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ABSTRACT

Anthracene films have been fabricated on a glass substrate

and their electrical properties have been measured as a function of

filn thickness, gamna-ray radiation doses, temperature, environmental

pressure and electrode rnaterials. Space-charge-limited phenonenon

had been observed at intermediate f¡ields:,¡, In all cases however,

collision ionization begins before the trap-fi11ed linit is reached.

With increasing radiation dose, the energy distribution of traps

becomes sharper, approaching the limit of traps with a discrete

eneïgy.
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CÍIAPTER I

]}TIRODUCTION.

Since orgarr-1c senriconductor have mor€ corplex structure and much

lower carcier mobil-ities, they have not been as extensively studied as

i-norganic semiconductors. Research on orgarric semiconductors, hoüiever, is

very i¡portarft frr:m another point of view, because it woul-d contribute to

the rmderstanding of biological processes. Moreover, by virbue of its

photoconductive proper,ûies, erÊïy organ-ic semiconductor has the potential

of being utilized in scjntillation counters.

Among the Isroi¡m orgarric semiconductors, anthracene possesses the

si.nplest structure, a reasonabl-e carrier mobility ( | t*t-rr.), æd it is

mucheasiertopurifythemateria1andtogrowananthracenesÍng1ecrysta1s.
iIt is partly for these rea"sons that it has been model- conpound in the studies :

of organic semieonductors i

The first published result on anthracene \^ias due to Pecchletti:ro 
;,,,,¡,.i,:.,;

(1906), who studied the photoconductivity in the visible and uttraviol-et :'1:::::':rr:::

;:,; 
' ,:t: 

;,: ;,, 
,

regions. Later Ínvestigations, from 1906 to about LglJ-r were al-so on ,,,:,,¡

photoconductivity and related topics. Since reasonably pLlre crystals and

rel-iabl-e experimental techniques were not avail-able, there was not much

research in anthracene durj-ng that period.. I ,.:" .

l.i.ì::'',Í:iri

From 1941 to about 1958 rnore systematic studi-es on anthracene

had. been reported. In 1941, Szent-Gyorgi proposed that conduction in
:

organic substances is due to transfer of J[ -€lectrÐns from molecul-e to

molecule. Subsequently, erçerÍments on conduction in anthracene had been 
t r::j i :

' 

".-:.'. 
.' .1"' .



performed in the dark, r.¡nder il-hmjnation, at different tenperatures and

tnder pressure, and the results rel-ated to the rC -€lectron theory. The

optical ptrcperbies of anthracene had atso been studied in that perlod.

In 1957 and 1958, Lipsett devised various methods:for grrrwing

anthracene single crystals, and Kepler (1960) used. various means of

p¡rr{fVing these crystals. Around the same time, Kepler (1960) and leBlanc

(1960) succeeded independently jrr neasuring the carrier mobility of
it::'":..::

anthracene using a pulse excitation techrrique, uii.rile Kailmann and Pope (1960) ,r.,::1,.

' found that a saturated solution of iodine could be used as an ohmic contact

.for hole injection. With the discor¡erÍes of these more sophristicated.

methods of crystal grnwbh and ercperimental techniques, it became possible

to study anthracene on a 1er¡el con'parable to that on inorganic semi--

conductors. Recent investi-gations on anthracene (since 1960), centred on

lts band structr.:re, its excltation bands and its space-charge-Limited

phenomena. Attempt has al-so been made to study the various transport

- * coeffici.ents by solvirrg the Boltanarur equation.

So iar the published literature shows that almost al-I the
.:.....work done previously was on single crystal and experimental data on ;:,::;:: ;:.:.'.

anthracene fil-n v¡as extremely rare (suhrmann, 1953, 1gj?i Northrop and . ,,,

Sinpson , 1:956; Gheorghita-Oanc ea, 1J6111963 and. Fielding and Jarnagimo ,196? 
":::ì:::

It is therefore the purposè of this thesis to perform a systemaiic ínvesti-
gation on the charge carrier generatíon mechanism in filn of anthracene

..--: - , -_---.--.---t ,,ri,¡¡.1t'¡

ïn Ctrapter 2 will be. given a brief surræy of previous work on 
:':i'-':::

anthracene crystal, suchr as dark semiconductivity, the effect of electrode

materÍal, the.effect of tr:appi-ng, space-cüraïge-1imited. current in organic

semieonductor, photoconductivity of anthracene, and radi-ation effects in :,,.: :

' 

'' 
t



anthracene. Some related models of insul-atirg thirr-film and anthracene

thin-film will- be given in Chapter l. The e>qperimental procedure,

preparation of arrthracene thin-film sarrples, thriclcress and conduction

qrcent mea.surement wil-l be given in Chapter 4, and discussion of erçerimental

resul-ts in Orapter 5. A conclusion and a proposed fïrture researcLr plan

are given jn the last C?rapter.

a .:i:;:

iri.:.



CHAHIER 2

SIJR\/EY OF PFE\/IOUS TORK ON AIV]IMACENE CFYSTAI,S

i,.';

, ,.'

By far the mqjority of previous work on anthracene wer€ stressed 
'

on crystal-c v€ry little has been r€porbed on thin-fi-l-rns.

Recently, Konrnandeur (t96l-, 1965) and Gutmar¡r and. Lyons Qgef) ¡ ;,..,,;,,.

:,-1.:.|: r:...
have given qulte a detailed review on the properties of organic seml- i: : :r::'

y a brief 
, 
survey on the work relevant to i:t,.l,,..

Present project ís given, end r.¡ith partiicular emphasis is on,the rvork from 
l

1965 to 1969, üihich have not been included in the review arbicles mentíoned.

2-I. Dark Semiconductivity

Orgarric semiconductors have been extensively studied; both

eryerÍmentally and theoretically for the la,st bwo decades. Althougþ a great

deall., of etçer.Írnenta-l results have been repotred by various investigators,

there are still some discrepancies among their results. Tïris sometimes

makes it difficrft to Ínterpret the phenomena.

It ha,s been clear for some time that the most experimental resr¡l-ts

on the dark curr:ent-tenperature characteristÍcs follows the Aurrenhis

relation
: 0:=0:expq-Eoct (rt)

::rì:1:.:1.:¡:ì : :

'l:-.. it,!

rvhere D is conductivity, k is Boltnnânn constant, T is the absolute

tenperature, and Eact is acti-vation enerry, q is an en'perical value (hZò. 
l

If the rnateria.l- is considered.,to be intrinsic, Eact = ry, where Eg is the .

ene@ gap, then Eact can be interprçted a.s eneïÐ¡ gap - a minimr¡'n eneïg¡ ;-$i;t¡+



that an electrons have to have before they can contribute to conduction.

A typical dark conductivity vs tenperatur"e characteristics for

anthracene i-s shown in Fig.2.1. The measured conductíon current usually

depends strongly on the particular erçeriment conditions as well as the

history of the crystal being measured. F?om Fig. 2.1- the activation enerry

for conduction can be easily determined according to Equation (2.1). If

anthracene is considered. as an jntrinsic semiconductor, the experi-mental

values for Eact are in the ,range f?om l-.0 to 2.8 ev (taþIe 2.1) which are

much small-er than the theoretically predicted values which are in the range

fYom 3.5 to 4.0 ev'(Silver, L965, Vaubet and Bacssel-er). The val-ues of

resistiviti-es so far reported vary by several order of nngnituOe (from tO14

to IO22 f¿. -crn) for anthracene. Tkris indi-cates the inportance of the

pr.irity of the crystal.

Eley (1967) has suggested that the following factors may be

r€g,ponsible for the dark conduction.

(a) El-ectrons are thermally generated in the bulk of the material

and transport by hoppÍng over íntermolecul-ar bamier.

(b) Electrons are thennally generated jn the bul-k of the materiaL

and tr.u-¡rel through intermolecul-ar barrier. In this case the

barrier w1dth mr.lst be narrot¡i.

(c) The barrd width is narow.

(d) El-ectrons and hol-es are injected from el-ectrodes jnto the

conductivity band. Ttris process is most likely to happen i-n

materials havjrg higþ energr gaP.

In the conduction processes these four mecharrisms ar€ pr€sent and

it is possible that some processes ar€ more dominant than the others under :. : .: :l'i..;. .-il:.:i .:.' ::
i"'.:.::'- ' :
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TABIE 2.1 Srmmary of Previous Ercperimental Results for Änthracene Crystal

Method of
producing

sanples

Sulcl-imed

Subl-imed

Sr..iþLimed

Subljmed

Zone-
refined

Reduction
of
anthraqui-
none

The form
of Anthracene

sanple

Corpacted
powder or
pellet

Single crystal
fn(ab) plane

Single Crystal
(ab)

Deposited
flilm

Sublimed
film

Single crystal

Single crystal

Single crystal
ab plane

CoÑacting
eLectYode
naheriaJ

pt

Hg

Evæ.
A

Hg.

Pb

Graphite

Acr..b

paste

Evap.
AÏ

Tenperature
ranEeoc

B0-200

20-60

30-70

20-60

120-150

50-150

Activation
enerÐi

(ev)

L66

1. bb

1.5

r.5

r.94

r.5

2.8 ! O.2

Resistivitv
(at 2ooi;)

Method of
Measuring

Nature of
carriers

(+ hole
- electron)

Reference

Eley (1953)

Mette (1953)

Rtehl (1955)

Riehl Q955)

Northrop (L956)

Riehl (1957)

Nakada (1957)

Inokuchi(1956)

mqbility
etri /volt/sec

7 x ro15

r.35
r ,l-rx 1O*'

Carrier

1019

1014

2.7 LO22



ehromato-
graphed
sulcljmed

chromato-
graphed
sublimed

chromato-
graphed

chromato-
graphed
zone-
refined

Harcshaw
scintill--
ati-on
grade

Chromato-
graphed

single crystal EvaP.
Ag

ClonductLng
glass

0onductÍng
glass

surface
cell
Aquadag

CtJ,

^

Conducting
glass

Ag in
c-axi-s

Evap.
Ag

Electro-
lyte

Cast fifm

evaporated
film and
single crystal
film

single crystal

( ab)

single crystal

single crystal

single crystal

single crystal

single crystal

25-90

_93 +o30

5o-85

250

Ito3xtOU

t.5 x toll

IO15

-?50xl-0-

2.t3

2.r3

= 0.4
= 0.3
=-ì ?

=)(\

=o.98to.o4
=0.5410.03

0.5

PHC and
fluor-'s-
cence

PHC

PHC

Light
pulse

PHC
transient

PHC

t.95

r.95

L66

+;PHC

+;PHC

Komnandeur(19

Northrop (rg¡A)

Northrop (1959)

Pigon (1959)

+;PHC Boroffka(1960)

+and- Kepler (1960)

+;PHC

LeBlanc (rg6o)

Bree (1961)

pope (1961)



subl-ined
redist-
ill-ed

subljmed

zone re-
firted
chromato-
graphed

zone re-
fined
chromato-
graphed

chromato-
graphed,
zone re-
fined

sr,¡bl-imed

single crystal

single crystal

single crystal
conpacted
powder or
pellet

melt

single crystal

single crystal
or powder

síngle crystal

corpacted phldr.
or pellet l

KT
solution

l,rlater

vacuo

tt
"2

zooc

20-50

216-245

r00-245

B0-150

denl of
Contact
(pu1se
n'pthod)

1.O

r.65

1.9810.04

0.6
-0. B

nô¿.o

1. gBro. 04

1.7410.6

0.4310.05 +;injected
electro-
1ytical1y

.Felcnenlefu_______
ça962)

Hel-frich (1962)

Helfrich (1962)

Plotni]rov ¡962)

Pucher (1962)

Pucher (tg6z)

Plotn-ikov(rg6¡)

Hasegawa(1964)

\o
Mitskovich

(1964)

in

in

Ag

Ag

Cu

Ag

u
LO'

1018

pt l:60-2u )o) 1015



Zone-
refined

Zone
refined

'ii'__ - :: '' ' ;

cast slaþ

singl-e cYYStaJ

single crystal

single crrystal

slngle crystaJ

(Harshaw)
silgJ-e crystal

o2

Û,I
¿

Ag

Ag

Electroly-
tic

Silver
paste
anode

0.48

o. 85

PHC
transient

PHC
transient

space-chrarge
limited
current

_
+;PHC
transi-ent Raman (7964)

20-130

23-110

+;PHC Delacote
(:l6s)

sano (1965)

Sit_ver (a965)

ntt"tîrgoo)

Becker,
Riehl, Baessler

(t966)

3.1

3.7

=0. B

=0.4

o.65to. oBV

tsO



Iqjected Carrier

Hole

Hol-e

Hole

Hol-e

Hol-e

TABIE 2.2 Materi-als r.;sed for injecting ohnrlc contacts to Anthracene

Contact MateriaJ-

3mkI sol-ution in water, saturated
with iodine

l-t+ ?+ce"/c.'' 0.1-m in 2 mHrso4

evaporated Ag, Ag paint

cer(S04)3 *d Ce(S04),

Positive anthracene ions prod.uced
by interacting an artthracene and
Æa 3, in nitromethane

evaporated gold
soditm-pot assiun alloy

Negative anthracene ions produced
by interacting anthracene with sodì-r,rn
in tetrahydrof\.rran or ethylenedianrirre

Hole
El-eCtron

Electron

Reference

Kallmarur and pope (1958),
Mark and Hel-frich QgAZ).

Kallmann and pope (1960)

LeBlanc (rg6r)

Adolph et al (rg6¡)

Hel-fri-ech and
Schneider (t965, L966)

Meh] and F\-lrl]r (1967)

Hel-frich and
Schrreider (t965, f966)
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some given conditions.

2-2. The effect of eLectrode materÍal-

The el-ectrode material-s and the surface state in the contact whr-lch

affect the potential barrier are very inpoúarft jn determinjng the electrical- 
.rìi,;.

prrrpertiesofasenriconductingsystem.Contactscanbehaveasoluniccontact,

rectif! eontact, blocking contact or neutral- contact dependirrg on the work

fu:rcti-ons of the material-s whrich form the corttaet and the surface states. 
:,:,:t,.t..

TIre ohmic corttact injects carriers jrrto the solid, and the injected carlriler -..-i.:,:

may swap those originalty present and may produce a conpletely different i ,,,,,,,
i ::1;-:::'

type of ma¡'ority carier conduction. The degree to wh-lch these iqject

carriers actually contribute to conductivity wll1 depend on the efficiency

of the ohnric contact; and in turn on the structure of the potential barrier

at the interface between the electrode and the semiconductor. Electrons

can norrtnally penetrate the thin barrier by tunieelÍng or gain sufficient

thermal enerry to surmor.mt the barrier.

Dark-injectirrg contacts for el-ectrons and hol-e are shown in Fig.2.2.

The el-ectrodes in these contacts can be considered as reservoirs of carriers.

The band edge is bent doi¡¡'nward at the contact when the work ftr-rction of the

el-ectrode material is lower than that of semiconductor, and Ít is bent

upward if the work fr-rrction of the el-ectrode is greater than that of the

semiconductors. trlhren an electric fiel-d is applied across the senrteonductor,

electrons wil-l- then be drawn into the interior of seraiconductor and form

space charges near the cathode whr-1ch gives rise to a so cal-l-ed virbual

cathode. The virbual- cathodelsnonnal-ly located a short distance from the

real- cathode. Itrüthin this shorb distance the el-ectric fiel-d i-s zero due

to the formation of space charges. Similarly a virtual anode woul-d form for

12

i,,.:¡lìi.i
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hole injecting anode. Tabl-e 2.2 is a List of materials which have been

used to form ohmi e corttacts to anthracene.

ElectroJ-ytic contacts have been used by Kallmar:n and pope (fg6O)

and Hel-fisch (1960 
' L966). The electrolytes used are spdir..rn in tetrahydro-

':' :ji:-'fì:ran or ethylanediamel_ for electricn ir¡jection, and 3{ kI solution in water :.1:'.:.: ;

saturated with iodine for hole iqjection. At the contact the conduction

band or the valence band are bent into the vicinity of the Farui.-level of the 
,,.,,, .

solid, so that the funi-level of the electrnlyte is rougþly equal to the ':.:,.;1.':,:'',:,:l;:r,::; 
":el-ectron affini-ty (el_ectron ir¡jection) or to the ionlzation enerÐ¡ (nole 

.:::..:..,:

ir¡jection) of the anthracene. l"'.:'¡'-'::'

Hotrrtever, there are many obvior..rs disadvantages of using electrolytic
contacts. Obviously it is difficult to use such contacts for sol-id-state

el-ectronic devices. It is therefore desirable to choose solid contacts.

Mehl and Fbrk (1967) founO that a sodium-potassium alloy makes an electron

injecting contact to anthracene, and evaporated gold electrode a hole

Ínjecting contact. The simul-taneous iqjection of electron from cathode

and hol-e f?om anode leads to radiative recombjnation at room tenperature.

2-3 TransÞort Mêchanisms

Anthracene is a mol-ecul-ar crystal. The jntermol-ecul-ar interaction ::: ::::.:

in these crystals is weak. The electrons, to a very large exbent, aï€

therefore l-ocalized, (The molecular orbital-s whrich do overlap to an

appreciable degree are the Tt -orbitals. Electrons in the:õCoital-s are :'.. ..., ,i
ji::i:::il.ì:i.r'r: ì

referred to as t¡-electrons), and they have to surmount a considerable

potential baffier before they can move to an affacent mol-ecul-e. Consequently,

i¡ the absence of any infl-uences which may generate carriers inside the :

crystal or irr the absence of any external sources which may inject cagi-ers .:".----._";.

ii,,.,,.:1,1Ì
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jnto the crystal- electron; conduction is deten¡ined by the probability that

a localtzed electrr:ns (mainly .-el-ectrons), assisted by thermaJ_ motion, can

tunnel thnrugþ the potential barcier to a neigþbouring molecule. An

afternative method for determining electronic conducti-on under the same

conditions is by solving the Boftzrarrn eqr.ration if the band structure is
l¡:'rovne. l-hder the conditions specified above, (no carrier generation and

carrj:er injection), the tunneling model is more intuitive and its approach

is comparatively sÍrple. ft should be noted that when carriers 
1_e 

being

generated or i-njected by external influences, the band theory is.more

erqgedient approach. The latter situation can be described as çneration of

el-ectrons and holes or injection of carriers into the conduction band or

val-ence band. The sr,:bsequent motion of these carriers can then be easily

described by their mobilities, which are obtainable f?om the band theory

model by a standard cal-cu.1-ation"

In the following we shall ôlscuss these two models separately.

2-3.I Tbnnel-ing model and other related models

The structure of anthracene, among the organic crystals, wâ*

first determined by X-ray methods. The crystal structure of anthracene is

depicted in Fig.2.,l. It is based on a nÌonoclinc writ cell- with a = 8.56A0,

b = 6.04A0, c = l-1.1640 and F= tz4.7o (Ro¡ertson, l-958); There are two

molecuJ-es of anthracene per unit cell-.

The barrier tlmneling model wa,s'suggested by Eley and Parfitt ,i- 
"',,t.

'' _: -

(L955), ffid a simple mathematical- treatment was given by Eley and l¡lilJ-is

(1960). The tr.u'rneling mechanlsm as envisaged by Eley and Vvillis is

illi;strated j-n Fig.2.4, where three affacent simil-ar molecules are depicted +

(a) in the absence of an applied field V (vol-ts-"*-1) (¡) after application :ia.;,.,,i,.ri
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of V and ajter the excitation of an el-ectn¡n in the centrai- mol-ecule.

After excitation of el-ectron from tne (þ level to the {N,2, + f)
l-evel- both the electron and hol-e can tunnel as shown in Fig.2.4. The

fotal enerry changes for the er-ectron transfer prccess is given by
2E=fG-fo-aeV- {u /*r) (2.1)

where In and ,Ar. are respectively the innization enerry and the el-ectronLf tr

affinity of the organic molecule; a is the barrier width, e is electronic 
1;,,,;,.,_.,,.,i,.

charge and aeV is the enersi charge caused by a verbical displ-acement of a ':¡,::.:'.r,:,:::.;

,,,i.: ,:, .., ;,,,.;.:;,-,1potential well- rel-ative to its neigþbour. For the values of a of the order i;i,,.'.i:i,::
rì

'5^to l-04', the term, aev, is very smar-r- r¡rl-ess v is very large. The term
.2,- /<r represents the Colunbic interaction of the el-ectrons separated by a
distance r. The effective permittivity in the region suryounded the

charges is large because of the polarization of surrounding Tt--efectrons.

For aev4( (vo-u), the bulk conduetivity q is given by (E1ey and

i/Villis, rg6c)

e = 
.,.o$: # . rsr#l [.*J(%-r*t'.

(2.3)

where

Vo - Ew is mol_ecul_en electron afflinity.

Vo i-s the molecular ion_izatj_on enerry

1 L i-s the distance across the well-

and the other parameters have the r:sual_ meaning.
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semiconduct:or.( after Eley and Parfitt 11955).

I
(ol REoUCED.ZOi¡E';r

ïu

o

Energ'y versus i'rave v-ector

zone schemes for electrons

LeBlanc , 196l).

Ín reduced and Jones

in anthrecene. (After

.t:

Ì

_r
,T
1.t
t
a



'.:.11.:.Ïi::''-.

Tíg.2,6

tû Rgo{JcÐ zoilE

Energy versus wave vecto¡.

zone schemes. for holes in
LeBlanc t 1961).

ll s{
ilsj

t !Ê'Þ

Ín reduced

anthr:acene.

and,Jones

. (after

Silver paint electrode_
painted around crystal

Conducting glass
electrode

Light pulse

Voltage
supply

I

Light pul$e technÍque

ntobilities of el_ectron

(Âfter Keplerr lg69¡.

,{

for rneasurement of the

and hole fn. anthracene.

i

I
t-:

ii!)''

¡,ü

'tl.ï
't¡

:i-:

..l

Ánthracene crystal

Conducting glass



19

Kel_ler and Rast QgAZ) used. a simiLar model_ to estjmate the

mobirity of the -electron in anthracene. By choosing the values of
1.2ev for Vo - E*(electron affinity), tne val_ue of T.Bev fbr Vo

(ionlzation enerry of the mol-ecu1ar), the value of 2.58 ror a and 8.58 ro" ,
they calculated the electron mobility to be O. B cm2/see/vol-t from Equation

(2.Ð. The parameters fG, AG and a can be determined by the mol-ecul-ar wave

fi'mctions but it is much easier to determjrre them by means of e:cperÍmental

methods. l:'1,,,,

,., a,r.1,i

Kears (1961) has proposed. a sjmilar model- cal-l-ed ttthe reasonabfe :,;.,:,::
; :::i:transfer modelrt. i/\iith this model no e>çlicit expression is given for the

potentiaÌ wells and barriers, but i-t requlres the lcrowled.ge of mol-ecul-ar

wave fl.inctions and the türc-dependent perturbation treatment.

2-3.2 Bnergv Band Model

Because of the smal-l- overlaps characteristic of anthracene, the :

motionoftheeXceSSchargecarriercarrbeformu].atedintermsofthetignt-

binding approxÍmation. The band structr.lre of anthracene wa,s first calcul-ated :

by LeBlanc (196r) and later by Thaxton (tg6z) arñ. Katz (1963) for the base- .: ,.,,,,.

centered monocl-inic rnit ce1l as shown in Fig.2.J. The final resu1t of their 
t',t,,t,,.

-.._-.,:,j.:.:1.

approach is .' ,,,,,

Et(R) = 2 Erco5cE.È¡ t ¿ E¿t.orcR't+r) + co5 (È (+lt i

t.Er( (os(È (+ *èJ) * co5 (F'[+-¿]t .,'t',

(2.4)

where %, E¿ and Ef are the intermol-ecul-ar transfer integrals between the
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mol-ecul-e at the origin of the unit cel-l- and those at relative vector position

6,'o 5", ffid õ* (ã+6) /2 respectively. (see Fig.z.Ð.

Sirplifications of the band structure are possibl-e for certaj-n dir"ection of

k space. By considering k.ã = o. (nig. 2.5 arñ F¡:e. 2.6) E becomes

E (Ka, Kb, o) = 2 \co5 (FÐ + 4 n* <"s (Et4- coS(-+)

(2.5)

->Tt Ê ñ-.ã, F.6- Ê ¡.rl

in whrich E_^ has been dropped as a consequence of the fact thatT

Friedman (1964, f965) has extended the band model- to treat electrical and

thermal transporb phenomena for an anisotropy energi band, on the assr.inption

that the relaxation time i-s constant.

(2.7)

-vu:v"f +"fl [".å (uu.Fr.VF,' -

The steady-state Bol-tznann equation can be written as

g =r?g\ +rË-l *rà-It =^æ - t 5-Eldlffì..ision 
"tiiuto' 

t ¿-ã'so].].i"iort

(2'6)

T, i:,,: la ..i:,fRl
where fk'"' is the Boltnnarct distribution f\.mction, F and H are the external ,,,,,,,,

r ':.:. :,:
electric and magnetic fields, Vk = =o n Un is the velocity of an electron r' 

:

in block state F, where % i" given by Equation (2.4) or Equation (2.5) and

T is the relaxation tjme. The sol-utions of Equation (2.7) for given 
jj,;i:,:...

applied. fields are straigþt forward.. The order of magnitude, si-gn, ffid ffi
anisotropy of the el-ectrical- conductivity, Hall coefficient, magneto-

conductivity, thermall-ectric power, thermal- conductivity determined f?om th-is

transpor"L equation are in good agreement with the etçerimental- resul-ts

(Friedmanre, 1964, 1965). ;;,,,:,,r.::,

:. .:.'
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2-3.3 Experjmêntal- wórk ôn drif"b and Há.lL mobilities

A. D'ift mobilities

The drift mobilities of anthracene have been determined by the

l-ight pulse techririques (Kepler, f96O) (Fie.2.T), and by ohralc contact-pul-sed

voltage technique (Mark and HelfricLr, 1962). Kepleris resul-t shows that

earrier drift is not isotropic. The drift mobilities of anthr:acene at

room temperatr.ire are a,s follows (see Tabl-e 2.3)

Taþl-e 2.3 Anthracene drift mobj-lities at 25oC.

Crystal
(See Fee.2.3)

Mqbility
çr¡xt¡v-sec)

Reference

Holes a

b

1.0

2.O

r.B
Kepler (rg0+)

El-ectron a

b

c

I.T
1.0
0.4

Kepler (1964)

The ten'perature dependence has been extensively studied (see Fig.z.B). In
2

those crystal the drift mobility is of the order of ]m /v-sec. at room !-,.,"
".:..

tenperati.rre and it varies a,s some inverse poïier of the absolute tenperature. ,.',.'.-'

some resu-l-ts are st¡rrnarized in Tabre 2.4 '""";

Taþle 2.4 The ten'peratwe dependence of anthracene hole mobility

2L

Crystal axis Ten'perature
de,pndence

Ten¡cerature
rarrge {ot<)

Reference

a T TTo - z93o Kapler (1964)

c -)T* e3oo - 37oo Bogr.is (1965)

c r-1.7 28oo - 4ooo De]acote (1964)

i rl;':ar,
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B. Hall- mobilities

Dressner (L966) has observed. a photo-Hall effect in anthracene

whrich is anomal-ous. This is a two-carrier effect f?om whrich the individual-

hole and efectron contributions unfortr.riately coul-d not be determined. But

Dressner was able to establish that the Hal-l mobilities at room tenperatures

for both carciers are at l-east 50 em2/v-sec. The ratio of Hall to drift
mobil-ities is even larger than what woul-d be ercpected from existing band

structure calcu-l-ations. (F?eidmann, 1965, and LeBlanc 196Ð. Del-acote and

Schott (a966) devised a one carrier erçeriment in which both Hal-l and drift
mobilities could be measured simultaneously; It was found that )f,J = l.|s#/v-see
and Hal-l mobility $* = -35 qf /v-sec. LeBlanc (fg6¡) predicted

theoreticalþ that the ratio of Hal-l to drift mobility should be approximately

-^r*, where F is tne width of the enerry band whi-ch is occupied. by hole.

The val-ue for F is deduced to be 6 x 1O-3ev.

¿.t¡¡; :s :';.; ::r.:iË:
i.::.::i.i: :.:r 

: 
:;l ::::t'l

2.\

2=4.I

The Effect of Trapping

Slow-dêcay charactêristi cs

The properties of anthracene ar€ verl¡ sensitive to smal-l- ìnpurity

concentrations or l-ocJized defect states (traps and recombination centres).

The presence of relatively deep traps will- affect greatly the efectronic

conduction.

The effect of trapping of charge carriers jn the bulk has been

investigated by Kallmânn and Rosenberg (1958) anO KaJ-lmarm and Silver (A959),

and it is sometimes referred to as the persistent internal polari-zation

effect. Kallmânn and Silver have shown that thr-is effect is mai-nly due to a

spatial dlstribution of trapped efectrons. The lifetime of a trapped

el-ectron is large, it is r;sualIy several days.



1a+1:!,?A

Earlier measurements on anthracene single crystals have

indicated that both the dark conductivity and photoconductivity are caused

by space-chrarge Limited currents Ín whrich the ma¡'ority carier ar.e positive

hot-es (Kalmanie and sil-ver (1958), Pope (1958-1962), Helfricrl (L962-r966)).

Since positive hol-es are lcrownto be the mqjority carriers, the most ' ,',1,.:r._it,::'._::_

reasonaþle assi..anption is that the carríers being trapped are electrons.

As the mÍnority carciers become trapped, a bacir el-ectromotive

force Êg is rapidly built up, wl,ich approaches t* (appl-ied electric field). ,,,,',,,,,,..
,' ,,',|'t, '¡

Tllrs the effective field acting on the cariers is to, - ÊU , which in 
i..r.:t,r,;".

equllibrirm attai-ns a small- va-fues, resulting in a small- l-i¡titing current '-"¡'':' 
r::

The distribution of trapped cariers as a f\.nction of the distance norma-l-

to the two el-ectrodes, X , !,ri11 be determined in part by the local- field

gradient t dt€"-^r'/¿L. Therefore in a region where thi-s gradient is ffigh,

there is a greater probability that a carrier will be swept out when it 
, ,

becomes thern'ùa11y detrapped; whereas when it is low, there i-s a greater
I

possibi-lity of retrapping. 
l

I

The current decay phenomena always erists in el-ectronic conduction '

mea.sur€ment jn anthraeene. Depending on parti-cular ercperjmental- conQi-tions, t,:;r,:.:

the time taken to reach the steady state alter the external field is applied -,',,-.
'::)-."-.;: .

is normally greater than half an hour. Fi-g.2.9 shows the measured cr.irrent r.'r""""-'

,,
decays with time in anthracene crystal.

2-4.2 Trapping Proiesses

There are foi;r conventionaJ- nethods i.ised to study trap

distribution in anthracene.

1. Space-charge-lirnited curent method.

2. doping inpr;rity method

i 
i.l .,it't' ,:r

24
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thermal stimulated cr.rrrent method

Optically stimulated current method.

There are two possible trapping mecharrisms (a) fattic defects and

(b) acceptors in the crystal- which may be anthracene mo]ecules or inpurities

mol-ecul-es.

(1) Spâce-charge-Limited curcerit method

Steady-state space-charge Limited currents (SCLC) in organic

crystals have been observed by many investigators. Tlre cr.rrent-voltage

characterj-stics fol-l-ows the equations derj-ved. by Lanpert (f956) for crystals

with a shal-low trap-level, and by ltlark and HelfricLl (1962) for crystals with

trap distributed exponentially within the whole forbidden gap. Adolph

et al- OgAÐ reported that usÍ:rg (ç.(So*), as hol-e-iqjection el-ectrodes

then there is a discrete hole trapping level in anthracene, in addition to

the erçonential- distribution suggested by Helfrich and lr4ark. On the basi-s

of the ci:rent-voltage characteristi.cs it is possible to deterrai¡e the trap

distribution by conparing the experimental results with the theoretical-

equations whrich are derived for different assuned trap distributions.

(2) Dopirig Inpu"itiêS'Mêthod

The presence of chemi-cal lrpurities in anthrracene crystals has

been shown to reduce charge carrier Llfetjmes by irrcreasirrg the density of

carcier trapping sites. Hoesterg and Leton (fg6:) have carried out a study

on carier trapping by irrtentionally adding inpurities anthraquinone,

anthrone and tetracene a.s dopants into anthracene. Anthraquinone and

anthrone act as deep traps for holes and electrons. As little as 10 parts

per million of either dopant reduces the carrier life time f?om the val-ues

greater than 2OOO .sec in pr.rre anthracene dotm to fO-1OO sec.

L
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Tetracene behaves differently for electrons and hol-es. Toward electrons

it acts as a deep trap, wLril-e toward holes, on the other hand, tetracene

acts as a shallow trap, i.e. the hol-e has a high probability of escaping

the trap and being trapped again during one transient tjme. This l-eads to an

effective;nobility, /d* , lower thart that in the pur€ crystaf I,t" according ' ,..,
'-,-..-:

to the equation

.1n
¿-l

Ao N+ E+r

,F=1+t*;'e)co(=i'
where N, is the trap density

(2. B)

N^ is one-hal-f the effective vol-une densityæf-states in the hol-€ band .t'trrX,'c"
E, is the trap depth.

The erçerimental- resul-ts are shown in tr-ig.2.10. Except at very

higþ tetracene concentratj-ons the results foll-ow Equation (Z-A) closely both

in ¡and N, dependencies. The trap depth is 0.43"t, wkr-ich is very close to

the difference between ionization ene¡5¡ of anthracene and that of

tetracene as expected. i

:

(3) Thermall-y stimulated cr.¡rrent method

More detail-ed inforrnation about the posi-tion and structure of the i.:;.';..'i

.",..., 1,, 

^

trappÍng levels from thermaf-ly stimulated cr.rrents. A typical glow ci.rve :,,,rr;,:

obtained for anthracene (Bryant, Bree, trbelding and Schneider, 1959) is

.shrown in Fig.2.11. Bree and Kydd (1964) an¿ Kokado and Schneider (1964)

also used thermally stimul-ated conductivity cun/es to stuQy the trapping . ::,;.i
:!ir;'-.,1i

process in arrthracene. Their elçeriments yield evidence for a discrete

level at O.75ev, and no evidence of a continuous exponential distribution.

Weizz et al- (1964) observed that some traps in arrthracene crystals

groüm by the Bridgman-Stockbanger method which gives lj-fetjmes of the order
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of 100 sec can be r€moved by annealing at :rzooc. It thr.rs appears that
the annealabl-e traps are physical- defects intrr¡duced during crystat growûh.

Because they are so easily removed, they suggested. that these traps arise

f?om individual_ mol-ecules which are sligþtly misoriented in the lattice.

(4) Opticâl- Stimulated current method.

Jansen, Helfrich and Rlehl (fge4) reported that the absorption

peaks in the visible region as well as in the ul-traviolet region can be

photo-released from the ener5i transfer, i-t thus appears to be possible to
excite carriers f?om traps. Kokado and Schneider (1964) a]-so observed

detrapping by long-wavelength light (in tfre visible and near infared region)

and an absorption peak near o.Z6ev. The laser-induced photocurrent

reported by Hasegorwa and schnei-der (t963, 1964) evidently occur:s due to
excitation of trapped carrj-er by triplet exci-ton. However, these sr.:bjects

are beyond the scope of this thesis and. therefore wil-I not be discussed in
further detail- here.

2-5

Tlee persistence of space charges withj.n the orgapic crystal i_s

well- lmovm, even when the sol-id, as a whol-e is el-ectrically neutral and

caffies no net charge. El-ectric charges may be generated either on the

surface of a solid or in its bulk, and. may give rise to surface charges or

space charges or both. Thus, strong irradlation of a solid may cause the

generation of charges only in a very thin surface layer and prod.uces what is
effectively a surface charge. fn contradlstinction, weakly absorbed

radiation carises l-iberati-on of carriers througþout the bulk of sol-id and

thr.is creates a space charge. In general, charges produced on the surface

:.1:.;.--; -'::.: ;¡::;' :

|.::):t.:_ tt;-..
'':. -j.: ::....:......:.i
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will migrate into the bulk of the sol-id and form a space charge, tmless they
are caugþt by very deep swface traps.

Space charges near the electrodes, even if not produced by urriform

ill-uni-nation of the crystar- are certainly present whenever a fier-d is 
. .,present, and they decay when the fie]d is removed. (Bree and. Kydd, rg6u). :'' j:r

The evidence for the space charge present in the electrodes is that the

reversal of the applied voltage caüses a temporary djminution in curent, 
,:.;:,::_whi-ch gradually returns to its originar va-l-ue. space charges produced by 'r,:::1.

il'lr-nrLination depend on the wavelength of the incident radiation, they give 
i:,,,,,,.rise to a reverse cuffent after the removal- of the field., which resul_ts

f?om the emptying of previously filled traps.

Another caüse of space charge generation is J.ijrely to be due to
inhomogeneous distribution of lattice d.efects jn the Ínperfect orgarric

solids. since these defects are liJrely to act as trapping centres, they

caÏ,se their vÍcinity to have a charge density di-fferent, even i-f not jn its 
,

si$'ì, f?om that of the other regÍ-ons of the sol-id. A space charge then forrs, ,

suffoundi-ng the inhomogen-lty. In order to maintaln the electrical neutrality
of the crystal as a whole even solids of low conductivity nray contain a net ,;.,.,,.,¡,

el-ectric charge. The radii.ts of this space charge scr€en may be quite large
and its effective scattering cross section cal-cul-ated per inpurity or defect,
is very much larger than that of a coulombic centre carryi,ng the same charge.

Space charge effects are of considerable Ínportance to organ-ic

semiconductor. Apart f?om theír intrinsic j¡terest, they may profoundly

falsif! the resistance mea,surements because of the sl-ow build-up of a space

charge, particularly that due to an unsatisfactory and parbially blocking

contact. Space-charge-limited crments (SCLC) phenomena may be used for
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organj-c sol_id state devices.

In the trap-f?ee sol-ids, the SCL curent is proportional to the

square of the applied voltage (Rose, f95Ð.

T q ,6'13'. çy"v7¿. (2.r0) .'_;;\¡-
. i:::-.ji

If only shal-l-ow traps are presented, at any one instant, only a f?action of
the caffiers irçiected f?om the contact w-il] be f?ee; the remainder will
remain j¡mobile within the traps. Assr.rning that an equilibrim between i.tti:.,:'

r' ',¡:;ì;..':
carriers remaining f?ee and those Í-n traps has been estab]ished, the

:: ::.r:: :l:

f?action O of the total- space charge which remains fyee may be expressed as i"'i.t|:'.

(Rose, 1955)

A =(+) e)fo ( -þ ) (2.,')
c -.1'

l{here N is the ntmrber of cart'iers ir¡jected ínto the conduction band p"" 
"r3,

C __,_ __ vvvvu !rv\ udrrLl uef. CIII_,

i.e. the concentration of f?ee carrier. N, represents the concentration of 
:

shal-low trapping levels, r^ihich are all asstned to be of equal enerry and

situated U, "t betow the conduction band. (See Fig.2.I2). Defining an

effective mobility )-1, as : :

F =)^.9
. :::.)::. . .

(2.r2) ..,*;,,,

where )J,o stands for the f?ee carrier mobil-ity, the current in the presence

of shallow traps becomes (Rose, I9|¡5)

J : rd'] o¡ro ev/¿t

= to-'ì t, ( ü )€xp,- *,] ( r".ù, ) (z.r:)

It can be seen that the pr€sence of traps causes the concentration of
carrj-ers in the conduction band to drop sharply.
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The transition vol-tage VTF[, (TFT, stands for trap fi1led linrited)
can be defined as the voltago at whrich the Feml-level- lines rp with trapping
l-evel. The concentration of traps can then be expressed in terms of Vryia

(Rose, 1955) as

Nt = lo-It urol ?+neå. e.r4) ','''-'.,

where é is permittivity and ¿ is thricimess.

rf instead of taLking the trapping level_s to be dlscrete, we

assune an exponential- distribution of trapping states per un-it eners¡

interval, hte) , such as

h(B) = (#) e)cp ( -u/* ) 12.15)C ---C

where E is now the enerry i-n eV measured f?om the tope of the val-enee band,

H stands for the total- trap concentration and Tc (Tc ) T) is a characteristic
terperature of the trap distribution.

The current-voltage characteristics obtained by Mark and Helfrich
(f962) is shown Írr Fig. Z.L3

0n the following assr.rnptions
: ,..t:,.. j.(i) The band n'pdel- is applied to describe the ci;rrent carier in the 
,,1,,i',.
:. --t: 

.:,'crystal (ii) Diff\:sion of the excess current i-n the crystal is negligible ::::':::::

(iii¡ one of the electrr¡des forms an rrohrnic contactrt whi-ch is capable of
injecting the carriers into the crystal_ at a sufficient rate. (iv) only

hole currents are considered and al.so hole mobility is field. independent.

(v) tne Bol-tzrnann statistics are applied to the free carriers jn the band,

and Fsnt-Dirac Statistit6 to the trapped ones. The density of current J due

to an external- field applied to the crystal may be eval-uated by solving the

continui.ty equation
.."'¡r.;i,:

; : :: r.::ij; :



J= Hf+,x¡ þcx) (2.t6)

and the Poissonrs equation

¿çc) T.c*.¡
dxe

where the functions f (x) anO FC"l are defined by equations.

o
lo(x) = en(x)

F (x) = aìlr(x)
dx

where )À is the mobilÍty of the current carcier, h(x) is the particle

density, f.C*l is the total- charge density, ftf"l is the charge density

of free cariers 1n the band, F(x) is the electric fiel-d strength and

fff"l is the el-ectrostatic potential-, e is electronic charge, É is
permittivity, X is lineor distance variabl-e ( * = o at the i:rjecting

el-ectroder x = ¿ (tnichress of the crystal) at the col-l-ecting electrode.)

The solution.of these equations depends on the parLicular form of 
'

thefr.,mctionF'(x).At1owi4jectionratesthecrysta]-isfYeeofSpace
:

charæ; and the electric conducti-on is ohmic. If the density of injected

cariers exceeds that of cariers thermal-ly generated jn the bu.lk, a space .1r.rl,
,--'. ., 

..:

charge builds-up in the crystal, the effect of which depends on the trapping .,','rl,'¡,
;.:.:: - t. ;

prccess. The charge density of f?ee cariers in the band is given by

frC"l = ("Nrr) exp (-Er(Ð /Kr ) (z.zo¡

where E {x) is cal-l-ed quasi steaQy state krni-level-, Nv is the effective

density of states in the va.fence band wh-lch has the val-ue 2.4 x tOf9cr-3

for anthracene at room tenperature. Assuming that the total positive space-

charge foC"l at the distance x from the anode has fil-led al-l the traps to

a quasi Fennl-l-evel- for hol-es Fr{*), then we have

33

(2.r7)

(2.18)
... . .,: -. :....: _..-

(2.r9) ,t',' ',''', ',,'.'
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f or*r =.Ë+ *'v*.. dE

= (eH) e:cp 1 - E{no" )

From equation 2.2O. and 2.2Iwe obtain the rel-ation between the total space ,:,,..,,,

charge density

( f, J-% = [ lerr ) e*f (- t ,]tt'
: ere4 H*/, e*¡Gål :,Èi=;

i t-.:,:' .:(2.22a) ¡'...,:"rr'l

setting ,( = 
5 , r^ie can write ,

1

1,., = N, e'¿ H-o ( r"où' 
, 2.22b)

F?om equation (2.f6) tfie currerrt becomes

J = ) U, u*o H-l ( fi.cxtlo F,*) e.z3) 
,,

Therefore

f ,*) = l-l at!-u4 ( v*rp)y" tFc*r]-tlr r¡ at,, 
*-tt

Io , r r \ . .xú} ./r \ - 
e.z|) ,,::...::,,,

-'::::.i:i 
',t 't, 

t.t:,

Sr,¡bstitution of Equation (2.24) into (2.17) gves

dF = ä (oþ¡ 7r . .ß% -f n{xlJ-Y't
-õxv-\¿:r.r.:,.:::,,::::r.r

- D (nr*l l-lrz. e.zÐ ir'1""' .

Usi¡€ the bor.mdary condltion F(o) = O, Bquation (Z.ZÐ can be sol_ved as

fol-l-ows

f"r*l)k dr'(x) = Ddx :,:,,



(2.?T) ¡;'.ì':,

(2.28)

(2.29)

i,:':"-.,'rillr.ì

Integratirig both sides gives

F(x) =( Qit n)Y*+t *L/t*t (2.26)

Thus

v = Jåçc*l.tx =[' , +l-Þ)%*r *q4*' orx

= (+ol%'(;+) d'o*'/s*'

and .-q, g 1- ¡g*r J+t vo*,Þ =(dL ) ( rt+) cræl

Hence we obtaln

J = N,,l^ e 
t'l ( e,/r-t )( Þ 

{

From equations (2.28)and (2.29) we can get the current-voltage characteri-stics
:

with erçonentj-al- trap distribution ; ,

J= N,)¡e*A(nffry¡tç 'fir )*'ìä (2.30) =,'-
,t'*t, 

t

In the particular case, when traps ar€ either absent or conpletely ¡;,;','¡1,','

filled, all injected carriers participate in the conduction process, then

frf "l = fo{*), and the current density follows Mott4urney 1aw for one-

carrier injection.

f. =+uo$ (z.St)

By setting I equal to f,,, we obtain the transition voltage v1g" for the

current to transfer f?om trap limited to trap-fTee space-charge-1imited.
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current. From equation (2.30) æd (2.31) we obtai-n the vr* as forr_ows.

v¡çr= *'f+$ r *Lltr#,,*,j'ü-,
(z.Sz)

which can be reduced to Lamperbrs formul_a (t956) i_f we set Xræ. Thi_s is
for the case when the traps are urrifozmly distributed and current-voltage
curve become infinitely steep. i¡le thus have

l;""rr" = uåtn e.3Ð ',,:,'

The total- trap concentration can nor^r be obtained in two 'hiays. solutions of ;..1:.i
equation (Z.Zg) yields

H= #tTþ (+Fj"' ¡Yj,: ]o (234,

Alternatively' if the transition voltage vT¡,L 
"* be measur:ed we obtaln H

f?om Equation (2.32).

þ{=

(2.3Ð 
',',''..:i,,

1.,t-,t'.t¡;
inlhich i-s Índependent of }l and J Finarry, the quasi Femi-leve1 for ,i:,::::

holes, cart be obtajned by differentiating Equation (Z.ZO and substituting
it into Equation (2'2r) ' Thus 

å .r - :,.,::,.,
li;:.. i..:: ,;.n,(x)=*"l,.(#:y.t*l*-'JQ.ze)¡.i.'..,::....ii

Recently, the doubr-e iqjection of space-charge-rimited current
ha'e also been observed in anthracene. The behavi-our of the scL transition
current have been further discussed by Helf?Í-ch and schneider eg66), .:1,,,,,,

5o
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Delacote, et al_ (f964), ffid Si-lver, et al- egiÐ.

24 photócondúctiVj_ty of Arithracêne

I¡/hen anthracene is j_l_}¡ninated its conductivity will increase
many tines higþer than its dark conductivity. The phenomena of photo_

conducti-on in anthrracene have been studj-ed extensively for many years. The

present section is nn-ÍJlly organized in the sequence of the questions that
might occur in a photoconductÍvity e4periment; hor¡r do the carriers generate?
how do they move? how d.o they become trapped? and how do they re-
combine?

In most Ínorganic semiconductor photocarrier generation is a

sinple process, the absorbed photon excites an electron and hole pair
dlrectly' But irr organic crystals generation i-s more conplex. The photo-
conduction excitation spectrun generally is identicar to the crystar
absorption spectrm (See Fig. 2.I4) .

The absorption spectra of organic mor_ecurar crystars can be

enti'ely tinderstood in terms of F?-enker_ exciton (Kitter_, 1968). Th-ts i,-,

inplies that the first step in photocarier generation invol-ves the creation .,'.

of non-conducting excitons

The excitons create carriers via secondary processes, whrich are
lcrov¡n as (1) A single exciton processes jrr which one exciton y1elds one l,t..:,l,t

:'l:.::;:

carri-er, either an el-ectrrrn or a hol-e. Thj-s is observed prédominantly near
the crystal surface. (2) A doubl-e-exciton process in which two excitons
anrrih-1late to yield an electron-hofe pâir, This is observed in the crystal 

'

bulk' 
'":"'¡'1i
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The direct process of photon absorption to cr€ate an electron and

a hole, each irr its lowest energi state, is di-fficult to obsen¡e experimentally

sirply because the various exciton transitions jn these l-ow dielectrte
constant molecul-ar crystals stea-l al-l- the intensity from the rtband to bapdtt

transition. However, It is obvious that a photon of very higþ enerryr ê.g. :,-¡..;.¡i....r.',r=

X-rays, can canrse ionization of the crystal, al-thougþ the el-ectrnn and the

hole may not be in their lowest possible enerry state irnnediately after
creation' 

it:':it:r,.i
If a beam of ligþt of energi of the order of severa-l- ev (ul-tra 

il,,:,..,.,;,.,.,-_.r
or visible regi-orrs) strikes an artthracene molecul-e inside the crystal, an i1"i"'":""":':"-'':

el-ectron wil-l- be excited to one of the ìæper enerry level-s of molecu]e,

specifica11ytothefirstexcitedt'singlet'tstatewhichis3.]-5eVahovethe

gror,u'rd level, or to the excited I'tripret'state wh-ich is l.B3ev above the

ground l-evel. The vacancy in the ground l-evel of mol-ecule l-eft by the

excited electron can be regarded as hole. On the averaç the el-ectron w1lf I

rennin in the excited state about l-O-4 seconds before ¡ecombinlng with the 
l

i

hol-e in the ground state. It has been for.rrd that dr.;ring the interval of this '

-ll10 seconds the excitation (a hole-el-ectron pair) can be trarsferred as a 
,..,:,r:,,:,,:..,:r.,r,.,

unitr f?om one molecu-l-e to its neigþbour (in sone ca,ses to a nplecu-l-e sone ,.-',-,i 
t,.,,.,

distance away from its neigþtor.¡r). There can be as many as IO'OOO transfers ¡'ituti.'..i.,'

taking place before the exci-tation disappears. This excitation, or hol-e-

el-ectron pair on the same molecule is cal-l-ed singlet exc:iton or triplet
exciton; and it di-ffuses througþ the crystal l-ike a parbicle, with ;;,ì, ..' jj:',

ij_ ' '"rr"- J !

exception that it transfers enerry and not ttøtter.

In the courËe of its diffì.rsion the exciton may strjke the irtrer
surface of the crystal, but the exciting light is so highly absorbed that

practically all the excitons ar€ created very close to the ilh.mlnated



surface. I¡lhen the exciton strikes the surface, severaf things may happen.

If there is an el-ectrode at the surface, the exciton can react with the

electrode ifi such a way that the electron of the crystal enters the el-ectrode

and the hole in the mol-ecul-e diff\.nes away flom the si.;rface under the

infl-uence of the external electric field. .,, ,

-.:. :.

The exciton can create ckrarge carriers even if no el-ectrode is
in contact with crystal. hrhren an exciton strikes an inpr.rrity such as 

.,:,.:,o)rygen at the surface of the crystal, the el-ectron is taken rp by the f,i...:.

olryæn mol-ecul-e and the hole is then fþee to move. Another exanple of 
:,:....i

carrier generati-on whrich does not involve the surface of the crystal- is Ì:'::':::

that when two excitons meet on the same molecul-e at the same time they 
ì

w:i1].anrrihilateeachother.Theenerrygivenoffinth-i-scaseisthesum

of the two energies of the two excitons, and it is usually so large that the '

mol-ecul-e at the site of the col-lision may be ionized. Thgs the excitons can

produce charge caffiers, ei-ther by utilizing the additional- potential enerry

ofane]-ectrodeoranÍrrpurityorbymutua1ar¡eihi].ationoftwoexcitons.
l

Some impr..rrities inside the anthracene would al-so form a different
type of exciton which is calfed charge transfer exciton (hrann-ier exciton) i..:,r::,::

( c e.1ev ¡ . In thris type of exciton, the electron and hole are located , ' ',

,.-:,.,'r:.t:.:..

separately in the host and foreign molecul-es. The charge-transfer exciton

also plays very inporbant role in charge carrier generation mechanisms. A

sinple model of charge transfer exciton suggested by silver and sirarma (196T) 
i:::,:,.,;,:::,,;is based on the following asswrptions. i.:.,r..,,..1

(i) Carriers are generated. by direct optical absorpti-on (auto-

ionization of, the excitons i-s irrcl_uded for corpleteness)

(ii) Caffiers are trapped during the process of recombination in

39
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in charge-transfer exciton states.

(iiÍ) The charge-transfer excitons rnay decay or be thermally

dtssociated (detrapprng), charge transfer excitons may also

be produced directly from autoionization level_s.

The concentration of charge caruiers is governed by the following two rate
equations

d n. cx¡¡ 
r

-¡ç- = 4ltx,t) + + [ Itat) +h h.r (x,t) - R n.t cx,t)

and

d ñ¿rtrt)

E
(2.38)

= Qnjc+l + $trlcv,t) -hrn.T(r,t) - P 
nn (*;t)

where n" is the density of flee camiers, l{Q,¡ i_s the density of charge-

transfer excitons (Wanrrier excitons) À is the absorption coefficient for
the band-to-band transition, + is probability of auto-ionj-zation, ü- is i

the absorption coefficients of the non-conductÍng level, 6 is the 
i:.: ;-:::

probabi-lity for generation of a charge-transfer exciton directly flom the ,.t,ll,

nonconducting level, 
Þ-t is the lifetime of the charge transfer exciton, ,,,,.:,,',,,,

h - Þ "rç (-uttlur) t" the probability per second for thermal- dissociation

of the electron trapped in a charge-transfer exciton state and I crrt) g

f" ft) exp ( - t In¿) 9 is the lisht intensity .

2-6,I T?re Mechariisms of photocarier Generation

. The difficulty of deternrining the mechanism of photocaryier

generati-on can be seen from the following l-ist of al-l trcrown processes which 
rjr,,.:::r,:jr-.,ì
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have been sunmrized by Gutmarn and Lyons eg1f) and wil_l be dlscussed, in
the following.

One quaritr.m proceSses

A. Exciton-Si;rface processes
,,.l ¡:,1' Collision of an exciton with a surface, especially when suitabl-e

gas is absorbed.

2 ' col-lision of an exciton with a dissociation centre whichr traps 
;,,,,,,,..;;

one of the carriers. ,, . :,:.

3' A process involving a triplet exciton rather than a singlet. *i.-..,
4 ' A coflision of an exciton with an i:rpurrity host molecular-pair.

5. Liberation of a trapped ca*ier by a photon or an exciton.

B. Direct processes

1. Excitation across an enerry gap i.lr the p're crystal to form an

el-ectron and. a hol_e.

2. Spontaneous i:rrrlzation of an exciton. 
I

l3. Thermal ionization of an exciton. ì,, ,i

4. Field iorÚ:zation of an exciton.

C. Doubl_e-quanturnprocesses

1. Photon plus a singlet exciton.

2. Photon plr;s triplet exciton.

3. Two photons.

4. Collisj_on of two singlet excitons.

5. Colli_sion of two triplet excitons.

6. Collision of singlet and triplet excitons.

7 - co]lisÍon of two ion pair excitons, probably triplet.



In some cases it is Likely that more than one process may occur

sjmultaneously.

4z

These three lporbant processes will be discr.;ssed in the following.

A. Exciton:suifácê pröcésses

The older e:çerimental- evj-dence for this nrecharrism (exciton-

surface process) nas been reviewed by Kepler (fg6+) and Konmandeur (1965).

It is the carier generation process that predonrÍnates in most photo-

cond-uctivity experÍments, i.e. where photoconduction is produced by lj-ght

i-ntensity absorbed in the lowest singlet band.

The irrportance of reactions of excitons at the crystal surface

for the photoconduction of anthracene was first stated by Lyons (L955).

He worked with a surface type of cel-l in wh-ich the 'ligþt is incident on the

surface between the el-ectrodes. fhe excitation spectrum of the photo-

current is simil-ar to the absorption spectrum (nnxirna and ninima at the

same wavem.rnber jrr either spectnnn). Th-is can be explained in terms of

generation of charge carriers in reactions of excitons at the surface of

the crystal. Thls qualitative picture has been shown by Eremento and

Medveder (1962) and Steketee and de Jonge QgeÐ to be in excellent

quantitative agreement with experimental results for steady photocurrents

in anthracene. Assr-.ming the illuninated sirface to the planar and letting

the d1stance fr'om the surface by x, the differential equation fbr the

exciton density, 4(x). at steady state is

(2.39)

Here €" is the extincti-on coefficient, ro the íncident photon fh.ix,
-C tne fl-uorescence lifetÍme, and D the exeiton d.iffusion constant with 

!.,i1¿,.¡,
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bor.mdary conditions n (O) = n (ôo) =O , the eæcÍton at the surface

X=ois
¡ du \ _ ,- _L¡ a r _ fD (-Ë). = ro (l- * -/G*k 

(2.40)

where ..:,'.r,'.,'..,,,.,.r,r.

0 - r,
./\ - (oT. ) /z () )r-1\

\ L 
' 

rrl

is the exciton dlff\.rsion length.

l:,1-.,,'.''¡,tl..t 

jt.,:1

According to the assi.mied mechanism the photocarcier generation ,:',q: ,..,,,,,'-;,.'.,,

rate, and hence the steady-state photocurrent, should be proportional to the i,,,:¡,::,,:.,,1.,r,.:,,,.,,,

exciton fl-lx at the surface. Therefore, plots of the reciprocal of the 
:::ir:i:::::::::1:::::ri:

current \iersirs the recip.¿'ocal of the extjnction coefficient shou1d yield
straigþt l-ines. Val-ues of the exciton diffusion length can be cal-culated

from the slopes of these plots; these vary f?om crystal to crystal
according to steketee and de Jonge, who reported the val_ues of the

exci-ton diffìrsfön length to be ZOO - 2,OOO 8.

Because an exciton can react to give a ho1e or an electron only ,''
at the crystal surface the higþer the exbinction coefficj-ent the closer to
surface the exciton is created, therefore the higþer the probabi-lity that it :,.':',,,,,,:,,..:¡'.,,:;r,',r¡

,,,.,.,,- .-,.;..:,.,; ; .,;will diff'use to the sr.irface before it decays by fluorescence. uneqlral i.,i,,r,,, 
,,:,1, ,..

numbers of holes and electrons ar€ created for a given photon flt.x, "-' 

" 
" '

indicating that the surface state or Í:rpurity with wTrich the exciton reacts

to produce a hol-e is different from that with which it reacts to produce an :,,:::,:,¡_.:.,i:::,:..:: .:

electron. l¡...'.:Ë1..'it

B. Direct process

A direct process is one in which the aþsorbed photons directly
:

create free electron-hoIe palrs without jntermediate steps involving excÍtons. i,,à...',',.,:,¡,1..,,'



_a-7_.jr::!*r_":'-:-j-:'s-r:¿'r¡:æri:;S:i=:;t t4;j.ZölÞ,=.:i!j;j:iziiË*Èl?:iIg"{,Ìa¿::,Ì.

44

The photocarrter generation nechanj-sm should, be distinguishable experimentally

fn¡m the single exciton surface mechanism by the following p¡operties: (a)

The photocurrent spectral response shoul-d not be identical- to the absorption

spectrun. (n) me yields per photon of el-ectrons and. holes should be equal

(c) The yields should be insensi-tive to surface preparation and to the

anfcient atnrrrsphere. (d) The yields should not be tenperature activated.

Castro and Horyig Q965) performed an experÍment showing a direct 
:;; 

,,: ...

photocarrier generation process. Tlrey studied quantrm yields in anthracene ,t::1,:

using the pulse nethod. In the region of the first singlet absorption band., t.:.¡.;.;..;

ô :.,:';:::
3950 Ã, they observed only the exciton-sr.rrface process. At shorter wave- '

lengths ' 25OO O 3OOO 8, trtu generation mechanj-sm was distinctly ôifferent
So they tentatively identified the photon enerry at rnaxjmun photocaryi-er

yield 4.4"t, as the band-gap enerry of arrthracene. But it is 1ike1y that

the direct process of Castro and Hornig 0965) is one in wh-ich the carriers

are created with excess kínetic enerry of some unlmown amourrt; the true

band-gap enerry is l-ess than 4.4"t by just thi-s amor.int

,

Silver (ß6f) has r¡rdertaken a quarrtitative reinterpretation of the

data of castro and Hornig (1965) by consÍ-dering the effects of the large .,,;,,;,,,.,,,,,:,

el-ectron-hole capttre radius. He fot;nd. excel]ent qgreement between the ,,,r;r,,:..' 
,,

theoretica-l and experimental spectral dependence by assuning the nrinjmun 
:t:':':'::':::

eners¡ necessar5¡ to create a grould-state hol-e and a plane-wave el-ectron to

be 4.oev. Thris value noüi repr€sents the best current estimate of the 
fr::::i,i:.ii

smal-lest photon energ5¡ required for direct carrier generation jn anthracene. i',¡,:';;.:.:,::,

C. Douþl-ê Quantun pröcesSes

Intrjrtsic photocarier çneration by the mutual- annihilation of
two singlet excitons was proposed some years ago by Northrop and Sirrpson

'' :. ,. .l



Fig. 2.14 Spectra},.dependence of dc p?rotoeument
Note: the arbitrary photocurrent unÍts

, for both:'the hole, and electron curves.
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'j

(1958) to e:cplain their data on surface photoconduction in anthracene.

Burshtein QgeÐ interpreted. much of the old work before l-961 on steady state

photocr.rrrents. Choi and Rice (1963) pursued the possibility of exciton-

exciton generation in ari elegant theoretical paper, and their work led

directly to the e>cperÍ-nrental- observation of this phenomenon by Silver, ,', .,,,;,..

Olness, swicrod and Jarnagin (rg6:). The reaction corrsidered was the

following: In an jnitia.l state the crystal contalns two singlet excitons

and in a final- state the excitons have ann-Íhilated one another to yield a ¡:,,.i,,..,¡,,,,.,...

hol-e in the l-oi¡¡est hol-e band and electron in a higþ1y exci-ted l-evel-. 
::.1: r ''r': -:

1ti-, .!:1..i:.ì'.- .t.i'
Stppose two singlet excitons in anthracene have more than sufficient enerry . :', , ' ,

to create an electron-hol-e pair. If both carciers were to be created in
their lowest enersi band than many lattic phonon would have to be created.

as well to take up the excess enerry. Kearns (1963) extended the theory of
Choi and Rice to triplet-triplet and singlet-triplet,,.exciton annihilations.

In anthracene the triplet-singlet process was predicted to predominate

over si,nglet-singlet process for steady-state photocurrent, and vice versa

for pulsed. photocurrents. Silver et al- (1963) in their ingenious doubl-e

light-pulse e>cperiment fowrd only the singlet-singlet process as predicted.
;¡.,.',",, r.t'.''. 1' t
t t 

. "t 
;.'

2.T Radiation Bffects irt Anthiacene ,,:-,,,, ,-,' '',, '

The conrnon radiations may be divided into four t¡rpes (f) HeaW

charged particles such as protons, heaw ions, O\-particl-es and lnesons

; (ii) Light charge particles such as el-ectrons ( É -rays) (iii) Neutra]
! \

particles such as neutrons, (iv) Electromagnetic radiations such as f-rays
and x-rays.

In thris section, we shal-l confine our discussion to the effects

of radiation jn anthracene. The radiation damage was observed by Birks and . ::,, ., , r



Bl-ack (1951) in arfthracene crystal-s bombarded by à-particres. schulman,

Etzel and All-ard (L957) have observed the degradation of the photol_wnin-

escence efficiency of anthracene cïystal_ under p-rays (Co60) and el_ectron

radiation over the dose range 3 x ro5 to 2 x tol8 rep. The relative
photoluninescence effici-ency tr, !,rith Co60 F-"ay dose D in rep is given by

l//¡ : I
'o f-+ ¿n Q.42)

where A = 8.5 x to-l r€p -1 for anthracene. This corresponds to a value

of 1.4 x 10ö 
""g-"*-1 fo" E at where E r, is hal-f vaJ-ue of initial_'2 /z

enerÐ¡ which is in agreement with i. -irradiati-on va^l-ue obtajned by Black
(1953).

No recovery has been observed in anthracene stored for long 
:

periods in the dark (photochemica-l- chranges can occur in su-rlight) or heated

for severa]- hor.rrs (Birks and B1ack, I95L; Black, 1953; SchuLmarur et a]-,

r95T), but Attix (I95Ð reported a sligþt r€coveïx¡ when heating for an

hor.ir at l-oooc. The þ-ray irradiations in air, vacuun or hetiun produce

similar degration effects indicating that the radiation damage is not due

to o¡i-dation. ,, ,,,,:,.
.,::.::' l

,,:.' tlt"' 'Irradiation with intense ul-traviolet I.igþt also produces a :,,,,,,,',,,'

deterioration of fl-uorescence efficiency in anthracene (Black, f9n) indicating
that there may be some relation between the radiochemical- and photochemical

changes. These probably result jn the formation of new molecul-ar species, 
il .,,.-,,

such as dimers. Photodimerization of anthracene in solution is a wel_l_

i¡rown process, which causes fluorescence quenchr-ing. Schufmarur et al_ (f957)

have cþserved new l-tminescence êmission bands in anthracene produced by

prolonged | -ircadiation. 
:.,r,...:i.,,:

4Z



Detailed studies of the chançs jrr the fl-uorescence spectra of

anthracene crystals under Co60 f-iruadiation have been made by Sharn (1961)

llis results on the degradation of the anthracene fluorescence spectrum ar€

given in Fig. 2.L5. Althougþ the resul-ts are generally sjmil-ar to that

described by Equation (2.42), there aïe some differences between the ,,.,,

radiation dose for di-fferent peaks in the fl-uorescence spectrun. This can

be erplained in terms of excitons and quencirirrg centres of different energies.

An al-ternative ercplanation woul-d be to attribute the differ€nces to the ,:,,

absorption and l-uminescence spectra of the dameged molecu.l-es. Spectrometric 
'':: :\

.:i.
studies of irradiated crystal- usual-ly give usefll- information aþout damaged ,'"',:

molecul-ar species.

C1ark, Northrop and Simpson (1962) have studi-ed radiation damage

jrr tfdrr evaporated filnts of anthracene, and. of anthracene doped with various

concentration of naphthacene, r.mder irradiation by po210 À -parLicl-es and :

2

"' P -particles. They, showed that the quenching due to radiation damage

has an identical- effect on the À-particl-e and p +articl-es scintillation
efficiencies and on the photofluor€scence efficiency. This confirns that

the permanent radiation affects the secondar5r scintillation processes 
,r..1(enerry tr.arsfer) on1y, and is not re]evant to the primary scintil-lation ,',-: '::

processes (i-onization quenchring). :r,:,'

4B
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CTIAP|ER 3

ORGANTC SEXViICONDUSIOR TTilN FTUVIS

i.,,-'.,1.:;,;

The most Ínportant difference between a crystal and a thin fifm is
that in a thin flh, the idea of a periodic structure can rarely be applied.
Most fifms are porycrystalline or amorphous, and even if a film is single- 

¡,.,¡.-.ì.r,1:crystalline, the surface and size effects play an Ínportant rol-e in the .',,,r,,i.¡.;,

deternrinatj-on of its properbies. Because of the smal-lness of fifm ttriclcress, i,,,,r,,.-
i':;, ''. ::t ji

it is often necessary to consider the electrodes âs an integral part of the

whol-e film when disci.rssing its electrical- properties.

Sjnce anthracene has a very low conductivity, artthracene thin fifm
can be considered as an insulati:rg thrin film. Thus before discr.issing the

properbies of arrthracene th-in flilrs, it is desj-rable to give a brief review

of some existÍrrg physical mode]s and carrier transport processes of
insulating films. I .

3-1 Models of f:rsulatj¡g T?riri Fifms.

(a) Fowl-er-Nordheim fierd or tunnel emission moder-.

It is possible to induce field ernlssion into any insul-ator without

causing intrinsj-c breakdovn'1. Consider very thin insu.l-ating film placed

between two metal electrodes as shovm in Fig. 3.1. rf the insulating
film is sufficiently tLr-in, ( È ro to foo I ¡, tur-elirrg current flows

between the two metal-s in both directions as shown in Eig.3.l(a). lrJhen a

field is applied between the two metal-s, moï€ el-ectrons will- tu.urel- from the

negative el-ectrode than from the reverse direction, because the fiel-d.

modifies the barrÍer width. Ttre net turureling ci.lrrent is proportional- to

,:-::.:.. -:



Iunneling currents ttrrough an Í.nsulatíng
fÍlm betùeen tr,¡o metals for. (a) no appJ.Led

potential; (b) srnall applied potential;
(c) large applied potential.

l,.i-.,. ........ .

i;;:"r.l,:ì,.r',:r¡.
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the tunneling probability. For smal-l- apptied fi_eld, the film appears to
have a constant resistance al-thougþ the film itsel-f may have a much hr_igþer

resistance. idhen the applied. voltage is greater than vu (see Fie.3.r(c)),
sufficient states are avail-abl-e in the positive metal and width of the

barrier becomes smal-ler. The current tunrieling thror,rgþ a triangular
baryier shown in Fig.3.l(c) is given by the wel_l_ hlown Fowl_er_Nordhejm

field emission Equation (trowIer and Nordheim, l92B).

ß.2)

At = etlpnh *u
L = 6.F x rol S"?.

i r':t: -¡:. ::' IFor a thick film (The Fowl-er-Nordheim model applieó onty to a very

thin film), the current flowing througþ it increases exponentially w"ith the

squar€ root of the applied fiel-d. This type of current-voltage

chraracteristics is r;sually ascribed to schottþ emission mechanism.

J = ( ut4"h+B) €'€xp [- +roJ"/¡" r ]

J = A, €t exp (- b/z\

where ,- l - 8nt r.tfr\ -T.-

t= v/¿

and $o t" the barcier heigþt Ê r¡ trre applied electric field, wlrk is :,'t':..,:'

, ., 
' 
-,...the effective mass, V is the applied voltage and d is the i¡sul-ator ,, ,,,,',

thictrcress

(b) Schottþ and poole-Fþenkel emission models



The Schottþ emissi-on refers to the emission of the el_ectrons

from the metal- electrr:de irrto the conduction band of the insul_ating film
over an jrnagj-nary force of interfacial barrier, which ís 1owered by the
electric field. The current density due to schottþ emission into an

insulating film is given by (Sinanon, 1969)

J= #r" e*p t- t tt*-,ål' ) /u) 
(3.3)

or

J = A*T' "*p 
( l, t" - Suz*rJ

52

where

and

+B = the i:rterfacial- barrier heigþt

éù = jnsul-ator dynarnic ,oerrnlttivity

4* = effective Richardçon constant.

5,= ( + r"','*I
( 3.5)

The Schottþ emission process is electrode-control_1ed. ';¡,;,.;,,,,,

t :tttt 
t''

Another conduction rrechanj-sm whj-chr results in an equation of 
",'.,.'',,

simil-ar form is the Pool-e-Frenlref effect. The poole-Frer'rel- emission is due

to field-enhranced thermal- excitati-on of trapped electron into the conduction

band' tr'or trap states withceuluïrb potentials, the e>çression is virtually i,:',,.,.

identical to the Schottþ emission. The current density equation is then
given by

J=q.Ëe'f ( SrrEu'- /4r)
(:.0)
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where Go is a function of density of trappi,g centers

(3.7)

f is the barrier height, and

5r* =¿ãr=.(åru. /rT

= ( t /trê¿t'/2,/yr

The barrier height, however, is the depth of the trap potential-

we]l, and the quantity 69¡ ir larger than that for the case of Schottlcy

emission by a faetoc 2 , si-rtce. the barrier lowering is twice as large due i,',,;;',:;;1,

''.. ì. :

to the i¡mobility of the positive charge. poore-Frenkel'process, in 
¡,,,,.,,1

contrast to the Schottþ model, is bulk control_l_ed. ¡ii:'r:::

.. (c) Frohlich - OrDryer Model_

otD,ryer (1966) has recently calculated the voltage-cr.irrent

characterÍstics of insul-atjrg filfls for film th-iclceess of a few hwrdred to
afewthowandÁnstrongsw"iththeheÌpofadie]-ectricmode1origina11y

proposed by Frohlichr (L947). His calculation is based on a fie]d_
ì

dependent conductivity, whi-ch is caused by thermat and fiel-d-excitation of I

deeply trapped electrons into shal-tow traps and into the conducti-on band., 
,, ,..,,

(see Fig.3.2) , and an emissi-on process from the cathode of either Fowl-er- ,,t',t.':
:_:: :'-Nordhejm or Schotttry type. OtD,riyer has enployed some reasonably typical ,: 

"|":
data to cal-cul-ate the vottage-current characteristics, taking jnto accoumt

the space charge effect.

In terms of the bulk properties of the diel-ectric, Ot¡a6rer has ;,'1,t1

derived the space-charge density (OrD,,iyer, 1966) as

h=n,[ (* )"*p (- p tkn.) -r ] (3.8)
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where fìo is the space-chrarge-free el-ectron density over al_l_ traps and

conductÍon level, q is the zero-fiel-d conductivity, €* i" the breakdown

field of the dielectric, f is the current densi_ty and F i_s the ratio
of the depth of the deep traps to enerry range of the shal_l_ow traps,
( P=# ). By ccrnbj-ning Equation (3.8) ano poisson's equation, and

separating the variables, OrD,,6rer obtained the expression for the barrier
heigþt.

= (#,I:r cftrexp(- ?t7r*' ) - rJ-'0.

where E ir the electric field at the cathode.

is then given (OtDwyer, 1966) nv

l}=qå=*ptf,e7¿*.¡]

The chraracteri-stics is not a l-inear rel_ation between loXlano

schottþ Plot), but rather loXT is approximately proportionar_ to €t.

(d) 0tDuqie¡ts Dor;bl_e ejection model_

OrDtr¡rer (rge8) arso prrrposed another model for steady-state current
flow at high fields jrr a dielectric material- with blocking contacts. His

model was based on the assr.anption that finj-te collision ionizatj-on

mechanism exists in diel-ectric material, and that the ioni-zation process

produces charge caffiers at a rate exceedifig that of recombjnation. Th_ls

charge caffier generation can be either Fowler-Nordheim emission type or
Schottþ ernlssion type.

UsÍng the current continuity equation and Poissonts equation,

and definfug a col-l_ision ionization function as

(3.e)

The current density relation

(¡. ro )

f Þt ("o cal-t-ed



oi = (À.', *ùrp)rxpc-È¡

and
àv r ttn/
'Jr />y

OrD,qrer obtajned the fol_l_owing equation

*=(+)q(*.ì¡l

axL t ¿

where

A=( *.,* (+-+, )

rntrnducing the folrowing dimensionless quantities

Normal_i_zed distance

{ = Av , /Frn
Normalized field

f,= uF
Normal_ized current

f = J"E-r 
exp(-È)d{

I

( 3.11)

(:. rz)

(:. r:)
l ': '' 

:t:
where F is constant higþ field strength (u.g. 5 x tO5 v/cm), 

Ë i" electrÍc t.':.::.:'}.':

fiel-d strength, dtr, ano àf * constants with the dimension of inverse
1

time (sec-'). sr,¡bstitution of Equations (:.]f) and ( 3.L2) into Equation ,

(:.rs) yiel-ds

*=(+)exp(-å) ( s. r+)

(3.15) ,, ,,.
'.: :'

'':..| ...

, '..,',,.. ,
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Fl"om Equation (3.14), (3.15) and (:.f0), the ci;rrent can be

e>qgressed as

J=(f l(+)(*-ùj' r'
the distances between two electrodes as

x = t 
tn å/¿^\c x/n )

and the mean fi-el-d strength

f = += *J:E.rx

1 3. rB)

( 3.19 )

1i:.. ::\..::t.
:...:.i:

(e) Space-charge-l-imited Current (SCLC) Model_

The above four models apply to dielectric fifms wj-th non-ohmic

contacts. But for dielectric films with ohmie contacts, the current is then

determined by the space charge inside the films. sumann 11968) was the

first to make mea,surements of space-charge l_jmited current (scl,c) in
evaporated thin films of organic serniconductor (Copper phathocyanine).

He measured the d.ark current as a fl.¡nction of ten'perature, thr-iclcress and

ambient gas. Applying a sÍnple band model, he erplaÍned most of the

relevant features of erperÍmental- SCLC resu.l-ts and, calcul-ated the trap

depth' trap distribution, mobility and position of fuoni-level. Si.mannrs

sanples were produced jn a vacuum of fO-5 torr.Ohmic contacts were made

by evaporating gold on to the surface of organic serniconductor filnls. The

structr.lre of go1d,/CuPhth thin-film,zgold causes ir¡'ection of cariers, but

untit the density of injected hole become con'parable with the

density in thermal equilibrirm P, tne current density fol-lows ohmts l-aw
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J = È¡ ."Y¿

The density of holes in thermal equilibrium is given by

Þ = Ny e*g ( Eç'lr,r )

where )f is the mobility in *2/u-r""
€o is the electronic charge

V is the applied voltage

d is the thiclmess of the film

ß.zo)

1 3. zt)

and tF. is the equilibrium Ferxri-l-evel measured. from the val-ence band edge. v

By examlning the behaviour of the curuent-voltage characteristic

under ir¡jection conditions, the distribution of the total- f?ee carrier

density in quasi-thermal- equilibrium can be e>çressed as

P=Pt+F = Nrt*ç(Eç/rr) (3.22)

where EU is the steaQy-state F-Er.mj--1eve1, and

Pi is the jr¡'ected-carrier density

To include trapping effects, Sumann assuned that the trapping states were

distributed in ener5i as'a Gaussian distribution.

Pr(E) = Po exp {E/wt'") ß.23)

where Po is the density of defects near the edge of the val-ence band per

urrit energr and T" is a parameter which describes how fast the defects

faJ-l- off with energy E.

,:.:1:j '.:.-

The density of fill-ed traps (which l-ie above the Êi¿nmi-level-) is
i. r: 1 .,.i:::
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Pt = H" Po erç {En/* )
o

ß.24)

The quasi-Fermi level for an exponential distribution of traps giVen by

Equation (3.23) can be determined by equating the total- injected charges

to the charges in traps which are in thermal- equilibriun with the f?ee

carriers normally present below V* (before ir¡jection), md the carriers

- which have been ir¡'ected then trapped above V*; where V* is defined as

the voltage at which the total- current is approximately twice r¡ftat would

fl-ow in the aþsence of ir¡jecti-on. Pt is usual-ly greater than Pn inplyÍng ii,;..i;,ii:,,

that most of the injected charges goes into trap.

Sirrce :

Q=
é¡Vx erV

-.t

deo d e.

= d 
Ju*p.,e)¿e +, 

J:t" 
p*rt) óe

'þ EÈ

r7* rae ì a fi exp(?r¡.)¿Ë
-rþ -F

= p.d .b1ex¡t t I = fr t v"+v )

therefore we have

ÈF= K\ \h ( -¡frJ. (v*+rù

Defin-1ng

v^ - ldro Po ed'2

él
where €a is the pernri-ttivity. Then Equation ß.26) becomes

ß.26)

ß.27)
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ño

EF = k'[c toå [ (v + v*r/n^)

I 3. zB)

when V is sma-l-f conpared to Vx, the irrjected charge is negtigible. Tlren

we can write . ,..,.:,

E¡' = EFo = ldr"' \o¿{ Y*lv^ 
)

= ldr" ' \o¿ ( Ft/wr" Po ) ß.2g) ,-i',,,,,.

The current relationship can be formd by examining the ratio ,; .

: :.t..: :.

:ì ::.:.i

'ru = "r"p 
( (E¡' 

-E¡,o ) ^-l (3.30)

Thii;s we obtain
l

J= plre,Z¿ =Þ¡¡€,e*g[ (Eç-t*")z*J 
(3.3r)

:

Substituting the E" and E"o from Equation 13.28) and (3.29) into Equation

ß.32) we obtain

=';T" = *tto¡( ffl-t't+,]KT

= * t,"¿ #J :,o¡, ( +)=r. ß.32)

setting

Tc = 
.0.T

Equation (3. 32) becomes

;..:'.:.
l' '.. . ì

( 3.33)
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At sufficiently kr-igþ voltages that is V > Vx, Equation (3.34)

J=N,Be"(#.f st, (3.35)

6T

becones

Equation (3.35) shows al-so the elç11-cit dependence of the current on the

film thj-clcress. This equation is very similar to the Mark and Hel-frichrs

stea{y-state SCT,C equation (See Sec.2-4).

, Vß*Iê(-

arr+ I ( 3. 36)

Electrical conduction phenomena in thjrt films of some organic

polyiners have al-so been investigated by Caserta, Rispoli and Serra (f969).

They for.rnd that the current-voltage eharacteristics of polynethylmetacrilate

(PMMA), polyvinyformal (PVF), and polyethylene-terephal-ate (PET) films

display a space-charge-lÍmited current (SCT,C) and a i.;niform dis.tribution of

traps withrin the energr gap.

3-2 Anthracene th-in-film

Northrop and SÍrnpson (L956) investigated the evaporated films of '.'

anthracene, using lead as contact el-ectrode material-. They found that the ,tì,

conductivity of anthracene thdrr film becomes non<hmic at fields in excess

about 3oXov/cln, and resistivity aÍ room temperati.re is about 5 x tof4-f) -cm,

and it fol-lows the usual semiconduction relation

õ=6:€*PC-Ê4.)

For anthracene, 0ì = > { ttt oflt c*-l , E = \' 13 'y

L .'. :.t. ì

l.:,rtj;:;i:

Gheorgþita4ancer (1962) observed the l-inear dependence of
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conductivity on anthracene thin film at a fierd r4p to I *'/" as shown jn

Fie.3.3.Theyalsoshowedthattheobserved.resu].tsarestronglyaffected

by the arrbient ga,ses and hydrostatic pressure of pressureof 1O-5 nm Hg'

Lohanick, cook and orDvrryer reported that conduction jn anthracene

thin-film governed by both el-ectrod ir¡jection and electric processes jn the

buLk. using double ejection model, they suggested that el-ectron and holes

of equal mobility )f , produce ionization at a rate of À"'"p ( - 
aE 

) n""

second. This causes space charges, ffid the current is carried by the

el_ectron and holes in the effective field produced by a1t the charges'

Using the foll-owing value for F, d' , and )f in Equation (3'11)

F = 2.5 x lO5 Y/cm

ù = 40 *""-1
_2

)À = 3x1O-/ "*/rr-"u"
2

they calcu-fated the mobility of electrons to be 1 cm /v-sec' Tlre low value

of the mobility as coIÏpared to the true carrier mobility of antlracene is

attributed to the difference in the trapping effects'

i:i:rr,ì:'::

l.'.;.1.
r..:.1'
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CTTAPTER 4

EreBR]ME}üIAL PROCEDUFES

4-1 Prepaiátión of Anthrâcêné Thi.n:Films

In this section the fabrication anthr:acene films by means of

thennal- evaporation in higþ vacurm system is described in detall. .,.i.,,,¡.,,,

Thin fi-fm specimens were fabricated by evaporatilg onto glass

si;bstrate (Corni-l"lg type-cover glass 22 nm sq,; O .2 rrm. thick), the

anthracene material- of scintill-ation grade obtained from Harshaw) jn a

10-6 torr vacuum coater (xnc uooel 3114). Other sr-rbstrates such as

pyrex flat (Northwop T956), NaCt singJ=e crystals nt'rca, rypsumr molten

qrsarlz and colloidal- paste deposit on the slrface have been used to

ínvesti-gate the effect of the substrate on anthracene deposition. (Gheorgþita-

Oancea, Lg64). Gl-ass sulcstrates wer€ used' because they afe ea6y to handle

and have been widely r.ised by other irnresti-gatórs '

Because of the higþ vapor pressure of anthracene it is necessary

to cool the sr-þstrate to at least -4OoC (mortfrrop , 1956), or to liquid

nitrogen ten'perature (Fiel-ding, t96T; Lohan-ick, 1968)' Thre tenperature

used for the present work was about -6OoC, and the pressure was about

/
-nl-2 x 1O-" torr dr..rring evaporation.

Electrode materials used were Ag, Au and Pb and they were deposited

on both sides of the films under a vacuum of lO-6 torr. Th-is sandwich-like

cel-l- is shoune Ín Fig.4.1. Silver paint was also used as el-ectrode material,

but the silver-painted electrode was not satis factory at l-ow tenperatr'res '

Ttrerefore all- electrodes used were vacurxndeposited el-ectrodes. Electrica]

a'.:- '- lr.:..- :

i ;,.1 - .'::ì

,.i::::-rìJ

:..:l-:,a:.i!
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Fig.4.1 Anthracene film sPecimen

1. Electric connection

2. Upper sil-ver electrode

3. Anthracene thin fifm

4. Bottom silver el-ectrode

5. Glass substrate
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connectj-on was made by soldering clean fine copper wires to the el-ectrodes '

Since anthracene has a low melting point, a fow melting solder, Írtdiixnrwas

used..

4-'z TYún-Film Thictsress MCe

In general, it is desirabl-e to have flilms with a uniform

thiclcness, over a fairly large ar€¿. Th-is can be real-ized by trsing

appropriate evaporating sor.rrces. Evaporation Sources çnerally used are

the point Sources and the small ar'ea Sources. fkie former ideally consists ; ', ::. '
l': -i'

of a small sphere from which material- evaporated un:iforml-y j-n al-t directions

The small- af-€a Source is a small, planar si;rface from whrich the materiaJ-

evaporates onfy to one side withjn an angle O between the norma'f to the

evaporating si.;rface and direction of evaporation (Fig.\.z) ' Or a planar

sr-;bstrate whrich is placed. dlrectly aþove the source the film thriclc^ress for

a point sourcee (Hollarid, 19æ) is given by

f= Cq,/çrtç)t cose/r.)= fr *
and for smal-l area source

\= LÃ/nf ) ( t.rr{ cosï/ç")

, \/trf ) ( (4s'e /r.\ = L^/nç) ( h?. )L

(4.2)
;1.:r,-.i:.1

where ? is the density of the evaporant çe¡cn3), t is the thr-iclcress of the riiì,.t],
)

film condensed per unit tjme, h i-s the verti:Õa] distance between the

source arrd the plane of the si;bstrate (norma.f to the substrate surface) '
T is the distance. The distance between the source and point under

( 4.1)

consideration and 0 is tfre angle between h and r'
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H+;i- ii-i¡ i;'ì r'i./:i---l

. :.i::.:.:. :ì1:li:

It is clear tìrlat, in both cases, the film thictmess will have its

maxim1nn directly above the source and decreases as increaSes ' Contour

of equal thiclsress will- be circles of radius d. Ttle decreases of

thiclcress with increase of d is more rapid for the sma-fl afea source than

for point source. It is obvior-ls then that the film thricicress is more

r;niform for greater h. Thr.is the distance between Source and substrate

shoul-d be as large as Possible'

area Source were used. For depositing metal, a point Source wa5 r'ised' wh-ile

for depositing arrthracene a sma]-l a1-€a Source wa5 used since the anthracene

crystal-s jurped aþout dr;ring evaporation'

Tkrree techrrriques aÏ-€ genera.lly r¡sed' to measur€ film thr-lctrciess;

(f) Micro¡aJ-ance weigþi]]g method, (2) Multiple beam interfer*cmetric

teclm-ique and (3) thiclrress crystal monitor techrn-ique' 0n1y the first two

technique5 were 1;sed to mea,sur€ the th-ictrsress of anthracene filn6 '

,' , ,,. ,,- .'.

Suitably shaped molybdenun boats served as point Source or smafl i:l',:',::,..::,1..,L

(1) Microbalarice weigþing method'

Tbre small mass changes of the substrate before and aJter film
.:.:.:.. 

-..-.....:-..' 
...-

deposition \^ïer€ measr;red by a microbal-ance on the assr.nption that the film ¡'.'¡';'."'"i"':
::r-: :-:':t. :

thiclmess is r.l-riform. The film thiclmess is given by ',t.:":.,'l:.,1,,

| = (Wafter-wb"fot )/tf*aI (4.3)

where f t" the density of the si;bstance of the fi-Im. For anthrracene

f = f . 25 Øt room tenperature) and A is the area of the film'

(2) MuJ-tiple beam interferometric techrrique

This is one of the most elegarrt methods for thiclcress measurements'
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/' (\oo

Multiple beam method depends on the production of Fizeau f?inges by a wedge

formed f?om the materia-l of refractive index tt Each f?irtge is a contour

üne of equal wedge thiclmess. For ntb order interferences of ligþt with

wavelength \ , the thriclsress of film can be calcul-ated f?om the rel-ation

hÀ= 2¡råcotè (wrrere è i, the angle between the incident beam on the ."','
'-', l - t--

wedgeandthelinenormaltothereferencef]-atsurface.

variation A - scope - Interferometer, model- 940-4000 was used for

thiclmess measurement. Ttris jrrterferometer provides an aþsolute measurement i;.:'.u"

' -t' 'tr. t

of microscopic verbical- surgace Variations i11 the range ffom 30 ß to 
t::

',;: .,

^ a-- r 1^ ^ r¡L,ic inq.l-.v¡rmcnt e-rnnlovS a SOdif.m 
t::'

2O,OOO 4.. Accuracy is normal-ly t lo A. This jl.lst1ît'ment eÏlploys a sodir'm

vapor lanp ( \r= zOUe È ) '

(3) Thiclmess crystal monitor techrrrique

Tlrecrystafthriclgressmonitorhastheadvantageofbeingcapable

of measuring the fifm thiclcress di.rring deposition' A q¿afrz crystal has a

wel-l- defined resonarrt f?equency wh-ich depends on its cut and geometric

djmensiors. rf a film is deposited on this crystal, this resonant frequency

will change according to the fifm thictmess ' The monitor therefore consists

of a crystal placed adiacent to a subs1rale onto which f11m is deposited

and the electrical equipment necessary for measr'¡rjIg the change of resonarrt

fYequencY.

4-3

Sinceanthraceneisamateria]ofveryhigþresistivitythe
rJr

Keithley model 2l-o El-ectrometer with input irrpedance iæ to 10-' ohms was

used for cuffent measurements. Prior to mea'surement the i¡strunent was

switched.onforonehor,runtiltnezerodriftofthejrrstrr¡nentwasless

l'::.::
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r:r' .l

than l,¡V per hour, th-is was found. to ,oe very i-Ïnporftant to reduce the errors

duetodrifting.Formostexperi-lnentstheSpecimenwasmountedorclippedon

brass cell ïühich was then placed in the screen room and all conrrection leads

were shiel_ded and kept as short as possible. Arrangement for cuffent-
, .. ':. ..:'"

vo1tage measureÍFnts is shoüm in Fig.4'3' :,'.','::,'..''

_J]

Inlowterrperatures,thetestcellwasmadea\¡acuumofl0torr

toavoidthecondensationofmoist-uref?omair.TTrespecirnenwascooledby

pa,Ssj$g througþ liquid nitr,oçn to the neta]- block on which the thin film :.......'.'

' ''r:: 'r'

specimen Ïias placed. It was fourrd that silver pa.Ste e].ectrode Were peeled 
1.;::.1::;.

off at vefy ]-oui tenperatr.rres therefore, for 1ow temperatwe me-asurement only ..:.:.:'

evaporated sì-lver or gold were used as electrodes'

Threradiationsotircewa.Sacobaf-t6ogalrmacel].withahaffr

fifetjme of 5.27 yeare and an averags dose rate of 1'6 x lOo rads per hour'

determinedbyferror;ssulphatedosimetrymethod.Acorrectionfactorwas

appliedfortheca.]-cufationofradiationdosewhenthespecimensWere'

irradiated at dates differing more than one month' i 'ì
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G{ÁFTER 5

EPERTME}XIAL RESULTS AND DISCUSSION

usirrg the experimental set up described jri sec' 4-3, the current

(I) - voltage (v) characteristics of anthrracene thjn filÏns had been measured

forvariousfifmthiclcressrtenperatrxesrenvironmentalpressr'rrerelectrode

materials and after being erçosed to different gannna-ray radiatj-on d'oses '

Fig. 5.1 shows a typical steady state I - V curve' Based on

the retationshrip I4Vw , three regions can be distinguished'

(i) From zero faetd to about 2.5 x *O3v/em, n = f . T'is is the ohmic

region.Atthesefietd.strengths,thecurrentcarrierscomef?omthebu]-k

of the fitm by thermal generation, the faield' being too smaJf for the nr-rnber

of in.jected carriers to be significartt. Fur,thermore, since at low fie]-ds

the caffier eneï,s/ due to fiel-d-directed drift is much smaller than that due

to thermal agitation, the twrneling probability througþ the baffier between

the electrode and the fil-m is essentially determined by the average thermal-

enerryofthecarriers.Ttresefactse:cplainwhylvarieslÍrrearlywithV.

Inthdnfilms,arelativelysmaj-lappliedvoltagegivesrisetoaconsiderably

i}igr:].etectricfield..Tkrusonal-Vcurvetheohlr,tlcregionisbarely
detectaþle.

(ii) From aþout 2.5 x,,'3v/cmto aþout B x 104v,/cm, it is more

appropriatetoconsidercarrierirrjectiontobemoreirrportantthancarrier

generation by therma.l motion. sjlce t\ is about 3 in this region we can

a.ssuflE With some confidence that the cr'rrent is space-charge-umited' (scl) '

ForcrystalstheSCLI-Vre]-ationshipforcrystalwithdiscretetraps
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1n the barrd gaP is given bY

ï= ro-'' [ (t)exP(- E¡l
G)J

¿

. ,troev/¿t (5.1)

and that

These two equations have been given in Sec' 2-5'

(ij-i) From aþgut B x lo4v,/cm to aþout 4 x ,.o3v/cm, lL is greater than

that i].l region (ii). ]¡le attribute this greater rate of increase I Ïl-ith

increase in v to iornzation produced by carfi]er col-lisj-on as described in

cJ:apter 3. A model had been proposed. by otDwyer to take jnto accor';nt the

coll-ision ionization in dielectric thrin films at higþ flields' unfortif-Iately'

this model contains lnâny parameters which are not l'tlow even for anthracene

crystalandconsequentlynoexplicitformofl-Vcharacteristicscanbe

obtaÍned. I¡le would therefore have to be contented with qr'ralitative

discussion and our analysis, in some r€spect, would be rather inconcl-r'tsive

jn this region.

Itisworbhytonotethattherej-snoregioninwhi-chIis

proporbional to ,f indicating that the current is space-charge-Umited with

deep traps. It is possibte that col-lision ionization begi.Ils before the

trapefilred umit is reached and this may erplain why beyond region (ii)

n in I er V\ is greater than 3. Af fields aþove about 4 x l}5v/cm' the

fa]ln breaks doun. Just prior to breakdown, cuffent iIstAþility had been

observed.Tlrisisinqualitativeagreement$rithOlD¡õ¡er'stheory(o'Dwyer,

1969).Breakdownphenomena,however,isnotwithinthescopeofttústhesis.

withanexponentia]-distributionoftrapsintheenerrybandgapis

J=N,).,"nI(Eïår)t(+f'# (i.zù

In the light of the ercperjmental l - V curi/es for varior"rs film
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thriclcress, we shall- show that in region (ii¡ ¿6u current is space-charge_
ljmited with traps. I¡re shar-l analyse the ercperimenta] resur_ts ,sing
Equations (5.1) arñ (5.2).

5-1 þç effect of F'ilm Ttiiclsiess

Fig' 5'2 shows a plot of 1og r as a flmction of rog v for varioris
fil_m thriclcress . 

â.r ^*^ _ i:,.-tr:t,rìfn region (ii), the slope n of the curr¡es are all nearly equal to ,,i- :.:,;

3. In Fig. 5.3 is shown 1og I as a fì.mction of film thiclaress d at 
::,r,,.,,'::r,i,;r
lt' 

.constant voltage and constant field ( E = u/U). If Equation (5.2) hofds,
the value of of the slope in Eig. !.J shouJ-d be given by m=)(h-r ) +

1-- 5. The measi.red va_l_ue of tr1 is 4.9. Thris is an evidence of bhe fact
that the current in this region is space-charge-limited with traps and that
the trap distribution is approrimately exponential-. Refercing to Equation
(¡.2) i^ie can ca 

rFa 
,n ,¡ = annor¿ .Er^- ¿L^ a. a--J-culate ì- when T = 3OOoK. F,or the films used for th-ls

investigation the val-ue of rc is 6ooot<. This is close to the va^lue of rc
of anthracene cr5¡sta]s reported by schadt and. h,ir-r-i an (1969)

The slopes ¡ and n are also calculated in region (iíi). Trey Í,.i:r
..,,. 'are for.md to deviate from the rer_ation vìr = r (yr -l ) + r. I,rIe can conclude" ,,i,'..ir: :

therefore that the current irr region (iii) is not dominated by the space_

charge -limited me chranism.

i,ï1iti5-z Tkie Effect or l-:ray RadiatÍon i:::.ìi:i.ì:i¿j.):¡

Fig. 5.4 shows a plot of 1og r as a function of 1og v for
different radiation doses. The radiation source is co60. The measurements

were made after each irradi-ation and not dr:ri'g irradiation. rn general, 
i.*.r*:,,:,
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the current at a given applied voltage decreases with increasirìg dose (Fig .5.Ð.
This can be explained by the fact that with increasing dose more ca*j-er-
trapping states are created. fn region (ii¡, the slope yt is seen to
decrease with increasing dose. Thi-s has been pl0tted e>çlicitly in Eig.(5.6(a))
n decrease from about J before iffadiation to very near z at a radiation

dose greater than 5.58 x l-07 rads. Now r'[ is +* 1, so that adecrease of
Yt means decrease of Tc, which in turn means a sharper enerry distrj-bution

of traps. rn the lfuîit of h = 2 , the enerry distri-bution of traps become

discrete. The other two possible cases in whr-1ch lI = I are; (i) wtren

the film is trap-free and (ii¡ 
"6"r the trap-¡1çu-l_imit has been reached.

These cases can be nil-ed out because the ni.unber of traps increases with
increasing radi-ation dose. lrle can conclude therefore that the increase in
f'- "uy 

irradiation whrlch gives out essentially monoenergetic radiation
woul-d produce more and nrore traps of sirlgle energr l_evel_ until the traps
distribution at thr-is particul-ar enerry l-evel- donrinates over traps of other
enerry l_evels. Th_is process is il_lustrated in F,ig. 5.6(b).

variation with electrode materiaf, environmental pressr.rre andfemcerature
5-3

(i) El-ectrode Material

Eie. 5.7 shows a plot of 1og r as a fr.ncti_on of 1og v w:ith
Au as anode and p.b as cathode (ta¡etteO. Au(t) jrr Fig. 5.7) unAn as

cathode and Pb as anode (la¡ette¿ Au(-) in Fie.5.7). ft can be seen that
the two cur\res have armost identica-l shape but at a gi_ven voltage, the
cuffent w:ith Au(+) as anode is larger than that with Au(-) as cathode. rt
has been described Ín sec.2-2 that in arrthracene crystal-s the Au(+) electrodes
iqlect hol-es whri-le the Au(-) electrode Ír¡jects el_ectrons and that the rate
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of hofe iqiection i-s larger than the rate of electron ir¡iection. The

present ercperimental- data i-ndicates that the sane i-s true in anthracene

thin films.

(fi) Environnental pressure

Fig. 5..8 shows a plot of log r as a fì.rrction of 1og v w1th

the environmental- pressur€ of one atmosphere (T60 nrn Hg.) anO 1O-3 nm Hg.

The currerft at low pressure increases at a smal-l-er rate with voltage than the

correspondirtg rate at atmosphere pressure. Tkris tendency is in agreement

with that obserr¡ed by Gheorgþita-Oancea (1961). The change in I _ V due

to change in environmental conditj-ons had been attrj.buted to a change in
the properbies of surface states. Ttre present ercperimental- resul-ts, which

is measured on a film sandwiched. between the el_ectrodes, cannot be

attributed to the same cau,se i.rrl-ess it is assuned that the portion of film
which is not embed.ded between the electrodes has a signlficant effect on the

current.

(iii) Tenperature

Fig. 5.9 shows a plot of rog r as a function of 1og v at

tenperature 293oN anO 77ot<. The measurements are made by placing the film
in an evacuated chamber to avoid- condensation of moisture at low temperature.

The film used in this measurement is the sane as the film used in Sec.5-3

(ii), and the pressur€ jn the evacuated chamber is the same pï€ssure attained
jn the low pressr..ire cr..rve Fig. 5.9 . Thus one can see that cr.lrve marked

293oK in Fig. 5.9 is identi,Çal- with curve marked to-3 m"n Hg. in Eie. 5.8.

In region (ii), the s]_ope at 293ot< is Z.\ and the slope at TTot<

is 2-5. If an exponential distri-bution of traps is assuned, the val-ue of



B:

O.

v 
l-o

lJ
p
H
¡-{

C)

i :,t.::

l i'i; 1.

i:rlt:,j,:,.

, Vo]taee (V)
Fig'5.8 

''re 
effect of environment pressure on current voltage

characteristics of anthracene films'(a) Pressure T60 rnn Hg. (b) pressure l_O-3 nm fu.



+)
L a^
OJU
tr1H

O

t-o-f1

Voltage (V)

The effect of ten"perature on the cr.¡rrent_voltage

òharacteristics of anthracene fifms
(a) r = 293oK (b) T = TT)K pressure 1o-3 rnn Hg,

Fre.5.9



of the slope at TToN shouJ_d be about 5.4. On the other hand, althougþ the
slope at 293oK Í-s very close to z, the distribution of traps cannot be

considered to be discrete otherwise the slope at TTox woul_d have to be

identical- with the slope at 293or<. rn view of our results in sec. 5_3(ii)
at low environment pressure, it is not urreasonable to ascribe thÍs
apparent dlscrepancy to the effect of surface states.

5-4 The cuÍrent-time charact eristics

It has been observed jn anthracene crystals that it takes many

mi:rutes for the ctrrent to reach a stead¡r state val-ue. I¡Ie have observed the
same phenomena in anthracene thrin fil_ns. fn Fig. 5.iOis shov¡n a typical
current-time characteristi-c curve j¡mediately after the application of a

d.c. voltage. It usually took more than 45 minutes for the current to reach

a steady state.

Th-ls phenomenon has been attributed to the trapping of minority
carciers whrlch produces a back emf (Bree, Reucroft and schneider, 1960).

The ti:ne required' by the current to reach a steady state val-ue represents

the characteri-stic time constant of the trapping process. A similar
phenomenon has al-so been observed in alkali hatides crystals (Kao, Iirlhritham

and cal-derwood, r9T0). This was interpreted in terms of the decay

polarisation currents produced by the rel-axation of conplexes consisting of
ions boi;nd by crustal defects. Thus it is reasonable to assune that the
decay of current inrnedlately after application of voltage observed in
anthracene thin flilms is due to the rel-axation of cr.;rrent-carrier captr.re

processes. hle cannot, however, calcul-ate the tjme characteristic of the
rel-axation because the mechanisms of these captr:re processes have not yet
been identified.

B¡
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CONCLUSIONS ;:1 : ,

.',.,a 
t.,,t.,

on the basis of the above experimental facts, some conclusions

are tentatively drav,in as fol_l_ows

. , 
',,,, 

,i ' ) (1) At mediun fierds the current is space charge ïnited with traps, ,iraa
ì-- :ì',:::.:lthe distributi_on function of traps beÍng etçonential Ín the 
j,;.,.1,;..

enerÐl gap. i:,.:ì,,r;,

(2) The I -ray irradiation tends to prod.uce traps of discrete energi i

1level-. For large dose thris density of traps i_n thri_s leve] is
predonrinarrt

:

(3) At high field, a col-lision iorizati-on process may start before 
i

the trap-fil-ted lÍmit is reached.

(4) The r - v characteristics are dependent on tenperature,

environment presswe and electrode materj_al_s.

(5) cïrrent decays very slowly to a stea{y value after the

application of an applied fiel-d.

Although the mobilities of carriers in organic sernlconductors are
generally very low, j-t is qr.l-lte easy to produce carriers in these material-s. 

,:,i:j::j,,:,,;iTherefore these material-s have a higþ potentiality for sol-id-state devices. ;'.'...¡.;.

Fîrthermore, these materi-al-s are norma-l_ly very sensiti_ve to rigþt and

readily produce li-ght r¡rder an el-ectric field. It is highly possible that 
,

these material-s activated i^rith suitable i:rpurities, an effie.ient el-ectro- l

l-uninescence mây be produced. From application point of view, these r:i:i:.:ì.:..

i:,'',ï"11



materials cannot be said to be less inportant than the i-norganic semi-

conductors. However, the properties of these material-s aï€ not yet fu1ly
elçlored, more research work is defi¡-itely requ-lred in order to obtain a good

imderstanding of various el-ectronic processes in these materia]-s.

:t,.ì-:
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