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MOOES OF CURRENT CONDUCTION

The electrical characteristics of solids are generally classified as
representative of a metal, semiconductor, or insulator.

A metal conducts current in a Tinear manner characterized by Ohm's Law.

Semiconductors and insulators also follow a linear mode of current conduction
if the applied electric field is small and the external and internal temperature
is moderate (around room temperature). At higher electric fields or extremes
of temperature, semiconductors and insulators exhibit nonlinear electrical
characteristics representative of the various scattering, generation, and
recombination mechanisms involved in the current conduction process. Oftentimes
these nonlinear electrical characteristics can give an insulator the low field,
moderate temperature characteristics of a semiconductor. Induced nonlinear

. electrical characteristics can also give a semiconductor the low field, moder-
ate temperature aspects of a metal or an insulator.

Examples of this type of nonlinear behavior are quite common in literature
(Refs. 1, 2, and 3). One common example is the ability of lightly doped or
pure semiconductors to resemble insulators electrically. At very low tempera-
ture at the opposite extreme, semiconductors begin to possess metallic-like
values of conductivity (Ref. 1). High temperatures also affect some insulators
by increasing their conductivity to an extent. Sometimes, this increase in
conductivity is enough to make the insulator resemble a lightiy doped semicon-
ductor-electrically. '

t The impression of high electric fields (AC or DC) across semiconductors

and insulators can also induce changes in these solids' electrical characteris-
tics. For example, high fields impressed on some insulators can cause permanent
or transitory change to the materials electrical characteristics. Although this
is accomplished through such mechanisms as breakdown in quartz, other insulators
(such as silicon carbide) resemble a semiconductor at high fields near breakdown

(Ref. 4). Under high fields, semiconductors can exhibit metallic-1ike behavior.
In particular, this type of behavior is exemplified by the phenomenon called
second breakdown (Ref. 5). The phenomenon known as second breakdown is an

unstable transition from single-carrier, space-charge-limited current to
-double-carrier injection.
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M Alteration of the electrical characteristics of solids can also be attained

by chemical means. .Doping semiconductors and insulators can make the electrical
characteristics appear more metallic. Generally speaking, chemically altering
the electrical characteristics of materials is somewhat limited unless augmented
H by temperature or electrical changes.

This aspect of solids (i.e., the ability to change their electrical char-
acteristics under temperature extremes or changes, high electric fields, or
chemical means) demonstrates that the nonlinear aspects of so]fds can be approx-
imated by a study of their transition from one class of solids to another. In
other words, the nonlinear behavior of say, a semiconductor, can be modeled as
transitions between semiconductor-like states to metallic- or insulator-like
states. This interpretation of nonlinear phenomenon in solids forms the
phenomenological basis for the analysis that follows. From it, the importance
of space-charge-limited single-carrier currents ahd double-carrier currents
will become obvious in explaining observed nonlinear phenomena. In particular,
this provides the basis for explaining the preconditions under which electrical-
1y unstable states of operation occur, thus resulting in device transition to
second breakdown. .
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d SINGLE-CARRIER CURRENT FLOW

The electrical characteristics of an ideal diode show a high degree of
conductivity under forward bias with a small voltage drop across the depletion
region. Yet, in reverse bias, the voltage drop across the depletion region is
large, giving the impression the depletion region is acting as an insulator.
Similar analogies can be demonstrated when carrier transport is explained in
terms of current flow through a combination of insulators and semiconductors.
These analogies will become clearer upon consideration of single- and double-
carrier currents in insulators and semiconductors.

SPACE-CHARGE-LIMITED SINGLE-CARRIER CURRENTS IN INSULATORS

Four situations are examined concerning single-carrier currents in
insulators:

1. Perfect trap-free insulator

2. Trap-free insulator with thermal free carriers

3. Trap-filled 1imit probliem

4. Full single-level theory
These treatments are attributable to M.A. Lampert and P. Mark (Ref. 2). The
reader can follow the derivations of these treatments in greater depth in
Reference 2.

The basic equations used for these various situations are:

-

J = epanE + euppE ' (1)

which determines the drift current, but neglects the diffusions current, and
Poisson's equation
kedE (2)

= =ln =5+ (Na = Ny

PERFECT TRAP-FREE INSULATOR.

No thermal free carriers or trap levels are allowed for this situation.
The insulator in question possesses ohmic contacts to electrons only. Poisson's
equation reduces to-

ke dE ' . (3)

P
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and J = eu,nE combining with L(zr=0)=0 we get

for z=L we get

8J \1
) V=V(L)= (9/:5“) Lt

J= %kep (32_:.) . (5)

known as the trap-free square-law relation.

For the above situation, only electrons carry current, resulting in
single-carrier current conduction.

TRAP-FREE INSULATOR WITH THERMAL FREE CARRIERS

Here the problem is complicated by allowing a finite number of thermal
carriers to exist without trapping. Poisson's equation becomes

oy - e

——=n—-Ng . . . (6)

where n, is some finite number of thermally generated electrons. The thermally
generated holes do not contribute to current conduction or space charge build-
‘ up. Substituting for E, and solving for J we get

kei( J ):n(z)—no

e dz eun(z)

-~ s w e
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keJ( -1 dn(z)) = n(z) - no

ue \ (n(z)? d=

~d(n)z

e = 00—l
- dn(z) = no \ K¢
(n())° (‘ Mﬂ)hl
S _ue

1- n(:l k“’

multiply both sides by n?

s o
Azl ((mzn’ dn(z)) _ e"’n,";pdz

1- ﬁ}'- keJ
"o 252 3p2y-y
let u= % = HE ane = TRAAD 742) and substituting wi = eini, L
ty LV .‘..,
in the last equation with v=/udw udu = dw
l1-u

Integrating, the solution is found to be
with n =0 and w = 0 for E{0) =0 w=~u~-in(l-u)
Thus,~for all finite w, u is always less thaa unity so there will always

finite amount of injected space charge in a solid of finite dimensions.
stituting for u and w in the equation gives

J = e?niul 1
ke wp

and

y = mmol? v
ke wi

Numeri;aﬂy tabulating w versus u and v versus u, gives Table 1.

AT 3P
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TABLE 1. Numerical tabulation of w, u, and v.

W u 1/w v u v/w
8.21 0.9999 0.121 7.71 0.9999 0.114
3.61 0.99 ) 0.277 3.125 0.99 0.239
1.40 0.90 0.714 0.997 0.90 0.508
0.809 0.80 - 1.23 0.489 0.80 0.747
0.503 0.70 1.988 0.258 0.70 1.01
0.193 0.50 5.18 0.068 0.50 1.82
0.056 0.30 17.85 0.011 0.30 3.50
0.023 0.20 43.47 0.003 0.20 5.67
0.005 0.10 200.0 0.0003 0.10 12.0

The total current is such that J is proportional to 1/w as u varies. The
value v is proportional to v/w2 as u varies. A graph of 1/w versus v/w2 (Fig. 1)
shows an ohmic region and a square law region before space charge 1imited current
flows.

A final quantity of interest here is the distribution of charge in the
material. The quantity

Al = 2 wall = u) ; (8)

Sy u

represents the ratio of the injected charge to the charge at the end of the
device. Equation 8 is graphed in Reference 2 and is shown here {Fig. 2).
Equation 8 is exact at the extremes of Wy but is only approximate in between
those extremes if the variables are expanded in terms of series.

TRAP-FILLED LIMIT CASE

In this case, the injection level is such that the available traps are all
filled. Poisson's equafion takes the form

ke (%f) = n(z) + ne ‘ (9)

e

’

Here, n refers to a trapped charge, such as that found in a depletion region
of a device. Dimensionless variables similar to the last case are used to
solve the following analytic equations:
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A N M I N N W R W T AT AT I RN S R A T A R A AT N L K S o oY |




WYy

AFWL-TR-85-115

100.0

Jai/w

10.0

1.0

0.2
g I [
o"o.l ' 1.0 10.0 100.0
. vav/n

Figure 1. Plot of the dimensionless parts of equation 7.
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0 02 04 06 08 10

Figure 2. A plot of charge versus length.: Note the build-up of spare charge
at increasing levels of carrier injection.
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_ ne _ enwpcE(z)
o - z) - J
_ e“niu.z
we = ekJ

_ endulV(z) ’
; = T ekJ? (‘0)_
X Where 4, is the electrons mobility (independent of e). The differential
" equation in E becomes
? urduy =
k: 1+ Uy - dw'
the solution s we = ue—In(1+ )
Where u, =0 at w, =0 corresponds to E(0) =
. The potential is
&
; . Y= 'ugdw, = %u, —te + In(1 + uy)
N 0
;r

resulting in
F .
2

; 7= niul 1
K ek wea
‘\ and ' '
3 . _ emL’ i'."_
" V= ke wi, _ (11)
i: where the subscript a denotes x = L. Solving for w and v numerically through
b u, gives the values shown in Table 2.
‘ TABLE 2. Numerical solutions to w and v through known u.
ﬁ Sy W 1/w v V/W
K] 0.01 I.9x10 20133 3.3x10 13411
- 0.05 . 1.2x10 826.5 4.0x10 27.44
i 0.1 4.6x10 213.2 3.1x10 14.1 -
: 0.5 9.4x10 10.58 3.04x10 3.40
. 0.9 0.258 0.387 1.47x10 2.2
! 0.999 0.306 3.26 1.92x10 2.05
N 0.99999 0.306 3.25 1.93x10 2.05
‘ 1 0.306 3.25 0.193 2.05
X 5 3.2° 0.311 9.29 0.902
¢ 10 7.6 0.131 42.39 0.733
\ 50 46 0.021 1203 0.567
': 100 95 0.01 4904 0.539
' 9
]
[ ]
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The hallmark of the trap-filled limit law is a large change in current
over a small change in voltage (Fig. 3).

FULL RECOMBINATION LEVEL THEORY USING THE REGIONAL APPROXiMﬂTfON METHOD

An aspect of space-charge-limited current flow that can be used to explain
the physical conditions in a semiconductor comes from the monotonically
decreasing space charge that naturally occurs in an insulator (Fig. 4).

If the injection level is not high, there will be a plane of Xy where
n; (z) = no. This plane will be a function of the level of injected current
and will define two regions in the length of the material. One region between
0 and x,, where n; >n, and a second region between x, and L where n, > n,. )
Therefore, the simplifying approximation can be made that in Region I (defined
as 0<z<z ) nlz) » ny(z) and in Region Il (defined as z: < z< L) n(z)=n,.
Thus, this method is called the Regional Approximation. Poisson's equation and
appropriate boundary conditions then allow the formulation of solutions in each
region showing when transitions to various conduction regimes occur.

This method can be applied to the situation of a set of traps lying in an
insulator well above the fe}mi level by several kT. This situation can
be analyzed by constructing a schematic energy band diagram (Fig. 5) that is
analogous to the diagram shown in Fig. 4. '

This analysis closely fo]1ows that of Lampert and Mark (Ref. 2) who have
used these methods extensively in analyzing space-charge-limited and double-
injection currents. '

Region I (defined as 0<z<z ) is expressed by the following expressions

J =eunk
| ke (42)
i e \dz /)~
l n(z;) = Ng

10
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Figure 3. Dimensionless plot of Table 2.
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A ] :
\
\
\
\ n(x) =nj(x)+n,
ELECTRON N
CONCENTRATION
(CARRIERS/cn?) AN
nO T T T T | ~. "
- | =~ ~ {
| =~
[ !
| |
, !
| : —
| ! -
: : -
L

><
-t

DEVICE LENGTH (cm)

Figure 4. The full off of carrier concentration from the cathode (at x = 0) is
similar to full off of carriers from a semiconductor surface illumi-
nated with light. Graph is not to scale.
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Region II (defined as z, <z < z;) d
dE
¢ (dz) N

n(z3) = g N (e_zpw, - E«.))

g kt
where
n(z) = Ncezpﬂ(—x)%tEi@
. N,
mel2) = T 175 (Nn(2))
N = ‘vcezpi—gtk-t_&l

Here, g stands for the statistical weight for one electronic level to hold one
electron.” Under certain circumstances, g then takes on such attributes as the
thermal ionization rate per unit volume. Under present circumstances the
variable will not be identified to a particular mechanism so as to leave the
equations general.

Region III (defined as z,<z<23) gives

n(z3) = no

Region IV (definéd as z3<z<L ) gives

ke (dE
‘(4—) =0

-,n .
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It should be noted that Lampert and Mark (Ref. 2) assume that n = Nn,/gN,

until n. = Ne. That is, for n< v/;, n  ny/gN, and for n> N/g, ne=N,

By using the dimensionless variables used in the trap-free insulator with

thermal carriers, repeated here for clarity, the above Possion's egquations can
be solved.

«= no =enopE(z)
n(z) J

_ Onduz
keJ

e*n3u3V (z)
T keJ?

For Region I:

du 1 1,
E_u—oudu-dw u —2u

w0 w l
= / udw = / uldu = -u?
0 0 3

U = u(wl) =1

For Region II:

For Region III:

du 1 : u? ul
E—n—’@ifdu—dw-*o——w—'o-s— =v

For Region IV:

du .
E-'O_"‘:l

15
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Associated with these regions are critical current densities defined so
that their appropriate borders (x,, x». and x3) equal L. Thus, the critical
currents are defined as zy(J,,)=L - z3(Jea) =L, 33(Jers) = L. J < J, (Ohm's Law

regime).
Examination of the boundaries show that for zi(J) < all four regions are
N 6
in the insulator. VYet, calculations show that = = =~ «1 and

I2 ZN

-

,—‘2(9nu/V) <« 1, since E,- F,» kt so Regions I and II contribute negligibly in
this regime. Thus, Regions III and IV can be expanded to the cathode. The
! total potential drop is now

w
V=Vi+ (‘ udw) = Vi + (w - wi)
ey v

9) 20 - 36 g

+w, = w, — ~

6 6

v (L J(L)’ - (12)
w2 \w,g 6 \w,
and is tr.e_current voltage characteristic. This is Ohm'é Law with a small
correction term. ' .

This area terminates at a critical current and v61tage determined by

23(.]"1) = L
- Joy = 2e3n2ul
feK
and
4enoL?
Vers = 3ekd

(13)
from the before defined dimensionless variables w and v.

The presence of trapping delays the departure fram Ohm's Law till a
critical current and voltage are reached that is 1/ times the trap free criti-
cal current and voltage.

Jers < J < Jorz (Shallow-Trap Square-Law Region)
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Because =z;(J) > , Only Regions I, II, and III are considered. Since the
approximation z—:as%(l is still valid, Region I is again ignored. Region II
now extends to the cathode and Region III to the anode. Lampert and Mark
(Ref. 2) arrive at ‘ '

v, mdg 1NP_ 8 () ng ) (14)
-3 3‘\}"": Wy gewu 2Ng4vw,‘

The shallow-trap square-low current-voltage charactekistic terminates at
z2(Jp2) = L » SO that

e*n2ulN,N
Jerz = ——5—
: kengg
CL?'NQ ’
Virz = — (15)

where J.:<J < Jos (Trap-Filled Limit Region).

Since z,(J)> L, only Regions I and II are considered. This is identical

to the trap-filied 1imit problem already observed; i.e.,
- Ug N, no no ln( no)

w: 2ng  w.N, " weN, wg N
T = 2¢2N2ul
rr3 = kt
4¢N¢L‘
V:-r =
s 3ke

where~ J_., < J (Trap-Free Square Law Region).

Now.only Region I exists, which corresponds to the past case on the trap-
free square-law formula.

Figure 6 shows the graph of current versus voltage and the associated
regions at current conduction. The regional approximation method thus provides
a powerful tool to examine charge injected into a material.

17
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Figure 6. Values ‘used are 8 = 5 x 10”6, B = 108. Note the transitions from
Ohm's Law to the shallow trap law, to the trap filled 1imit and
finally the trap free square law.
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TWO-CARRIER CURRENTS IN INSULATING MATERIALS

In the previous discussion, single-carrier injected currents were limited
by the formation of a space-charge region. If the injecting contacts are -
allowed to be ohmic for both electrons and holes, space-charge formation is
eliminated. Both holes and electrons contribute equally to current flow and
the phenomenon cailed double injection occurs. Since space-charge formation
can not occur to limit current flow, a new limiting mechanism appears to pro-
vide a 1imiting regime of current flow; i.e., recombination through localized
recombination kinetics.

Recombination can occur via recombination centers that alternate between
capturing electrons and holes. Specialized recombination centers (electron
and hole traps) may capture only one type of carrier to become neutralized.
Such sites will be Timited recombination centers whose availability is depen-

'dent upon their relative position in the forbidden gap. Direct recombination

between valence and conduction band sites will also provide a funnel for
carrier recombination. This last mechanism will be directly dependent on the
dynamics of carrier injection. Finally, carriers that do not recombine
through these various mechanisms can, under low-level injection conditions,
recombine directly. The following discussion of recombination takes the

.simplest approach, that of recombination through recombination sites deliber-

ately placed in the material. The injection level of holes and electrons will
also_be assumed to be high enough to outnumber the available recombination
sites, and approximately neutralize each other at the anode and cathode upon
injection into the material being examined.

This situation is referred to in the literature as plasma -injection
(Ref. 2, p. 210). Discussions in AFWL-TR-85-116 (a companion report) deal
more explicitly with the plasma aspects of situation. For now, the expression
(plasma injection) will be used as described here.

CONSTANT-LIFETIME PLASMA

Assume that a bar of insulating material, of length L, has a hole
injecting anode at x = 0, and an electron injecting cathode at x = L. The‘
insulator is characterized as possessing a set of recombination centers
lTocated several kT above the fermi level at room temperature. The hole
capture cross section for this recombination level is much larger thén the

19
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electron capture cross section. Thus the electron lifetime is constant for any
irjection level. A similar situation is expressible for holes with a recom-

: bination level below the fermi Tevel. The present discussion will only look

; at the conditions for constant electron lifetime. The current flow equations

are,

: Jp = epuE
: In = enun B (16)

Poisson's equation is

] ke'\ dE |
i (?)7:?"‘" (17)
. The conservation equations for the steady state are,
. Wl _ (d) p_ _n_> - (18)
(e) dz _“"<d::)nE-r_r,,—1Tp-
h and
i)
1\ dJp _ a _,_n_rp ’
h (?)dz‘””(u)"E"‘rn‘n. (19)

Here,frn and 7, are the electron and hole lifetimes, fespective]y. The assump-
tion here neglects changes in occupancy of recombination centers due to

N recombination, and hence, constant lifetime for electrons and holes (i.e., the
‘injection level is quite high, far outnumbering the recombination levels in

' the material). The boundary conditions are the same as before.

; ' Injected--Plasma Regime

i1 this regime n ~p everywhere and r, & 7, . The subscripts on the 1ife-
; times are dropped so that the common lTifetime is r. A further assumption is
! made that r is independent of injection lavel or position in the material.

The total current density J is a constant.

J=Jn+Jp=e(b+1)unE ; bzz-—" « (20)
4 .
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Multiplying Equation 4 by b and adding to Equation 3 gives. using Equations
2 and 5,

£(2) 5(2)5) = | R

Elimination of (p-n) is attained by using the Poisson equation. Applying
the following dimensionless variables,

w= —kez __
Jody, -t

u dw ke _keE
dy  e(b+)upra JT

L kv (22)
szfp,,r:’

where v is the applied potential V(z)=fsdz. Substitution of Equatioh 22 into
Equation 21 yields °

() ()G

. ‘(&)=4 | (23

(vey - ¥?) (24)

where y = 0 at w = wa = 0 corresponds to z=0;y =y = y(u.) is the value of y at
x = L. Subscripts a and c refer to the anode (x = 0) and cathode (x = L).

Integrating Equation 24 with respect to y yields,

v 1 2 .. -
= dy = - c2__3
w /ouy 4(yy 3y)
1,
We = =y (25)

Thus, the potential yields,

21
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In terms of the dimensionless variables,

kel \ [ 1
I= (bip,r’) (w—)

V=V(L)= ('b’}L:,r) (:7) _ (27)

Equation 27 shows that J/L is a function of . Since Iy =6/5y., it is seen
by inspection that

and

or that

125 v? 125 (1 1
J= 18 (ketpprn) (F) = -ITk" (;-) (:) E (28)

4

where r, and r, are the average transit times for holes and electrons, resgec-
tively. As a reminder, it should be noted that this solution for the injected
plasma is consistent as long as the transit times for carriers are much smaller
than the lifetime. Transit times that approach or are greater than the life-
time result in recombination of carriers before they reach the appropriate
centact. This case then results in space-charge limited currents. This situ-
ation can be directly related to the voltage applied to the material, since the
above situation occurs at relatively high voltages. It appears that a different
regime occurs at low voltages. ‘

TRANSITION FROM A ONE-CARRIER SCL CURRENT TO THE INJECTED PLASMA REGIME

Under the initial conditions for the plasma injection regime, it was
assumed that the injection level produced more than enough carriers to compen-
sate for the available recombination-sites. With n s p under these conditions,

------------------
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the equations showed that a current density versus the voltage cubed océurred.
. If the initial conditions are relaxed so that n # p anywhere in the insulator,
a different situation arises.- Again,

J = Jp + Jp = epanE + euppE = constant ) (29)
ke (GE '
= (EF)=p-n (30)
The values n and p are separately determined in terms of E and dE/dx. There-
fore,
J ke d J bke d :
brtn= e cm O TR (31)

with r =n/r,, multiply by b, and adding to Equation 18 yields,

d, dFE de J
) kep,,r,.E'a;{Ed—z}keEE + ;; =0 (32)

Using the following dimensionless variables:

_ kez
w= Jr2bu, —-
_ €E
T b1,

&
I
&lE

2,2
k%e~v ' (33)

V= ————
Jz'rsbzl‘n .

Substitution of Equation 33 into Equation 32 arrives at

d, d d _dPu_du_ , ' |
UE{UEU}—uEu— Jo? d—y—— . (34) |
therefore,
w=y- {hmy-ﬂ
Y7V Uexpye — 1) (35)

where y = 0 at w = W, = 0 for x = O3y = Yo = y(we) for x = L.
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Integration of Equation 35 gives

v 1 c
w=/ udy=§y2+{————y }(y-expy-l—l)
o

(expy. — 1)
1 2 Ye
we = wlye) = ;y3 - _(1 - ;m) ye

The potential is:
w v dw z
oo [ = () @
= ———c-— -— - - -1
v= (rtmy) (v-2emy -0+ jemry

— 1
"'( - )(!/""*'5'(0’(l>y—1)—2(expy—1)—21,(e-’<11’!/)"!l3
expy. — 1 3

1 3 ”
Ve = v(yc) = gyg(i - ch)y; + (2 - Mc)(l - Mc)yc

Y
expy- — 1

1= () ()
robun W

v=vi= = (%)

5
bnTn \ W7

where M.= This yields,

V. -gy} - % - AM,_.)yf -+ (2 - Mc)(l - Mr:)yf:

R Ty A R R ALY

For v >1 .(opposite of the plasma regime case where y. «1 )
and u,,g,% so that

Ve _ 4
w? B 3y,
Therefore,
J= SkepnV?2
T 8bL3

w?myr/b

(36)

(37)

(41)

(42)

(43)

(44)

A one carrier type square law relationship holds as long as y. remains rela-
tively large. As the injection level increases and y. becomes very small, a

cubed law takes hold (Fig. 7).

24
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DOUBLE-INJECTION

CUBE LAW
v .
-L.. L ) . \o

Ve ONE-CARRIER
SQUARE
-‘ ——
10 LAY

x10-2 ' " ' ,
10~3 10-2 TV 10-! 100
. c

Figure 7. Transition from the one carrier square law to the double injection
cube law in an insulator.

Physically, the mathematics supports the idea that (under the present
assumptions) low field conditions promote the formation of a space-charge-
lTimited current due to the short lifetime for carriers. As the injection level
increaseE; enough carriers exist in the material to overcome the ever present
recombination levels to allow double injection. )

If the yecombination centers are removed from an insulator, injected
electrons and holes will have to recombine directly. This type of plasma is
is known as a bimolecular-recombination plasma. The equations for these

plasma are as before,

Jp = epu E

Jn = enpn E

1\ dJ, (d n p
()& = (&)me=r-i-2
1\ dJ, _ d __._n _p
)z ""(az)"”-"::-;_

except r is now defined as < vop > ng. Where V is the magnitude of the rela-
tive velocity between an electron and hole, ~- is the recombination.cross

25
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section at some velocity, and <> denotes the average of the enclosed quantity.
Since the injected plasma are characterized by p ~ n, it is possible to replace
p by n everywhere in the equations, except where p-n oceurs Initially, the
following equations govern recombination:

(82) o (8] e
() o () e w0
[4

and

J=Jn+Jp, =¢fb+ 1)upnE = constant

“dn
My

b=
Using Poisson's equation, the current equation yields

gdzE 4\’2“}2

dz? '{kze%(b + 1)y,3,}

where

_ke< vop >

KHR %e

‘Using the following dimensionless variables:

8e2p,§!
w = T
JLoke{b(b + 1)u3}}

_ 2ur _ 2epr
R TV 2 el % R

(48)
Substituting Equation- 33 into Equation 32 yields

wito | (45)

Lampert and Mark (Ref. 2) then employ the dummy variable S so that

26
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'§I=

= (3) = (35)
(w—*)/ dSezp(-53)’ (50)

S0 S =-w=at W=0,5=+wat w=w; and u vanishes at these 1imits. The
dimensionless variable v is now defined as,

_ a0+ 1) | | (s51)
vy ITATE -
J then _
.‘i(z)=/:Edzcx/0mudwo: ]Fu(‘:—':)dso: /Su:’ds o (52)
i:?(s‘)= jds:zp (—:-’J’) .
Ve=V(w)= (2?")* . | (53)
' fina_'lly‘,
() sy ()

which is a case of the doub]é-injection square-law regime.

27
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b

TWO-CARRIER CURRENTS IN SEMICONDUCTORS

Previously, it was noted that excessive numbers of thermal free carriers .
was of no concern in insulators. This assumption is completely withdrawn when
considering semiconductors. All basic semiconductor theory is based on the .

concept of thermally excited carriers playing an important part in all current
vlow problems. Other important variables that affect carrier dynamics are
temperature and carrier injection level.

'3 The presence of thermally produced carriers prevent the build-up of any
substantial space charge so, for the analysis performed here, local neutrality
is assumed to hold.

S Ay e
o el

Under the circumstances for a n-type semiconductor bar with a hole
injecting contact at x = 0 and an electron injecting contact at x = L, the

NS
-

current flow equations become

_—-
-

3 Jp = epu,E - eD (@)
N - P\dz
't
b
k
o VT - —T
: ¢
X
\ .
1: Dp = VT“p . (55)
K

-

- Ja = enun E +eD, (:_n)
A

2 S o b W

D =Vrua (56)

Poisson's equation becomes

D

’%‘-(‘:—f—)ﬂp-m)-(n-no) | (57)

’ where the subscripted carrier concentrations refer to thermal free carriers
only. Particle conservation equations are

d dzﬂ n— ng p—po
-_=“"&;(nE)+TVT“"d—::3-='r=——;_=——1-— (58)
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and

1dJ, d d®» _n-ny _p-po
Tidr - PRI Vi == T s (59)

If local neutrality does not hold, then r corresponds to the carrier whose
lifetime is most constant with injection level. Also

_d_) (bn—p) = conaiant (60)

J=Jdy+J, =epp(p+tn)E + Vru, (dz

Multiplying Equation 60 by b and adding Equation 58 gives

(dz) {(n—p)E}+V {dg(n+p)} (b + 1)(n - na) (61)

BnT

which can. be rewritten as

Vr (d°E e d dE __\dE V. _(b+1)(n-—n0) 62
T(d—zs')‘:;z(%—z)ﬂw Pl o7 +2Td’ e (62)

The first term on the left-hand side (LHS) of Equation 62 can be dropped
because of its small size compared to the diffusion term (the 1a§t term on
the LHS of Equation 62).

Under high Tevel injection conditions n= p >> ny. For a constant 1ife-
time (neglecting diffusion currents), the current density is

J =epy(b+ 1)nE = constant ('63)
and
£ d (EdE Gt in
" ke dz ( dz )*"‘" ”") +2VT¢ 27 Tpnr (64)

The first term on the LHS of Equation 64 can be dropped due to its small size
in a semiconductor. The boundary cond1t1ons are .I(o) O0and J,(L)=0 and give

JL®
MY = e Vr

AT T oy P |
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n(L) = JL,

- 2epn VT (65)

Where

L= (2__"7“"’)*
b+1

the ambipolar diffusion constant.

Application of the Regional Approximation method to this problem begins
with Fig. 8. The second term of Equation 64 approximates the solution in
Region I and the third term of Equation 64 approximates the solution in Region
I1. Call the second term "Term 1," for Region I, and the third term “Term 2,"
for Region II. That is, in Region I, Term 1 dominates the equation. The
solution here is a decaying exponential for n(x) and a growing exponential for
E(x). This implies that Term 2 in Region II is doing the opposite of Term 1
; in Region I. ‘

In Region II, Term 2 dominates, giving the solution of a monotonically
increasing E with increasing x. Since the solution to Regions [ and III are
the same, there is a plane where £ is maximized in Region II and decreases

" into Region III to satisfy the boundary conditions. Lampert and Mark (Ref. 2)
have solved this problem and found that for increasing vo]taée, a critical
voltage is reached where Region [I disappears and Regions I and III join.

That voltage is

W ok

-

; Ve s Vp b’-:*l ezpé (66)
REGION | REGION 11 REGION (11
| |
| |
: : |
|
® @ Y
) | |
I |
X=0 Xl X2 X=L

Figure 8. Illustration of the insulator under consideration with. depiction of
1 the general regions detailed as regions of differing charge injection.
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Beyond this voltage the current increases without fuwther increase in voltage.
This conclusion shows that the semiconductor square law holds, but that the
1ength is replaced by an effective spacing Laff so that, )

9 V2 :
J = (-8') e(no — po)pnspT (L_s_) . (67)
el
Where L,f‘r =2y-I -

For an insulator injected plasma at high injection levels n = p and
carrier lifetime is constant. The current equations are

J = euylb+ 1)nE = constant (68)
2
kedz \ dz dz? BnT

As in Fig. 8, Regions I and III are dominated by Term 2 whiie Region II is
dominated by Term 1. Lampert and Mark solved this set of equations to find a
similar critical volitage as sound in the semiconductor injected plasma problem.

The current was found to follow a cubed law as found with insulators,

J s (125) y3
— J ¢ " | =/
18 Hpls L:”

Legp =222y (70)

-~

For semiconductor devices or materials with heavy doping experiment has
found excellent agreement as shown in Fig. 9 (from Ref. 6).

Materials with very light doping, such as the intrinsic region of a PIN
device exhibit a cubed law relation as:shown in Fig. 10 (from Ref. 7).

The previous discussion lays the basis for studying carrier injection
~which includes effects due to changes in occupancy of recombination centers or
changes in carrier lifetime with an injection Tevel.

This discussion also point out that the depletion region of a device can
be modeled as semiconductor or insulator-like regions dependent on the injec-
tion level applied to the device.
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ot
155_3! \OHIIC -
- 2
10 | | |
0.1 1.0 10 100
APPLIED POTENTIAL,V
Figure 9. Current density versus reverse voltage at 300 K for PIN

junctions whose intrinsic lengths L and ambipolar dif-
fusion lengths L. are shown. Solid lines are J and V3
(Ref. 6).
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SAMPLE L
b 4
IOOT‘ cm. #/cm3'
1 x0.080 1.3x10"
sl 20345 2x10"
10 3 « 0.481 3.7x10"
400.805 1.4X10%

- 1 ntt
]0 .5 o 0.705 2.9x10

VOLTAGE, V

Figure 10. ~ The current voltage characteristics for double injection
into 1ightly doped p-type silicon (Ref. 7).
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DOUBLE INJECTION WITH TRAPPING--THE NEGATIVE RESISTANCE CASE

Figures 11 and 12 detail the situations that will be analyzed for recombi-
nation centers that are fully occupied in-an insulator.

In this situation, the capture cross section for holes is much larger than
for electrons (since full acceptor states are involved). The equations govern-
ing current flow are

J=eunE -+ eu,pE = constant (71)

L e T -

the local neutrality condition, neg]ecting space charge is

n=p+pp (72)

D

Bl i

rn = concentration of emnty acceptor states

& d d

: un (55) 0B) =7 = = (2) (o8 (73)
; .
s _n_E

* - n l‘p

A 1_.

: ™ =< vo, > pR
‘I 1
:‘ ; =< vo, >np.
:' » Pr+1p = Vg ' (74)
¥ .

\
¢ .. Where Np is the total number of acceptors.

)

Equation 73 can be rearranged to yield

)
: 4, _ _(e+1)n (a+1)p

p : dzl(n p)E] - BpTn = BpTp

"

b S
bin

(75)

Q| -

The boundary conditions are as before, E = 0 at x = 0. Using the Regional
Approximation method, the insulator is divided into two regions: Regions I
and II. In Region I, extending from the anode to x = x,, p(x) >Ng and the

- n M o -
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CONDUCTION BAND

Ec

FERMI LEVEL

Er

ACCEPTOR LEVEL — ~ ~ ~ =~ TEq
E

VALENCE BAND v

Figure 11. Energy band diaqram showing the
_relative positions of the accentor
and Fermi level to the conduct1on
and valence bands.

I i 11 v
|

!
' FREE

- NUETRAL ) TY HOLDS-*-"uRuE'S‘;llg:N ELECTRON
|

ANODE | REGION | CATHODE
* & n=p -+'p<<n|(.|'~1n)|nR=!ﬂR

| | i
X=0 X X2 X3 L

. Figure 12. Schematic diagram of the regions and boundary conditions
for the study of double injection with trapping.

recombination centers are mostly unoccupied. Region II, extending from the
cathode to x;, contains fully occupied recombination centers. In Region I
where n> N, and pgr =~ Np in Equation 72, Equation 74 becomes

Np (__) [(a+l)n
HpTy
(l) =< vo, > Ng ' (76)
where t, is the high injection level lifetime, while Equation 56 evolves to

.J =epnE(a+ 1)n - eppNgE (77)
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Substituting (a + 1) in Equation 77 into Equation 76 yields

E 1
dE = d
[E+FF.'5°7] Bn'p * (78)
with the solution
' _ J h(E"'mg%a) __z (79)
] CupNn ﬁ BnTy o .

solving for the potential drop

V()= /;'.sdz-.- /()Eg(f;:)ds

= wny (£ - 2B (2 {8 in) (80)
A 2 GM,,.V}; e“nNﬁ‘ ¢uJ []

At the edge of Region I where x = x;

’ n; = n(z,) = Np

J aJ - ‘
E | » 1 (z1) pyray vy v aJ . (81)

! Substituting Equation 81 into Equations 79 and 80 yields
~ -z = parpdfa-In(1+a)}
V(zl)=p,,r,‘\]2{%az-a+ln(a.+1)} . (82)

Letting Jm and Ym correspond to Xy = L, that is, n = Np at the ca:inode, then
Equation 82 becomes '

a  eNpl

c-In(1+a) 7,

T =

a(4a’~a+In(1+a) L? ' (83)

(PR Y (e S

after application to Equation 78.
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In Region Il, n<Ngz,p€n, pran, and ngpm Ng. App]ying these con-

straints to Equation 75 results in

n? < von, >
p~~n< vop, > (84)
and for the current flow Equation 71
J _ Bp _ ap\ _ < U0y >N
__nE+“—an—nE(l+n)-nE'(l+—————NR<wp>)~nE (85)

Cpin
Here, the last term is much smaller than one via the assumptions for Region II

of the material. Rewriting Equation 82 yields

_._i: _ e,\'k < ug, >dz (86)
ns aJ
so that
11 eNp < vop > -
ANt e Emm) (87)
The field intensity E is now
E':s—'-]—-1-= J +NR< W">(z—:L) (88)
thn 0 eu,Np Ky
and ~
V.szLEdz= (L—z)+M(L- ‘)2
! N e“n‘vﬁ' ! 2}4,, 1 (89)
Therefore, the entire applied potential Vi + Vyp is
J\? ala-ln(l+a)) [J J
V=Vm — -] -
{(Jm) +%a’—a+ln(a+l)(1m) (l Jm)
(90)

m

, Svop> L3Ng (1_ 1_)2
2up

where
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< vo, > L2 Np - L

= Via
2‘4, zl‘p'l’xow

Examination of the first coefficient in a, the second term in Equation éO,
shows that the coefficient varies from about 3/2 for a«< 1 to 2 for a» 1. In
comparison, the coefficient in a to Vg in Equation 83 decreases from about 3/8
at a« 1 to 1/9 for a » 1. Therefore, unless a is very large Vi > Vp.
Equation 90 can then be simplified further to

J\? : J\?
VsV (TJ) +V.,.(1--J:) (91)

This equation demonstrates that as J varies from zero to Jm, V decreases
from Vi, to Vgm where Vin corresponds to when the average hole transit time is
equal to twice the hole low level injection lifetime (Eq. 90). Although this
interesting result still requires a physical explanation, we will resolve the
problem with space charge for further insight.

By including space charge in this analysis, the neutrality equation used
in the previous analysis
n=p+pr (92)

must be replaced by

‘<¥)(%§>=P+Pn—ﬂ ' (93)

in certain regions of the material, Figure 12 is used to facilitate this.

The space charge cannot be neglected beyond x», and Poisson's equation
takes the form of Equation 93. Hole penetration is negligible beyond x3 to
the cathode and the mobile electron charge dominates the current flow. The
electric field increases in strength as x proceeds from the anode or cathode
and peaks in the transition region.

In Region III, the following inequalities hold, p<« n, n % pgp, p < Ng and
ng 4 Ng. The differential equation for pgr 1n this region is directly obtained
from Equation 86, i.e.,
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. 'd_pz£ _ (cNR <ua,,>)dz (94)
PR aJ

Integrating Equation 94 gives

1 _ 1 = eNg< vo, > _
Pr(z) pr(z2) ( aJ )(z z2) (95)

In Region 1V, the following inequalities hold: p<« pp< N, n'RzNR.
J = euanE ‘ (96)

ne-(k)E | (97)

dz

The solution found previously for a space-charge-limited, trap-free cur-
rent was

E(z) = (ﬂ)g (L-z)}

Cibn

and

nla) = (2:2.2..)* [(L —lz)é—] | (98)

Mark and Lampert (Ref. 2) then introduce the dimensionless variables of
Equations 99 and 100

.-

++

z=2z2""w
E=E*"y
V=V*tty (99)
++ 2¢J
E - keNp < vo, >
4a%p,J?
v+t = E++x++ = k252NR3 < v, >3 . (100)
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Region I can be solved using the variables of Equation 99 and- 100 with
Equations 78 and 79.

- udu < vo, >
=a w
u+ A < voy, >

J _ke< vap > A
E+teu,Np 2eau, -
< vo, > Xt B
< vo, > - [TH 9 S -
s | (101)

equivalent to Equation 93. The solution is, like Equation 94

u— J In (u+ Ez"‘eu,Nn) - wX** (102)
E+*€“pNR Fz*—e'%m - “"TpE++

Solving with the boundary conditions, similar to those used to solve
Equation 94 results in

w, = <-‘;—) {a —-ln(1+a)}'

u = u(wl) = gA

(103)
The dimensionless voltage across Region I is
| (wi) = (£) (Za-a+1a(s
viw) = { 5 {2a-a+ (1+4)} (104)
In Region II, Equation 86 becomes, in dimension]ess variables,
duv _
dw (108)
with the solution u - u; = w - w;, from Equation 103.
Also, the plane x, in Region II was chosen so that
(5) (8),=mo=+
p dz ), PR.2 R.2 (106)
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which cofresponds to
- _ Jx++ )_1
U= (k(p,.E“‘*" T2
1 A .
wy= 2 -ad+ (-B-) {a-In(1+a)}

u2

w3
1
"1-33/'“"”=/Ud“=E(u%—uf):%(%_azAZ)

wy *g

To evaluate Equation 95 at x = X3 fix Prsto be

Pr.3 = pr(z3) = %"("3) = '% (l§) (%)s

since

Prz2 = pr(z3) = ;"‘(’2) = -% (E) (dE)s

e ) \dz

is used to fix x,. Equation 95, in terms of the dimensionless units becomes

1 1
TI&m), T (@), " e

or

- 4(w,-—w;)§ =1+ 2(ws — ws)

To approximate u(E) in Region III an interpolation scheme is used.
u = Uy(w) be the equation for the tangent to the curve u
at w = wy. Let u = U3z(w) be the tangent to the curve u

at w = w3. Then

(W) = u +(w-w,_.)<£)): u, + {w - wy)

and

NE AN v-uw
R 3 - e ™ w3
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u(w) in Region II
u(w) in Region IV

(107)

(108)

(109)

(110)

(111)
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(112)
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Note that
o . L (114)

so that
u=(w, - w)}
and

du 1
dw = ~3(0e )

for the boundary condition u.=u(w)=0 at E(L)=0.

The voltage applied to Region IV is

Vs = /udws %(w,-w:,)g (115)

By using Equation 100 we have the relations determining the current-voltage
relationship can be determined. They are

1 2aupd
w., keNg’< vo, > L -

Ye o spV
w? Vg <o, >°L° (116)

Lampert and Mark (Ref. 2) solve these equations in terms of W and V to be

1
Si-aa-(F) {a-m-a) -0}~ (-1 ' (117)

1 —
- =

v M-« (F) e -armial+ 3+ 30+ dv- 4+ (&) (119)

w? [-1-a4+(#){(a-ln(1+a)) +1)}+(v+1)?]

Where y = (we - W3)’é and Vo = V4 1+ V1,2 * Vo 3+ V3 00 substitution in
Equation 93 then yields

)%

a2
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where
- az B
bn
_ ke<vo,> J
2eap,  ep,NpE+~
<vo,> X+

<vop>  pprp, Bt

a

h(a)=a—ln(1+a)

{a-ln(l-f-a)}2
a{t’-a+n(1+a)}
This allows the equation (Eq. 91) for the neutrality based characteristic
to be written as

1% J\? J [ J J\? .
iz (5) ~woz (i-7)+ 5 (- %) (120)
The‘—space-charge-basea J-V characteristics are compared in Fig. 13 to the

neutrality-based J-V characteristics for two sets of material parameters in
~silicon. The lower set of curves correspond to k = 12,

g(a) =

I

em3

Bn = lp = lo‘ﬁ

L Lo e s e

- Np = 1088 -3

<ve,> =9x10"%cm?¥/s
and '

< vy > =3x10"%cm3/s

These values are for silicon near 1iquid nitrogen temperature. The dimension-
less variables correspond to a = 1, A = 1073 and B = 3 X 10~*. The upper set
of curves correspond to A= 3 X 107 and B = 1073, These situations show that
a change in carrier lifetimes, r= 27&—;_1\'_; , directly determines when the

negative resistance regime will occur. This can even be brought about by a

change in material temperature affecting Np or < vo>.
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1/We

| i I
SEMICONDUCTOR
INJECTED PLASHA

l
¥
jay? {%r =11

‘n - -4
) =3X10
— 2 ASSUMES
NEUTRALITY

P

W ML W -

s P & W B

--- = [NCLUDES SPARE
2 CHARGE .

Th 10 17! 10

Figure 13. Current density versus voltage for
the case of double injection in an
insulator.
Examination of the four regions assumed for this material as the lower

J-V curve is followed also shows some interesting aspects. At a on the lower
curve, Region IV occupies 83 percent of the material and 81 percent of the
applied voltage. Region III takes the remaining 16 percent of the material and
18 percent of the voltage. Regions I and Il take up less than one percent of
the material and voltage. At point 8, Regions I and II take up 32 percent of
the material and about two percent of the voltage. Region III takes 43 percent
of the material and 72 percent of the voltage, Region IV takes 25 percent of
the material and about 26 percent of the voltage. At vy, Regions I and II pos-
sess 55 percent of the material but only five percent of the voltage compared
to Region IIl: 34 percent of the material and 80 percent of the voltage, ’
Region IV 11 percent of the material and five percent of the voltage. So far
Region IV is continuously shrinking in size. At &, Region I and I] occupy 99
percent of the material and 98 percent of the voltage, Region IV is negligible
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and Region III takes the residual. The material moved from a space charge
limited current flow to one of plasma injection, demonstrating the theoretical
existence of a negative resistance regime. As double injection occurs an elec-
trically unstable situation develops and the material moves to a more stable
state as the J-V curve breaks over into current controlled negative resistance.

RECOMBINATION CENTERS PARTIALLY OCCUPIED

In contrast to the previous problem, the recombination centers in this
case are allowed to be only partially occupied. This can be accomplished by
placing the recombination centers near the Fermi level and assuming that the

number of free carriers are negligible, i.e., the centers are primarily defect
centers or charged traps. '

Once again, the capture cross section for holes is assumed to be much
larger than the capture cross section for electrons. As a result, many of the
same characteristics seen in the previous problem will occur here.

The basic difference in this problem is the occurrence of a recombination
barrier to current flow. In the previous situation, only one carrier type saw
any obstruction to current flow. Under present conditions both electrons and
holes see a voltage barrier that must be overcome before current can flow
(Fig. 14).

CONDUCTION BAND

'EC

FERMI LEVEL
Er

- == & 00 = —0— & —0— 0 — &- E

TRAP LEVEL

Ey
VALENCE BAND

Figure 14. Energy band diagram for the
case of injection with
recombination centers par-
tially filled.
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Since trapped space charge exists, the neutrality approximation must be
dropped and Poisson's equation now assumes the form

() (£)=s-tn-pea-n (121)

e dz

where Pr. is the empty recombination centers. In addition, the boundary con-
ditions take the form E = 0 at x = 0 and x = L. The electron flow dominates
at low current levels so that

J = epn nE = constant (122)
and

(%) (4£) w pa - ‘

;) \qz ) SPRTPR: (123)
Since

n_P__n ___ P

fa T, <VO,D> PR <VI,> MR (124)
then

p<udp> ng =n<uon.> pg ‘ ) (125)

Multiplying by e E and substituting from Equation 122 results in

E’.’. <uoqy > PR
Tpm 2T (—<w,>) (n,,) (126)
Since pr-np=Np differentiating I gives

4 (e _ (Nr)der (k) N (&E

dz(ng)—(n}) dz ~(¢>n§ (d:’) (127)
Differentiating Equation 126 and substituting Equation 127 results_ in

dJ, keftJr <von> Nr\ d°E

" ( e <vo,> n¥ dz3 (128)
Simplifying gives

dJ Jr <vo,> '

¢ _ T n PR

dz = ( BnE ) (129)
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This can be used in Equation 127 to obtain .
" E(@) ._e <vop> anpR z_c<v°p>n2}z,opﬁ.o
dz? keu,Ng kepp,Np (130)

This implies a threshold voltage independent of current level. Solving Equation
130 via simple approximations (from the low current conditions) yields,

1
e <va,> L*n% pr.\°
V. ~ L4 R. ol K.
TH ( pry (131)

a voltage barrier that must be overcome for the current to increase appreciably.
Physically, this corresponds to a situation where the recombination centers mus<
be filled to a major extent beforé current can f]low--a trapped space charge

must be overcome.

Further insight can be acnieved through application of tne Regionai
# Approximation method, i.e., dividing the sample used into three sections. The
third region in Fig. 15 corresponds to a region described by the most recent
set of calculations, where Region IIl represents a potential barrier (i.e.,
i . Vth in Eq. 131) that must be dissipated. Local neutrality is assumed for
! Regions I and II. In Region I, n(x X)>np ,0 and the electrons are primarily in
the conduction band; while in Region II, n(x) <R.0 and the population of the
recombination centers is not changed from the thermal equilibrium values.

—_

- In Region I, n(z)>2r.. pp=Np. Local neutrality is detailed by
' -—

: n-p=.Np—~Pro=nRo (132)
LT I L
| { | TRAPPED
ANODE je— CHARGE NEUTRALITY ————¥— SPACE —{ CATHODE
! ; CHARGE
1 1
- _ ke de
n= np’ 0 n= ? T
Figure 15. Schematic diagram of reqvons under consideration with ) H

boundary conditions.
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ThUS, '}

]
- d d (;’: + 1) n
z""P =g [("R-"’E] = e
and
— =<vo,> Np
n
SO
Jr = epunEla+ 1)n — eppng o E
Hp
a= —
[T
Letting
o= (7)
Jg =
SkptRi0
and
T= !
N BnTn

(_g_) dE =Tdz
E~1.

the solution isl

”
(KR

J .
J

- = v’,!.n.

- ’ L

e —s
1]
=
13}

Using the boundary conditions E = 0 at x = 0 results in

* 1 1 ” 3 (E+J,)
V = E = - il o 2 .. J-
(z) /0 dz T(zE J.E+ "ln[———l., ])
at’ .
T=1zI
J
m=n(=1)=nn,o and El:E(11)=< >=GJ0
CnnR o
and

2, = (52) (a.- In(1+a))
Var = (%) (G- +in(a+ )
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as before, solving for J, and v,, gives .
Jm = h.(a) (i____ﬂf_,,L)
. and
1 L?
V= | —
™ (9(0)) (m.m) (139)
For J<Jm
aee(%)
and '
J-\? . _
Vas = Vm (E) (140)

For Region II, n~mnr = n:n-pp.=nngps~np,. The neutrality and cur
rent conditions are
"N =PpR=PRo=NR.,—NR (141)
. and
Jr = epnnk (142)

Combining Equat—i'on 127 with Equation 141, and solving for the change of hole
current with distance yields

aJ, _ aJy <vo.> Npdn

dr <vo,> nd iz = <Von> PR (143)

Substituting Equation 141 on the right-hand side (RHS), and np for ng o

dn e <vo,>n} e <vo,>n},
. = dz = dz
n(n + pr.,) aJrNp . aJrNg (144)
JrdE

since dn=-

o E? (from Equation 142) then

The point x, is where
"ke\ (dE '
ny =n(zz) = (f) (E)2 L (146)
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Mark and Lampert (Ref. 2) now change tq the dimensionless variables

T = ztw
E=Et
V= Vtv
Xt = aNRJT
e <vop,> n% PR.
E: = aNRJ-p
{e <vop> n} pr.oken,Ne }%
vl (aNgrJT)? < gtxt

3
n. 2 <vop> PR} {ke,u,.NR}*

For Region I, Equation 134b becomes

ud

* = Ddw
u-+c

<Ice <vo,> pR',,)§
C=| ———————=
e u,VNp
a?keNp :
- n =<vo,> Np 3
¢ <vop> ng PR.oMyp

solving Equation 150

U—cm[(U:C)] = .Dw

for u =0 at w=0. For w corresponding to x, we find

w=(§)(-a+m(1+a)

U1=BC

as in Equation 138. The dimensionless voltage v,, 1i$

Ugy = (%) (%az—a+M(l+a)>

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)
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For w = w(L), Equation 153 and 154 can be rewritten as

e ()6 ((2)-)

and

() (2 () o )

;_ “=\D 2 uy Uy u -1 (156)

‘ , .

N .. . u? ul

: For large injection levels, u, €« u;, w. = D and Rk Therefore,
v\ (8 1

: (3) = (5)en (3}

X or

l 9 v® (157)

A . J- z ge“nnﬂ.ufn C—,g'

! which is the semiconductor injected plasma characteristic for ng - p, = "R,o-
- Lampert and Mark go on to solve Regions II.and III similarly to obtain the

N following equations for the current voltage characteristics.

i ¢ 1 aNg )
: w, e<udp>n% Prol Ir . (158a)
\ _
{: 1 keup,N }
N Ve eupNp

—_— = 14

‘ w2 npL? {epg,a <vo,> } (158b)

whicﬁ~are piotted in Fig. 16 for the following parameters: /e, = 12, Hp =
= 1 x 10%cm?/¥-s, NRo = PR = 5 % 10t4em=3, < vop> = 107 %cm3/s and < vop >
b = 10~7¢m3/s.

P

Figure 16 shows the generé] I-V characteristics for double injection in
an insulator with partially filled recombination centers.

It should be noted that once the recombination centers are filled, the
problem reduces to that of the trap-filled 1imit of the double-injection regime.
Under actual conditions, the transition from single carrier-injection to double-
carrier injection will depend on the rate at which voltage is applied to the
speciman. Thus, the curve may be more rounded or abrupt in its transition to
the Jx V2 regime.
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10
(SEMICONDUCTOR INJECTED
PLASMA)
15' I
L
¥e
-2
10 I
18°
T ]a‘ 1 ; | . | i
10°°  10° 100 100t 107" 10!
.'c
'cz

Fighre 16. General I-V characteristics for double injection in an insulator.

-

NOTE: The definitions of «, 8, vy and 6 on the curve are as follows: a--
Region I is 1 percent of the available volume, Region II is.1 percent of the
available volume, Region III is 97 percent of the available volume and 100
percent of Region V; g--Region I is 14 precent of the available volume,

Region II is 7 percent of the available volume, Region III is 79 percent of
the available volume and 100- percent of Region V; y--Region [ is 48 percent of
the available volume and 4 percent of Region V, Region II is 26 percent of the
available volume and 14 percent of Region V; and §--Region I is 56 percent and
8 percent of V, Region Il is 29 percent of the available and 35 percent of V,
Region III is 15 percent of the available volume and 59 percent of V.
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DOUBLE INJECTION WITH TRAPPING-FREE THERMAL CARRIERS PRESENT

The same problem analyzed in the Tast section is now examined with a
p-type insulator with thermal-free carriers (holes) present. The same assump-
tions apply as before except for the rewriting of Poisson's equation.

Jr =J = eunE+ J = e E = constant ) (159)
k dE '
("ei) (E) = (P~ po) + (PR — PR} =1 (160)
d d ' :
#:.(E)nE:—p,(E)pE:r—g . (161)
r—g=ra=rp—G9 ' (162)
with Ny = 0
fn= fﬁ
-
_Pr :
*= (163)
1
;=<va,.> PR
1 =< vop> ng
- Tp
TR .

Trapped electrons are not allowed to be reemitted. Equation 159 becomes

Jr=J=cu,E (1 + “——"p—_&) + epppoE (165)

Bbp n
At this point, the quantity (p - pg)/n is assumed constant, independent of the

jnjection level. This implies that
n BB

™m - Tp ( 166)

is true at low levels and high levels of injection. Thus,

1 -
; =< U0y > PR.o =< Y0, >.nR_o : (167)

53

T R N S A SRR PRSI T 5 IS R AT AV RS AR Sy
Nal X }A.{LME AT RV oL s A.fl_{ﬂ.{A(!_t\(&"_h")fh{\t\';'l’:- ’:\':'OJ..‘A



DCRM] Yo M ) Wt
’u"-'n,l'e ..l_ 0. ) a4 1 8 -u AN AL AL IS m N x

AFWL-TR-85-115

and

= . (168)

Equation 165 now becomes

-1
: d Bn (P~ Po dE
pn - (nE) = —pppo [1 T (-,;-) \ iz (169)

Since free electrons are trapped quickly without reemission, the quantity
underlined in Equation 169 must be quite small, resulting in

dE n PR=PRo\ 1
—#pmzs;’:(lﬁ——m—)sfu (170)

This equation can be rewritten in terms of the carrier transit time, using

- ke

" epony

NS S
- T Von> PR (171)
Thus )

ke dE oty :
(_G—)Iz-- nfn . (172)
Jr =eu, nk - eu, PR E = constant ) (173)

The Tast two equations are similar in form to those found in the one-

carrier space-charge=limited current with shallow traps. The I-V relations
can be written as

v
J = epopp (I) - (174)
where
vV, = L

. ' | (175)

or the transit time equals the lifetime

N Vs = (176)

after which
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e e~ =

9 [a v? .
. J= g (E:) kéﬂn (E) (177)

When t,>r,, carriers are trapped, and the space-charge-limited current flow
dominates. For ¢, >r, double injection becomes prevalent. '

Under realistic conditions, the assumptions above do not hold as well.
' The l1ifetime of carriers vary with injection level and captured carriers are
reemitted. The net result is complicated equations which must be solved

i -

- -

numerically.

ey

If the variables are assumed to change slowly, the above equations still
hold generally and the conclusion that as the lifetime and transit time became
! equal, double injection prevails over single carrier injection still holds.

This point is the one prevailing idea throughout the mathematical outline

. of double- and single-carrier injection. Thus, it is an important crossover
' point to understanding the conditions necessary for current filamentation.
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CURRENT FILAMENT FORMATION

A notable aspect of the past mathematical treatment of various current )
flow problems is the appearance of current controlled negative resistance (CCNR)

in I-V characteristics.

B. K. Ridley (Ref. 8) has pointed out that the occurrence of CCNR results
in the formation of current filamentation. Therefore, the previous treatment
provides clues to the initial conditions under which CCNR occurs..

To demonstrate the connection of the preceding sections to filament forma-
tion, Ridley's basic theory is examined in detail, bringing in concepts of the
weakly or strongly ionized solid state plasma as they apply.

A bar of semiconductor material is subjected to a constant current and
electric field and undergoes a perturbation under constant volume and pressure.
The second law of thermodynamics as derived by Gibb (Ref. 9) is as follows

G=U-TS+pVv (178)

where

Gibbs free energy
Total enérgy'
Temperature
Entropy

Pressure

Volume

< OV unvn 14 cC O
n

Under the second law, G is a minimum for a system in equilibrium. Thus,
very little free energy exists in the system to drive instabilities or pertur-
bations from equilibrium.

The Gibb's free energy is closely related to the helmholtz free energy
allowing the statement of a thermodynamic identity relating the two.

dU = TdS — pdV + udp . (179)

where

total chemical potential
carrier density

O
[} n
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Substitution of Equation 179 into the differential of Equation 178'under
conditions described above and constant carrier density (or current) yields,

-

dG = 0 and

TdS = dU - udp (180)

must be a minimum for a system in equilibrium.
Taking the time derivative of Equation 180 gives

45 _du _ dpx
@t dt & B g . (181)

where the last term is for all species of carriers (holes and electrons).

The application of an electric field results.in a perturbation of the
total energy and the chemical potential so that

(7=U+Zekpk¢ -
k

(182)
Hie = i+ exd ' (183)
where
ex = charge per particle
¢ = inner potential due to the applied field
-The time derivative for Equation 167 is
v : d¢ '
I = —divJy + ;ekpkzg | ( 184)
where the total energy flow is J,
J,, =J, + exJxd
1 ; (185)

and Jq is the total heat flow. Under initial conditions the heat flow is equal
to the electrical energy flow ( E:eklké ). In addition, the continuity equation
also holds. * -

dpk . . ap,‘
@ = —divJy + W

(186)
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Substitution into Equation 181 yields the following.

1 d d
T‘:—E = ( ~divJ, + zewk df) (\; ((I‘k + exd) ‘:Tk))
Tds = |-div | J, J
7t Ty + Zek kP | + Zekp" o
- [Z#k ( divy + ) Z‘k¢ ( divJy + —t)]
k 4
T‘ﬁ = [ —div (J,, + Zekaqb)]
k

[gmgra) oy

+ (‘Zek-]k Vo= exdV : Jk) + Zeuﬁ%"’f]
3 3 x

using the following relationships
E = —gradg
J=3 edi

J'I = - Zek.]k¢
k

pr = —exd

Zekaﬁ =0

3¢
5 =

we find that
ds

dpx
T— = —div (J - Zp,‘J,.) + ZJkgraduk =
+JE + (Z(#k + ektﬁ)di”Jk) .
-k
53
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but
E(uk + exd)divJy
k

= dtv Z“"‘}" - }: Jegraduy + div Z e Jid — Z exJigrado
- k k k &

= grad(J, - Z i) (193)
k

1 .
where grad = Tgrad (T) the temperature gradient

therefore

J -ZuJ '
das q "k "k 1 )
I = -div [———-—fr—————] + [(Jq . Jyu k) grad

30,
P - B 4
+ %: Jy grad iy ; Tt JE] (194)
Which can be written as
ds . 3s
T = —dwvJ, + Ty (195)
Where J, is the entropy flow and %% is the entropy production rate. In the
steady state, i is zero as is dﬁ and ff*. At equilibrium the production and

flow of entropy 15 zero if the steady scate is quite near equilibrium. Tnus,

-

should be as small as possible at equilibrium (i.e., minimal amount of free
nergy).

t

ﬂ) Q, 3T

The concépt invoked to justify the minimization of entropy production,
namely, the principle of least entropy production, is acceptable as Tong as the
definition of steady state is not synonymous with quasi-steady state. For this
{erivation, the time required to achieve the steady state must be very short
.ompared to the duration of the experiment or observation.

If this is not the case then quasi-static situations prevail resulting in
the ﬁroduction of entropy (dr retease of free energy)-and ensuing instabilities
in the solid state plasma formed (i.e., unstable electrical conditions as
shown in the companion report).

T T RS TN & =

Equation 194 can be applied to a semiconductor undergoing second break-
down and simplified if the temperature gradients in the material are assumed

to be extremely small. Equation 194 simplifies to

]
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. gradpiJx Jegraduy JE L, Ipx
’=; T, TR *’T“;‘k‘? (196)

k

Breaking'Equation 196 down into the entropy production in the high current
region (5,), and low current region (S,) upon filament formation, then

§ =4(1~-a)+da+A(s_+3]) (197)
where a is the filament cross-sectional area (Fig. 17).

Two processes occur upon stabilization of the current filament: (1) the
filament will grow or shrink depending on the amount of current shared in the
Tow and high current regions and (2) the entropy production increases or
decreases (increasing the circuit's entropy) for the semiconductor overall.

If stabilized, the temperature and chemical potential gradient will be
zero and charge conservation will be observed. From symmetry, the terms in
Equation 196 will cancel except JE/T. Thus, the only entropy source is that
due to joule heating.

T: =EJ {1l ~a)= ExJa
“Jo=Ji(1-a)+ Jaa
Ts = EJ, = E(Jy(1 - a) = Jza) o (198)

Then, the steady state is that in which the field E is a minimum or

a= Jo=Jwo
 Jao=Jio

(199)

The cross-sectional area of the filament is in the same units used for the
cross-sectional area of the sample. The build-up of a filament is inevitable
upon examination of Poisson's equation

. | 4
divE = “—2 Zekpk ’ - . (200)

k

L 4 g’ 4r -
- divE = ;;-z,,:ekpk = ‘—egdw.l - (201)

60

L Y TN e el L O f\f\ﬁﬂ&ﬂ\fﬁ\\’}\‘h‘h’_{{s‘)i




WL WL N N mm,mm“mvﬁwmmW"m

AFWL-TR-85-115

“JUBWR| L} JUDJIND P JO UOLIPFUISBAdDU
P3ZL(@3pL pue 3JURISLSIA BALIE6IU [PLIUBABISLP 404 SOL}SLA3IORURYD A-[ [PU3U3Y /] 94nbiL4

INIMVI 14 IN3Y¥ND INIRVTI4 INIYYND

LN3¥YND HOIH v V&

LNIYYNI MO '
S tutpusmbutis L]

|

v

v
|
3 03 T3 ully
NA’ | [ [ 1 Q——.

T

!

.I'—I.III.IIN—.
oz

v

61




-

v P > B

Ty LN "R 4
ﬂ""‘v SN -’0.1.‘.\

(AR ETRENW IV W B AT ¥ RN X7 "5 8'S Ak a8 .02 8°8 ¥k 213 a2 ata et 0" et Hat 02V et [at

AFWL-TR-85-115

Integration over the space-charge layers involved yields. .
4z \
E,-Ey= —(J2 - Jol (202)
€€y .
but dE dE
AE; = E'z - Eo = H(J"’ - Jn) = :17/_\.]2
then
. 4r dJ
Ay = —EEAJQ (203)

and a negative differentinl resistance leads to the growth of the filament to
a state where the minimum amount of entropy is produced under steady state
conditions. '

It should be noted that these derivations assume a zero phase difference
between voltage and current, and a fixed total current. Dropping these
assumptions adds two terms and a phase term to Equation 196. The added terms
can result in driving forces that can feed instabilities (create free energy)
and produce growing oscillations (Refs. 10, 11, and 12) that influence fila-
ment growth (Ref. 10). )

Couched in terms of the previous derivation on carrier transport, the
achievement of a transit time less than the lifetime creates an unstable
electronic state that is mitigated by filament formation. This situation can
become stable if all free energy (heating or external drive mechanisms) is

removed from the device. If not, instabilities recurr resulting in an unstable

plasma formation followed by thermal instabilities or growing oscillations.
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APPLICATION TO GENERAL CASES
) DEPLETION REGIONS AS INSULATORS AND SEMICONDUCTORS

As noted previously, the electrical characteristics of semiconductors are
exploited by controlling the material's conductivity by passive (doping) and
active (induced electric field) means. One way to unite passive and active
modulation of conductivity is to form a metallurgic junction between dissimi-
larly doped materials. This type of junction is generally called a PN junction
or diode (if p-type and n-type materials are joined). The materials reach
equilibrium after joining to create a depletion region. So called because of
the lack of mobile charge carriers.

The potential developed in.the depletion region creates an electric field
that sweeps the region free of mobile charges. Injecting a charge into the
depletion region via regions adjacent to it demonstrates a distinctly differ-
ent conductivity depending on the impressed electric field's po1ari£y.

In farward bias, the depletion region exhibits a high conductivity similar
to a heavily doped semiconductor. In reverse bias the depletion region exhibits
- low conductivity similar to an insulator (Fig. 18).

Basically, under Tow level conditions, the conductivity.of a PN junction
can be modulated over a wide range through variation of the strength or polarity
of the applied electric field. Under nhigh level conditions the conductivity
is still modulated but is dependent on more than the electric field. New
carrier transport mechanisms occur; nonlinearities due to carrier mobility
‘changing with carrier energy occur, and variables become dependent on tempera-
ture and device architecture.

For example, the above PN junction can be driven into reverse bias by a
strong electric field and initiate avalanche breakdown. The result is an
increasing current capacity at a relatively constant voltage. The depletion
region exhibits a constant or increasing conductivity in response to the
applied voltage, similar to a metallic material.

By taking this type of approach to semiconductor transport problems the
Regional Approximation Method becomes very useful in solving low and high
level device characteristics.
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~+——F0RWARD BIAS

-y ' —

REVERSE BIAS

'

Figure 18. Ideal Tow voltage I-V characteristics of
a PM junction.

PN JUNCTION--FORWARD BIAS

A demonstration of the utility of the.Region$1 Approximation Method is
easily performed for this case. An abrupt PN diode is detailed below for
analysis ignoring thermal erfects. '

P=N-=1x10!% carriers/cm3

total length = 2 x 10”! cm

cylindrici] éeometry

radius = 5 x 1072 cm

™= =2]1x106¢

4n = 1350 cm2/V-s

By = 480 cm2/V-s

Built-in potential = 0.577 V

Unbiased depletion layer width = 1.7 3 x 107" cm
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The diode is forward biased and passes a very small current on the order
. of the saturation current. The equations used to model behavior of a PN
junction are well known and will not be derived here. By passing the low and
moderate level injection regimes we now apply the Regional Approximation
Method to the high lTevel injection regime.

Under high level injection, the depletion region shrinks to a fraction of
jts original size. This follows from the application of_an external potential
which opposes and eventually counteracts the junction's built-in potential.

As this occurs, the external potential begins to fall primarily on the bulk
regions outside the depletion region.

As Fig. 19 shows, a potential gradient is impressed on these regions
forming an electric field. Charge build-up near the contacts also contributes
to an increasing electric field (Ref. 13). .

Under low and moderate injection levels, the depletion region was the
major influence on the devices characteristics. The situation changes dramat-
ically under high level injection, bringing the bulk regions directly into play.
With the depletion region's influence minimized, diffusion of carriers plays a
very minor rule in controlling the device's characteristics. The electric

" field in the bulk regions initiates drift and space charge which allows a break-
up of the device into two major regions where drift is dominant, and the recom-
bination centers are full (ionized), as shown in Fig. 20.

-'The problem can be further simplified by examining one side of the diode,
since the other side should react with the same transport properties.

Examination of the P of Fig. 20 side results in the formation of four
zones in Region 1 (Fig. 21).

Electrons are injected from the cathode into the P region (Fig. 20) but
cannot traverse the region completely before recombining. The transition
region is required to smoothly join Region II with Region IV. This situation
is exactly like thé case of double injection with trapping (recombination
centers are full--including space-charge effects). That is, a JaV2 followed
by breakdown to another JaV2 regime. The Fig. 22 (from Ref. 14) shows the
initial JaV? does occur under appropriate conditions. The N-side can be
drawn in the exact. fashion as the in Fig. 21 as a mirror image (except for
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4

4

Figure 19.

4 NO BIAS

T ' )
‘E\X BUILT IN POTENTIAL = 's"o
l o\i x
{

[]
]
]
1 .
— F~ DEPLETION LAYER WIDTH

4  MODERATE BIAS

4 HIGH BIAS

1 W, = EXTERNAL POTENTIAL
Xg = METALLUGIC JUNCTION
As the external potential increases and overcomes the bu'ﬁt-in

potential, the bulk regions become involved developing an electric
drift field..
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Figure 20. Depiction of a PN junction under heavy forward bias (not to scale).
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Figure 21. Separation of the p-side into four regions similar to the double
injection with trapping case.
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Figure 22. Forward I-V characteristics for alloyed germanium diodes (Ref. 14).
The graph displays the JaV2 initial characteristic expected
before second breakdown.
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the applied polarities). Solving one side of this problem for the génera]
case provides a solution for the other side.

Page 34 provides the full problem descr‘fption and general solution for
this problem. The threshold voltage for breakdown is

upl3Ng _ L?

2u, 2up1p

= 10V (204)

A smiliar expression holds for the N-side

Ve = 2 n 7V :
4”‘2“”7"“ . (205)

where L is the length of each bulk side, and vth adds for the devices total
potential difference.

The minimum voltage reached after breakdown is
.V=_1-(£.)+(L2)_1. N
™ gla) \ppry bnTn / g(a) (206)

with the associated minimum current density

eNgL

™

Im = h(a) (207)
As demonstrated by Equations 204 and 205, a situation arises where the
transit time equals the lifetime of the carriers. Also known as
L2

transit time s Lifetime = (208)
. THMp

a transition from single carrier injection to double carrier injection. The
ratio of these .quantities yields the concept of gain.

Jabtimg _ £ _ 7 .
Jabuef _ ¥ _ T _ oo
Jugiing 2 I (209)

When t is equal to or less than t the gain >; and double injection
dominates.
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To solve for Vip, V, and Jy for this diode we have a = 4 on the p-side
and a = 4 on the n-side.

Veh (over total length) = 17 V .

’ Vm (over total Tength) = 8.63 V

Jn (over total length) = 26.7 A/cm2 ~ 0.2 A

If thermal effects were allowed into the model, different results would
certainly occur. Starting the simulation at room temperature would certainly
ionize all impurities, while the electrical heating of the device would
quickly make the material intrinsic and lower carrier mobility and decrease
lifetime. This would decrease the value of V¢h, Vp and Jy. A number of
solutions are then possible dependent on the rate of heating and heat loss.

Use of Ridley's equations would yield the filament cross section near 60
percent of the device's area upon reaching Vm and Jm ignoring thermal effects.
Adding thermal effects would no doubt increase the filament cross section.

Deté}mining how. the simulation would progress after filament formation
with heating would quickly enter the realm of solid state plasma physics which
is beyond the scope of this effort. The only definitive statement that can be
made is sustaining operation after filament formation with heating will lead
to device degradation via thermal shock. ' )

PN JUNCTION--REVERSE BIAS

Under reverse bias, the diode considered here behaves quite differently.
This analysis will concentrate on the aspects that occur after avalanche has
begun.

The depletion region continues to grow as the applied potential increases.
Thus, close attention will not have to be paid to the bulk regions. The
depletion region has two distinct areas with different characteristics.

)

E | The avalanche region is basically neutral from the electron-hole pairs
being created from impact ionization. The region involved in avalanche is
less than one-tenth the length of the depletion region for a two-sided abrupt
junction (Ref.-15) (Fig. 23). The remaining portion of the depletion region
consists of traps that are. partially filled. As carriers from the avalanche
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AREA UNDER AVALANCHE

Xg N\ ¢ / Xn
/ /7
7Y,
tfmm—— - IAA E ——
T0 P BULK 'l,//7.r T0 N BULK
REGION / /‘ REGION
%%
‘N
EMPTY NEGATIVE TRAPS EMPTY POSITIVE TRAPS

Figure 23. Depiction of the depletion region of a reverse biased abrupt PN
junction. The shaded area is under avalanche injecting carriers
into the drift regions filled with traps (not to scale).

region enter the recombination zone space charge builds up from the inability

of the majority of carriers to transit as region without being trapped.

The injection from the bulk regions is very small and thermal excitation
is not adequate to relax the space charge. In addition, as the applied voltage
increases, the depletion region enlarges with the square root of the voltage.

The problem can be divided up as noted in Fig. 24. The region from x = 0
to x; is the avalanche region and is only a fraction of the width x. As the
app]iéd vo]tége increases the fraction of x used by this region is still quite
“small until very high fields (over 108 V/cm) are formed. The region from X1
to x, is a transition region that varies in size dependent on the amount of
thermally excited carriers and the avalanche regions size. From x, to x, the
trapped positive space charge dominates current flow. Basically, a recombina-
tion barrier exists that current flow (from x = 0 to xn) must overcome. Single-
carrier injection is the prime mode of current flow. )

Application of the Regional Approximation Method to this type of problem
was accomplished in solving the trap-filled 1imit problem (p. 9). The neutral
region expands with increasing voltage until the trapped space chargé is over-
come, leading to double-carrier injection and CCNR.
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AVALANCHE REGION

: / /~TRANSITION REGION
Fa. ¥
!

| TRAPPED POSITIVE
|

NEUTRAL '™ SPARE CHARGE

~<— REGION —>!

=0 X Xq Xn
Figure 24. N side of the depletion region (not to
. scale).
4 A1l three regions expand with applied voltage, yet the neutral region
j will not expand to fill the space charge region until extremely high fields

are attained. This is only probable for devices at 1iquid nitrogen tempera-
tures where effects due to intrinsic carrier increases are minimal. At or

; | near room temperature the increasing quantity of thermal carriers would be the
primary cause of space charge relaxation leading to double injection (i.e.,

- o

the point where the gain is greater than or equal to one).

) ‘Starting with the operating trap-filled-limit regime, a method of attach-
ment must be developed which allows the use of changing lengths dimension and
heating. An examination of p. 14 shows the critical current.and voltage are

LIRS

) - 2¢*Nul 4eN,.L?
J . = - =
] Jer ke or - Ver 3ke

(210)

for a crystal of length L. The depletion layer width, Xns is defined in terms
of the applied voltage as

_ (keVa(Np + N\ }
"“( ~ 2¢eNpN, ) (211)
where

Np + N, 1

= —

lVD le . Nt

The equations noted in Equation 210 apply.to the insulator part at the depletion
region after avalanche occurs. This region occupies around 90 percent of the
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depletion region. The voltage across Xn will be the voltage across the ava-

lanche region and the voltage across the insulator.
The problem is simplified initially by ignoring thermal effects and hold-

ing the avalanche region at a constant length of 0.1 xn, so that

o.1z;E.,. = Yam (212)

where

2.25 x.105 V/cm

m
3
"

1.4 x 1073 cm
337 V

-l
=
n

From which we find y,,47 = 16.65 v and the remaining potential drop across the
insulator part of the depletion region is about 152 V. Solving for the voltage
necessary from Equation 197, V., is about 362 V. To decrease the value of V.,
L must be 'small compared to the avalanche region to overcome Vcp. Thus,

X3 » Xp - X3 before V., is achieved (for this particular example x3 v .9 x
before V., is overcome, thus thermal effects, are'rejoined to aid the device).

If thermal effects are allowed in an isothermal situation, it is apparent
that increasing intrinsic carrier concentration will lower Ny in Equation 210
by filling these traps. Thus, V.t should become lower with higher temperature.
The rate of heat absorbed and lost will determine when V.. is lowered for a
particular Vg. .

This thermal assist mechanism can have a lesser effect if reemission of
carriers is allowed in the insulator. Also, the addition of other impurities
can affect 1ifetime and decrease or increase the chance for a thermal assist.

Sq]ving these equations with all effects would require a great deal of
knowledge about the semiconductor. Pertinent data left out of the equations
- can result in a large error. Effects due to very high fields such as changing
mobilities, have not been considered and are beyond the scope of this report.

By examining the PN diode in forward and reverse bias the Regional
Approximation method allows a definite insight to determine what precedes
CCNR. '
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Both situations examined for a diode result in relaxation of an accumu-

- lated space charge by increased single carrier injection. As single-carrier

injection dissipates the space charge, double-carrier injection follows with
CCNR and filament formation.

The particular examples studied here show thermal effects aid the elec-
tronic process by relaxing space charge build-up. Thus, the time history of
use and variables that effect the thermal characteristics of a device do play
a role in breakdown for these particular examples. Other device differences
(such as graded or exponential junctions) will require study on a case-by-case
basis to discern the transport mechanism but will still follow the same general
trends as these examples. .

It is important to note that thermal effects alone do not cause or initiate
the occurrence of CCNR. Thermal effects assist the initial conditions or reiax
space charge, but it is the electronic transport, or transport gain that causes
CCNR and its accompanying effects.

PIN DIODE--FORWARD BIAS

. This type of diode is used for high voltage applications primarily. The
extra I diffusion provides an additional expansion region for the depietion
region under high reverse and forward bias. The diode considered is detailed
below and in Fig. 25.

. P=N=1x 1015 e¢m=3, abrupt diffusions
I (n-type) = 1 x 1013 cm~3
cylindrical geometry
radius = 1 x 1072 cm
=Tt =1x10%s
1350 cm?/V-s
480 cm?/V-s

Un

H
P
Built-in potential (PI junction) = 0.397 V

Unbiased depletion layer width (PI junction) = 7.19 x 10~* cm
Built-in potential (IN junction) = 0.119 V
Unbiased depletion layer width = 3.94 x 107% cm
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P+ l N+

} 3 5x10" J¢m > i
2.5x10 3cm 2.5x1/0-3cm
Figure 25. PIN diode under consideration, not to

scale.

Under high forward bias the depletion regions of a PIN diode will be
reduced in size in a manner similar to a PN diode. The IN junction will be
negated first by the applied voltage. The PI junction will eventually be
negated, but not till a potential develops across the P and I regions. This
potential gradient creates an electric field and the initiation of carrier
drift. Holes are injécted from the P region into the I region, while electrons
are injected from the IN Junction. Region I is characterized as an insulator
with fully ionized donor centers, which represent a recombination barrier to
electrons. '

Initially, the J-V characteristics will reflect a space charge limited
current where J = V2 (Ref. 2). As the current continues to increase, and
direct recombination of carriers occurs the current tfansport characteristics
transform to a semiconductor injected plasma. The J-V characteristics then
conform to J « V2 (Ref. 2) as noted in Fig. 13. As before, the threshold
voltage is the same on a forward biased PN diode.

L2
Ve =
TH 2ntn

where the average transit time equals the lifetime of electrons in the I '
region (the effects on forward voltage are seen in Ref. 16. For the PIN diode
described, the Vth across the I region is about 9.2 mV. The voltage will drop
at this point to about 4 mV across Region I while the current continues to
increase. Heating rapidly destroys the device after CCNR occurs.
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These effects assume that the lifetime and mobility (i.e., scattering
mechanisms) are not altered by injection level, and space charge build-up is
confined to very near the. junctions. Under realistic conditions the_re]axa-
tion of these requirements will increase VTH'

PIN DIODE--REVERSE BIAS

Under reverse bias, the PIN diode resembles a long diode. At Tow and
moderate voltages the diode exhibits a fairly low current J = V tending toward
J = V2. The depletion region exists primarily in Region I, i.e., the insula-
tor region. As the diode nears avalanche, the depletion region normally fills
the insulator entirely. As avalanche occurs the entire insulator becomes
filled with electron-hole pairs near the saturated drift velocity. Little of
the depletion region extends into the P region and practically nothing extends
into the N region.

If the avalanche coefficients are allowed to be equal, the avalanche
breakdown voltage takes the form

W

= — = 213
V,wal hl dW 918 14 ( )
where —
b =1.65 x 106 V/cm .
= 1.6 x 105 V/cm
w = insultator's width in cm

With an Emax = 1.83 x 106 V/cm constant across the insulator. The electron-
hole pairs produced in the insulator separate, holes leave the PI interface
via diffusion and electrons leave the IN interface by diffusion. A small
portion of the depletion region extends into the P region, but none penetrates
the N region. Therefore, very few carriers trespass the junctions in large
numbers since diffusion, not drift, dictates the current level.

The depletion region extends about 5 x 1076 cm into the P region with a
voltage drop of about 4.5 V. The only way to open the N junction for a large
carrier flow is by increasing the potential till the N Junction reaches ava-
lance allowing the space-charge accumulating in the insulator to relax (Fig.
26).
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: (not drawn to scale).
t
0 The distance tihe depletion ragion must penetrate into the P and N regions
' must reach at least one debye length if avalanche is to be sustained (for the
) avalanche multiplication to approach infinity).
»,
h The extrinsic debye length, Lp is
I’»
l: N "EVT % -5
I‘D = ma_—N—a—{ =5 x 10 cm (214)
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To attain this distance on the N-side requires a potential drop of about 45 V.
Thus the total voltage is 50 V (PI Junction) plus 918 V (for the insulator)
and 45 V (at the IN junction) a total of 1013 V. At or near this voltage the
N region junction will begin to avalanche injecting 1ar§e numbers of carriers
into the insulator and bulk regions passing a large current and reducing the
insulators space-charge and field strength. The diode has transferred from
single carrier injection dominated current flow (SCL current flow) to double-
carrier injection in a trap-free insulator--also called the semiconductor

J « V2 regime. Filamentation follows the CCNR quite quickly. Experimental
proof verifying the preceding description is given in Refs 15 and 17.

If thermal affects are allowed to enter into the situatjon several changes
occur.  Avalanche coefficients will decrease in magnitude due the phonon inter-
action with free carriers. The intrinsic carrier concentration will increase
rapidly (doubling for every 11 °C rise above room temperature) to effect tne
occupation of donor sites in the insulator. As the sites fill, the material
becomes intrinsic decreasing the mobility and possibly changing the carrier
lifetime. The increased carrier density in the bulk regions will encourage
farther diffusion and heighten the overal) current passed by the diode. To
achieve avalanche in the bulk regions near the junctions will therefore require
a higher potential. The voltage needed to breakdown the diode will therefore
be higher.

_The PIN diode shows many of the same conditions that precedes second
breakdown in the PN diode. Under reverse bias, the initiation of conditions
for second breakdown require avalanche breakdown in the bulk regions of the
Junctions. This is followed by space charge relaxation in the insuylator and
double injection.

BIPOLAR JUNCTION TRANSISTORS--SINGLE DIFFUSED

The Bipolar Junction Transistor (BJT) is the next step in the evaluation
of diode technology. Today's BJTs are fabricated with many different types of
diffusion processes and numerous architectures. Application of the Regional
Approximation method to the transistor has been performed (Ref. 18) and wil®
not be repeated here. Instead, the single diffused somewhat idealized transis-
tor will be analyzed for special situations where large voltages are applieg
in various ways %o achieve unstable device operation. This can then be
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examined as special cases of unstable current states (CQNR) as shown for the
PN and PIN diodes. Cases involving double-diffused BJT and field effect
transistors will not be examined. The reader will find after some considera-
tion that these devices are also special cases of the PN or PIN diodes.

The generic BJT examined here will not be quantified numerically with
general mathematical criteria for unstable operation. The numerous types of
BJTs and prolific architectures that are available often times dictate how the
transistor parameters (a, B8, spreading resistance etc.) are related at high
bias. Therefore, general cases would have to be developed for each particular
BJT type and architecture, which is beyond the scope of this report.

The device to be examined is a P-N-P single diffused BJT as shown in Fig.
27. Then, the BJT's most important dimension is base width and contact peri-
phery. To achieve transistor action, the amplification of a signal, the emitter
must be close enough to the collector to influence it. If the base is wide
compared to the carrier diffusion length, excess carriers injected from the
emitter cannot reach the collector and influence it. Therefore, the base
width is on the order of a diffusion length. The base width directly infiuences
a factor called the base transport factor, 3. Beta represents the ratio of
minority carrier current reaching the collector to the actual minority carrier
current emitted. As such, it is also a measure of the carrier transit time
divided by the 1ifetime. The value for 8 is usually slightly less than unity.

Another factor used to qualify the BJT is 4, the collector efficiency.
This represents the ratio of collected to incident current on the collector
and is normally less than unity. The final value of this variable is dependent
on the value of the surface recombination rate.

The symbol y is called the emitter injection efficiency and represents the
ratio of minority current to total emitter current. The value of y is normally
less than unity.

A1l three factors listed above can be multiplied together to yield the
factor g known as the current ampiif<cation factor. It is ap:croximately equal
to the negative of the total collector current minus the coliector 'eakage
current divided by the total emitter current.

a.-ﬂl‘y--(";"“) (21%)
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Figure 27. Schematic diagram of a pnp transistor under no external bias (not
drawn to scale). All junctions are abrupt diffusions.

Note that under any bias condition, either (Ic - Ico) or IE will be negative
by definition making ag positive. Many aspects of transistor operation can be
explained in terms of these variables including aspects of electronic instabi-
lity in the four cases to be considered. - -

COLLECTOR BREAKDOWN
A p-n-p transistor is illustrated in Fig. 28 in the common base configura-
tion

The first extreme of operation to be considered fs avalanche breakdown of
the collector Junction with the emitter-base loop open. This is nothing more
than simple diode breakdown already outlined in an earlier section.

In terms of the transistor variables outlined before, the actual number

.of minority carriers collected becomes much larger than the number of minority

carriers that actually strikes the collector. This is, of course, due to
avalanche breakdown of the collector. '

Numerically, § is determined by the multiplication coefficient of avalanche.

This has been defined experimentally as
1
- (40)
n=2 to 4 . (216)

6=

79

PRSROARR R SR O

oy



> T .-

AFWL-TR-85-115

VeE
1 { i 1 I
L4 R
|"+| H
L+ - n
EMITTER 9 p++ K n+ '] p+ COLLECTOR

rh ym
441 "F‘J
N NI

T : S A | [l

'E . i ICT
Vep " BASE Vep

Figure 28. A pnp transistor in the common base configuration. The emitter is
forward biased with respect to the base. The collector is reverse
biased with respect to the base. Drawing is not to scale.

As § tends toward infinity, so does ag in Equation 215. An electrical instabil-
ity will occur as .described previously for the PN diode in reverse bias. But,
two limitations apply specifically to transistors in this scemario. The col-
lector depletion region cannot expand beyond the 1imit of the base region
without support of an external potential. Since the base electrode is normally
located around the periphery of the base diffusion, the depletion region
expands preferentially toward those regions. If the depletion region touches
the electrodes the space charge resistance (due to SCL current flow) will be
dissipated initiating double carrier injection. The inclusion of surface
recombination or spreading resistance makes punch-through to an electrode much
harder. Heating can bring the material into the intrinsic regime relaxing the
accumulated space charge and possibly initiating solid state plasma formation.

EMITTER--COLLECTOR BREAKDOWN
This situation is depicted in Fig. 29 with the emitter junction forward

biased and the collector junction reverse biased. Initially, the base is to
be open.

Since the emitter is forward biased, there is a minority current into the
base. If Vee is greater then a few tenths of a volt, the emitter is injecting
a current into the base that is greater than the collector's reverse saturation
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Figure 29. Set-up to study collector-emitter breakdown‘(not drawn to
scale).

current. Thus, the current through the collector is larger than ICO' This
current is aEIE plus ICO or ICEO'

ap = —2 alvi
E= l—-ap “ Ip
lceo = Iopo(l — ag) (217)

As VCE increases, the width of the co{]ector depletion region expands into
the base increasing g and §. VCE also increases IE and conversely y. These
increases boost ag and Ic until avalanche is initiated. The increased quantity
of carriers in the collector junction means avalanche is initiated at a lower
field strength than BVCBO'

Further increases in VCE result in the collector depletion region reaching
the emitter junction which provides carriers to relax the accumulated space
charge initiating double injection and CCNR. This situation is quite similar
) to breakdown in a PIN diode.

In terms of the transistor variables, s does not increase to infinity
with higher VCE until it is closer to avalanche. But 8 and y increase to high
values since

R (218)
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The current IC’ rises dramatically. As punch-through occurs, the space charge
relaxes, initiating double injection and CCNR (uE will increase very rapidly as
ag increases to infinity with punch-through) as shown in the ICVC plot of

Fig. 30.

Now, allow the base to be connected back to the circuit in Fig. 29. The
value IB is not zero and is able to drain carriers out of the base. The
immediate consequence of 187"0 is that ICEO decreases from the last case
dependent on the value of ag at low level 1njection.

As VCE is increased the last scenario is repeated with the following added
complications. Since 187’0, current is flowing toward the periphery of the
base to the electrical contacts. There is 1ittle resistance to carrier flow
perpendicular to the junctions, but parallel flow meets considerable resistance
because of the vector quality of carrier diffusion and drift in the base (Ref.
19). The exact amount of resistance is determined by the base width and overall
geometry (Ref. 20). The net result of this spreading resistance is to make
the center of the emitter less forward biased then the edges. Thus, current
flow is higher at the edges than the center and the Early Effect serves to -
further enhance the overall potential buiid-up. The vaiue of V¢ will increase
bast BVCEO until the potential across the accumulated space charge and spreading
resistance is large enough to allow the carrier transit time to equal the car-
rier lifetime.

- The resulting Ic versus Vc curve will behave as shown in Fig. 31. Curve
B in Fig. 31 shows a CCNR aspect that results even if avalanche has already
occurred at the collector junction. Such activity is specific to the BJT and
is dependent on geometry and the external circuit. This type of activity has
been demonstrated in Reference 21.

ELECTRICAL INSTABILITY DURING COMMON EMITTER MODE CUTOFF

The situations described previously cover most extreme forms of operations
that can be discerned for a BJT used as a switch or amplifier. One case does
remain where both emitter and collector are reverse biased simultaneously.

This occurs when a BJT is used in the common emitter set-up shown in Fig. 32.

As VCE and vEB increase, the base becomes modulated by the expanding
depletion regions. As the voltage reaches avalanche for both junctions the
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Figure 30. General I-V curves showing breakdown for
the collector-base compared to the col-
lector emitter breakdown (not to scale).
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Figure 31. General I-V curves for collector-emnitter
breakdown. Curve A 15 simple :ollactor-
emitter avalanche breakdown with no
resistance in the base. 7, -,2 7 i
possible due to space charge build- uD.
base spreading resistance, and some
external resistive 23  1.- nn gt T2 scale .
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N Figure 32. A pnp transistor in the common emitter setup (not to scale). Both
N Jjunctions will be reverse biased to create a cutoff situation.

' current §hjected into the base will be affected by base spreading resistance.

' This will reduce the potential near the center of each junction forcing cur-

" rent flow to the edges. The magnitude of this effect will be greatly dependent
t on geometry and the amount of current injected into the base. If the depletion
) regions expand into the base and merge we have the breakdown problem of the’
PIN diode. Space charge is relaxed and double carrier injection results. The
IC -.VC curve will behave as shown in Fig. 33.

? For curve A, the base offers no resistance to current flow resulting in
avalanche, punch-through, and double carrier injection. In terms of the
transistor variables, ag becomes very large and tends to infinity once punch-
through occurs.

For curve B, spreading resistance due to the removal of carriers from the
base results in an increase in VC before avalanche can occur. This curve will
) also depend on the device geometry and external circuit. This effect may have
. been observed in Reference 21 numerous times. Also, curvature of the emitter- .
o base deplet on region (due to the emitter area being smaller than the
| collector area) results in preferential avalanche near the regions of highest
curvature while the collector-base junction will avalanche homogeneously. The
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Figure 33. General I-V curves for breakdown

p with the transistor in cutoff.

v : o Curve A is for no resistance in
the base loop. Curve B is for

, resistance in the base loop. The

, amount of resistance will deter-
mine the shape of curve B (not
drawn to scale).

il

B T

—émitter-base avalanche is possibly current limited by surface recombination
and proximity to the base contacts. This will not allow 8 or y to increase
with Vep» and may very well decrease with increasing VEB' [t is even possible
that surface breakdown will limit VEB before homogeneous avalanche can occur.

I TN

If the limitations of VEB are ignored for now, the increased VC values
needed before breakdown can occur are explainable by resistance effects.
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CONCLUSIONS

The use of the Regional Approximation method allows in-depth analysis of
devices under high level-injection. Basic scenarios explaining how electron-
ically unstable phenomena can occur have been detailed and applied to a simple
PN and PIN diode. Application to transistors were detailed for cases of
extreme operation.

An exhaustive application was not performed for all types of device dif-
fusions, materials, or architectures. Instead, basic electronic transport
problems in insulators and semiconductors was deve1oped to show how injection
level plays a significant role in determining J-V curves. These cases were
~ shown to apply to device physics for a few major scenarios.

A vigorous connection was developed between the transition of single~ to
double-carrier injection and the initiation of current controlled negative
resistance. This provides a basis for understanding the formation of current
filamentation as a result of an electronically unstable situation.

Other methods of obtaining electronically unstable states relates to the
quantum mechanical aspects of the material itself as elucidated in the com-
panion report, "Analysis of Solid State Plasma Formation in Semiconductor
Components," AFWL-TR-85-116.
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