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ABSTRACT

The cu::nent-voltage (I-V) chanacter.istics of a space-

chanse-l imited anthnacene diode neal? the h,c¡kdor^zn 'cr'-'^- 
r---vr¡q! óv-¿r¡¡r+ Lçu qrr Lrrr qus¡rç u¿vuç rrsq!- LM U! çaNuvwlI I gËJvtI tIaù

been studied. A physical model- fon micnoplasma noise in the

snace-ohanse-limited solid-state diode has been develoned -

The tcmnenafrr.^^ r^^^*r^-^^ Of bfeakdoWn vol taøe has been mea-rrrç Lçrlrysl q Lu!_ç uç}/çf ruçlIUç UI U! SCLNLfUWII vv¿ Lqõu rrqù v\

suned. The r.esults show that the postbneakdown curnent

decr.eases as the tempenatur.e is incneased and the br.eakdown

voltage increases with Íncnease of temper.atune. The onset of

mir:ron] äsma b"neakdown Ìs used to measune the temoerature

coefficÌent of the br.eakdown vol-tase. This measul?ement has

heen i ¡stì f i erl Ïrr¡ ^^mn=-.'-- thê r'esrrl f q Obtained ffOm Sil_iCOn!UÙU¿LO

D-n iunc.tìons and the existins- data oublished in the litei:a-y Í/vyl

tur.e. The temperature dependence of the thr-eshol-d voltage is
ì n îô = ê^n =h"l ^ ã ø7.rêêmênf r^ri fh f'lra J-ha6r'r¡Itl I Eqù Uf lAU ¿ç vv ¿ Ltl Lf tç LIIçUI y .

Low fnequency noise measu::ement is penfonmed on the

device. Low fnequency excess noise is found to be caused by

the bul-k effect. The nesults show that the low fr.equency

noise has a f--L dependence.

The effect of pulsed ::adiation on the I-V chai:acteir-

istic has also been investigated. We found that although the

steady-state photonesistivity of an anthnacene space-limited

diode is veny lange, it is a pooir light detection device for.

nul serì twne of ir.nadiation."J v-
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CHAPTER I

TNTRODUCT]ON

Anthnacene C- ,.H" ^ has senved as a model- system foi:
_L+ IU

attempts to under.stand mol-ecul-ai: crystals. The avalanche

br-eakdown phenomena in inorganic semiconductors have been

cl-rrái arl \zê¡\z ar¿fanqi rzcl r¡ ì n fhe n:st fr¡lentr¡ \/êâYrs - ThiSÐ L UUIçU V sI J V^ Lul¿u ! v u¿J r¡r Llrg yaD u Lvv vr¡ LJ

bneakdown can be either nadiative on nonradiative. Avalanche

b::eakdown with associated light emission on a single-hofe-

inionfion snar:e-char?se-limited anthi?acene diode has been+¡rJ ev

obsenved by Hsu l22f Lange amplitude noise arising from

cuï1rent Ìnstabilitv at the onset of breakdown was noted by

the author and \^ias found to be micnoplasma noise. McKay [33]

showed that in silicon, duning the micnoplasma instabil-ity,

nnar:tir:al lv all the cun::ent is carried by a senies of cul?l?ent

pulses of constant amplitude but of random lengths and occur-

raence. At the venv onset of br.eakdown these pul-ses al?e very

shont so that total curuent is small; as the voltage is

incneased above that at which pulses first appean, the pulses

are obsenved to incr.ease slightly in amplitude o to have much

lonser' äve-nase dunation and to be of mone frequent occurrencee

until a voltase is reached at which the cur-rent remains flow-
-i-c nnnl-¡'nìr^ìr-'r-. ^-+- 

1^.'^L^* -.^ì-F ^J:hef Simi]-af. Sets OfJng (j(')ll LIlIu(Jus-Ly . fl L tIJBrleI, vL,r LcLéçÞ u L

nrrlses mâ\/ ôrlcur. These observations by McKay suggested

local-ized bneakdown i:egions (micnoplasmas ) , each of which

ï1êr'l'r'rines a sl i slrf I rz dì f ferent bf.eakdoltrn Sustaining Voltager'çYur! so s errõf r LrJ
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and each having a range of voltages in which the local-ized

br.eakdown is bistable. This intenpnetation was confinmed by

Chr¡nor^refh :nd Pearson [7] who obsenved necombination nadia-v¡rJ¡¡vvvL'J

tion fr.om individual micnoplasmas in shallow diffused junc-

tions: ther¡ ü¡ere abl-e to cor-rel-ate the onset of each set oft e¡¿vJ

lisht soot in the ìunr:tion with the onset of each set of cur-

nent pulses obsenved.

Ideal- D-n runction diodes exhibit V-I character.istics

with a shar.olv defìnerì bi.eakdown ooint under nevense bias.

In genenal, pr.actical sol-id state devices do not have a

shanply defined bneakdown point. There is always an uncer-

tainty in the bneakdown voltage that is due to soft junction,

and so ther-e is alwavs a bend on a knee ai:ound the bneakdown

point indicating the tr.ansition negion. fn this thesis, the

authon attempts to take carle of the br.eakdown voltage by

notins the onse-t of mienoolâsmãs- tr:¿nerimental wonk was car-vl/+ev¡¡!sv

nied olrf hv r'r s-'--^ +r^^ -1-^'-â ¡ssrrmnfìnn t9 detenmine ther'¿çu vuL uJ uùrrrB LllE eu\JVg Gùùu¡trl/Lrvfr L

tempenatune coefficient which was then compared with the estab-

]ished data. The end nesul-t has indicated a favourabl-e rust-

ification of this assumption. Low fnequency noise and photo

effects on anthnacene are al-so investigated.

Chapter. II pnesents a brief neview of the pnevious

theor-etical- analvsis ori the avalanche bireakdown mechanism in

semiconducton devices and some of the exÞer.imental i:esul-ts

obtained by sevenal investigator.s. In Chapter^ TII , an analysis

of micnoplasma phenomenon is pnesented and a model of rtunn-onr



?

and lturn-off I of micr.oplasma in anthnacene is Þ::oDosed. The

experimental- techniques are gÍven in chapten rv. chapten v

pnesents expenimental data. The analysis of the expenimental

data is discussed in chapten vr. Finally, conclusions ane

dnawn from the expei:imental- obsenvations as pnesented in
Chapten VII.



CHAPTER TI

AVALANCHE BREAKDOÌ{N IN SEMICONDUCTORS

2 "I REVrEtt 0N AVALANCHE BREAKDO\^jN AND BASIC CONCEPTS

In onden to have a thonough understanding and to

fully util-ize the charactenistics of aval-anche bneakdown diodes

it is necessany to gain some undenstanding of the basic

theonies that govenn the bneakdown mechanism. Physically,
iunction bi.eakdown in excess of eisht volts is the nr,ocess

of secondai:y ionization or aval-anche b::eakdoÌ^in. The basic

mechanism of avalanche breakdown is similan to the Townsend

dischange in gas-fill-ed tubes. It nelies on the ionization
of canriens and on impact collision of atoms by other" canniei:s

which have been impanted sufficient enengy by an electr.ic

field. Suppose a fnee electnon on hole exists within the

depletion layer of the junction and an el-ectnic fiel-d is
¡nn] i ed - An inc::eased veloci tv ì n the dinection of the elec-

tnic fiel-d and hence an incnease in the car-r-ienf s kinetic
enengy, is given to the fnee ca:rnien. As a nesult of the

lattice stnuctune in the c::ystal, the fnee carrien may col-l-ide

with an atom within the junction and, because of its high

enengy level r flây knock off cani:ier.s fr.om the atom" f f suf-
f i r'-i ant ênêr"cr'- -!-'r a -^^---'rq i n fhc nni oi n:l nnl 'l i di n,_--_-o_y' sTt_t_I remalr__ v+ÉÒ+¡¿s¿ *,*r-*-..9 cal?-

nien, additional- collisions will- occur? and thus other canniens

will be fneed from additional atoms. The neinrlv nel-eased

carnier.s now gain suffÍcient enengy fi:om the fiel-d to initiate
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new collisions. Although some breakdown in solid c::vstals

nelying only on the ionization of electi:ons have been obsenved

[58], genenally it is necessaïay that both el-ectnons and hol_es

be ionized in oi:den to pnovìde the positive feedback o::

regenet?ative mechanism 13 3 ] .

McKay [33] , [34] has shown that even befone the iunc-
tion b::eaks down completely, a given cannier injeeted into
the depletion layen of the reverse-biased junction r-esul-ts in
a cun¡'ent flow gneaten than that of injected canrien. Thus

a multiplication of cannien has occurned. lrlhen the applied
voltage across the junction appnoaches the bneakdown voltage,
\i l-?ra mrr"l J-iñl.' ^¡-F.'^-. €-^+uB, Lrre rllul-Tl-p-LJ-car]on ractor l-ncreases veny i:apidly and, in
fact, the point of bneakdown is defined as the point at which

the multiplication factoi:, M, becomes infinite.
rn addition to the actual- bneakdown, the mul_tipl_ica-

tion effect pnoduces additional- nesults, such as, any degr-ee

of never:se leakage cunr:ents will be mul_tiplied in the negion

of pnebneakdown, thus pnodueing a centain amount of softness
in the charactenistic cul?ve, especially at el-evated tempena-

tunes.

McKay [33] expnessed the value of M mathematicall-v as:

M ...(1)
¡wI-l o;dx
Jo

whene oi is the nate of ionization and w is the effective width
of the actual iunction.
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I"Jt_ l_ l- err

vation fon the

r ^FìL JbJ nAS gr_ven

ml]l1-'lT)llaìâÎ1ôn

a nelation evol-ved from obsen-

f:r.fon ìn cl-on irrnr.l-ì.ìrìq.

t- (v^/v^)n
-t( lJ

r^thônô \/ i e l-l-' ^ -ññ | r ^â ..^ | -F= ñ^ \/vvrru! u v ñ ru Lrlg O-PP-L-LCLr VU-L Ld-Xe r V ñl('ß

voltage due to aval-anche, and n is
the r-esistivity and the nesistivity
ìrzìfr¡ cìde of l-ha ìrrnnl-inn

J e¿¡v

^, (E) - (b/E(n)m)
U. - e g

l_

/^\...1¿)

ì s the hodr¡ Ï¡neakdownvvuJ

the number: that depends on

fr¡no of fhc hi oh-ncqi qJ--.J.Y9

...(3)

M-

The r.ate of ionization o". is defined as the number. of

hole-el-ectnon paiï-s pnoduced by I girr.n ca::nien per cm. of
path tnavel-led in the di:rection of the field. The ionization
r?ate is slightly diffenent fon holes and el-ectrons and is al-so

a function of the semiconductor matenial and the applied

field. fn equation (f), McKay assumed that the ionization
nates fon holes and el-ect::ons ùiel?e ecual-.

The value of o_. and its dependence on the stnength
l_

the applied el-ectnic field i^rere investigated by Chynoweth

], who found fnom experiment that the ionization nate obeyed

function in the empinical- fonm of

of

IB

Ò-

whene E is the val-ue of the electnic field and a, b, and m

al?e emoirical constants. Maser"iian l-291 has shown that fonJ4s¡¡ L1r J

an abr.upt j'unction the values of the constant a for silicon
q_,7

ancl øenmanrìrm are g x l-0" and I.2 x 10'rt?espectively. The,^
val-ues of b for silicon and senmanium are 1.8 x l0o and 1.4 x 10o



n

nespectivel-y.

MathematÍcatly we may define the point of bneakdown

as being the condition

/ lt \
I\^lI o. dx = l-t-l,o

One significant par.ameten in any theo::y of b::eakdown

is the tempenature coefficient. McKay [33] obsenved that

the multiplication cunve of a junetion has the same tempena-

tune coefficient as the breakdown voltage. The tempei:atune

r^na¡r ^€ the avalanche bneakdown voltase for linean-s'rad-ugPçlluçrIuç vf, Larç q v qrq¡rur!ç v! uqr\gvw¡¡ v vr Lsåv

ient junctions can be descnibed approximately by

/ q\

whei:e VB (To )

V-(T)
D

ßt

= b:reakdown voltage at i:oom tempe::atune T^

= bneakdown voltage at the tempenatune T

= temDenatune coefficient.

McKay [33] establ-ished that all junctions showed positive

tempe::ature coefficients fon the multiplication chanactenistics

The coefficient was defined by (1/V-)(dV-/dT) for a given
da

val-ue of the multiplication. The extent of the var-iation of

the junction width with tempei:atu:re is usually negligible.

Fr.om C5), the fiel-d dependence on tempenature r^Ias deduced to

Er(T) = EBcTo) [1 + ß (T-To) ] . .. (6)

where EU(T) = maximum fiel-d at bneakdown at tempenatu:re

E rî \ ; breakdown field at tempenatune T^-B*ro, - u!çsJ\uvvv¡l ¿luru qL uulrll/u 
o
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rlla

R = n q Rrv v.v v .

denive fnom this
let M+* McKay

-1I l¡I lodi I

-: | -___--=lCÌ. IðT I
ALJ

the temperatune coefficient of o_. 0),

...(7)

â cr_.

whe::e all quantities ane eval-uated at T = T =--i can be-o ðEo

obtained by diffei:entiating the cul?ve plotted as iãnization
â cc-'

rate o.. vel?ses el-ectnic fíeld E, so that if ß is known, -+r - dt
can be detenmined on vice-versa. rt should be noted that
equation Q) is applicable only to step junctions and is sub-

ject to the assumption of equation (1).

In gener.a1, the definition of bireakdown voltase V_,B

is the value of nevense voltage that causes the diode to
enten the bneakdown on high l?evense cunnent negion. rf all-

the diodes has a char:actenistic in which the tnansition fnom

l?evel?se leakage to bneakdown was as shanply defined as an

ideal diode - it wou]d be easv to flefine V as fhe \zrì'l -F--^ r-FsÁvvv t ¿ L vvv uru uç vsuJ uv uu! ¿¡rv u 
B 

Gù Lf Ig v(J_L Ld-Bg cL L

the exact point of tnansition. unfontunately, this is not

the case in genenal. rn many cases the bi:eakdown tnansition
has a centain softness in the knee negion. The end nesult
is that a meaningful specification of the bneakdown voltage
\7 *"^+ -'*^r "'.1 â â cñô^i €.'^atíOn Of the fevel?Se CUnfent I_ atv 

B 
rlluò L Jlrç:rL¿!¡ç q ÐI/sL;_Lr Jr_jd. LJ()II (Jt_ Lllg I,gVgI'Se CUlffen 

,.

which it is to be measuned. The tempe::atune at which the test
is penfonmed and the thenma] nesistance between the device

leads and the ambient can al-so infl-uence the value of V-. Thene
IJ

is always an uncertainty in the bi:eakdown voltage vÞ due to

showed that

IE^IK

- -Þ {t - õ:tì
l!
\

\
lðq.. I I

tdt IL oJrl
-)



soft junction.

Ava1ancTr-e bneakdow'n was obsenved in homogeneous mat-

enials as wel-l- as in p-n runction. Anthi:acene is a molecul-ai:

semiconductoi: and exhÍbits avalanche bneakdown unden hieh

voltage. The sample used was a conventional- single injection

snace-char'øe,-limited diode. The fact th¡t the nostbreakdown

cunnent decneased as th-e temperatul?e hias incneased was justi-

fied that bneakdown was an avalanche. The br.eakdown voltage

rzar"ied ãs temoeratune was vanied. If the cuirnent-voltase

curve hias used to specify the bneakdown value, the expected

bneakdown point would be such that the cunrent incneased ver.y

::apidly with voltage. Howeven, in space-change-limited diodes

this b::eakdown voltage is not well-defined; thus the eonven-

tional I-V cunve woul-d not give a cleai: pictur.e at break-

down.

2.2 THEORETICAL CALCULATION OF AVALANCHE BREAKDOüIN

The mathematical- cal-cul-ation of bneakdown mechanism

o::dinary p-n j unctions is analyzed as fol-lows :

cl¿ = electnon ionization rate. i.e. the numben of el-ectnon-
ïl

hol-e pains genenated by one electnon tnavel-led a

unit distance I

op = hol-e ionization coefficient.

fn genenal, the ionization nates fon electnons and holes ane

diffenent. The::efone o¿ is not ecual to o It is assumedn-p
that the depletion width of a junction unden study is as that

l_n

T ¡{-!çL



t_0

shohin in Fisur.e 'l -'ì - where I is the incident cur.nent atu¡rvY\¡¡ *po

l-eft-hand side of the depletion region. Through the pnocess

of secondai:y ionization the hole cunnent will incnease with

distance thnough the junction and reach a value MI-^ at the
Po

night-hand side of the junction. Since at steady state the

total cu::nent is constant,

Thene ane T^/q, electnons

second cnossine the diffenential

I-(x) changes by an amount equal
D

nlt"=oaio= seneï,ated nen se.cond

tironic charge) on the incnement

dI I dx *o¿pn

... (1)

rrê1i q annnd =nd T^/ q hOleS pel?t,-r *p. Y.

section dx. The hole cur-i:ent

to the number of el-ectron-

in the ranse dx (times el_ec-

of hole curr.ent is

dx

Equation (2) has a

f = I^(W) =
P

It is assumed that at

ibly small compared to

I - II Jnno

This appnoximation can

f + (o,^ o-) I-
fryrlP

solution subject to a

MIPpo
x = Vrl the electnon

the hol-e cunnent.

..(2)

boundany condition.

..(3)

c'rrrrrent is ncøliø-

\a ma | =h | \7urr¡r¿rut +J ,

dIp
=--LIc.x

T
n

t- lx
l- I (oo
r- ¿O

-I

-0, ) dxlTl?ìl

tfxrf ¿ | |ttM-' | 0r,
p ¿o

(o)

m¡de nn'lrz when Mv¡¡¿J vv¡¡v_- __ll 7

ax'ax]

M >>l_.
p

l

. . . (4)

v^l/

rrx'exp ll (q,
-tl gro

I(x)=p -orr)

...(s)
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factor for. holes and is defined

. . . \o.,

the mril ti nl i cation

r (Ì,r) r
-p

whe:re M isnY

AS

since I^ (ùl) and
P

iplication fact

can wnite
.1

I l- 1
- I'I

TI

- 

- 

- =.,.-._-ÐILO]ILOJ-pp

the total- cunr.ent I ane identical. The mul-t-

or? is obtained fnom (5) and (6). Fnom (5) we

t)¿ 
- 

¡fl|.-||.-|
I o- exp l-l (cl^-o,-) dx'l¿"]
Jo Lio v r¡ J

t- fx l.l-l (0^-0-) dx'lI
L iO Y J

-l - -r lx r fx -1

o-o'l ax'lÌ = r{il * I o.n exp l-t (oo-cx.,",)ax'lax}
Tl rcj ¡_ /O I J

(cr
TI

o.Y

¡XI- |r.l

n

¡lrJ.

f

Jo

In(x) {."p

I(x)=p

dò

exp {-

Now

{.*p

n-op) exp

¡X| | _-

l- f (q,
l- Jo

Co-s)pn

(o, -ct )pn

have

-T 
IWd*'l 
I

-t lX=O

.toxl l-I

-0 ) ¿x'Ìdxn

(cl -o. ) dx'}dxpn

.(7)

...(B)

I (\/ü)
p

¡W
| (o^
tt),o

= exp

,lexp 't- |

)

O CXÐn

- I, at x = W, r¡re

liiW_cr,)dxrl =-+lntr"il J p ,o

f ¡ltl -.1

ttl-l (0.,-.,-o,.,) dxl -
¿ ¿O

fL.M
Y

t-fx-1l- | (o -o ) dx'ldxttDnlL 'O

¡VtrI ("
ro

rrx
L_.l"

r- rW

t-lL Jo

we

= exp

= êxp

Fr.om (7) and (B)



ta

1 t-ftüttl;- = expl-l
tvt -t I--Tl l- J atv.

¡W
I

IDJO

r l-rl{3- = exnl-l (oM -"rl | ñ
ñ L JA
,Y

rfW
Il--*-=lt"tl--D Jg

.Y

(q
p

exp

-0)n

rfxt-ltlu JO

-T 
¡Vridxl -ltlJ ¿O

Cq -qpn

(s -qpn ) a"']ax
r- f Y

(q -q. ) exp l- |n D -t 
I* '-,o

T
) dx'ldxI

¡hI-l (o^
Jo Y

O EXÐp ...(e)

The bneakdown voltage VR is defined as the voltage

whene M becomes infinite. f f tf,e ionization rates fon el-ec-

tnons and hol-es ar-e the same. bneakdo\^rn occu::s whene an el-ec-

tnon (on hol-e) pnoduces exactly one secondary on the average

in one t:ransit. If the ionization rates alre diffenent " then

the canrien which ionizes most must pnoduce molîe than one

secondar-y to compensate fon th.e other type of car.nieir which

causes lessen ionization. It can be shown that the bneakdown

condition is symmetnical-. That is , if

-cl ) ¿x'l ¿xnl-o,,)."] - ""r Ff :(cr,n-a,.,1a'] 
+r

-0, ) dx'l¿*nl
r- ¡Xfl.
I - | (cx,
L'O

then

rVrI F rX
f o exp l-f (o -cv )Jo P 'LJo P n'

¡h/ r fW
I o. exp l- I (o,.,-cn,_,)
JO L JX Y

Experimentally it is found that

tu
= r\, Í-

ñ \I1
yv!^

nL\

-,

I .."(10)

( 11)

ax'] ax = I )

ax'] ax =

n

whene 0 and E
o

wher.e b is an

ot3

^ ane constants and cr = o,O'æ

eJectric fiel-d that is in

exp (-blE)m

oêrrê12):l ái f fanonr



ll-l.

from l^/o9,. if E. is the ionization thnes.hold and & is the
- 'L -l-

mô¡h fnaa n:l-h ¡aqnpoti r¡el
".s 

u¡r " -*y.

To extend the multiplication integral over a wide

l.ârìsê of mul-tinlr'n¡finn if is necessarlv to account fon ioni-! q¡r6e v¡ r¡ls¿ L¿I/¿r

zation by both electr.ons and hol-es.

LËL

0 = Y 0 ...(12)pn

hlith the assumption of constant Y, the mul-tiplication integral

(9 ) becomes

whene the value of V shoul-d be chosen at the maximum fiel-d.

Avalanche bneakdor^rn occul?s at

1 
fo 

= + {"*p t- ,'- î,ll op u"] - r}

I - ts = * {.'p lft (v-r) o,. o*-l -1] .. . (r3)
"n LJo )

oll

f \l'l [.Y
I o, dx=+Jo n Y-r

f 
hl Y[r,Y
I oodx=l;'
,o

(14)

2 .2 .I Step .lunction

A step junction is defined as having constant impun-

ity density on eithen side of an abnupt step on density, as

in Figune 1.2(a). The field vanies lineanly with distance,

and the width \lrl is t el-ated to voltage V by



where

g=

The maximum

--lctl rLl

I7^v
MW

)
- NqW'

2e

1l_T-NT 'NT"^UA

rrar.mr'tl-r'rri fr¡

sum of aoolied and

field is

I buil-t-in I voltage.

ar

. . . (15)

. (16)

...(17)

...(18)

= qNV'I

E

"YE(x)=2ñ'W

whene E is assumed to be zero at x = [. Actually, equation

(16) strictly applies only to one-sided junctions (i"e.

N^>>Nn ) . Fon junctions that have significant width on both
DN

sides of the junction, E(x) must be ::ep::esented by two

stnaight lines. Figune 2.2 shows a one-sided equivalent fon

a two-sided step junction.

The ionization integnal is

¡wI sdx=q \¡'I
J o max err

exP

l-on

rl(
L

of

nd

¡1
t
Jo

*-J-IIq L

E

- l-. Þ Li - -) 

- 

ICLZ
zLl MAX J

...(le)

the ionization intesral involves

Cii) detenmination of olr_" and

fw rwI cxdx = | 0 -bw2/2Vxllcoecx

Letz=x/wrthen

Vü = !r1err

The detenmi

(i) detenmination of max



16.
No-Na

Np- DONOR CONCENTRATIoN

NA - AccE PTOR

CONCE N T RATION

F rc>. 2.Z(et. l¡¡pun¡rv De¡¡srrv rN

FrE lo D¡srRtB ur roN tN

A STEP JUNCTION.

A STEP J UNC T IO N.Csl.



L7

I1,i Assumins'-o
CIJ

fn] 'ì nr,re+v+lvrrU,

l-

.L

\7

where

\\r +]^^ ^*-inical' ---L t Llls qlllP- ronms are as-r-1^ - -+-
LIIG L

9"vn'
t=r
v9, v'n'

"rl

h

E

-1r-il-tu
n

\r (.m+I) / 2
l" ).\i

'B

\r (m+1¡ 7 2

\il/
É

tu ..(20)

...(22)

... (23)

V = voltage acr?oss junction

a = gnadient of impunities

\rf = 2x = runction widtho

The ionization integnal is

-rWtl
Mt*-'n ro

-L CXÐæ

¡ itl
I

Jo

dxn

/2 J- l=- ì

1Fr-Ðr4f*

I
M'*p

2.2.2 Linearly Gnaded Junctions

A lineanly graded junction is defined as having a

constant slope in net impunity density as shown in Figune

2.3" In a lineanly gnaded junction,

p=qax:-*o <x<x

L

...(21)

E

o¿ I,ümax err . . . [24)
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wheile exp l--t
-blEm

.L I
I

)

u - umax co

The detenmination of the ionization integnal fon the gnaded

j unction is nor¡¡ identical to the detenmination of the ioni-

zation integnal for the step j unction except foi: detail-s .

^-+- 
*,^l -r- 1 ,^L vvf,La6çù rèss than the bneakdown voltage the mul-tiplica-

tions are

W err

I

.lt-ù¡l
io

'l

ÌÁt'l
n

dE

-r l-)

^ ^"t ^-^t=-ù UJUÞYJy

incident

col-l-ectons

l_9.

rotr\

(26)

...(27)

approx-

carnien.

nean

.n2
-L-.L

,[-y \/ 273(¡+])
lr \

- 

| 

-lY-r- u 
B

.r, Y,c-Y \r 213(n+I)
= "o (å-)y-r uB

if0

'rfW
') ÍYI, lo

At finite multiplications
r'm¡l-a.1,,õa'ñ- +'hê nlrrzc¡' n=l-Lrlr.c- Lsr.|' L¿Þr¡lË Lirç I/rlJ ù!uer

Fo:: small multiplication,

r- ¡!{ -r

lcv-rl I o{, ¿xl
ttlllL Jo J

the cal-cul-ation i
n:n:mal-ane nf l-'lraPq! qrrrç Lç! ù vr Llrs

as in t:ransistor

'l
I

M--p

.Y

In the case whene the natio y(= oo/crrr) is not con-

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

and fowen limits. To calcul-ate the breakdown vol-tase whene

M is infinite, we :requi::e

The empi::ical nesult agrlees with (25) appnoximately

ry ( y ¡'l nsp to uni tv) and b/E >>l- .-n \l / s¡rs

-1Ytf.1J_ - M = r- texpl-(J
"r'r I L

È.

as wel-l as

-l-1rr-M =Y_l1exP--nr-

'l
" | -l0., d*l -11 = f

YI
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sM = f, the calcul-ation fon multiplication using the para-

metens fon the incident car:rien convellges veny closely to the

tr.ue val-ue. Tn all cases ít is of the greatest impor.tance

to use the val-ue of y which is obtained at the maximum fiel-d.



CHAPTER TII

MT CRO PLASMA PHENO}{ENON

3.1 REV]EhI ON MICROPLASMA PHENOMENON

In avalanche breakdown the junction does not suddenly

Ïraor'n t-n nnndrrrr.l- \/êF\/ 1arçe cul?rents al-l oven the junction,
uç6!rI LV VVfTUUV

but irathen at small- discrete points. These smatl-high-

cutlï-ent-density dischanges are known as microplasmas. This

effect indicates that b::eakdown occulls in small steps of

cunnent. Funther incnease in applied voltage beyond that

v,rhich cï.eated the finst micnoplasma \¡Iould not incnease the

cu::r:ent through individual microplasma appreciably, but nathei:

will- p::oduce mot?e micnoplasmas. Each new micnoplasma adds

its unit of cunr.ent to the total- bneakdown value. The indi-

vidual micr-oplasma switches on and off in the area of initial

bneakdown, thus producing a distinct noise in the fonm of

ennatic current pulses Tniith very fast r-ise time and of nathen

rrnifonm amnlifrrde r.e,sardless of the l-evel- of the breakdownutrÀr vr rlr u¡¡rl/+r

voltage.

Associated with the generation of microplasmas in

avalanche breakdown of the junction, thene exists an emission

of lip-ht eminatr'ns fnom the individual micnoplasma as pin-v! ¿16¡¡

pointed spots of 1ight. It has been found that mic::oplasmas

.ì.ì.ì.ì11a n.r.ofe7re--+--'-r1"' ='lnnô areas of scratches ol3 other mech-uuu u| Vr'çr ç! ell Lldr-LY o.f urló

anical effects t39]. It seems To suggest an effect of lattice

zr=m=aa ^h r-'ha illnr.tì on wi j-|h - ner-hans â SOnt Of diSlOCatiOnLr(1lIfOËg Ull LllE J urlu uJvlI wru Lt! t I,vr r4uI/u



tt

within the iunction.J*'

The seneration and decav of the micnonlâsmas rlurins.

junction bi:eakdown takes place in a very shont time intenval
-t n(10 sec. or lower) and h-ence the bneakdown effect mav be

used at nather. high speeds.

Tn senena] it is believed that hip-h field i¡fpncìrrz

at l-ocal aval-anche breakdown is involved in pnoduction of

micnoplasma. Expenimental evidence indicated that micr.o-

plasmas are caused by local-ized high fiel-d negions within

the junction.

Shockley suggested a model for. explaining the obsei:ved

nponer.f -ì cs nf mi r..r"onl asmâs - LnnanÀ ì -- -FO hi e mo|el - fie]_dvl/¿qur¡tuu Lv ¡llo ¡¡IvuU¿, J

enhancement is caused by pi:ecipitates of dielectr.ics. Tnaps

in micnoplasma ::egion tend to immobilize a high density of

charges. These changes ane abl-e to inc::ease the el-ectnic

field to such a value that bi:eakdown mav occun and thus a
tlock onr mechanism is pnoduced. Sphenical- dielectnic pne-

cipitate is assumed and since the dielectnic constant of the

sphenícal precipitate is much lowen than the sunnounding mat-

er"ial - fhe field afOund the nanr'nlranrz uìll þs stnonp-en thanJ vv ¿¿r vv u Lt v¡róur

the surnounding. Thus high local fiel-d intensity nesults in
bneakdown" The pnecipitates ane nucl-eated pnefenentially at

disl-ocations and so micnoplasmas occlrr, in general, pnefen-

ontr' :l'l r¡ :l nno dr' q'l nn:1-innc

The most sienificant electnical behaviour.

plasmas is the chanacter.istic cunnent instability

of

--þOL

mt-cllo-

bneakdown.
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rf the diode is openated with a low r.esistance in senies " the

mici:oplasma passes curi:ent as squane pulses. The length and

repetition i:ate of the pulses fl-uctuate statistical-l-v anound

an avenage value corresponding to the DC cu::nent flowing thr.ough

the micnoplasma negion. The i:epetition r.ate vanies for dif-
fenent micnoplasmas. Fi:om expe:rimentat nesul_ts on la:rge load

nesistance cincuits, champlin t s ] suggested that mienoplasma

is due to a local aval-anche br-eakdown and that the noise pulse

is due to chai:ge and dischange of the capacitance across the

micnoplasma ::egion. lrlhen the bias voltage is inci:eased., the
flADâ eì tanoo ì e ¡hav.oaà rìn =nÀ {-L^ "^'t +- ^çqyqu! Lqrrr-js -Lu u¡ru! 6uu uy clrrLr Lrrc vuJ- Ld.ge aCnOS S the miCf OplaSma

negion is incneased. At bneakdown, the nesistance of the micno-
n'l =cm: cnnl- âeci:eases. The caDac.itanae -|-hen dì soh:r.oaq -l-hnnircrl-rvvv¿ çquuo . ¿¡ts çqyqur Lqtruç Lrlçtl U_LÞçttO-I,B__

the nesistance to dec::ease the voltage acl?oss the micnoplasma

spot. f f the voltage is decneased to or. bel-ow a certain val-ue

that the field intensity in the micnoplasma negion is not

stnong enough to sustain aval-anche bneakdor^rn, the conduction

ceases. Aften this, the capacitance is then changed up again.

Haitz LLTl extended this model to explain micnoplasma pheno-

menon on smal_l l_oad nesistance circuits.
charnplin t5l and Mcrntyr.e l3ll have independently dev-

eloped a phenomenological theony describing the statistics
of microplasma pulses. Acconding to chanplin the e]ectnical
oz"ooer-tie.s of a f-andOm biStabl e mic.r,onl asmê c,¡n lro nrr¡'t.'r¡-r-"'r,^"r'.È-* "l- ¡r u¿o Luu¿ç r¡r¿elvP¿qo¡rrq eqtr uç yud.Il- Ld_ LJVgIy

ascnibed with thnee fundamental panametens: (i) t¡,e pnobabi-

lity rate foi: tnansitions fi:om the non-conducting state to the
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conducting state , Ø'I(VrT) "."-1 
(on tunn-on pnobability);

(ii) the corrôesponding p:robability for- the opposite transition
-l-Ø,n(V,T) sec (turn-off pnobability); (iii) the pulse cur::entIU

T T\i rI-1\
¿a \ v t f / .

I

Turn-on pr.obability is mainly detenmined by the numben

nf minnr.i-|-rz ^ar^r.iefS entefing the micponlasma resion anrl s-en-vr ¡]r!¡¡v! ¿ LJ çq! ! ¿9! o 9¡¡ LU! r¡¡6 L¿¡V ¡¿!rUr VI/¿uu¡rlu

enating a pulse. Thus it is possible to enhance the pulse

::ate by il-luminating the junction. Tui:n-off pnobability
donondq .r?r''l rz ¡¡ CUf.f.ent. An inteneSting npnne¡tr¡ nf miCfO-I/! vyçr uJ

^'l --*- ; ^ +l^ -t ê\zêrl :t \zêyr\z hì øh rrrrr-r,ont n:rl qae r.^?ìl.êonnnl.'-aIJJc'ùl]ro. f,ò LlId- - - -- J ---o-- - I/urÐçÐ uvlr çDP(JII(IJIIB

to seve::al hundned el-ectnons and holes within the plasma,

ther.e is still a finite tunn-off pr-obability. A betten unden-

standing of the process causing avalanche bneakdown might resul-t

fr.om the fact that hol-es have much lowen ionization nates than

usually assumed. If the ionization rate of holes is much

lowen than that of the electr.ons, a lange numben of holes have

to be pr-esent to produce one o:: two secondar-y el-ectnons.

Thus it may be possible to explain the high pulse cunirents.

Since Ø-n, Øn-t and I., (VrT) ai:e functions of voltage, the tenm-I-U' UT I
inal oronenfies of a mic'r'onlasma arae not unioue but denend l.ìnuvyv¿¡u vr¡

the impedance of the exte::nal cincuit. For. the case of an

ideal low impedance connection, however, the voltage is time

independent.

Acconding to Champlin the bi:eakdown voltage is defined

in tenms of turn-off p::obability ØrO, by

lim ØtO = oo

:

+V -*Vb
(1)



Exper.imentally it was found that Ø-rn is a monotonically decreas-
IU

ing function of V and tnaverses the entire bistable nange fnom

ØI'u* (non-conducting) to Øt0*0 (continuously conducting) as

V tnaver.ses a tiny increment of voltage ôV above the bneakdown

rzn'ri-=aa \/ Some breakdown negiOns are not bistabl-e but canv\Jr Lq6E vb.

be cl-assified as mul-tistable.

For ideal low impedance circuit, Champlin t5] assumed

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

conducting and eond¡ctinS gta-l-os Tre 'l- A-.1 T nâQno-tiVelY.sv L!¡¡õ s¡:s uvrruuv o Lq LçD Uç t 
O 

L 
I ,

_1'0 Ø^-
ul_

I
'r (^-L '10

The pulse nepetition rate N and the average

ane written as

(^ 0t

rr _ "10 -ol-
r\ - Ã=-L:ñ-

'ro'ool
Øn.

4 - ñ----1d- '-t"10'"ol- L

on in tenms of the rroffrt and ttontr times

_l
N = (T^ t'r.)

U-L

T-
- -t_
r=-T r-*1

'o ' Lf

is a veny sensitive monotonically

...(2)

. . . ( 3)

cun:ent I

(4)

...(s)

... (6)

...(7)

incneasins functionr.rlr ona r'1

of V.

P]imin:tino r f¡om f6) and rn\ L-"^
r!vJI! \v,f q¡rU \I I ) WC lld-Ve



N = cll (r T./r1) fon 0 < I/r. < t- ... (B)to -L r -

^r-"-'^"^-r " +]^ ^ nirl qa r':l-a ì g appnOXimately I/ -t n at IOW CUnrentvuv¿vuòry Llre I/urùç !qLç rö dppf,eXIjIId.LeJ 
u

and appnoaches zero as r/rL approaches unity. The smal_l signal
Ac conductance is the slope of avenage cun::ent velrses apptied

voltage curve.

s = #= 3#+. +ät3þ- HF ...(s)
uJ- l-U - -t

conductance is only defined fon low fnequencies such that

f<<(Ønr * Ø-,n) .".(10)UJ. lU

Spectr.al density of cunnent fl_uctuations is S_.(f)

<^i2> = f- s. (f) df . . . (rr),o

where Ai is the deviation of the curi:ent fnom the avenage value.
The cunnent spectnal density was shown to be

^ TT-
a //€\ - tr T I O I Tu.\r¿¡ - - -l ; :-.f

('r^ +'r-)' (l_ + ,rJ'T')U-L

...(t2)

whene

I = I * 1 r'ì?\
T t0 al_ "'\¿el

bv chamnl ìn t5]. This spectr.um has (1 * 
^2t2) 

fnequency

danandonna urlrigþ is cha::actenistic of a j\4ankoff Dr"ô.ìêss, with

connelation time

Eliminating rt f::om (LZ) by using (7), the spectnal
donqifrz iq

s-. (f ) = r-¡ ,^r.2 (r/r1)2(t-t/ r.,, ).{t+(uir )2(r/r.,)'}-',0<r<rr ... (14)l- U l- I -'-t' r.- '--0' L
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At 1ow frequencies (o-rn<<1) this becomes

Sio/+ tOIt2 = (I /Ir)Z (I I/I1) . .. (ls)

The noise maximum is pnopoi:tional to the avel?age trofftr time

1ñ¡ J-n {-1ra îñ11anô nf J-ha ¡,¡111 na m=ññ.''l-rr¡lad.ll(t L(J LIIe Þ q L-*- - r. J-LÞ E lrta6lrf L uuÇ ¡

From Champlinrs analysis of random, bistable element

in an ideal- high impedance cincuit the pnocess is not Mankoffian.

The noise is not simply nel-ated to the noise at low impedance.

Tha f r'a'l á rlane¡ds¡ce of the initiation of bneakdown suggests

that field emitted canriens al?e involved. Acconding to Champlin

[5], the tunn-off pr.obability Ø10(V) i^/as assumed to be single-

valued and tnavei?ses the bistable range co ) Ø.n > 0 as V(t)
-LU

travenses the incnement of voltage between V- and V* + ôV" TheDD

-,,-*-r-;.r- -'^o T =nrt (A m:r¡ afso be vol_tage dependent to a l-esse]?llLrqrrLrL¿çù r1 qrru -01 ,rt*J

deg::ee

Circuit diagnam for obse:rving nandom voltage pulses is

shown in Figune 3.1-. The capacitance C nepnesents the total

panalleI capacitance. One obsei:ves pulses of voltage which ane

nandomly distnibuted in magnitude above Vh.

Fi:om Figune 3.2 at T = Q an event occuns which causes

the bistabl-e element to change to the non-conducting state.

The entine supply cui:i:ent f l-ows thnough the capacitance C, thus

the voltage rises at a constant nate dv/dt = (I/C). Duning

this nontion nf l-hp nrr'l se thene is ¿ ¡p6Ïr:Ïrilil-r¡ t¡ai.a Ø^- thatLIIIÐ !/v! Llvll v! L¡rs l/uruu * I'- vvssÀ¿¿ eJ 
U_L

the element lrill switch to the conducting state.
M----'-r-"Jn ^€ tha nlrl <o i qI']d-BLIJ LLIIIç Ur Lrrv ¡/u¿uu ru
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an

^V 
= (f/C)to . . . (16)

FOn t>t_ the ¡rrøøanl- T (+\ f1ows th'ous'h a bistable element._ -o u rl\u/ u Lrrrvu6rr

Since lf(t) > I (ttre average cunnent), the rate of change of
capacitor voltage is negative.

dV
ãE ={T r](t)l /c ; to.t ... (17)

In general, the cur.i:ent It (t) varies with time as

V(t) decr.eases. By assuming that ï" (t) = ï.^, â constnnf - thc-1..,t10,*Lu¡lu'

voltage thus decr-eases at a constant nate:

dV
dt = {r rlo}/c ; to.t ...(18)

and continues to decnease until- V(t) neaches the incnement

Ïra'l-ç.¡aa¡ \i =-C V- + ôV. At some voltage in this l:ange, conduc-"b 'b

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

at t = t^ + t. côn l-ha -"n'l f .acro dz¡nn árrr"r'no .l-ha cann¡çl pO::tiOn_ -o _1 uur¿¡!6 Lr¡u oççvt

of the pulse is

AVr = [(lro r) / c] tt ...(]e)

Fo.r ôV<<AV, the voltage r"ise and voltage dnop may be equated.

tr = [r/{rro r} I to ". .(20)

Thus the rrorltr time tt is detenmined by the ttoff tt time to.

Avenaging equation C20) and neanranging yields

rr = {lrl(Eo + Ïr)} rro, 0 . 11 lrro "..(2r)
Since to has an exponential distnibution, the pulse magnitude

in this case is also exponentially distnibuted.
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FC^V)d(AV) = (N/<^V>) exp (-AV/<AV>)d(^V) ...(22)

Fnom experimental nesults, incneasing the applied volt-

age inc::eased the ratio of avei:age trorltr to lfoffrr time but had

l-ittle effect on the magnitude of the cui:nent pulse. It is

significant that at a given openating point, the pulse mag-

nitude was invaniant. This would not have been the case if

bneakdown occulrs in more than one negion. Investigating this

behavioun, \^ie can say that this is due to a local bneakdown

negion, i.e. exhibition of micnoplasma bneakdown.

Haitz [20] pnoposed an impnoved model to descnibe the

el-ectnica] behavioun of micnoplasmas. Thnee components we::e

used to fo:rm a basis for. miciroplasmas . They ürer-e:

(i) V- bneakdown voltage, a constant;
lj

(ii) r. senies i:esistance, a constant;

(iii > fCø- ̂ > a continuous function deoendins on the-'-IU' -
tunn-off pnobability on cunnent.

The bneakdown voltage VB can be detenmined in two ways:

(i) by extnapolation of l/M to zero;

(ii) by extnapolation of the nesistive pant of the

V-I chanacter-istic to zero cuni:ent.

Both values are equal within expenimental accunacy.

\i i c Fi vaë, i-'-¡ the condition that the f ield st:rength in the'R

"-"ttorf oart of the ilnc.tion has tO be e.ì uâl to the hreakdown
J s¡¡v

field. If the applied voltage is naised above VB, the voltage

across the micnoplas.ma in the on-condition does not change

appneciably because a very smal1 incnease of voltage causes an
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enormous inc::ease of cunnent. Practically all of the voltage

dnon aborze V- is across the ser-ies nesistance. This series
D

I'gÞIÞ LcLLIUC -Lb rllquç u.u vr LWL., pd-I'LÞ . \-Ll ouquu utrq! <e

and, (2) spneading nesistance fr-om the micnoplasma.

The space change resistance, as shown by Shockley [5f] ,

is a consequence of the motion of camiens of one sign going

thnough the outer. parts of the depletion layen and setting up a

field that tends to neduce the field in the cent::e pant of the
-1,.-^-r-' ^^JUrrvL¿vfr ó¿vJ¡¡ó r¿Ðç Lv q¡r e¿reçLrve rvu+v -'sc-

,1R = (hr'lA) (+KV.) ohms ...(23)
SC J O

r^rher.e. [¡f = r1 eoletion ]aver ùiidth

ff = allea of micnoplasma

( = diel-ectric constant

V, = limiting dnift velocity

In most practical junctions, one side of the junction

has a very low nesistivity, and so the spneading into the highen

nesistivity pai:t has to be consider.ed. The spneading nesist-

ance fnom the mic::oplasma is given by

R = S/ZDsp "..(24)

where D = diameten of micnopl-asma

$ = nesistivitv

In most cases, the contribution fnom the space charge

nesistance is higher- than that fnom the spneading t?esistance.

ïn Haitz t s model each point along the i:esistive pant is

associated with a tu::n-off pnobability. In the neighbourhood



of VB the pulses ane extremely short. Since Vg cannot be mea-

sur.ed accunately, it has to be extrapolated.

The nel-axation phenomenon fnom tnaps is also an impor-

tant event in the pr.oduction of mici:oplasmas. Pulse gllouPs \^Iel?e

observed by Haitz [19 ] when micnopl-asmas \^7el1e openated at l-ow

tempenatul?es. This can be explained by the fact that tnaps in

micnoplasmas ane changed duning one pulse and then causing sub-

sequent pulses by i:elease of canniei:s. The tu::n-on p::obability

ñ - drrons sþ¿z.n1rz r^zr'th -fhe J--'-^ n"l rnoarr aften the l-aSt pUlSe,01 uI'uPt; öIrdI'PJy wr L.Ir LLrc Lrllre Ë-Lc.PÞE\l

was expenimentally justified by Haitz. obviously change is

leaked fr.om the tnaps, and thus neducing the tunn-on probability

ñ Af poom 1-amnarr¡fiì1rê - l-hoca affanl-q CannOt be Cleanly
"0f 

. nL !vvrrr Lvrrrl/v!

obsenved because thene at?e more ther.mal canr-ier initiating

nlll se - Netlir"a I I v the f pan äanc r'frz .t:n-i ag Considenably ffOm One
P UJÐ ç o f\q L u! qrrJ

*-i^øanl 1Õñ= J-r¡ ¡nother'^ i¿hich accounts for. the diffenence oflIlIu|vP-Lo-Þllre Lv q¡rv urru!

f r rr¡n -..ln nzrol-l:L : I -' +" +l^ - + +1----rJrrrLJ LrrqL urlel?€ al?e molîe pul-Ses obsenved than

thenmal- canr.ien passing thr-ough the micnoplasma is resol-ved

hr¡ :qq rrmi no fhc rl1.êsênoê of fnans -uy qDÐ w¡¡¿¡¡ó Lrru ¡/!

Tnaps ane also nesponsible fon the intenaction between

diffenent microplasmas that has been observed by Haitz [17] and

Ruge [18]. If thene are sevenal micnoplasmas with about the

same br-eakdown voltage, then all the micnoplasma tturn-onr

nrobabi I i tv will be incneased if one of the microplasma is in

the ton-conditiont. V'lhen a voltage pulse is of sufficient amp-

litude so as to tunn-on al-l the microplasmas, and aften its

--^r-'^={-r'nn nothins'will hannen aften a certain time intenVal .d.PPJr\-e LJVII , rIv Lar!¡r¿; w rf r rrqyyu¡¡
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As soon as the finst micnoplasma is orr all the othens fol-l-ow

aften a very short time companed to the waiting time until

the finst one occunned. This interaction takes place overl

a distance of mone than l-00u. The cause of this intenaction

is not known. It may be caused by the release of canr-iens

fnom f.r.ens hr¡ infnar.ed fj-sht on nhonons emitted fnom conduct-

ing micr.op]asmas. Anothen possibility is the back scattering

of hot canniens, which ar.e then neaching other micnoplasmas.

3.2 MICROPLASMA IN SPACE-CHARGE-L]M]TED SOLID-STATE DIODE

ff an insul-ator or intninsic semi-conducton is Dro-

vided with an injecting contact on one side, and a coll-ect-

ing contact on the othen, then space change neutnality can-

not be maintained in the insul-aton nesion. The cun::ent fl-ow-

ing thnough the device is space-change l-irnited. ff one el-ec-

tnode injects hol-es into the onganic semi-conductor and the

othen contact is non-inj ecting, there will be hol-e fl-ow fnom

the injecting contact to the non-injecting contact. Simitar

to the p-n junction diode, tTr.e space-charge-limited diode

now has the p-negion pnoviding a hole-injecting contact and

the n-r.esi on n'r-ovì dins a hole-collectins contact. The anthna-

cene diode made in this way is a single hol-e injection space-

cha::ge-limited diode .

Tn I _ñ-^^ _h:r,øc_'l ì mì terl c,trnnenf q Ianenri nn'l r¡
--- Þ-llgf clJ, ÞyA,\-C-\-rrq! óu ¿r¡ru Lçu uuUI'çtI Lò ugIJU--*

on the tr.ansport and tnapping of the canniens within the
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.ìla\/qf ã'l I¡7r'fh siven ohmic ^^*+- ^+- +r- ^ cul?l?ent vol-ta øeU|yDLAJ. VVALI- - U\JIILOULù t LIIç UU!I'slIL vv¿LqÒ-

r'elatiônshiD of an olôsanic semiconductol? is linean at low

fields, but it becomes non-ohmic at higher? val-ues of the

applied field " The causes alre:

(a) tpace charge is foi:med as a consequence of lange concen-

between the electnodes attnation of change ca::niers

hi oh r.ilrrr"ent r¡^-ô-'+-.' ^- .---o-- - JgrrÐr LrgÞ ,

Cb) existence of tnaps causes nonlinearity in the I-V curve.

Togethen with Hsu, an attempt is made to set up a

model fon explaining the micnoplasma bneakdown in space-

char.ge-limited solid-state diodes " The model is based on the

discussions on avalanche bneakdown and the micnoplasma phen-

omenon in the pnevious sections in conjunction with the char'-

actenistic of space-chai:ge-limited diodes. The pnoposed

model is shown in Fieure 3.3. It is assumed that if the

tempenatune of the l-attice incneases, the thermal scattering

cross-section increases and the ionization pnobabitity
À^^b^ ^ll the eneïapv of the ionized canrier is dissi-L¿gUI'EcLò gÞ . .¡1r¿ u¡rç urrvr .5J

pated near? on veny nean the micnoplasma. Thenefore the temp-

e::atur.e of the micnoplasma negion will- be considenably

highen than that of the r.est of the diode which in tunn,

will become warmel? than its ambient after sufficient time"

t\ ¿ò Lfrc

tact. and

Tn Fr'orrr-o ? ? - fhe sez.i es eombination of R. . R^ andv.vr ''l)'.2

DC nesistance of the diode. Rr is the ohmic con-

al-so the r^esistance nean the anode negion. R is
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fhe s'Tìârìe ch¡r.ge resistance --.r D
Lrrç Ðyqus urlor ós ! euro Lq¡reu ef j,U l\2 f ù L-tI\-

ance. Thein significance has already been explained in the

nnorzinrrc can'l-r'nn Tlro n,ãñ:nif,anna î l'c .]-'lra 
^=ñã^-'J-=t¡;r'ÇvrvuÐ ùççLrurr¡ arrE uepau-LLdllt-e tl I5 LfIg CaPaCJ-LaJlCe l-n

the immediate neighboui:hood of the anode since the injected

change is immediately l-ocalå.zed in the neighbounhood of the

el-ectnode. The capacitance C. is a combination of capaci-

tive effects due to both space change and trap effects as

explained eanl-ier in this section.

The shritch S is panallel to the space charge resist-

ance R. This switch is essential- for- the tunn-on on tunn-

off of micnoplasma when the resistance deci:eases on increases

cor?respondingly. In genei:al, the space change i:esistance

R is vel?V lairge ãs oomnar"erl fn fhe snr-eedi ns r-esi stance and

the ohmic contact r-esistance.

R wil-l be in the mega-ohm range whil-e the spneading

and ohm contact nesistances wil-l be in the kilo-ohm nange.

Tlra qrìâr'ê nh:pgg Capagitanee Cn iS alSO CempanatiVely
L

I ¡r'oen fh:n the localized contact capacitance Cr because- --r---

c is onlv localized nean the contact while the sDaee- c.harse.vf
!

.larrêr:'î tance Cuqyqu¿Lqlruç 
"2 -LÞ G UUJN sl

cene cnystal, the space change capacitance C, wiJ-l be in the

pico-fanad :range.

The voltase and cunrent char.actenistics of the cir-

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

mr'nnnn] ¡cñ' 1' S SWitCh-ed tO nOn-COndUCtinp- state r"ennesented¡¿v¡¡ vvr¡suç LÀtrõ ù Lq Lç t gl/r.g



by Figure 3.4. Case Q) is wlLen the microplasma is switched

to conducting state nepresented by Figure 3.5. Their phys-

io:l eion-ifin:nr'es ar-e exolaìned ana'lvtic¿ìlrz t'n fl'ra f^llow-
, 

-o---- - - -¡IUUo 
e^t/¿üI¡IçU qrlqrJ urçq!¿J

ing section.

3.3 MATHEMATICAL ANALYSIS

3.3.1. Case l- - Response Calcul-ation as Switch is Off

t 4 0, switch is on - steady state acquired

t > 0, switch is off

Initial conditions:
R-'t

v-(0 ) = =--i -- v-L--t(f,nz

38.

...(1)

...(2)

R

v^(0)=-2,-vt-^1-n2

KVL: tl * ,2 = v

KCL: i"t * iRf = íC2 * iRZ = i-

- dt-, vr du" v)
From (2) , Ct a-= + R: = C2 

- 
+ ------:--.1 -dt RZ+R

Taking Laplace Transform of (2) 
'

cr[svt -vr(o-)] -+ = c2[svz - vr(o-)l - + .-.(3)

whene RT = R2 + R

Taking Laplace Tnansfonm of (-l),

\/+\/=v'1 '2 S

17-V\7"2 S '1 ...(4)
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r^¡?rar.ra C =-T

Àñ
Ã1¿

wher:e

crs + G. CrS + G

ct*cz, c = (Rt//Rr)-l, Gr = *;- -'T

G.ì[crvr(o-) crvr3) * $ Ccrs + cr)]
c-s+G

å ...(s)

(6)

rr.
J

Gt = *, vt_ = tt(o-), u2 = vr(o-)
"1

(C'C2S + CtlcT) V - C'CZ(vr'+''vr¡ S - CrGv,
(7)

crs+G

r--'r-^^ rF.^---fnnm rìf anrr:l-ig¡ (2) iSlJc¡.P-Lc-\-g I I c.IIÞ r U! ilr vf çY ua L J

- *D *t1

"1 -l
\/C-C^(V v,-v^) S + G-G" | + ['C.(G-V - Gv.) + G.(C.V+C.v.-C^v.)Jl-lI'¿'l'tö-l-l-l-l-tLrtt=-

I

(C'GT+C2Gt)V-CfGTtr - CZG'UZ . GTGfV l-

_T s(s + c/cT)crs+G
(CtcT + CzGì v - CrGr vl- Cz3tuz ^ 

11 \7
-T-'l

T 

- 

I
(\ vrfl

T
f-

.f L I ¿ \
. \ô ô | 

^ 
l^ /ù ò .r b/UT

cts+G



ltaAL

cl c2
KK

1I

cr c,
\/- *\i 2r,' Rr't_ Rr"2 ,v.Il_\

R- + R- 'S S r'' L/'r't- t'

RfRr(Cl + Cz)
1-: rñ

I\r ' I\m
_L1

is the time constant

(,
L \7

nv^"r ' -t/r

whene

i(t) =

*-J:cr e
^1'^T

-t/ r.,

i. e. i(t) = =--f--- + "-t/'t^1."^T

F:rom initial conditions
Df\-

I
rr 

= - r?
nrñr r\-l . r\ô

fL

Þ
l\ô /

1z 
= -------=- 17"2 R_ + R^J-Z

l\ 11-r u)

"T "l

_vlRr*Rrl
-J

. . " ( B)

v v lt] c) cr Rr cz Rzi(t) = s+qm;+ T-% L-Ë- q Rffi/ --ffi/
îp-l
v^ - |¿ ¿ l- | -t/rqre-;+-R7 e

ÞDt, ) ,. -.1

R-(R.+ R^) "2 R.(R.+ R^)IJZLI-I

\/ \i l-, ' ta- RirTF r qt-ell:'
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17 v ljro!*Tr) - toorl 
^-t/r ...(e)i(t) = 

E*R-ll¡R+ 
e-

In genenal, equation (9 ) can be wnitten as

i(t)=fficr "-tlt,+vt#t ffi "-t/r
oil

where

Tfæ) - V
,ñrñ

f\r¡f\nrt\_LZ

r(o_) = il_k_Lt

The cur-rent response charactenistic is shown in Figune 3.6 .

3.3.2 Case 2 - Response Cal-cul-ation lrlhen Switch is 0n

The cincuit diag:ram fon this case is lrepl?esented by

Figur.e 3 . 5. The switch is tunned on at t = Q . The initial
conditions 1ar?e

f ñ \ - R

l- Jlr 'r -t1ô 1 11
-L¿

R^+R
f ñ \ - 

L

I - -[\ì -r l1ô -r l(
-LL

I\.F - r\ OLL

Substituting the above val.ues into equation (B)
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i(t) = u-+.- + õ+ñ- lþ ,r - -,þ----, - "3 r, - =o?uluo,*t**2 C'*CZ lfZ R'*R,*R t Rt \¿ Rr+x+xr'

î+1 |"L'"21 -t/ rqt"--rj e

= v v l-crcnr+n) troÀ_ _ 
ttJt -t/rqq -qqfqro-;rr{qr + nffirn¡e¡ q*--l e

i(t) = Ex--=- - ,-,---+:ctR 
- c2R) 

^-t/ r
"r*L 

+ e Lr L 
"'(l-1)

In general, equation (11) can be rewnitten as

i(t) = n;h; cr - "-t/t, + v 
L-=+, 

- ffi u-t/,

l- c_R l
= r(*) (r "-t/'t, + r(0 I li + -+-1"-tlt . . . (12)

L 
,.ulruZrnZ)

whene

Tlæ) = V' Rf+Rz

45.

Trn l - v
;---l---E--t.l , ,.? | r\

The cu:rnent r?esponse fon the ronr case is shown in Figui:e 3.7.

Since the output cunr.ent of the diode unden both ;bu:rn-on

and tunn-off condition is the sum of two terms, the time con-

stant of the cui:r.ent pul-ses actually bbsenved can be much largen

than the RC time constant associated with the cii:cuit.
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3.4 USING MTCROPLASMA TO MEASURE TEMPERATURE COEFFICTENT OF
THE AVALANCHE BREAKDOùIN VOLTAGE

The br.eakdown vol-tase of an aval-anche diode vanies with
l-omnanal-rrna The femne7-¡tl:re r:hangeS mAV be Cl¡e tO intefna]_Lv¡¡rt/e¡ t¡tqJ vu us9 uv JJ

heating effects caused by po\^¡en dissipation on to a change in
the ambient temperature. Avalanche breakdown exhibits a pos-

itìve temnenature coefficient.

In genenal, tempenatune coefficient may be defined as

AV- mv
Kr = ¡É "e .. " (13)

whene AVo is the change in br.eakdown voltage conraesponding to
D

the change in tempei:atu::e AT " As the bneakdown voltage depends

on tempe::atui:e, we have

. (14)

whene T^ is the ::oom tempenature.
^
The tempenatune coefficient can thus be cal-culated as

v-(r) - v^(r )
^lJuovmm

l--l-
o

. (]s)

The ::evense cur:i:ent-voltage chanacteristics of a modenn

p-n junction has a shar.p change in slope indicating the break-

down of the junction" Thus the bneakdown voltage of a modenn

p-n junction can be accur.ately determined fi:om its l?everse I-V

chanactenistic. Howeven, fon space-cha:rge-limited solid-state
diodes the br-eakdown voltage cannot be accunately observed since

thene is no shanp incnease in cu:rnent. An altennative method

has to be used to measune the bneakdown voltase.
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As it was previously descnibed, the micnoplasma is
due to a local bneakdown phenomenon. Consequently the micro-

plasma phenomenon can be used to measure the br"eakdown characte¡.-

istic of a soft junction on a space-change-limited solid-state
diode. Although the micnoplasma breakdown occurs at a voltage

l-owen than the actual- junction bneakdown, (ttre onset of micno-

plasma bneakdown cannot be used as the onset of the junction

bneakdown), the tempenatune coefficient of the bneakdown vol-t-
age of the device and that of the onset of the micnoplasma

br-eakdown shoul-d be exactly the same. The micr.oplasma can,

thenefore, be used to detenmine the tempenature coefficient of
the breakdown voltage in a solid-state device accunately. Thene

ä1.e exner.ìmental derz'íces hV the authOf to suoooirt thi- n{-¡l-¡m¡¡'r-svvrvuu uJ Lr¡ç quLrrv! Lv ouyl/vr L LrfIù ù LqLc:JlLE:lIL.

The tempenatune coefficient of the bneakdown voltage

of a silicon p-n junction has been studied veny extensively

in the past. Chynoweth and McKay [10] has shown expei:iment-

ally that the tempenatune coefficient of the avalanche multi-
plication constant M is always positive and actually independent

of V*. Data fnom experiments by Ganside and Hanvey [13] just-

ified this statement.

Expeniments on sil-icon p-n junction onset voltage of micro-

plasma noise has been done by Hsu..Expenimental data \,,rel?e plotted
r'n tr"iorrna ( l, Figune 5.2 and Figur.e 5.3, r"espectively. fn

onden to venify oun theony, we can compare the expenimental-

data with the existins data.

This expeniment showed that indeed the tempet?aïune



coefficient of the junction

^-^^+ --^'l+__^ nf min¡nnl¡cm-Uf rùE L V(J_L Ld-Be v¿ ¡¡r!u! vl/Jqùllld

nnênâñnrz n€ l-'11 p exner.ìment.e.]I¡flut¡ Lq

doping concentl?ation and the

lro

bneakdown voltage and that of the

ar?e exactly the same " The dis-

i:esults is presumabl_y due to the

impunity profile of the junction.



CHAPTER IV

MEASUREMENT METHODS

ll'ì EXPERIMENTAL METHODS - Sampl-e P:reparation

Since a p-n junction still- cannot be formed in an anthra-

cene c::ystal, the sample used in this expeniment are conven-

tional- single-injection space-char.ge-limited diodes. The

anthnacene single cnystal was cut along the ab plane and is
etched to appi:oximately 0.01 cm. thick. The sol-ution used fo::

etchins. was benzene. It was obsenved that the etchins r.ateufrç I LçtIJt¡5

coul-d be accelenated by wanming up the solution to about 70oc.

Aften the etching pnocedune, the next step was to make

ohmic contacts on the cnystal. It is necessany to use l_ow

wonk funetion matenial-s for. ohmic contact in orden to pnevent

inhibition of injection. A concentnated solution of sodium

and anthi:acene in tet:rahydnofuran in contact with the cnvstal-

Ì^iel?e evaporated. The punpose served was to completely :remove

oxygen, water vapon and matenial-s which would intenact with the

contact solution. Sodium solution \^ras chosen because the othei:

aIkali metals would not foi:m a molîe stable contact. The cnvstal
T^Ias then washed again in benzene solution. Sil-ven paste was

:nn'j ¡'ad +n lrafþ SU:ffaCeS aS eleCtnOdeS. The s'l',lrzen-naSte-Lr vgvD . rf rç ù 4¿ v çr -yt

anthnacene contact is a hole injection electnode. No electnon

is injected into the sample. The anea of the major sunface of
the cnystal is lai:gen than 0.5 x 0.5 " ? The area of the erec-

ot::ode is approximately equal to 1 mm'.
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4.2 EXPERIMENTAL PROCEDURE

4.2.L Cunr-ent-Voltage Char-acter.istics

The cunnent-voltage br.eakdown chanacter.åstics of the

sample at va::ious temperatures wene obser-ved with an oscill-o-
scope (Tektnonix type 502. The expeirimental set up hias shown

in Figune 4.1. The nesistons and sample were mounted in a

jig which was iover.ed up to keep light fnom neaching the sample.

A thenmometen was clamped in place between the power resistor
and the sample so that the ambient tempenatune of the sampre

could be taken. The br.eakdown vol-taqe and avalanche curnent

T^iere noted eveny l-0oC r.ise of tempenatune.

4.2.2 Low Fnequency Noise Measunement on Anthr.acene

The 1ow fnequency noise measui:ement set up is shown

in Figune 4.2. The aver?age cincuit and the jig ciircuit are

shown in Figune 4.3, and Figune 4.4, nespectively.

Noise sampled fnom the measuned specimen was passed

thnough the pneamplifien and then into T^rave analyzen. An aven-

age cincuit was used to stabitize ühd signal fo:r detection in
the noise mete::. A sinusoidal- sounce was used as a calibnatins
signal -

The noise cunnent equation is given as

j
i. = 2eIo., 

^f 
...(1)

--v
whene iá is th.e noise densitv

I^- is the equivalent curnent to i:epnesent noise density
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Frs. 4.1. ExpeRtMENTAL sET-uP FoR

BREAKDOWN VOLTACE AS A

OF TEMPERATURE.
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anrl M ì c +he nOiSe meten naaåi ncr r^rhan thene iS nO inpUt.,1
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Biasing voltages hrene first tunned on aften hhe wave

analyzen had been zero adjusted. A desined fr.equency hias then

set. At this fnequency switch S (Figu::e 4.2) i¡ias opened and

the neading appeaned on the meten was neconded. This :reading

T¡ras referned to be M.., accor-ding to theor-y. Then the switch

S was closed and the necessal?v amount of attenuation was r-esu-.*"J!v5u

lated. The neading indicated in the noise meten was Iq.?. Sig-

nal freoire-ncv $ras then vanied and the whole measur-ins¡rs¿ ! ! eyuu¡ruJ Wd-U LItell Vd.I'IeCL d-n(Ì f ne l¡In p1?OCeS S

was nepeated. The nange of fnequency used \^rel?e fnom 20 hz to
45 khz. The nesul-ts wene used to cal-cul-ate feq as stated in the

theony and leq vs fnequency T^ias plotted, (Figu::e 5.1). The



DC cur?rent flow was al-so i:ecorded and graphs of Ir,^ vs leq-- ]JU

and f verlses V wene plotted as shown in Figune 5.2 and Figune

q ? nacnon'J-r'¡zal rr

4 "2.3 Photoconductivity Test

A pulsed light soul?ce was connected to the cincuit

shown in Figune 4.6. The cincuit of the openational amplifien

is shown in Figui:e 4.7 . The gain of the amplifying cincuit

was 300. Light pulses wel?e shone on the sample which was

biased nean its bneakdown voltage and the nesponse characten-

istics \¡rene obsenved on th.e oscillôscope. Figu::e 5.11- showed

+]^^ -'r^-^^ ^t the ollfnut t.e-snônsê- Prr'lse fir'ecr'ìenr.\/ âs we]-]- aSLIIç ùIId-Pç \JL LrLs vu LI/qL ! çoPvrlùç. r urÐç ¿! çyue¡¿vy qÐ

lis'ht intensitv T^rer?e vanied in or:den to check whether. ther-e

ùiere any change in the shape of the rlesponse:-
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CHAPTER V

EXPERTMENTAL RESULTS AND DATA

Tn this ehapten the iresults of expeniments discussed

in Chapten fV ane pnesented. Figunes 5.1 and 5.2 are nesults

fnom the noise measur?ement expeniment. Figune 5.3 is the

V-I chanactenistic of the anthnacene sample measuned up to

it-s bneakdown val-ue. Figunes 5.4, 5.5 and 5.6 are expenimental

nesul-ts obtained by Hsu fon silicon tempenatune coefficients "

The tempe::atu::e coefficient of anthnacene is pnesented

in Figu:re 5.7 and it is companed with the measuned data fon

silicon" With the aid of computer, the nange of the cincuit

el-ements in the proposed microplasma model is detenmined.

The chanactenistic admittances of the assumed model duning

tùnn-on and tunn-off of the micnoplasma model ane then cal-cu-

l-ated and the compriüer plots for the Samê er1è nrêqentqd. j¡

Figunes 5 .9 and 5.10 .

Pictu::es on micnoplasma and photoconductivity of anth-

racene unden high field ane shown in Figunes 5.11-r 5.A2 and

5 .13 , ne¡lpectively.
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The theoretical model of micr.oplasma was analyzed by

compute::. The nesults were tabulated as foll_ows :

Step-Size
fon Rr R R. î î Time Constants

lìamnrr-l-r'¡a l- '¿ "l "2
vvrrrl/ u L ¿¿ró tL 

'2(u sec) (MCI) (M0) (MCI) (pf) (pf) (u sec) (u sec)

1.0 0.1 10 0.01 0.01- 1.0 t-0.00 0.9t_82

l_.0 1.0 10 1.0 0.01 1.0 9.258 5.05

1.0 0.t_ 10 0.1 0.0t- 1.0 10.0 5.0s

0.1 0.1 10 0.01 0.01 0.1 1.089 0.1

0.t_ 0.01 10 0.01 0.001 0.t_ 0.t- 0.0505

Tr is the time constant fon the tunn-off case.

'E o is the time constant fon the tu::n-on case.
L

Computen plots fon admittances during tunn-on and

tunn-off of micnoplasma r^rel?e made fon each set of val-ues.

companison with pictunes fon cun::ent fluctuation duning micno-

plasma bneakdown by champlin [6] was made. The curlves that
ürel?e closely similan in shape to Champlinf s nesul-ts \^rel?e chosen"

The element values of the model- col?tresponding to the chosen

curlves ürere presented in Figune S. B .
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FIGURE 5.9
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FrG. 5 " 11 SHAPE OF OUTPUT RESPONSE

IN PHOTOCONDUCTIVTTY TEST

Sweep Rate = 20 USec

Voltage Scale = 0 .l- v. /di.v .
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FIG. 5 . r-2

MICROPLASMA

Sweep Time =

BREAKDOWN ]N

50 USec. ;

ANTHRACENE HOLE-INJECTION D]ODE

Voltage Scale = 0.2 v"/div.

FIG. 5.13

MTCROPLASMA

Sweep Ti:ne =

BREAKDOWN TN

5 msec. ;

ANTHRACENE HOLE-INJECTTON DTODE

Voltage Scale = I mv/div"



CHAPTER VI

ANALYSTS OF EXPERTMENTAL RESULTS

AND DTSCUSSTONS

Low frequency noise of space-change-limited diodes

made of single anthnacene crystal has been studied. The low

f¡anrrannrz nnr'-^ ana¡{-nrrm J-ha I Of^f ff..enller ..--ie SPeCTfUml I.^- '--y*-nCy nol-Se por¡7el? aS a

function of DC bias voltage as \dell as the DC cul?rent-voltage

charactenistic have been measuued.

Fnom the cunnent-voltage plot, it was observed that

r-1ra o-lnn¿ n€ r--n1-' r.?ãô ') =í. hiShen VOlta-^- rnh^ ^.'-T.ent iSLIle UI(JPe (JJ Bl.'dPlI WctÞ L cl-¿ , -* -*6sù ¡ rrrE uu! r

thus proportional to the squane of vol-tages. This obsenvation

l-ed us to suggest that the vol-tage region was in the space-

change-limited r-egion. This is justified by the space-charge-

limited cul?l?ent equation, (Child-Langmuirrs Law), that

^^^
| 3 f lf V '|çlã :mrì-aimv f¡e¿ v ...(r)

At that voltage, the concentration of fnee carl?iers

injected fnom the contact becomes considerably greaten than

the concentrating of majority canriel.s thenmall-y generated.

The curnent is smallen than the theo::etical value ho\niever,

this is due to the effect of a large density of deep tnap

states in the sample.

In low fi:equency measui:ements, the fnequency range was

from a few hei:tz to around 30 Khz. The plot of the noise

equivalent cunrent, Ieq, ât differ.ent fnequencies is a straight
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line with a negative gnadient. The nesult indicated that as

frequency was incneased f:rom the low fnequency nange, the cor-

nesponding detected noise decneased unifonmly. ft justified

that this noise is inversely p::oportional- to frequency in the

I or^r fr..enìrenc\/ 'v',ãncrê i o Tan o f Thì g is also known as¿vw r!LyuçrruJ I'd-llËst -L.s. rËq * 
F 

. J.III

flicken noise. The anthnacene sample was thus quite noisy at

low fnequency.

A plot of DC cuni:ent vel?ses the noise equivalent cur-

rent density was made at f = 30 lnz" A l-inear chai:acteristic

h¡as exhibited in the tog-log plot. The equivalent noise cn:l:ent

was found to be pnopontional- to the squal?e of the DC curnent.

This inteiresting nesult leads to a speculation that l-ow fre-

quency excess noise in anthnacene cnystal is a bul-k effect

nathen than a sur.face states effect.

From the fact that the l-ow frequency powera was found
1

to have f-r fnequency dependence and is pnopontional to the

square of the DC bias cuni:ent, it is concluded that the low

frequency noise of the device was due to bulk effect which was

presumably caused by the distnibuted tnap states. Since a

discnete trap state should produce genenation-recombination

+--^^ *^-:- an.l-nrrm l-?ra 'lour fr-eclltenrl\/ noise is not due toLyPC lI(J-LÞË ÞPsç Ll ulttt LlrE fUw r! çYuu¡¡uJ ¡¡

sunface effect. If the sunface states alle responsible fon the
'l our freariênrlv nni sc - the I or^r fnenlrênrì\z noi se. rlorÂie.n should bef vvv ¿ r uY uu¡¡vJ ¡rv+u ç ,

oroooirtional to Il^ with o much smallen than 2. The enei:gy gap
".* -r IJU

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

states in anthnacene is abl-e to produce lange amount of noise



po\^rer extended to very 1ow fr-equencies.

Unde:: high rôever?se bias condition, mic:roplasma noise

v,ias exhibited. The turn-on of a micnoplasma is a stochastic

praocess. As we assumed that the breakdown phenomenon r^ias a

discontinuous two-vafued Markoff pr.ocess having two states, the

^^*1..^+-:*-.-\JlrLrLr\-..--rrg o.rrd the non-conducting, the turn-on of a microplasma

would need a tri.ggening cannier.. If a tniggening car.nier- does

not a'-'Deân in a mjcr-oolasma r-coinn fhe tUfn-On dOeS nOt OCCun¡rv L uI/I/uqr fr¿

even in a sufficient field fon ionization and so the turn-on

will be nul-ed by the pnobability tnat a triggening cannien

appeans in a micnopfasma negion. Ther.e ane many tniggering

car.niens at r.oom temperatur.e which are thenmally generated \^Iith

a constant nate C^(T). The change distnibution in a tnapping

centr.e ¿rlr.ins the avalanche interval iS r.emar.kablv deviated*-.o the avalanche interval is

fnom the thenmal equilib:rium because the thenmal- gener-ation

nate of cannieirs decr-eases at low temperatune. lrlhen avalanche

is stopped for a shont time, the charge in the tnapping centne

wil-l be i:e-emitted to retunn to the ther-mal equilib::ium distni-

bution. The trapped changes, which ane majority cai:riens, will

decnease nather. by re-emission than by necombination because

the tranned chanøes rlân scär.cel v r"ecombi ne with minor.j tv car-v vs¿ vvrJ

niers which sel-dom exist in the depletion negion" As mobil-e

canniens in a depletion layer ane swept out immediatefY, the

genenation i:ate of canriens is detenmined mainl-y by a tnapping

cente::. The theirmal- equilibnium generation nate can generally

be neglected since it is sufficiently smal-l at room temperatune
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compar.ed with the ne-emission nate from the tnapping centen.

The micnoplasma negion is so small- that cairr.iens contributing

to make the micnoplasma tunn-on are generated only in the veny

vicinitv of the mi r:nonl âsma snot - Thc nel-axation of trannedu! qyl/vv

changes and tunnel emission of them are considered as the re-

emission pnocess. As drift velocity is lai:ge in a depletion

region, netrapping can be neglected. If the change of n*, the
L

tnapped change density, is governed the thenmal- nelaxation,
-F'l^ ^ ^Lrlgfl

dn,
aa= = - nt NStV exp (-Et/kT) ...Q

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

which the tnapped charges wil-] be excite.t Q ìc l-ha fr-:nnino"t
coefficient of the tnapping coefficient of the tnapping centen,

V is the velocity of canniers, and E* is the energy differ.ence
't-^+'-^^* +L^ *and edse and the tnaooins center. Accondinol rzIJC LWggII Llle IJq-- - - -o - -ell Lef ' . f1(ILIUI'L¿-LJIBI-y t

the genenation rate of canrier-s is given by

dr = n. Ilü + Gtooï

whene V'l = NS , V exÞ (-E, /kT) andï*T

enation rate.

. . . (s )

G is the thermal carnien sêrì-ô

Sevenal tnapping levels may exist near? micr.oplasma

pes-ion and marz nnntz.ihrr-|o -l-o sive the obser.ved neSultS. The::eó+vv

is a DOssibiIitv that se\/er.al mienonlasma snots tunn-on at the* -Y.-

same time. Tf a shall-ow tnapping centen exists nean the micno-

ofasma iresion fÌran : 1nn:f distunbance of the el-ectnic field

may be caused by such shallow impunities. Such a local- distunbance
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of irnpunity disti:ibution has a possibility to cause micr.oplasmas.

The theoretical analysis has shown a close agi:eement to exper-

imental obse:rvation of microplasmas.

From the photoconducting test expeniment on the sample,

it was obser.ved that the output remained the same shape after

vaniation in input bias. However, the pulse magnitude of output

T^ias incneased slightly col?responding to an increase in bias as

well as incnease in light intensity. The anthnacene photo-

cu::i:ent under- l?oom light was found to be appi:oximately two ondens

^'Ê -----'-t-.'r^ lanse-r" than the dank cur.rent. It was also obsenveduf lrraélrr L uuE L¡l

+l^ ^+LllOL¡ JfI LfIE Uq!^t qfI JfIU|gO,Þg IJI IJJAù Vv4Lu5ç rrss tsJ

DC level of output. Unden a pulsed light sounce, thene was no

increase in DC output l-evel when the input biasing voltage was

incneased. Under constant lroom light illumination condition,

the output DC level was naised as the bias l-evef was raised.

Fnom the above nesults the author. was led to speculate that the

anthr.acene diode woul-d not be a good sol-id-state light detection

cle-vice r:nder- ou]sed or. tnansìent tvne of lisht source. How-"J _v-

evell undeir steady state il-l-umination it would be a good light

detection device. The behavioun can be explained by the photo-

resistivity effects of anthnacene diode. Since anthracene has

: 'i .arroo ênêYìo\z cr¡Tl - i-n pr.o A**- Þ- ----, ÒJ õ*-y , *re many tr.ap states in the cnystal .

Photor.esistivity would be caused by deep ti:ap states" \¡Jhen

pulsed light with nanrow pulse width and smal-l- duty cycle was

impanted to the cnystal, electrons in deep tnaps woul-d not have

enough time to nedistribute themselves and so the output shape
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remained the same throushout.

Expeniments on tempei:ature dependence of br-eakdown

r¡ol taøe T^7e,ne oenformed in oi:der to determine the tem¡er.atune

coefficient. Theoretically the bneakdown voltage was pre-

dicted to be,

...(4)

The tempenatune coefficient, ß, was quite accu:rately

measur.ed this way aften expenimentally detenmining the bireak-

down voltage at different tempenatures. The method proposed

by the authon fon estimating the breakdown voltage was to use

the onset voltage of micnoplasma. The tempenatune dependence

of onset voltage of micnoplasma fon anthracene cr.ystal was

comnarerl with those of the si I i con sìnçtl ^ À: ^À^^ tE: -'.r?e If .2 -9v¡lrlJq!çu wrLr¡ LII(JÞg \JJ- LÌIC -*--Ò*C LI-L\JLrgÐ \rIéur'ç a.L)

Figune 4.3 and Figune 4.4). The tempenatune coefficients in

the given tempenatur.e nange measuned this way \^Ier?e constants

in these cases. Therefone the onset of micnoplasma was justi-

fied fon the repl?esentation of bneakdown voltage. If the

bneakdown voltage Vo was othenwise defined, it would be hand

fn '1n¡¡-re \/ "*o"oii"ntall-v sinc.e the irnction was soft and asuv Jveq Lv 
" R 

v^I/vr J s

a r.esult tfr" t"rpenature coefficient would not be of constant

vafue. Tn genenal, the nevellse V-f characteristics of sol-id-

state devices do not exhibit a sharp transition at the break-
r^--- -^^--:^* Thene is ¿ ç'nadual bend or- knee at the bneak-L.rLrw.tI I'eB_LUr.r * o-

rinr^rn r.-eoinn ãrr 17 ;^ -¡t shanolv defined aS in the idealLl\JWtL r'çËr\Jrr qiru ùv u 
B 

rù rrv L

case. This is pai:ticulanly the case for space-change-limited
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anthracene diode. The pr.oposed specification of breakdown

vOftap'e in thr's naner. h¡s þaan errnnnnl-o.l þV exoenimental evi-vv4Lg69I/g¡/ç4u9vvJ

dence which bor.e close agneement with theony. Ther-efone it

is one of the best methods of estimating breakdown voltage

and cal-culating temperature coefficient.



CHAPTER VIT

CONCLUSTON

El-ectrical- bneakdown in a space-charge-limite¿ anthna-

^ " 
* -'r ^ -'r-i pr'f i nn rìi ode is an avalanche breakdown nhenom-L;gllE òJlrËfE ITIJgU LIUJI UMg Iù qil qVq¿qllçIlç U! ç.aJ\uvwrt ¡/!rv¡rv¡¡!

enon. This is justified by the tempenatui:e dependence of the

postbneakdown cui:i:ent. The postbreakdown curnent decreases

as the tempenatune is incneased and the temperatune dependence

of the bneakdown voltage can be expnessed by the following

equation

V-(T) = V^(T )fJfJo I + ß(r ro)

wher-e ß is a *^--'+ j.'^ ^^---È--+ -*r \7 ¡/rF\ and v^ (T ) ai:e thev 4u t-r\-rÞ-LL-LVS L:L/|IÞLalIL allLt vB\r,, 
lJ O

bneakdown voltages at temperatune T and T^, respectively. The

bneakdown voltage can be best estimated b; the onset of mici:o-

plasma noise. Physically, microplasma noise in anthr"acene

sol-id-state diode is due to a combination of l-ocal avalanche

bneakdown and the local capacitance effect. Micnoplasma occulss

when the diode is biased nean the bneakdown resion and the

range in which the diode exhibits micnoplasma noise depends on

the l-oad r.esistance" It is justified expenimentally that the

onset of micnoplasma noise can be applied to measune the temp-

e::atune coefficient of a sofid-state device. This impontant

technical- application of micnoplasma noise has not yet been

employed by contemporany i:eseanchers. The turn on mechanism

of micnoplasma can be considened as a two-valued Mankoff pnocess,

consisting of a conducting state and a non-conducting one. The
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tiransition intensity function at noom tempenature is nul_ed

by the thenma] genenation r:ate of car-niel?s. Trap centens

nean the micnoplasma have impontant effects on the tunn-on

delay of mici:oplasmas which is affected bv the ne-emission

of trapped car.niens fnom the. tr.apping centens near the micro-
plasma region. The theonetical moder- of mic::opr-asma noise

agnees well with expenimental obsenvations. The temperatune

noef fi nr'cnt Of- the nn¡¡nnrtf j nn.el i 1-r¡ ñ^nq-F-h{- ^€ r--t-t-uver¿¿u¿srrL, vl Llrs l:r.ulr\-,,.t-._*_ __...j Ld-Il|-, OI anfnfaCene

is found to be independent of the change density in the space

¡Jrar.øo r.-acrì nn

The low fnequency noise of anthracene space-chalrge-

limited diode is a bulk effect. rt is a flicken noise char.."

aof e-rri z.e¡1 Ïrr¡ i +s f-l l,-na¡-u rênñ\z nêeñ^hcô =n¡f +]î^ 'i r'mr'{-qçLçrr¿çu '/J ,-y*Jncy r.esponse and the limiting noise

is found to be a thenmal noise. The anthnacene diode is verv

-^-'--t :l- 'ì 
^.." f naaììêlìñ\/rrvrùy o. L J(JW

Anthnacene diode exhibits lange photoresistivity
effect. rt is a good light detecting device under- a steady

glov¡. Howeven, the effect of light detection is largely inhi-
bited when anthracene diode is exposed und.ei: a pulsed ora tran-
sient type of 1ight. The photoeffects on anthnacene is stil-l
under. intense investigation by many neseanchens.
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