-
angul ar shape in fhe depletion region until it reaches avalanche. In both
cases, the steady state condition is satisfied when the rate of generated
carriers via avalanche mul tip!ication is balanced by the recombination and
depletion rate.

For the forward pul sed case, the use of the standard Shock!ey-Read-Hall
recombination term is adequate in explaining the transient response for re-
latively low current densities, but it fails to give a physical explanation
for extreme current levels, where the device is too far from the eqilibrium

condition. This is mainly due to the lack of sufficient recombination dur-
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ing the transient behavior. The transient problem can be divided into three
stages, the excess diffusion stage near t = 0, the impact ionization stage,
and the near steady state stage. In the first stage, the use of the tran-
sient |ifetimes, which are adjusted in such a way as to |imit the increase
of majority carriers to that of minority carriers in the two heavily doped
regions, is necessary in order to |imit the excess diffusion. These tran-
sient |ifetimes reduce to their equil ibrium value as steady state is ap-
proached. In the impact ionization stage, the band-to-band Auger recombina-
tion is necessary to limit the plasma formation in the avalanched region.
The behavior of the near steady state stage necessitates the use of a short
equil ibrium |ifetime which depends on the level of injection to insure that
the total current is carried by the majority carriers in the two heavily
dopéd regions.

The results show that the use of transient (ifetimes and band-to-band
Auger recombination indeed predicts a high terminal voltage across the diode
when pul sed with intense current density in the forward direction. A com-
parison between experiment and theory shows that the computer simulation can
be used to explain the anomalousl!y |arge voltages present in the experimen-
tal data.

The effects of this anomalous voltage response that can occur, in the

forward and reverse pul sed direction, on second breakdown are as follows:

1. In the forward pul sed case the larger than. expected response, at extreme
currents at very short pulse times, indicates a larger energy input,
ﬁence a shorter time for second breakdoun to occur than would be expect-
ed. These conditions would only occur for very short intense current
pul ses in the nanosecond regime and could predict an energy input of 10

to 150 times greater. The net result is to effect (shorten) the time de-

e LR R N PSP 3




lay before second breakdown occurred.

2. In the reverse pu'séd case the diode that breaks down due to punch
through has lfttle if any anomalous voltage and therefore would act ex-
actly the same as the normal long current pulse case as far as second

breakdown is concerned.

E ' 3. The reverse pulsed case with a normal avalanche breakdown wi[l have an
excess voltage that exceeds the norma! breakdown by up to a factor of 5

to 8. Again this will cause the energy input to exceed the expected

value and initiate second breakdown prematurely.

Recommendation for further study:

The computer simulation presented in this report is a very powerful
tool. It can be modified to study the transient behavior between thermal
equil ibrium and steady state or between two steady states, for any one-

dimensional, two-terminal semiconductor structure. The simulation can also

be modified to analyze the small signal behavior of microwave diodes [10].

This research can be extended by performing more theoretical and exper-

imental comparisons for different diode structures and injection levels in

the forward direction. This may lead to relationships describing the depen-

dence of the equil ibrium |ifetime and the diode parameters, such as the dop-
ing density and the length of the N -region, and on the level of injection,
§ on the transient |ifetime and Auger recombination effects.

§ Also the forward transient behavior can be explained from a physical
point of view if one can measure the |ifetimes during the transient periods
near t = 0.

Pue to the |imitations of our pul se generator and equipment the full

range of the theory could not be tested. Such tests should be conducted.




It would also be of interest to try these simulations and experiments on
sil icon-on-sapphire devices and make difcct comparisons of channeling and

second breakdown with the excess energy input.
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APPENDIX A
THE FORMULATION FOR THE CONSTRUCTION OF THE

MATRIX ELEMENTS IN THE IMPLICIT METHOD

i St e e O AN,

The terms in the matrix elements, of equations (44) to (46) can be cal-
cul ated as follows:

For ECI) > 0
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For band-to-band recombination:

RBB(J) =B [PW * NW - 1]

3Rga(J)
e
. T

aRBB(J)

N B « P(M)

where,

VN(I) = VNCEC(I)]

AVN(I)
VNE(I) = ECD



VP(I) = VPLE(I)]

avP(I)
VPE(ID) = W

ALP(I) = alE(D)]

ALPECT) = IALPCD)

BET(I) = BLE(D)]

- 3BET(I)
aE(D)

BETE(D) =

TE(D)

- 208 -




APPENDIX B
. THOMAS ALGORITHM FOR TRIDIAGONAL MATRIX [9]

The equations are:

8iui_1 + biui + ciu,“.' = d,i

for 1 < i <R
with a, = cp =0

The algorithm is as follows:

First, compute
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The values of the dependent variable are then computed from
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APPENDIX C
ALGORITHM FOR TRI-TRIDIAGONAL MATRIX [9]

The equations are
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The lg') are used to compute severa! more functions and need not be

stored after the computation of
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