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ABSTRACT

The current-voltage (I-V) characteristics of a space-
charge-limited anthracene diode near the breakdown region has
been studied. A physical model for microplasma noise in the
space-charge-limited solid-state diode has been developed.
The temperature dependence of breakdown voltage has been mea-
sured. The results show that the postbreakdown current
decreases as the temperature is increased and the breakdown
voltage increases with increase of temperature. The onset of
microplasma breakdown is used to measure the temperature
coefficient of the breakdown voltage. This measurement has
been justified by comparing the results obtained from silicon
P-n junctions and the existing data published in the litera-
ture. The temperature dependence of the threshold voltage is
in reasonable agreement with the theory.

Low fregquency noise measurement is performed on the
device. Low frequency excess noise is found to be caused by
the bulk effect. The results show that the low frequency
noise has a f_l dependence.

The effect of pulsed radiation on the I-V character-
istic has also been investigated. We found that although the
steady-state photoresistivity of an anthracene space-limited
diode is very large, it is a poor light detection device for

pulsed type of irradiation.
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CHAPTER I

INTRODUCTION

Anthracene ClMHlO has served as a model system for
attempts to understand molecular crystals. The avalanche
breakdown phenomena in inorganic semiconductors have been
studied very extensively in the past twenty years. This
breakdown can be either radiative or nonradiative. Avalanche
breakdown with associated light emission on a single-hole-

R injection space-charge-limited anthracene diode has been
observed by Hsu [22] . Large amplitude noise arising from
current instability at the onset of breakdown was noted by
the author and was found to be microplasma noise. McKay [33]
showed that in silicon, during the microplasma instability,
practically all the current is carried by a series of current
pulses of constant amplitude but of random lengths and occur-
rence. At the very onset of breakdown these pulses are very
short so that total current is small; as the voltage is
increased above that at which pulses first appear, the pulses
are observed to increase Slightly in amplitude, to have much
longer average duration and to be of more frequent occurrence,
until a voltage is reached at which the current remains flow-
ing continuously. At higher voltages other similar sets of
pulses may occur. These observations by McKay suggested

localized breakdown regions (microplasmas), each of which

requires a slightly different breakdown sustaining voltage



and each having a range of voltages in which the localized
breakdown is bistable. This interpretation was confirmed by
Chynoweth and Pearson [7] who observed recombination radia-
tion from individual microplasmas in shallow diffused junc-
tions; they were able to correlate the onset of each set of
light spot in the junction with the onset of each set of cur-
rent pulses observed.

Ideal p-n junction diodes exhibit V-I characteristics
with a sharply defined breakdown point under reverse bias.

In general, practical solid state devices do not have a
sharply defined breakdown point. There is always an uncer-
tainty in the breakdown voltage that is due to soft junction,
and so there is always a bend or a knee around the breakdown
point indicating the transition region. In this thesis, the
author attempts to take care of the breakdown voltage by
noting the onset of microplasmas. Experimental work was car-
ried out by using the above assumption to determine the
temperature coefficient which was then compared with the estab-
lished data. The end result has indicated a favourable just-
ification of this assumption. Low frequency noise and photo
effects on anthracene are also investigated.

Chapter II presents a brief review of the previous
theoretical analysis oA the avalanche breakdown mechanism in
semiconductor devices and some of the experiméntal results
obtained by several investigators. In Chapter III, an analysis

of microplasma phenomenon is presented and a model of “turn-on'



and 'turn-off' of microplasma in anthracene is proposed. The
experimental techniques are given in Chapter IV. Chapter V
presents experimental data. The analysis of the experimental
data is discussed in Chapter VI. Finally, conclusions are
drawn from the experimental observations as presented in

Chapter VII.



CHAPTER TIT

AVALANCHE BREAKDOWN IN SEMICONDUCTORS

2.1 REVIEW ON AVALANCHE BREAKDOWN AND BASIC CONCEPTS

In order to have a thorough understanding and to
fully utilize the characteristics of.avalanche breakdown diodes,
it is necessary to gain some understanding of the basic
theories that govern the breakdown mechanism. Physically,
junction breakdown in excess of eight volts is the process
of secondary ionization or avalanche breakdown. The basic
mechanism of avalanche breakdown is similar to the Townsend
discharge in gas-filled tubes. It relies on the ionization
of carriers and on impact collision of atoms by other carriers
which have been imparted sufficient energy by an electric
field. Suppose a free electron or hole exists within the
depletion layer of the junction and an electric field is
applied.v An'increased velocity in the direction of the elec~
tric field and hence an increase in the carrier's kinetic
energy, is given to the free carrier. As a result of the
lattice structure in the crystal, the free carrier may collide
with an atom within the junction and, because of its high
energy level, may knock off carriers from the atom. If suf-
ficient energy still remains in the original colliding car-
rier, additional collisions will occur and thus other carriers
will be freed from additional atoms. The newly released

carriers now gain sufficient energy from the field to initiate



new collisions. Although some breakdown in solid crystals
relying only on the ionization of electrons have been observed
[58], generally it is necessary that both electrons and holes
be ionized in order to provide the positive feedback or
regenerative mechanism [33].

McKay [33] , [34] has shown that even before the junc-
tion breaks down completely, a given carrier injected into
the depletion layer of the reverse-biased junction results in
a current flow greater than that of injected carrier. Thus
a multiplication of carrier has occurred. When the applied
voltage across the junction approaches the breakdown voltage,
VB’ the multiplication factor increases very rapidly and, in

fact, the point of breakdown is defined as the point at which

- the multiplication factor, M, becomes infinite.

In addition to the actual breakdown, the multiplica-
tion effect produces additional results, such as, any degree
of reverse leakage currents will be multiplied in the region
of prebreakdown, thus producing a certain amount of softness
in the characteristic curve, especially at elevated tempera-
tures.

McKay [33] expressed the value of M mathematically as;

M = 1 ...(l)

W
1 - f o. dx
i
o)

where o is the rate of ionization and w is the effective width

of the actual junction.



Miller [35] has given a relation evolved from obser-

vation for the multiplication factor in step junctions:

M = 1 ...(2)

n
1 - (VR/VB)

where V, is the applied voltage, V., is the body breakdown

R B
voltage due to avalanche, and n is the number that depends on
the resistivity and the resistivity type of the high-resist-
ivity side of the junction.

The rate of ionization o4 is defined as the number of
hole-electron pairs produced by a given carrier per cm. of
path travelled in the direction of the field. The ionization
rate is slightly different for holes and electrons and is also
a function of the semiconductor material and the applied
field. 1In equation (1), McKay assumed that the ionization
rates‘for holes and electrons were equal.

The value of os and its dependence on the strength
of the applied electric field were investigated by Chynoweth
[8], who found from experiment that the ionization rate obeyed

a function in the empirical form of

’ m
ui(E) = a e—\b/E(P) )

.(3)
where E is the value of the electric field and a, b, and m
are empirical constants. Maserjian [29] has shown that for

an abrupt Jjunction the values of the constant a for silicon

and germanium are 9 x 105 and 1.2 x 107,respectively. The

values of b for silicon and germanium are 1.8 x 106 and 1.4 x 10

6



respectively.
Mathematically we may define the point of breakdown

as being the condition

W
f 0y dx = 1 e ()
o ,

One significant parameter in any theory of breakdown
is the temperature coefficient. McKay [33] observed that
the multiplication curve of a junction has the same tempera-
ture coefficient as the breakdown voltage. The temperature
dependence of the avalanche breakdown voltage for linear-grad-

ient junctions can be described approximately by

— 14 —
VB(T) = VB(TO)[l + B'(T TO)] ...(5)
where VB(TO) = breakdown voltage at room temperature TO
VB(T) = breakdown voltage at the temperature T

B! temperature coefficient.

McKay [33] established that all junctions showed positive
temperature coefficients for the multiplication characteristics.
The coefficient was defined by (l/Va)(dVa/dT) for a given

value of the multiplication. The extent of the variation of
the junction width with temperature is usually negligible.

From (5), the field dependence on temperature was deduced to

be

EB(T)_: EBCTO)[l + B (T—TO)] ...(6)

where EB(T) = maximum field at breakdown at temperature T

EB(TO) = breakdown field at temperature T,



B = 0.5 8!
To derive from this the temperature coefficient of oL (7),
we let M»o ., McKay showed that
1 (%% J Ep 293 e ()
— | = -8 J1 + — |—==
oy T O BEB
t T

where all quantities are evaluated at T = T

3¢ .

o ° BEB
obtained by differentiating the curve plotted as ionization
o,

<
oT

can be determined or vice-versa. It should be noted that

can be

rate a; verses electric field E, so that if B is known,

equation (7) is applicable only to step junctions and is sub-
ject to the assumption of equation (1).

In general, the definition of breakdown voltage VB
is the value of reverse voltage that causes the diode to
enter the breakdown or high reverse current region. If all
the diodes has a characteristic in which the transition from
reverse leakage to breakdown was as sharply defined as an
ideal diode, it would be easy to define VB as the voltage at
the exact point of transition. Unfortunately, this is not
the case in general. In many cases the breakdown transition
has a certain softness in the knee region. The end result
is that a meaningful specification of the breakdown voltage

VB must include a specification of the reverse current I. at

R

which it is to be measured. The temperature at which the test

is performed and the thermal resistance between the device
leads and the ambient can also influence the value of VB‘ There

is always an uncertainty in the breakdown voltage VB due to



soft junction.

Avalanche breakdown was observed in homogeneous mat-
erials as well as in p-n junction. Anthracene is a molecular
semiconductor and exhibits avalanche breakdown under high
voltage. The sample used was a conventional single injection
space-charge-limited diode. The fact that the postbreakdown
current decreased as the temperature was increased was Jjusti-
fied that breakdown was an avalanche. The breakdown voltage
varied as temperature was varied. If the current-voltage
curve was used to specify the breakdown value, the expected
breakdown point would be such that the current increased very
rapidly with voltage. However, in space-charge-limited diodes,
this breakdown voltage is not well-defined; thus the conven-
tionél I-V curve would not give a clear picture at break-

down.-

2.2 THEORETICAL CALCULATION OF AVALANCHE BREAKDOWN

The mathematical calculation of breakdown mechanism

in ordinary p-n Jjunctions is analyzed as follows:

Let a = electron ionization rate, i.e. the number of electron-
hole pairs generated by one electron travelled a
unit distance;
ap = hole ionization coefficient.

In general, the ionization rates for electrons and holes are
different. Therefore o is not equal to ap. It is assumed

that the depletion width of a junction under study is as that
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shown in Figure 1.1, where Ipo is the incident current at

left-hand side of the depletion region. Through the process
‘of secondary ionization the hole current will increase with
distance through the junction and reach a value MIPO at the
right-hand side of the Jjunction. Since at steady state the

total current is constant,
I =TI + I e (L)

There are In/q electrons per second and Ip/q holes per
second crossing the differential section dx. The hole current
IP(X) changes by an amount equal to the number of electron-
holespairs generated per second in the range dx (times elec-

tronic charge) or the increment of hole current is

dTl_ = ¢o_ I _dx +o_ I dx
P P P n n
de
1 —_—t = + -
i.e. T o I (ap un) IP e (2)

Equation (2) has a solution subject to a boundary condition.

I= IP(W) = MP Ipo (3D

It is assumed that at x = W the electron current is neglig-

ibly small compared to the hole current. Similarly,

I =MI =TI (o) e ()
n-no n

This approximation can be made only when Mn’.Mp>>l'
= —= + - - ' .
IP(X) I{MP JO o, exp [ JO (up an) dx dg]}

X
© exp [f (ap—an) dx] «..(5)

O
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where MP is the multiplication factor for holes and is defined
as
I_(W I
M= B

) Ip(o) - Ip(o) - (6)

gince IP(W) and the total current I are identical. The mult-
iplication factor is obtained from (5) and (6). From (5) we

can write

1 b b
I{ﬁ- + ( o exp [}j (ap—an) dx;}dx}
I (x) = P___° ©

b S - (X
{exp tffo (ap—an) dx']}

%
(ap—an)dx'}dx}

b - 1 b
1 L=
Ip(x) {exp (;f (ap-an) dx J} = I{ﬁ_ + f o exp [—f
o D o

O

as IP(W) = I, at x = W, we have
- [ . [ ;
exp i- f (a_~-a_) dxi] = = + J 0_ exp —J (a_-o_) dx'pdx
o P n Mp o B o P N
1 W W X
- = exp [—J (ap—an) dx] - f o, exp {—J (ap—an) dx'}dx
o) o o o
(7))
Now
JW - X
(a_-a_) exp l: J (a_-a_) dx']dx
o n o p o P n
p:4 W
- - _ !
= exp [ J (up un) dx ] ] i
o X=0
W
= exp [}jo (up~an) dx} -1 ...(8)

From (7) and (8) we have
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1 W W - (X
= = exp[ff (a_-a_) dx} -j (a_=-a_) exp’-J (o_=-a )dx'}dx
MP o P n o n p _ s P n
4 X
- - — !
f o_ exp [ f (ap un) dx de
o o
1 W W W
= = exp[}f (a_=-o )dx}— exp[;f Co_~-a )d%}+l —f (o_-a )dx']dx
MP o P n _Jo P n o P n
1 W X
- e = - - 1
1 -5 f o, exp [ f (ap an) dx.]dx e (9)
o) o o
The breakdown voltage VB is defined as the voltage
where M becomes infinite. If the ionization rates for elec-

trons and holes are the same, breakdown occurs where an elec-
tron (or hole) produces exactly one secondary on the average
in one transit. If the ionization rates are different, then
the carrier which ionizes most must produce more than one
secondary to compensate for the other type of carrier which
causes lesser ionization. It can be shown that the breakdown

condition is symmetrical. That is, if

[oop o [
o exp —f Ca_-a_) dx']dx =1,
o P -’0 p B
then W - W
f o exp —f Ca_=-a_) dx'}dx = 1 ... (10)
n n p
o - Ix
Experimentally it is found that
,,,,, g D
a ~or ap = o (E—) ... (1)

0O

where o and EO are constants and o = a_ exp (-b/E)™

where b is an electric field that is in general different
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from'ii/qi, if Eiﬂis the ionization threshold and & is the
mean free path, respectively.

To extend the multiplication integral over a wide
range of multiplication it is necessary to account for ioni-
zation by both electrons and holes.

Let
a_ = Y o .. (12)
With the assumption of constant Yy, the multiplication integral

(9) becomes

1 -2 = X fex ——(l—l)woc dx | - 1}
e v, % F

l—-—];—‘——]-'—{ex ik (y-1) o_ dx| -1} (13)
Mo T Y-l p Uy i n

where the value of y should be chosen at the maximum field.

Avalanche breakdown cccurs at

W Ly
[ oy ax = 2y
o
or
W yzny
f o dx = Lo (1)
o P y-1

2.2.1 Step Junction

A step junction is defined as having constant impur-
ity density on either side of an abrupt step on density, as
in Figure 1.2(a). The field varies linearly with distance,

and the width W is related to voltage V by
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2
V:—Q—Nw ...(15)
2e
where
l:_l_ +.];
N ND NA

€ = permittivity
V = sum of applied and 'built-in' voltage.
The maximum field is

_ L,V W
E 2 W E
and

E(x) = 2 % : ... (18)

=X

where E is assumed to be zero at x = 0. Actually, equation
(16) strictly applies only to one-sided Jjunctions (i.e.
ND>>NA). For junctions that have significant width on both
sides of the junction, E(x) must be represented by two
straight lines. Figure 2.2 shows a one-sided equivalent for

a two-sided step junction.

The ionization integral is

W W ’
f adx = J o, e—bw /2Vx
o) o

dx ... (17)
Let z = x/w, then
W
fo adx = - Weff ... (18)
1 1 b
Woee = W f exp [(l - E) 5 }dz ... (19)
o max

The determination of the ionization integral involves

(i) determination of E and (1i) determination of o and
max max
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weff' Assuming that m = % >>1, the empirical forms are as
o
follows,
1 Yy (m+1)/2
- 259 G2
n =Y B
,,,, 1o er_q (%)(m+l)/2 ... (20)
p Y B

2.2.2 Linearly Graded Junctions

A linearly graded junction is defined as having a
constant slope in net impurity density as shown in Figure

2.3. In a linearly graded junction,

p = qax , - x, <xc< X e (21)
. X 2 22'
E = 'Eqa o 5 L. (22)
3
vV = —%%EW— .. (23)

where \Y voltage across junction

a gradient of impurities
W = 2XO = junction width

The ionization integral is

1

R
Mn

I
e
o =

Q
3

Q,

x

coo2y)
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EX)
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Fic. 2.3W). IMPURITY DENSITY IN A LINEARLY GRADED
JUNCTION.
(B) FieLp DISTRIBUTION IN A LINEARLY GRADED

JUNCTION.
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. 2 b
where Weff = W JO exp {— —=5 E_I dE

L = o oP/Em
max R

The determination of the ionization integral for the graded
junction is now identical to the determination of the ioni-
zation integral for the step junction except for details.

At voltages less than the breakdown voltage the multiplica-

tions are

1 LYy 2/3(n+1)
e v S
n=7Y B
n YUY 2/3(n+1)
1 -3 =t () ... (25)
p Y B

The empirical result agrees with (25) approximately

if a_ v oo

D (y close to unity) and b/Em>>l.

n
In the case where the ratio y(= ap/an) is not con-

stant, it is possible to make some estimates based on upper

and lower limits. To calculate the breakdown voltage where

M is infinite, we require

1 - I - ¥ {éxp[—(l - i) jw o} dx] —1} =1 ...(26)
N Y Jo P
as well as
1 1 B} W '
1 - M_I: = -'Y—"—T {exp L(y—l) fo o del -l} : e (27)

At finite multiplications the calculation is closely approx-
imated using the physical parameters of the incident carrier.

For small multiplication, as in transistor collectors near
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oM = 1, the calculation for multiplication using the para-
meters for the incident carrier converges very closely to the
true value. In all cases it is of the greatest importance

to use the value of y which is obtained at the maximum field.



CHAPTER IIT

MICROPLASMA PHENOMENON

3.1 REVIEW ON MICROPLASMA PHENOMENON

In avalanche breakdown the junction does not suddenly
begin to conduct very large currents all over the junction,
but rather at small discrete points. These small-high-
current-density discharges are known as microplasmas. This
effect indicates that breakdown occurs in small steps of
current. Further increase in applied voltage beyond that
which created the first microplasma would not increase the
current through individual microplasma appreciably, but rather
will produce more microplasmas. Each new microplasma adds
its unit of current to the total breakdown value. The indi-
vidual microplasma switches on and off in the area of initial
breakdown, thus producing a distinct noise in the form of
erratic current pulses with very fast rise time and of rather
uniform amplitude regardless of the level of the breakdown
voltage.

Associated with the generation of microplasmas in
avalanche breakdown of the junction, there exists an emission
of light eminating from the individual microplasma as pin-
pointed spots of light. It has been found that microplasmas
occur preferentially along areas of scratches or other mech-
anical effects [39]. It seems to suggest an effect of lattice

damage on the junction width, perhaps a sort of dislocation
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within the junction.

The generation and decay of the microplasmas during
junction breakdown takes place in a very short time interval
(10—10 sec. or lower) and hence the breakdown effect may be
used at rather high speeds.

In general it is believed that high field intensity
at local avalanche breakdown is involved in production of
microplasma. Experimental evidence indicated that micro-
plasmas are caused by localized high field regions within
the junction.

Shockley suggested a model for explaining the observed
properties of microplasmas. According to his model, field
enhancement is caused by precipitates of dielectrics. Traps
in microplasma region tend to immobilize a high density of
charges. These charges are able to increase the electric
field to such a value that breakdown may occur and thus a
'lock on' mechanism is produced. Spherical dielectric pre-
cipitate is assumed and since the dielectric constant of the
spherical precipitate is much lower than the surrounding mat-
erial, the field around the periphery will be stronger than
the surrounding. Thus high local field intensity results in
breakdown. The precipitates are nucleated preferentially at
dislocations and so microplasmas occur, in general, prefer-
entially along dislocations.

The most significant electrical behaviour of micro-

plasmas is the characteristic current instability at breakdown.
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If the diode is operated with a low resistance in series, the
microplasma passes current as square pulses. The length and
repetition rate of the pulses fluctuate statistically around
an average value corresponding to the DC current flowing through
the microplasma region. The repetition rate varies for dif-
ferent microplasmas. From experimental results on large load
resistance circuits, Champlin [ 5] suggested that microplasma
is due to a local avalanche breakdown and that the noise pulse
is due to charge and discharge of the capacitance across the
microplasma region. When the bias voltage is increased, the
capacitance is charged up and the voltage across the microplasma
region is increased. At breakdown, the resistance of the micro-
Plasma spot decreases. The capacitance then discharges through
the resistance to decrease the voltage across the microplasma
spot. If the voltage is decreased to or below a certain value
that the field intensity in the microplasma region is not
strong enough to sustain avalanche breakdown, the conduction
ceases. After this, the capacitance is then charged up again.
Haitz [17] extended this model to explain microplasma pheno-
menon on small load resistance circuits.

Champlin [5] and McIntyre [31] have independently dev-
eloped a phenomenological theory describing the statistics
of microplasma pulses. According to Champlin the electrical
properties of a random bistable microplasma can be qualitatively
ascribed with three fundamental parameters: (i) the probabi-

lity rate for transitions from the non-conducting state to the
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conducting state, @Ol(V,T) sec_l (or turn-on probability);
(ii) the corresponding probability for the opposite transition

@, (V,T) sec_l (turn-off probability); (iii) the pulse current

10
Il(V,T).

Turn-on probability is mainly determined by the number
of minority carriers entering the microplasma region and gen-
erating a pulse. Thus it is possible to enhance the pulse
rate by illuminating the junction. Turn-off probability
depends only on current. An interesting property of micro-
plasma is that even at very high current pulses corresponding
to several hundred electrons and holes within the plasma,
there is still a finite turn-off probability. A better under-
standing of the process causing avalanche breakdown might result
from the fact that holes have much lower ionization rates than
usually assumed. If the ionization rate of holes is much
lower than that of the electrons, a large number of holes have
to be present to produce one or two secondary electrons.

Thus it may be possible to explain the high pulse currents.
Since ®10’ @Ol and Il(V,T) are functions of voltage, the term-
inal properties of a microplasma are not unique but depend on
the impedance of the external circuit. For the case of an
ideal low impedance connection, however, the voltage is time
independent.

According to Champlin the breakdown voltage is defined
in terms of turn-off probability ®10> by

1im ®1Q = »

(D

+
V » Vb
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Experimentally it was found that @10 is a monotonically decreas-
ing function of V and traverses the entire bistable range from
@1O+w (non-conducting) to @10+0 (continuously conducting) as

V traverses a tiny increment of voltage §V above the breakdown

voltage V Some breakdown regions are not bistable but can

bﬁ
be classified as multistable.
For ideal low impedance circuit, Champlin [5] assumed

that it is time-independent. Let average times spent in the non-

conducting and conducting states be To and Ty respectively.

1
T, = o L(2)
0 @01
1
T T g e (3)
1 10

The pulse repetition rate N and the average current I

are written as

610 ®Ol

N = .. ()
B10%%01

®Ol

I = I o (5)
B19%0g7 1

or in terms of the "off" and "on" times.

_ -1
N = (TO + Tl) .(6)
T
1
I = ————— T oo (7D
Tq + Ty 1
where ¢ is a very sensitive monotonically increasing function
of V.

Eliminating 1, from (6) and (7), we have

1



26.

_ .1
N = (;E) (1 -1/1) for 0 <I/I, <1 AN E:D)

Obviously the pulse rate is approximately l/'rO at low current
and approaches zero as I/Il approaches unity. The small signal
AC conductance is the slope of average current verses applied

voltage curve.

ol
oV

_or _ar %% |
£ 797 T 30y,

30
ol 10 , oI

oV B@lo oV ol

1 ... (9)
1

Conductance is only defined for low frequencies such that

f<<(®01 + 0,.) ...(10)

10

Spectral density of current fluctuations is Si(f)
<ai?s> = f” 5;(£) af co . (11)
o

where Al is the deviation of the current from the average value.
The current spectral density was shown to be

! T

+ Tl)2 (1 + w2T2)

Si(f) =4 T ... (12)

1 (TO

where
1 _ 1 1
== = + = ... (13)

2T2) frequency

by Champlin [5]. This spectrum has (1 + w
dependence which is characteristic of a Markoff process, with
correlation time

Eliminating T1 from (12) by using (7), the spectral

density is

2 2 Y 21-1 ,
5;(£) = % 741, " (I/I)(1-T/T) {1+ (wt ) (I/I ) }77,0<I<I, ... (14)
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At low frequencies (wTO<<l) this becomes

2 _ 2 o
sio/u TOIl = (I/Il) (L - I/Il) ... (15)

The noise maximum is proportional to the average "off" time
and to the square of the pulse magnitude.

From Champlin's analysis of random, bistable element
in an ideal high impedance circuit the process is not Markoffian.
The noise is not simply related to the noise at low impedance.
The field dependence of the initiation of breakdown suggests
that field emitted carriers are involved. According to Champlin
[5], the turn-off probability @lO(V) was assumed to be single-
valued and traverses the bistable range « > ®10 > 0 as V(L)
traverses the increment of voltage between Vb and Vb + §V. The

quantities I, and @01 may also be voltage dependent to a lesser

1
degree.
Circuit diagram for‘observing random voltage pulses is
shown in Figure 3.1. The capacitance C represents the total
parallel capacitance. One observes pulses of voltage which are
randomly distributed in magnitude above Vb.
From Figure 3.2 at T = 0 an event occurs which causes
the bistable element to change to the non-conducting state.
The entire supply current flows through the capacitance C, thus
the voltage rises at a constant rate dv/dt = (I/C). During
this portion of the pulse there is a probability rate @Ol that

the element will switch to the conducting state.

Magnitude of the pulse is
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AV = (I/C)tO ...(186)

For-t>to the current Il(t) flows through a bistable element.
Since Il(t) > I (the average current), the rate of change of

capacitor voltage is negative.

So={r - 1,0} /C; ot <t c. A7)

In general, the current Il(t) varies with time as

V{t) decreases. By assuming that Il(t) = IlO’ a constant, the

voltage thus decreases at a constant rate:

dV'{I

I - - Ilo}/c 3t <t ...(18)

and continues to decrease until V{(t) reaches the increment
and V., + &6V. At some voltage in this range, conduc-

b b
tion ceases and a new pulse begins. Assuming that this occurs

between V

at t = to + tl sec., the voltage drop during the second portion

of the pulse is

AV = [(I10 - I) / c] ty ... (19)

For 8V<<AV, the voltage rise and voltage drop may be equated.

ty = [T/{I;4 - I}t ... (20)

Thus the "on" time tl is determined by the "off" time to.

Averaging equation (20) and rearranging yields

T, = {% <o (21D

1 /Gy ¥ EE Ty s 021 <1

Since t, has an exponential distribution, the pulse magnitude

in this case is also exponentially distributed.
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FCAV)YA(AV) = (N/<AV>) exp (-AV/<AV>)A(AV) ... (22)

From experimental results, increasing the applied volt-
age increased the ratio of average "on" to "off" time but had
little effect on the magnitude of the current pulse. It is
significant that at a given operating point, the pulse mag-
nitude was invariant. This would not have been the case if
breakdown occurs in more than one region. Investigating this
behaviour, we can say that this is due to a local breakdown
region, i.e. exhibition of microplasma breakdown.

Haitz [20] proposed an improved model to describe the
electrical behaviour of microplasmas. Three components were
used to form a basis for microplasmas. They were:

(1) V, breakdown voltage, a constant;

(ii) r_ series resistance, a constant;

(iii) f(@lo) a continuous function depending on the
turn-off probability on current.
The breakdown voltage VB can be determined in two ways:

(i) by extrapolation of 1/M to zero;

(ii) by extrapolation of the resistive part of the

V-1 characteristic to zero current.

Both values are equal within experimental accuracy.

VB is fixed by the condition that the field strength in the

central part of the junction has to be equal to the breakdown

field. If the applied voltage is raised above V the voltage

BS

across the microplasma in the on-condition does not change

appreciably because a very small increase of voltage causes an
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enormous increase of current. Practically all of the voltage

drop above V, is across the series resistance. This series

B
resistance is made up of two parts: (1) space charge resistance
and, (2) spreading resistance from the microplasma.

The space charge resistance, as shown by Shockley [51],
is a consequence of the motion of carriers of one sign going
through the outer parts of the depletion layer and setting up a
field that tends to reduce the field in the centre part of the

junction giving rise to an effective resistance RSC

R = (W2/A) (2 x V. ohms .. (23)
sc 3 d

where W depletion layer width
A = area of microplasma
K = dielectric constant
V., = limiting drift velocity
In most prdctical Jjunctions, one side of the junction
has a very low resistivity, and so the spreading into the higher

resistivity part has to be considered. The spreading resist-

ance from the microplasma is given by

Rsp = S/2D 2

H

where D diameter of microplasma

S = resistivity

In most cases, the contribution from the space charge
resistance is higher than that from the spreading resistance.

In Haitz's model each point along the resistive part is

associated with a turn-off probability. In the neighbourhood
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of VB the pulses are extremely short. Since VB cannot be mea-
sured accurately, it has to be extrapolated.

The relaxation phenomenon from traps is also an impor-
tant event in the production of microplasmas. Pulse groups were
observed by Haitz [19] when microplasmas were operated at low
temperatures. This can be explained by the fact that traps in
microplasmas are charged during one pulse and then causing sub-
sequent pulsés by release of carriers. The turn-on probability

@ drops sharply with the time elapsed after the last pulse

01
was experimentally justified by Haitz. Obviously charge is
leaked from the traps, and thus reducing the turn-on probability

@

01" At room temperature, these effects cannot be clearly
observed because there are more thermal carrier initiating
pulse. Naturally the trap density varies considerably from one
microplasma to another, which accounts for the difference of
turn-on probability that there are more pulses observed than
thermal carrier passing through the microplasma is resolved

by assuming the presence of traps.

Traps are also responsible for the interaction between
different microplasmas that has been observed by Haitz [17] and
Ruge [18]. If there are several microplasmas with about the
same breakdown voltage, then all the microplasma 'turn-on'
probability will be increased if one of the microplasma is in
the 'on-condition'. When a voltage pulse is of sufficient amp-
litude so as to turh-on all the microplasmas, and after its

application, nothing will happen after a certain time interval.
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As soon as the first microplasma is on, all the others follow
after a very short time compared to the waiting time until
the first one occurred. This interaction takes place over
a distance of more than 100u. The cause of this interaction
is not known. It may be caused by the release of carriers
from traps by infrared light or phonons emitted from conduct-
ing microplasmas. Another possibility is the back scattering

of hot carriers, which are then reaching other microplasmas.

3.2 MICROPLASMA IN SPACE-CHARGE-LIMITED SOLID-STATE DIODE

If an insulator or intrinsic semi-conductor is pro-
vided with an injecting contact on one side, and a collect-
ing contact on the other, then space charge neutrality can-
not be maintained in the insulator region. The current flow-
ing through the device is space-charge limited. If one elec-
trode injects holes into the organic semi-conductor and the
other contact is non-injecting, there will be hole flow from
the injecting contact to the non-injecting contact. Similar
to the p-n junction diode, the space-charge-limited diode
now has the p-region providing a hole-injecting contact and
the n-region providing a hole-collecting contact. The anthra-
cene diode made in this way is a single hole injection space-
charge-limited diode.

In general, space-charge-limited currents depend only

on the transport and trapping of the carriers within the
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crystal. With given ohmic contacts, the current voltage

relationship of an organic semiconductor is linear at low

fields, but it becomes non-ohmic at higher values of the
applied field. The causes are:

(a) B8pace charge is formed as a consequence of large concen-
tration of charge carriers between the electrodes at
high current densities;

(b) existence of traps causes nonlinearity in the I-V curve.

Together with Hsu, an attempt is made to set up a
model for explaining the microplasma breakdown in space-
charge-limited solid-state diodes. The model is based on the
discussions on avalanche breakdown and the microplasma phen-
omenon in the previous sections in conjunction with the char-
acteristic of space-charge-limited diodes. The proposed
model is shown in Figure 3.3. It is assumed that if the
temperature of the lattice increases, the thermal scattering
cross-section increases and the ionization probability
decreases. All the energy of the ionized carrier is dissi-
pated near or very near the microplasma. Therefore the temp-
erature of the microplasma region will be considerably
higher than that of the rest of the diode which in turn,

will become warmer than its ambient after sufficient time.

In Figure 3.3, the series combination of Rl’ R2 and

R is the DC resistance of the diode. R, is the ohmic con-

1

tact.and also the resistance near the anode region. R is
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the space charge resistance and R2 is the spredding resist-
ance. Their significance has already been explained in the

previous section. The capacitance C. is the capacitance in

1
the immediate neighbourhood of the anode since the injected
charge is immediately localized in the neighbourhood of the

electrode. The capacitance C, is a combination of capaci-

2
tive-effects due to both space charge and trap effects as
explained earlier in this section.

| The switch S is parallel to the space charge resist-
ance R. This switch is essential for the turn-on or turn-
off of microplasma when the resistance decreases or increases
correspondingly. In general, the space charge resistance
R is very large as compared to the spreading resistance and
the ohmic contact resistance.

R will be in the mega-ohm range.while the spreading

and ohm contact resistances will be in the kilo-ohm range.

The space charge capacitanece C, is also cemparatively

2

larger than the localized contact capacitance Cl because

Cl is only localized near the contact while the space charge

capacitance C, is a bulk effect. For a 0.01 mm. thick anthra-

2
cene crystal, the space charge capacitance C2 will be in the
pico-farad range.

The voltage and current characteristics of the cir-

cuit can be separated into two cases. Case (1) is when the

microplasma is switched to non-conducting state represented



by Figure 3.4. Case (2) is when the microplasma is switched
to éonducting state represented by Figure 3.5. Their phys-
ical significances are explained analytically in the follow-

ing section.

3.3 MATHEMATICAL ANALYSIS

3.3.1. Case 1 - Response Calculation as Switch is Off

t < 0, switch is on - steady state acquired
t > 0, switch is off

Initial conditions:

Ry
v, (0 ) = v
1" - Rl + R2
R2
v,(0 ) = — Vv
27— Rl + R2
KVL: vy t v, =V e ()
KCL: icy tipgy T i tig, =i .. (2)
- dv v dv v
1 1 _ 2 2

From (2), Cl —-‘-'—'d_t + -ﬁz = C2 at + R2 T R
Taking Laplace Transform of (2),

V1 Vo
c, ISV, = vy(0 )] + R = G [8V, - v, (0 )] + g ce (3
where RT = R2 + R
Taking Laplace Transform of (1), ‘

_V

VitV =3
_ Vv
v, =g -V ce ()
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From (3) and (4),

v - Cvl(O_) - C2v2(0_) . C2S + GT oy
ooepre) s+ (z +5 ) (c +C) S + (= +%—‘ y S
1 5 1 B
_ Clvl(O_) f C2v2(0_) . CQS +_GT v (5)
CiS * 6 CS + G S
where C.. = C_+C G = (R.//R)™T G, = =
T 1"V 175 > T TRy
v
. i 6, [Cyv1(0) = Covy(0 ) + 5 (Ch8 + Gp) ]
e I = , o .(8)
1 ; CpS + 6
where
_ 1 _ _
Gl = ﬁz,,m vy = vl(O_), v, = vz(O_)
. i (C1CZS + Cl/GT) V'—'Clcz(v17+”v2) S'—‘.,Clel ; 7
Cq c.s+a6

T

Laplace Transform of equation (2) is.
I =1 + I

Vo, © N )
~vy) 8 * Gp8y g * [C1(GRV. - Gvy) + By(C,V+Cqv =C,v,) ]

CTS + /G -

C1C2(V - vy

_ (C18p + CyB8y) V = CqGpvy —,Czle2‘+(GTGlV. 1
C;S * ¢ C;  S(S * G/Cp)

(ClGT + CzGl) V - ClGT vq= CQle2 GTGl \Y
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G,%, 49, %,
I R Rp 17K 2y A1
(Cl + C2)(S + 171) Rl + RT S S + 1/T
R.R.(C. + C.)
where T = 1T 1 2 is the time constant
R, + R
1 T
El + EZ Vv - El V. - Eg s
) Ry Ry Rp L Ry "2 /e
i(t) = T e
1 2
+ vV (l— t/T)
Ry * Ry
C C C C
Ly 2y Ly o2y
. _ v -t/T Rp Rl RT 1 Ry 2
i.e i(t) = TR + T T
1 T 1 2
Vv
o ————————————— 0.0(8)
Ry * R ]
From initial conditions
V., = Rl v
1 Rl + R2
R
2
Vo = v
2 R1 + R2
ity = vV N V El‘+ Ez _ Cl Rl _ C2 R2
R¥Ryv Ry Cyv Gy Ry - Ry Ry (Ry*R,)) Ry (R+ R))
2 R ot/
Rl (Rl+ R2) Rl+ RT
_ v, v, Ry - Ry
R1+ R2+R cl+ 02 1 RT(R1+ R2) 2 Rl(Rl+ R2)

_ C2 e—t/T
R.+ RT
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v [CZR(R+R2) - CRRl]

. . v -t/T
.odi(t) = + .. (9)
Ry *R, R (C1+C2)(R+R2)(R1R2)(R1+R+R2)
In general, equation (9) can be written as
sry = Vg ety Ly |1 C1R/(Cy#Cy) /T
Ry R R _R1+R2 (Ry*R,) (R*R,)
or
C,R
., _ - -t/ 1 -t/T
ift) = I(>) (1L - e ) + IC0) |1 - (CFCO(FR| © ... (10)
1 72 2
where
vV
I() =
Rl + R2 + R
vV
I(0 ) =
- Rl + R2

The current response characteristic is shown in Figure 3.6.

3.3.2 Case 2 - Response Calculation When Switch is On

The circuit diagram for this case is represented by
Figure 3.5. The switch is turned on at t = 0. The initial

conditions=are

R
v, (0 ) = \Y%
- ¥ ¥
1 Rl R2 R
R2 + R
v,(0 ) = v
2= Rl + R2 + R
Rp = Ry

Substituting the above values into equation (8)
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K +
i) = g XR t 5 ZC ;l 1 -z +§1+R ) + Ti—?- (1 RRER+RR>
1789 1709 | R2 1789 1 1 2
] 2
R, 'R,
I S A e v M L | _ S1eCa| -t/
R¥R, C +C,|R, (R *RFR,) = Ry (R FRR) ~ R ¥R,
T i) = RV+R * e Z;C%i ;Rcifé TR_FR) “Hr - (1)
1789 1FCQ IR IR FRHILR Ry
In general, equation (11) can be rewritten as
B C.R
) v -t/ 1 1 —t/T
i(t) = =—= (1 - e ) + V + )
R1+R2 LR1+R+R2 (C1+C2)R2(R1+R2+R)}
C.R
= T (1l - e Ty 110 ) |1+ i | . (12)
- (C,*+C IR
17C0IR,
where
v
I() =
Ry * R,
L v
100)) = p—a—s

1 2
The current response for the 'on' case is shown in Figure 3.7.
Since the output current of the diode under both %urn-on
and turn-off condition i1s the sum of two terms, the time con-
stant of the current pulses actually bbserved can be much larger

than the RC time constant associated with the circuit.
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3.4 USING MICROPLASMA TO MEASURE TEMPERATURE COEFFICIENT OF
THE AVALANCHE BREAKDOWN VOLTAGE

The breakdown voltage of an avalanche diode varies with
temperature. The temperature changes may be due to internal
heating effects caused by power dissipation or to a change in
the ambient temperature. Avalanche breakdown exhibits a pos-
itive temperature coefficient.

In general, temperature coefficient may be defined as

K. = —B . (13)

where AV, is the change in breakdown voltage corresponding to

B
the change in temperature AT. As the breakdown voltage depends

on temperature, we have

VB(T) = VB(TO) [1 + B(T - TO)] N QR

where TO is the room temperature.

The temperature coefficient can thus be calculated as

V_(T) = v _(T )
_ B B "o
B = o To ... (15)

The reverse current-voltage characteristics of a modern
P-n junction has a sharp change in slope indicating the break-
down of the junction. Thus the breakdown voltage of a modern
P-n junction can be accurately determined from its reverse I-V
characteristic. However, for space-charge-limited solidastate
diodes the breakdown voltage cannot be accurately observed since
there is no sharp increase in current. An alternative method

has to be used to measure the breakdown voltage.
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As it was previously described, the microplasma is
due to a local breakdown phenomenon. Consequently the micro-
plasma phenomenon can be used to measure the breakdown character-
istic of a soft junction or a space-charge-limited solid-state
diode. Although the microplasma breakdown occurs at a voltage
lower than the actual junction breakdown, (the onset of micro-
plasma breakdown cannot be used as the‘onset of the junction
breakdown), the temperature coefficient of thé breakdown volt-
age of the device and that of the onset of the microplasma
breakdown should be exactly the same. The microplasma can,
therefore, be used to determine the temperature coefficient of
the breakdown voltage in a solid-state device accurately. There
are experimental devices by the author to support this statement.

The temperature coefficient of the breakdown voltage
of a silicon p-n junction has been studied very extensively
in the past. Chynoweth and McKay [10] has shown experiment-
ally that the temperature coefficient of the avalanche multi-
plication constant M is always positive and actually independent
of VB' Data from experiments by Garside and Harvey [13] just-
ified this statement.

Experiments on silicon p-n junction onset voltage of micro-
plasma noise -has been done by Hsu.. Experimental data were plotted
in Figure 5.1, Figure 5.2 and Figure 5.3, respectively. In
order to verify our theory, we can compare the experimental
data with the existing data.

This experiment showed that indeed the temperature
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coefficientvof the Jjunction breakdown voltage and that of the
onset voltage of microplasma are exactly the same. The dis-
crepancy of the experimental results is presumably due to the

doping concentration and the impurity profile of the junction.



CHAPTER IV

MEASUREMENT METHODS

4.1 EXPERIMENTAL METHODS - Sample Preparation

Since a p-n junction still cannot be formed in an anthra-
cene crystal, the sample used in this experiment are conven-
tional single-injection space-charge-limited diodes. The
anthracene single crystal was cut along the ab plane and is
etched to approximately 0.01 cm. thick. The solution used for
etching was benzene. It was observed that the etching rate
could be accelerated by warming up the solution to about 70°C.

After the etching procedure, the next step was to make
ohmic contacts on the crystal. It is necessary to use low
work function materials for ohmic contact in order to prevent
inhibition  of injection. A concentrated solution of sodium
and anthracene in tetrahydrofuran in contact with the crystal
were evaporated. The purpose served was to completely remove
oxygen, water vapor and materials which would interact with the
contact solution. Sodium solution was chosen because the other
alkali metals would not form a more stable contact. The crystal
was then washed again in benzene solution. Silver paste was
applied to both surfaces as electrodes. The silver-paste-
anthracene contact is a hole injection electrode. No electron
is injected into the sample. The area of the major surface of
the crystal is larger than 0.5 x 0.5 cm? The area of the elec-

trode is approximately equal to 1 mmz.
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4.2 EXPERIMENTAL PROCEDURE

4.2.1 Current-Voltage Characteristics

The current-voltage breakdown characteristics of the
sample at various temperatures were observed with an oscillo-
scope (Tektronix type 502 . The experimental set up was shown
in Figure 4.1. The resistors and sample were mounted in a
jig which was dovered up to keep light from reaching the sample.
A thermometer was clamped in place between the power resistor
and the sample so that the ambient temperature of the sample
could be taken. The breakdown voltage and avalanche current

were noted every 10°C rise of temperature.

4.2.2 Low Frequency Noise Measurement on Anthracene

The low frequency noise measurement set up is shown
in Figure 4.2. The average circuit and the jig circuit are
shown in Figure 4.3, and Figure 4.4, respectively.

Noise sampled from the measured specimen was passed
through the preamplifier and then into wave analyzer. An aver-
age circuit was used to stabilize £thé signal for detection in
the noise meter. A sinusoidal source was used as a calibrating
signal.

The noise current equation is given as

.2
i, = 2quq AT e (1)

where ig is the noise density

qu is the equivalent current to represent noise density
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Fic. 4.5.

Jic CirculT,
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Af is the operating frequency of the oscilloscope

electronic charge = 1.6 x 10719 coulombs

Na
il

Af 6 c/s

1.1

g% 3q (2)

= =(i_g)><

with feedback through the attenuator

M, = K \/(§z>

where K is a constant

and Ml is the noise meter reading when there is no input
to the emitter.
If M2 is the reading when feedback is connected

J/ | vin 2
K (lo + —R‘—")

)

- 1/2
2 Ving? — Vin
= X (10) + (ﬁ——) + 2 1, 7

io is the average current

. 1/2
M, = K (L) + 3+ 231 1

2 L o) 2 o
- 4172
=K | %+ it ]
‘é Vin 2 -
where 1i° = (ﬁ_—) and 1 = o ,
2 L2
. (Ml) = K i,
M2 = K (12 + i%)
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Biasing voltages were first turned on after ithe wave
analyzer had been zero adjusted. A desired frequency was then
set. At this frequency switch S (Figure 4.2) was opened and
the reading appeared on the meter was recorded. This reading
was referred to be M1 according to theory. Then the switch
S was closed and the necessary amount of attenuation was regu-
lated. The reading indicated in thevnoise meter was M2. Sig-
nal frequency was then varied and the whole measuring process
was repeated. The range of frequency used were from 20 hz to

45 khz. The results were used to calculate Ieq as stated in the

theory and Ieq vs frequency was plotted, (Figure 5.1). The
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DC current flow was also recorded and graphs of ID vse leq

C
and I verses V were plotted as shown in Figure 5.2 and Figure

5.3, respectively.

4.2.3 Photoconductivity Test

A pulsed light source was connected to the circuit
shown in Figure 4.6. The circuit of the operational amplifier
is shown in Figure 4.7. The gain of the amplifying circuit
was 300. Light pulses were shone on the sample which was
biased near its breakdown voltage and the response character-
istics were observed on the oscillascope. Figure 5.11 showed
the shape of the output response. Pulse frequency as well as
light intensity were varied in order to check whether there

were any change in the shape of the response.
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CHAPTER V

EXPERIMENTAL RESULTS AND DATA

In this chapter the results of experiments discussed
in Chapter IV are presented. Figures 5.1 and 5.2 are results
from the noise measurement experiment. Figure 5.3 is the
V-TI characteristic of the anthracene sample measured up to
its breakdown value. TFigures 5.4, 5.5 and 5.6 are experimental
results obtained by Hsu for silicon temperature coefficients.

The temperature coefficient of anthracene is presented
in Figure 5.7 and it is compared with the measured data for
silicon. With the aid of computer, the range of the circuit
elements in the ppoposed microplasma model is determined.

The characteristic admittances of the assumed model during
tarn-on and turn-off of the microplasma model are then calcu-
lated and the computer plots for the same are presented.in
Figures 5.9 and 5.10.

Pictures on microplasma and photoconductivity of anth-
racene under high field are shown in Figures 5.11, 5.12 and

5.13, reppectively.
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The theoretical model of microplasma was analyzed by

computer; The results were tabulated as follows:

Step-Size
for Rl R R2 Cl C2 Time Constants
Computing )
Ty Ty
(u sec) (MQ) (M) (M) (pfH) (pf) (u sec) (u sec)
1.0 0.1 10 0.01 0.01 1.0 10.00 0.9182
1.0 1.0 10 1.0 0.01 1.0 9.258 5.05
1.0 8.1 10 0.1 0.01 1.0 10.0 5.05
0.1 0.1 10 .01 0.01 0.1 1.089 0.1
0.1 0.01 10 0.01 0.001 0.1 c.1 0.0505
T, is the time constant for the turn-off case.
T, is the time constant for the turn-on case.

Computer plots for admittances during turn-on and
turn-off of microplasma were made for each set of values.
Comparison with pictures for current fluctuation during micro-
plasma breakdown by Champlin [8] was made. The curves that
were closely similar in shape to Champlin's results were chosen.
The element values of the model coreesponding to the chosen

curves were presented in Figure 5.8.
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FIGURE 5.9 '

‘THEURETICAL AOMITTANCE CHARRACTERISTIC OF MIURUOPLASMA
‘ ANTHRACENE 0100T AFTER TURN-OFF
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FIGURE 5.10

THEGRETICAL AOMITTANCE CHERRCTERISTIC OF MICARUPLASMA |
ANTHRACENE 0I100E AFTER TURN-ON
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Sweep Rate = 20 usec

Voltage Scale = 0.1 v. /div.
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FIG. 5.12
MICROPLASMA BREAKDOWN IN ANTHRACENE HOLE-INJECTION DIODE

Sweep Time = 50 usec.; Voltage Scale = 0.2 v./div.

FIG. 5.13

MICROPLASMA BREAKDOWN IN ANTHRACENE HOLE-INJECTION DIODE

Sweep Time = 5 msec.; Voltage Scale = 2 mv/div.



CHAPTER VI
ANALYSIS OF EXPERIMENTAL RESULTS

AND DISCUSSIONS

Low frequency noise of space-charge-limited diodes
made of single anthracene crystal has been studied. The low
frequency noise spectrum, the low frequency noise power as a
function of DC bias voltage as well as the DC current-voltage
characteristic have been measured.

From the current-voltage plot, it was observed that
the slope of graph was 2 at higher voltages. The current is
thus proportional to the square of voltages. This observation
led us to suggest that the voltage region was in the space-
charge-limited region. This is justified by the space-charge-

limited current equation, (Child-Langmuir's Law), that

T = 10713 V2u€/d3 amp—cm_2 o (D

At that voltage, the concentration of free carriers
injected from the contact becomes considerably greater than
the concentrating of majority carriers thermally generated.
The current is smaller than the theoretical value however,
this is due to the effect of a large density of deep trap
states in the sample.

In low frequency measurements, the frequency range was
from a few hertz to around 30 Khz. The plot of the noise

equivalent current, Ieq, at different frequencies is a strailght
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line with a negative gradient. The result indicated that as

- frequency was increased from the low frequency range, the cor-
responding detected noise decreased uniformly. It justified
that this noise is inversely proportional to frequency in the
low frequency range, i.e. Ieq « % . This is also known as
flicker noise. The anthracene sample was thus quite noisy at
low frequency.

A plot of DC current verses the noise equivalent cur-
rent density was made at f = 30 hz. A linear characteristic
was exhibited in the log-log plot. The equivalent noise cunrrent
was found to be proportional to the square of the DC current.
This interesting result leads to a speculation that low fre-
gquency excess noise in anthracene crystal is a bulk effect
rather than a surface states effect.

From the fact that the low frequency power was found
to have f—l frequency dependence and is proportional to the
square of the DC bias current, it is concluded that the low
frequency noise of the device was due to bulk effect which was
presumably caused by the distributed trap states. Since a
discrete trap state should produce generation-recombination
type noise spectrum, the low frequency noise is not due to
surface effect. If the surface states are responsible for the

low frequency noise, the low frequency noise power should be

o
DC

of anthracene is 4.0-4.4 eV. wide. Consequently the deep trap

proportional to I with o much smaller than 2. The energy gap

states in anthracene is able to produce large amount of noise
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power extended to very low frequencies.

Under high reverse bias condition, microplasma noise
was exhibited. The turn-on of a microplasma is a stochastic
process. As we assumed that the breakdown phenomenon was a
discontinuous two-valued Markoff process having two states, the
conducting and the non-conducting, the turn-on of a microplasma
would need a triggering carrier. If a triggering carrier does
not appear in a microplasma region, the turn-on does not occur
even in a sufficient field for ionization and so the turn-on
will be ruled by the probability that a triggering carrier
appears in a microplasma region. There are many triggering
carriers at room temperature which are thermally generated with
a constant rate CO(T). The charge distribution in a trapping
centre during the avalanche interval is remarkably deviated
from the thermal equilibrium because the thermal generation
rate of carriers decreases at low temperature. When avalanche
is stopped for a short time, the charge in the trapping centre
will be re-emitted to return to the thermal equilibrium distri-
bution. The trapped charges, which are majority carriers, will
decrease rather by re-emission than by recombination because
the trapped charges can scarcely recombine with minority car-
riers which seldom exist in the depletion region. As mobile
carriers in a depletion layer are swept out immediately, the
“generation rate of carriers is determined mainly by a trapping
center. The thermal equilibrium generation rate can generally

be neglected since it is sufficiently small at room temperature



compared with the re-emission rate from the trapping center.
The microplasma region is so small that carriers contributing
to make the microplasma turn-on are generated only in the very
vicinity of the microplasma spot. The relaxation of trapped
charges and tunnel emission of them are considered as the re-
emission process. As drift velocity is large in a depletion

region, retrapping can be neglected. If the change of n the

t)
trapped charge density, is governed the thermal relaxation,

then

d.nJC \
I 7 - Ny NStV exp (—Et/kT) .o (23

where N is the effective density of state of the band edge to

which the trapped charges will be excited, S_ is the trapping

t
coefficient of the trapping coefficient of the trapping center,
V is the velocity of carriers, and Et is the energy difference

between the band edge and the trapping center. Accordingly,

the generation rate of carriers is given by

d
;-:-=ntw+eo .. (3)
where W = NStV exp (-Et/kT) and Go is the thermal carrier gen-
eration rate.

Several trapping levels may exist near microplasma
region and may contribute to give the observed results. There
is a possibility that several microplasma spots turn-on at the
same time. If a shallow trapping center exists near the micro-

plasma region, then a local disturbance of the electric field

may be caused by such shallow impurities. Such a local disturbance
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of impurity distribution has a possibility to cause microplasmas.
The theoretical analysis has shown a close agreement to exper-
imental observation of microplasmas.

From the photoconducting test experiment on the sample,
it was observed that the output remained the same shape after
variation in input bias. However, the pulse magnitude of output
was increased slightly corresponding to an increase in bias as
well as increase in light intensity. The anthracene photo-
current under room light was found to be approximately two orders
of magnitude larger than the dark current. It was also observed
that, in the dark, an increase in bias voltage had raised the
DC level of output. Under a pulsed light source., there was no
increase in DC output level when the input biasing voltage was
increased. Under constant room light illumination condition,
the output DC level was raised as the bias level was raised.
TFrom the above results the author was led to speculate that the
anthracene diode would not be a good solid-state light detection
device under pulsed or transient type of light source. How-
ever under steady state illumination it would be a good light
detection device. The behaviour can be explained by the photo-
resistivity effects of anthracene diode. Since anthracene has
a large energy gap, there are many trap states in the crystal.
Photoresistivity would be caused by deep trap states. When
pulsed light with narrow pulse width and small duty cycle was
imparted to the crystal, electrons in deep traps would not have

enough time to redistribute themselves and so the output shape
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remained the same throughout.

Experiments on temperature dependence of breakdown
voltage were performed in order to determine the temperature
coefficient. Theoretically the breakdown voltage was pre-

dicted to be,

VB(T) = VB(T ) [1 + B(T - TO)] e ()

The temperature coefficient, B, was quite accurately
measured this way after experimentally determining the break-
down voltage at different temperatures. The method proposed
by the author for estimating the breakdown voltage was to use
the onset voltage of microplasma. The temperature dependence
of onset voltage of microplasma for anthracene crystal was
compared with those of the silicon single diodes (Figure 4.2,
Figure 4.3 and Figure 4.4). The temperature coefficients in
the given temperature range measured this way were constants
in these cases. Therefore the onset of microplasma was justi-
fied for the representation of breakdown voltage. If the

breakdown voltage V_, was otherwise defined, it would be hard

B
to locate VB experimentally since the junction was soft and as
a result the temperature coefficient would not be of constant
value. In general, the reverse V-I characteristics of solid-
state devices do not exhibit a sharp transition at the break-
down region. There is a gradual bend or knee at the break-

down region and so VB is not sharply defined as iIn the ideal

case. This is particularly the case for space-charge-limited
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anthracene diode. The proposed specification of breakdown
voltage in this paper has been supported by experimental evi-
dence which bore close agreement with theory. Therefore it
is one of the best methods of estimating breakdown voltage

and calculating temperature coefficient.



CHAPTER VII

CONCLUSION

Electrical breakdown in a space-charge-limited anthra-
cene single injection diode is an avalanche breakdown phenom-
enon. This is justified by the temperature dependence of the
postbreakdown current. The postbreakdown current decreases
as the temperature is increased and the temperature dependence
of the breakdown voltage can be expressed by the following
equation

VB(T) = VB(TO) 1+ (T - TO)

where B is a positive constant and VB(T) and VB(TO) are the
breakdown voltages at temperature T and TO, respectively. The
breakdown voltage can be best estimated by the onset of micro-
plasma noise. Physically, microplasma noise in anthracene
solid-state diode is due to a combination of local avalanche
breakdown and the local capacitance effect. Microplasma occurs
when the diode is biased near the breakdown region and the
range in which the diode exhibits microplasma noise depends on
the load resistance. It is Jjustified experimentally that the
onset of microplasma noise can be applied to measure the temp-
erature coefficient of a solid-state device. This important
""" technical application of microplasma noise has not yet been
employed by contemporary researchers. The turn on mechanism

of microplasma can be considered as a two-valued Markoff process,

consisting of a conducting state and a non-conducting one. The
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transition intensity function at room temperature is ruled
by the thermal generation rate of carriers. Trap centers
near the microplasma have important effects on the turn-on
delay of microplasmas which is affected by the re-emission

of trapped carriers from the trapping centers near the micro-
plasma region. The theoretical model of microplasma noise
agrees well with experimental observations. The temperature
coefficient, or the proportionality constant, of anthracene
is found to be independent of the charge density in the space
charge region.

The low frequency noise of anthracene space-charge-
limited diode is a bulk effect. It is a flicker noise char-
acterized by its £t frequency response and the limiting noise
is found to be a thermal noise. The anthracene diode is very
noisy at low frequency.

Anthracene diode exhibits large photoresistivity
effect. It is a good light detecting device under a steady
glow. However, the effect of light detection is largely inhi-
bited when anthracene diode is exposed under a pulsed or tran-
sient type of light. The photoeffects on anthracene is still

under intense investigation by many researchers.
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