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I. INTRODUCTION

The measurable physical properties of organic seml-
conductors are known to be sensitive to radiation.l Gamma
radiation has been shown to affect both the electrical? and
optical propertles of anthracene.s'u The propertles of
naphthalene5 and phenanthrene6 are also altered following
expogﬁre to gamma irradiation. The results of large doses
of radiation (D 10°R) can be noted by the methods of
fluorescence’ and optical absorption¢u The sallant features
of the damage produced by lesser exposures (<1O5R) can be
observed by cﬁanges in the lifetimes of lnjected carriers7
and by steady state space charge limited currents .2 The
purpose of this investigation is to measure the effects
of gamme radlation on some of the more important physical
properties of anthracene, naphthalene, and phenanthrene.

This chapter summarizes the behavior of crganloe
semiconductors in comnection with thelr electrical and

optical propertles.

A) Molecular Structure

The group of materials known as aromatlc hydrocarbons
oconsists of benzene and higher order benzene based molecules.
These molecules are conjugated 1i.e., they exhibit a repe-
titlous alteration of single and double bonds. The term

"aromatic,” historically derlved from their odor, refers



to the stabllity exhibited by systems possessing {(2+in)
7 -electrons, n belng the number of benzene rings. The
benzene molecule, the prototype structure for these
oompounds, consists of a rigid skeleton of o-bonde formed
from hybridized or mixed s, Pys and py orbitals and
perpendicular to which are directed the delocalized
T -electrons in the 2p, atomlc orbitals.® The d-electrens
glve rise to the localized C-C and C-H bonds. The elsc=-
tronic properties of the system, such as conduction, optical
absorption, and fluorescence, arisge from transitions between
electrons in the Jr -orbitals. Theoretical conslderations
of the physical and chemical propertles exhibited by the
molecules are derivable from molecular orbltal calou-
lations 710

The ground state of benzene can be obtained by placlng
the T -electrons in palrs into the three lowest molecular
orbitals, the spins of the eleetrons in a given orblital
being of opposite slgn. The resulting spin, S, of the
ground state is zero and the groumidstate i1s a singlet. By
removing an electron from the uppermost filled orbital of
the ground state and placing it into a vacant orbital of
higher energy, an exclted state is generated. The exclted
configuration will be elther a singiet or a triplet,
depending on the spln of the excited electron. If the

system 1s in a triplet state, 1t possesses paramagnetic



propertlies. Transitions between triplet and singlet states
are "forbidden" and occur only because of the mixing of
the singlet and trlplet states caused by sSpin-orbit
coupling.

In the solld state the molecular levels are broadened
into energy bands. The molecules are bound by weak van der
Waals forces and consequently the molecular energy levels
are relatively unperturbed in the crystal. Since these
crystals exhiblit electrical behavior slmllar to lnorganlc
semiconductors, they are sometimes categorized as large-
band semiconductore or organic semiconductors.

The addition of other rings to the basic benzene
molecule results in a variety of compounds (as shown in
Figure 1) each exhibiting its own characteristic properties
(such as & large photoconduction in anthracene) but
retalning the basice properties peculiar to organic seml-
conductors (low mobility of charge carriers, low conduc-
tivity)l Interest has focused on the aromatic hydrocarbons
as organic semliconductors since Szent=Gyorgyl first
propoged that a transfer of T -electrons from molecule
to molecule played an important role in fundasmental processes
of blologleal systems.11 Many of the benzZene derivatives
are carclnogenlc and 1t 1is hoped that an understanding of
this property may be facllitated by lnvestigations of the
physical propérties of the aromatic hydrocarbons.
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B) Photocarrier Generation

In most inorganlic semlconductors photocarrier gener-
ation is a direct process: the absorbed photon exclites an
electron-hole pair. In organic crystals experimental
evidence exists showing that conductlon involves the
singlet and triplet states, both of which are non-
conducting states. Hence an addlitional step 1s required
to produce free carrlers in a conduction band. The first
getep in photocarrier generation involves the creatlon of
nonconducting excitons, an exclton belng an excited state
of a molecule. An exciton may be consldered as a bound
electron~hole palr which moves through the crystal
transporting excltatlion energy but not charge. Two
limlting approximations are consldered for excltons, one
due to Mottl? and Wwannler!3 in which the exoiton is weakly
bound because of a large interparticle dlistance, and the
other due to Frenkellh in which the exciton is conasldered
as tightly Bound. Molecular crystals furnish examples of
the Frenkel exclton. Experimentel evidence exists for
three processes of photocarrier generation: the slngle
exclton process, double exciton process, and the dlrect
process.

The single exciton or exclton-surface hypothesis 1is
a result of the similarity between the photocurrent spectrum

and the optlcal absorptlion spectrum in anthracene. The



maxime of the photoresponse coinclildes with the maxima of
the abgorption spectrum. The extinctlon coefficlents of
the singlet states in many organic crystals are 10"'r -
105 en~! so that photon absorption occurs very near the
illuminated surface. Carriers are generated only when

- the excitons reach the crystal surface.15

The double exciton process, whereby the mutual
annihilation of two excitons leads to an electron-hole
palr, is the dominant mechanism in the interior of the
crystal.16 Silver17 et al. using weakly absorbed light
(N> 4150A) found two distinet processes for photocarrier
generation: one at the surface and one in the bulk. The
bulk generation process followed an I2 intensity dependence
whereas the surface-exciton mechanism was linear 1in
intensity.

The "direct process® involves the creatlon of free
electron-hole pairs by absorbed photons without involving
excltons. Castro and H’ornig18 reported a direct photo-
generation process usling wavelengths of 2500-3000&.

C) Charge Transport

Three mechanisms have been proposed for the transport
of a charge carrier through a molecular crystal: hopping,
tunneling and band conduction.19

The experimental values of the drift mobillty of charge
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carriers, together with the temperature variatlion of this
mobllity ylelds information on the type of process
involved in charge transport in molecular ecrystals.

The *"hopping® model utlilizes the Jumping of an electron
over a molecular barrier from one exclted state to the
exclted state of an adjacent molecule. This scheme
predicts an exponential dependence of the mobllilty on
temperature and a value of nobility of about 1 cmz/v-sec
at room temperature.

A model similar to the hopplng mechanism utilizes
the tunneling of a T -electron from the exclted orbital
of one molecule to the equlvalent empty level in a
nelghboring molecule.19

In the third model, the band concept, sharge transport
is described in terms of delocalized ¥wave functlons. The
band theory employs the "tight binding! approximation
whereby the wave function is finite within a unit cell and
falls to zero between adjacent cells. Narrow bands of the
order of kT, a large effective mass, and low values of
'mobility are predlcted. The predicted values of mobllity,
determined from quantum mechanicel overlap and resonance
integrals, are about 1 cmz/V-sec and decrease with
increasing temperature. Kbplerzo and LeBlanc?! have
obtalned values of mobility of the order of unity for both

electrons and holes in anthracene. The temperature dew



pendence of the moblllty, however, appeers to be most
conslstent with the predictions of the hand theory. The
band theory also predicts the sign and value of the Hall
constant and Hall mobility. In particular, crystallographlc
directions are predlicted where the ratio of the Hall
mobility to the drift mobllity 1s anomalous, that 1s, the
carriers are deflected in the "wrong" direction in a
magnetic fleld.19 Measurements, by A. Korn et al..22 have
shown that the Ball mobllity is lndeed anomalous in the
predicted dlrectlons, thus supporting the band scheme of

charge transport.

D) Radiatlion Damage
The effects of high energy radiatlion on the optical

properties of insulating materials were first described
by Goldstein.z3 and Pohlzu uging alkall halide crystals.
Following exposure to radlatlion the usually translucent
materials became colored and prominent absorption bands
appeared in the visible region of the spectrum. The color
centers are assumed to result from certain lattice
imperfections, tre most notable of which, the F-center,
18 the result of an electron trapped at a negative lon
vacancy.

Most organlic materials become colored when irradiated

but the responsible defects are largely unidentified .2



Color center absorptlions, annealing kinetlecs and the
accompanying ESR slgnals of alcohols and aromatic
solutions have been studied. Compressed powders, liquid
solutions, and slingle crystals of anthracene have been
analyzed in relation to fluorescence degradation and

26 Of the aromatic

reduced scintillatlion efficliency.
hydrocarbons anthracene, because of its large photo-
response and use as a scintillation counter, has been the
most widely investigated. However, an understanding of

the nature of the radlation damage is at the present time
still guite limlted. This paper will deal with the effects
of gamma radilatlion on arometic hydrocarbons. Accordingly,
a brlef review of the physlcal and chemlcal effects of

this radlation is in order.

Gamma rays are the highly penetrating electromagnetic
radiations accompanying nuclear transitions. The inter-
actlions when passigg through matter are threefold:

(1) photoelectric effect, (2) pair production, (3) Compton
scattering.27

For low energy gamma rays ( { .5 Mev) the physical
contribution to the absorption is by the photoelectric
procesas whereby the radiation interacts with a bound
electron, ejecting it from the atom. This interactlion is

most efficient for elements with high atomic number 2 .

At high photon energlies ( %» 1.02 Mev) and large Z the
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dominant absorption mechanism is palr production. In this
interaction, the photon i1s completely absorbed and in its
place appears a positron-electron pailr. For medium energles
(~1 Mev), Compton scattering is the dominant dissipative
process for all %. The photon, treated as a particle,
interacts elastically with an electron, free or bound. The
energy distributlion of Compton electrons depends on the
energy of the incident photons. For 1 Mev photons, the
energy of the electrons varles from 0 to about 0.8 Mev
having a mean value of 0.45 Mev.

Cobalt 60 emits two gamma rays of roughly the same
intensity and with an average energy of 1.25 Mev (1l.17 and
1.33 Mev). In the carbon (organiec) system; for 1ncident
photons in the energy range 0.1 - 2.0 Mev, Compton
scattering is by far the most lmportant interaction
mechanism.28

The secondary electrons resulting from the Compton
interaction are the major source of damage to molecular
crystals. The maln mode of energy loss of the electrons
i8 by inelastic collisions with atomle electrons whereby
the atomlc electron is railsed (excited) to a higher energy
state. 1If the energy transfer is large enough an unbound
state (ionization) results.

Secondary electrons are called "delta rays® 1f they

have sufflclent energy to produce further Becondﬂries.zs



1l

The divislon between "delta rays" and lower energy
secondaries is 75-100 ev. Over one-~third of the sec-
ondaries have insufficlent energy to exclte additlonal
molecules and 50=60% of the secondaries are ineffective
for lonization (£ l0ev). However, desplte the preponderance
of low energy secondaries, the delta rays, (only = 5% of
the seoondaries),29 carry enough energy to account for
one-third to one-half of the total lonizatlion. Those
electrons with energles less than the first electronic
excitation potential of the absorbver (~3-5 ev) lose their
energy by collisions in which the vibration, rotational
and translational states of the molecule are exclted .00 31

Over seventy percent of the radiation products are
exclted molecules. The major interactlons avallable to
these molecules in thelr pursult of stabllity are:
radiation emission, radiatlionless transitions and bond
rupture.

In radlation emisslon, the excited partlcle reverts
to the ground state by glving up & photon of 2-5 ev wilthout
undergoing any physgical or chemical change. The time
requirement in the excited state 18 of the order of la}%ec.
for en allowed transition (fluorescence). For a forbldden
transition, e.g., triplet or singlet state, the time is
usually longer than 10"6 sec. (phosphorescence).

A radlationless transition is an intramolecular process
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whereby a system la transformed from one excited state to
another of lower energy and converts the excitation enersgy
into heat. If the two atates are of llike multipliclty it
is called internal conversion. If the states are of
different multiplicity (e.g., triplet-singlet), it is
called intersystem orossing.32

Frequently molecules are produced with sufficlient
vibrational energy to rupture a bond or produce a
rearrangement. Dissoclation will result if the molecule
18 exclted to a repulslive state or to a vibrational or
rotational level above the dlssocliatlion limit. Dissocla-
tion may lead to heterocyclic cleavage whereby the exclted
molecule (M%) breaks up into a pair of lons (M#*=» AT
+ B~ ), it may form two free radicals (M*-i»R'I+ R "), a
radical being deflned as an atom or a group of atoms wlth
an unpaired electron (the dot representing the unpalred
spin), or it may generate two stable molecules (M*>=A + B).
Dissoclation 18 thought to be less likely in solide than
iﬁ gases,33 however some fragmentation ls required to
account for the final radiation products observed.2> The
fragments produced in a so0lid are not free to escape because
of the rigid network of neighboring molecules.ju Because
of this Pecage effect,” the smaller fragments such as
hydrogen gas find it easler to escape and indeed the yleld
of hydrogen has been noted in radiation experiments.35
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Free radicals limited by the "cage effect! have little
chance of diffusing far from the reactlon slte before
undergoing a subsequent reaction. The most common
reaction that radicals undergo ig hydrogen abstraction36
whereby & radical could unite with a hydrogen from an

ad joining molecule (R® + SH—)er + S°) where S is an

ad joining molecule. A free hydrogen atom, produced during
irrediation, could undergo hydrogen abstraction (H + SH—>
B, + S°)s The formation of a cross-~link is also a
possibility (R* + R"—»cross-link).

The radiation products can be detected and posgibly
ldentified by ESR, optical spectroscopy or gas chroma-
tography. Electron spin resonance is based on the
paramagnetism resulting from unpalred electrons. Trapped
eleétrons, radlcels, and radlcal lons are detectable by
thls technigue. If however, more than one type of specles
lg produced by lrradiation, overlapping spectra may result,
reking ldentlflication difficult. Examlination of radiation
products 1s also posalible by studylng the reflection,
1um1nescance25, and optical absorptlion of the lnduced
color centera.u Gas chromatrography could detect the
presence of radlation-induced impurities that retaln their
stability at high temperatures, although radicals have been
found to undergo hydrogen addltlon or abstractlion during
chromatography.37
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The overall objective of this work was to compare
the effects of gamma radlation on some of the more
important properties of the anthracene-type and the
phenanthrene-type molecules. An anthracene-type molecule,
as 1s naphthalene, is characterized by a linear alignment
of the benzene rings while a non-linearity is exemplified
by & phenanthrene-type structure. Phenanthrene has been
Bhown to exhibit both a heat capaclty anomaly and an
anomaly in its electric reslstivity. Therefore, a
calorimetric study was made of other phenanthrene-type
molecules in the hope of observing similar behavlior which
would then suggest that an electrical anpmaly also exlists,
Thus, techniques of measurement of radiatlion effects on
the conduetlivity of the two typee of molecules wlll be
entirely different.

The low dose (<4 1053) effects of radiation damage
in high purity single crystals of anthracene and naphthalene
Wwere examined by measuring changes in carrler lifetime and
space charge limited currents. In phenanthrene, the
response of the electrical anomaly was examined. At high
radiation dose (>-105R) the electrical signals were too
small to be detected and thus hlgh dose effects were
studled by measurlng the optical absorption of the radliation
induced color centers and the response of these defects to

thermal annealling. Uslng electron spin resonance and gas
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chromatography, an attempt was made to ldentlify some of

the radiation induced defects.
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II. PURIFICATION AND CRYSTAI, GROWTH

The electrical and oﬁtical properties of aromatic
hydrocarbons are quite sensitive to the presence of trace
amounts of ilmpurities. The presence of only 0.3 ppm of
tetracene completely extingulshes the fluorescence spectrum
of anthracene.l Anthraquinone, anthrone and tetracene 1in
concentrations of 10 ppm act as trapsz and affect the
drift moblllity and lifetimes of electrons and holes in
anthracene. Impurities were also found to guench the
photoresponse of phenanthrene3 and anthracene.u A study
of the effect of radilation on the properties of organle
semiconductors must therefore be preceded by an intensive
purification scheme.

The basgic technigues for the purification of organic
solids are chromatography, vacuum sublimation, and zone
refining. The latter method is appllicable only to those

materials which do not decompose upon melting.

A) Chromatography> ™0
Purificetion by chromatography is based on the

different adsorption characteristics of hydrocarbons on
an inorganlc oxide such as alumina or silica.

A column (Figure 2) 1ls packed with silica mixed in
redistilled n-hexane. The solvent, heated ln the lower

flask, distills through the system, condenses, and flows
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onto the material to be purified: As the orgonic compound
dissolved in the hexane 1s carrled through the column,
impurities more polar and less soluble than the host are
adsorbed onto the silica. The purified material précipitabes
in the lower flask. Impurlty bands which are formed during
the elution are prevented from contaminating the precipl-
tation by a perlodic replacement of the silica. A

heating tape wrapped around the column prevents the
material from preclilpltating on the sllice thereby clogging
the column. A continuous slow stream of nitrogen is
meintalned throughout the system to minimlze oxidation.
When suffilcient material has accumulated 1n the lower
flask, the solution is allowed to coel and the solvent

is removed by evaporation.

B) Vacuum Sublimetion

The chromatographed material, contalning any non-polar
impurities which are soluble in hexane, can further be
purified by vacuum sublimatlion.

The material is placed into the first compartment of
a combination sublimation-zZone refining apparatus (Figure
3). Under an atmosphere of less than Z%M_the vessel is
ralsed to a temperature sufficlent for sublimation. The
first 5% of the sublimate, containing the more volatile
impurities 1is melted into the small chamber and removed.
When 904 - 95% of the remaining material has sublimed into
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the second chanber, heating 18 stopped and the remaining
impure material is sealed in the first chamber by melting
the constriction. Following a repetition of this
procedure, 1/2 atm. of purified nitrogen ls added, and
the material is melted into the zone reflining tube for

further purilfication.

C) Zone Befining7'8
Zone refining is based on the segregation of

impurities in the molten material. A narrow molten zone
(approximately 3/4 in.) traverses the length of the tube.
Trace lmpurities travel wlith or opposite to the zone
depending on whether the impurlty lowers or raises,
respectively, the melting point of the material. The
impurities become concentrated at the ends of the boule
thereby purifying the remalinder.

The distribution coefficient k, defined as the ratio
of the concentration of impurity (solute) in the solid
rhase to the concentration in the lliquid phase glves an
indication of the effectliveness of the zZone refining
procedure. Impurities for which k<< 1 (those that lower
the melting point of the material) move rapidly with the
molten Zone and thus are easily removed. If kP>l (those
impurities that raise the melting point of the material)
the lmpurity 1s rejected by the melt into its freezling end

and eventually is carrled to the upper end of the tube.
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These impurities move only one zone length per pass and
therefore regulre many passes to travel the length of the
tube. Removal of an impurity for which k~1 is virtually
impossible by this procedure. ({(Anthracene impurity in
phenanthrene is an example of k~1.)

The degree of purification increases with the number
of passes of the molten zone. However, a limlting value
is approached as the number of passes becomes infinite.

After 20-30 zone passes, at a rate of 1"/hour, the
top and bottom quarters of the tube are discarded and the
remaining portion is combined with similarly purified
raterial in a comblination sublimation-zZone refining tube
to which a crystal growlng vesssel is attached. Prlor to
its union wlth the comblnation tube, the crystal tube is
treated with a silicone release agent (Dow Corning #200)
to facllltate crystal release. After the subsequent zone
refining the top portion of the boule is rejected into
the empty portion of the sublimation tube and the centrsl
portion of the purlfied materlal is melted into the crystal

tube and sealed.

D) crystal Growth”? 11

The Brlidgman method was used to attaln single crystals.
The vessel 18 slowly (1/2%/day) lowered through a sharp
temperature gradient (Figure I )e The most convenient

method is to arrange two 1sothermal furnaces separated by
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a non-conducting baffle such that the upper furnace 1s
approximately 10° above '‘and the lower furnace is 10°
below the melting temperature.

The crystal tube (Figure® ) 1s suspended in the
oven so that the tip is just below the melting lisothermal.
This solid portion alds 1in seed selectlon for the crystal.
If a solid seed 18 not present before the tube is lowered
supercooling with accompanying multiple crystals results.
The bent capillary selects one particular seed which then
grows lnto the upper portion of the tube as a large
single crystal.

When growth ls complete, the crystal is lowered to
room temperature in a span of 5-7 days.

E) Crystal Orientation

Inspection of the crystal boule will unsually reveal
the position of cleavage cracks. Pressure applied to a
sharp razor blade in this directlion results in cleavage.
The cleavage plane for anthracene, naphthalene, and
phenanthrene 1s the (00l), ab plane. An optical finish
can be obtalned by polishing the crystal with an appropriate
solvent: xylene for anthracene, ethanol for naphthalene
and phenanthrene. The location of the a and b axis in
the ab plane can be obtalned by using the birefrigence9'12
of the crystals since the double refraction vanishes along
the a-crystallographic axis (Figure 6 ). With this

information and knowing the relative position of the ¢
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crystallographic axis,13 the crystal can be cut 1in any
desired orientation. A string saw using xylene or ethanol
as the solvent was used to cut the crystals when dlrectlons

other than the cleavage plane were needed.

F) Gas Chromatography

Gas chromatography was used to ldentify, collect,
and estimate impurilty concentration of our materlal.

The technlque of gas-liquid chromatography 1s based
upon the different adsorptive or solubllity characterlstlies
of the components to be analyzed%4'15 The sample 1s
injected into a moving gas stream and ls carrled by 1t
through a fractlonating column. The column 18 packed
with an inert material that has been pulverlzed and coated
with a non-volatile liguld called a partitlioner. This
1liquid largely determines the performance of the column16'17
by selectively interfering with the progress of each ¢cmpound
as the carrler gas proceeds through the column. In general,
nonpolar substances on a nonpolar column are separated 1n

the order of thelr boiling points.18

While polar solutes
are eluted in an ilnverse order of their dipole moments.

A detector records the concentratlons of the substances

and converts the result into an electrical signal which can
be recorded. The area under the peaks correspond to the

relative amounts of material present.
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A Varian Aerograph Model 204B, gas chromatograph was
used for the estimation of impurity content. The column
consisted of a 1/8" diameter, 5 ft. spiral tube. A
solution of 5% Silicone Gum Rubber SE-30 (Methyl) served
ag the liquid phase and 60/80 mesh Chromosorb W was the
inert support. Best results were obtalned when the
chromatograph was operated in the isothermal mode in the
temperature range 100-25000. The sample was injected as
a s80lid using a Hamilton (SS=60) syringe. Hellum served
as the carrler gas and detection was vlia hydrogen flame
lonization. The injected material is lonized in the flame
and the resulting signal amplified and recorded.

A Varian antomatic preparation "Autoprep'" A-700 gas
chromatograph was used for the collection of impuritles.
The column 3/8' x 20 ft. consists of 30% SE 30 on 45/60
mesh chromosorb W. Since this unit is used for eonllection
of samples, flame lonization which destroys - the material
by combustion, wWas replaced by a thermal conductivity
detector. Thls detector utilizes the relative temperature
fluctuations in thermal conductivity between carrier gas
alone and a composlite of carrler gas and sample. Because
of the high thermal conductivity of helium (6-10 times as
great as any organic vapor studled), an electricelly heated
Wwire in the reference cell is cooled more rapidly than a

8imllar wire in the sample compartment. The accompanying
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varlatlion in electriocal resistance 13 converted into an
electrical signal and recorded.

The sample (~0.2 gm) was placed directly into the
column at room temperature. Prlior to this, the helium
flow was closed and the column and lnjector ococoled to room
temperature. However, the detector and collector were
mainteined at temperature (200-300°C). Following insertion
of the sample, the lnjector and column temperatures were
quilcekly increased. The impurity 1ls captured by a pyrex
vial situated at the exlt port.

G) Visible and Ultraviolet Spectroscopy
A Cary Model 14 Spectrophotometer was used to ldentify

impurities that have absorptions at wavelengths greater
than the absorption edge of the materlal. The sample
under study was dissolved in a suitable solvent, using
ethanol or xylene, to the polnt of saturation. It was
then put into the sample compartment of the lnstrument.
The effeot of the solvent 18 negated by placing a sample
of i1t in the reference chamber. This analysis has the
advantage of the possible detection of an impurity
possessing the same bollling poilnt as the host, a property
which renders gas chromatography ineffectlve. The relative
absorption strengths of the impurity and the host materlal

lJead to a determination of the impurity concentration.l?
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The term parts per million (ppm) is used to represent
the relative concentration of impurity molecules

compared to the number of host molecules,
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H) Besults

Crystals of synthetic anthracene (Eastman Organic
Chem #H480) and naphthalene (Eastman Organic Chem #168)
purified and grown by the above procedurez were found to
be sultable for electrical and optical measurements. Gas
chromatography falled to reveal the presence of any
impurities. Speotroscopic analysis did not show any
absorptions with wavelength greater than the absorption
edge of the material.

Phenanthrene, chrysene, triphenylene, 1:2 benzanthracene,
and 5:6 benzoquinoline purified by the above processes did
not yield high purity materinl. Addltional methods of
purification were successful only for phenanthrene.

Prior to the inltiation of chemical purification, the
crystals of phenanthrene were "milky" in appearance and
dld not exhibit the phenomenon of "permanent polari-
zation.“zo Spectroscopic analysis revealed 500-5000 ppm
of anthracene impurity. In addition, gas chromatography
indicated the presence of fluorene, fluoranthene, pyrene,
dibenzothiophene and other unidentified agents. To
alleviate this situation a supplementary puriflcation
scheme was initlated.

The as-recelved phenanthrene was refluxed for twenty-
four hours with excess naleic anhydride in xylene solution.21
The addition product of anthracene with malelc anhydride
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ls removed either by adding dllute caustic soda or by

chromatography. After evaporation of the xylene

approximately 100 gms. of phenanthrene is melted with

20-30 gm KOH pellets and stirred for 2-3 hours. The

resulting fluorene-potassium compound is removed by

sublimation. Examination of the boule, with ultraviolet

light, during zone refining revealed a light blue

fluorescent material moving in the direction of the

molten zones. This materlal was identified as fluoranthene.

Crystals grown from the central portions of the Zone

refined boules indilcate less than 0.1 ppm anthracene and

10-50 ppm of other impurities.22
Gas chromatographlc analysis of chrysene revealed

the presence of at least three major impurities of the

order of 3000 ppm total concentratlion. Maleic anhydrlde

treatment23 and reactlion with tetrachloroethane and sulfuric

ac1a’t

failed to remove these impurities. Attempts at
growing usable single crystals of chrysene were unsuccessful,

probably because of the impuritles.
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III. CALORIMETRY

Anthracene, of all the aromatle hydrocarbons, has
undergone the most intensive study with regard to electrical
and optical properties. It has been assumed that the
propertles of other such molecules would be similar to
those of anthracene and that an understanding of the
mechanisms of electrlcal conductivity and optilcal
excltatlion in thls materizl would lead to an understanding
of many other aromatic hydrocarbons. Recently, however,
investigations of the electrlcal properties of phenanthrene,
the isomer of anthracene, have led to the discovery of
phenomena guite distinct from propertles exhlbited by
anthracene. The non-linear arrangement of the rings in
phenanthrene most llikely has a bearing upon these phenomena.

Molecules composed of atoms in hybrid sp® orbitals,
as are anthracene and phenanthrene, are expected to be
plana.r.1 The fact that a number of aromatlc hydrocarbons
are found to deviate from planarity 1s thought to be due
to steric effects that may be the result of forces that
are elther intramolecular or intermolecular in origin. It
has been found that nonbonded hydrogen atoms do not approach
closer than 2.4 angstroms. The adoption of & planar
geometry for phenanthrene would necessltate the compression

of the nonbonded hydrogens to within this forbidden range

(Figure 7 ). BRelief. of the strain produced by the overcrowded
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Figure 7. The planar configuretion of phenanthrene
illuatrating the overcrowding of the hydrogen
atoms, The figure ls drawn to scale using
1,2 Angstroms for the van der Waals radluas
of hydrogen. (after Ferguson and Robertaonl )



39
atome may be brought about elther by changes 1n bond
lengths, valence angles and vertlcal dlsplacements of the
overcrowded atomg2, or by the deformation of the molecule
as a Whole.2 Calculations by Senent and H:erraez3 show
that bond angle and vertical deformation are the principal
means of relieving steric strain in phenanthrene type
molecules. They conclude that phenanthrene is likely to
be almost planar but with splayed C-H bonds.

Trotter.u

using X-ray diffraction, reported that the
phenanthrene molecule deviates from planarity, possibly
due to the unusual p;oximity of the overcrowded hydrogen
atoms. The outer rings of the molecule deviate from the
plane of the central ring and also from the average plane
for the entire molecule. One of the rings 1i1s bent below
the plane of the center ring; the other ring is bent up
from the plane of the center ring. TFigure 6 s taken from
Trotter, shows the deviation in Angstroms of each of the
carbon atoms from the plane of the central ring.

Phenanthrene was found to exhlbit anomalous behavior
in its heat capaclty5 and its electrical conductivity.6'7’8
Matsumoto and Fukada9 and Andrews et. al.,s using
polycrystalline material, reported a discontinuous ohange‘
in the conductivity of phenanthrene at 67°C, presumably
the result of a phase transition. Arndt and Damask.6

using single crystals, observed pyroelectric phenomenga in
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phenanthrene at about 72°C. Cooling a crystal from above
this temperature in an electric field produced an electric
polarization that persisted after removal of the fleld.
Subsequent heating through this temperature.region without
an electric rield resulted in a charge release. This
behavior will be further discussed in a later chapter.

An X-ray study of compressed pellets of phenanthrene
by Matsumoto and Fukuda9 reports that the crystal system,
which is monoclinic, and the space group, P21, may remain
unaltered on passing through the transitlion temperature.
They also reporl that the lattice constants and thé axlal
angle (ﬁo increase with temperature through this reglon
at a rate much larger than can be accounted for by thermal
expansion considerations. No anomalous behavior was found
in the X-ray measurements by Arndt and Damask,

The conjecture that the dissimllarity in behavior of
anthracene and phenanthrene 1s due to the overcrowded
hydrogen atoms suggests a survey of some other aromatic
hydrocarbons wilith crowded hydrogens in the hope of finding
materials which exhibit simllar behavior.

As will be discussed in section V, the annealing of
color centers in irradiated anthracene suggests the
possibility of a defect reorientation. A search for a
poss8lble heat capaclty change associated with thils

reorientatlon was also made.
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A} Experimental Apparatus and Procedure
An isochronal differential microcalorimeterlo was

used to lnvestlgate energy absorptions. The calorimeter
(Figure 9 ) consists of a copper block which serves as a
heat reservolr, an evacuated Pyrex tube which contains

the copper block, and a heating bath surrounding the tube.
Silicone oll served as the bath for measurements above
room temperature. From -60°C to 40°C, a mixture of dry
ice and methanol was used. Two holes in the copper block
house the sample and an inert dummy. A constantan wire

1s spot welded to each sample and, with an iron support
wire (.013" dlam.), forms a differential thermocouple.

A small thin strip of copper (.040%" thick , 200 ng),
clamped to the block by screws, holds the iron support
wire in place. The thermocouple wires are made of ,.003"%
wire to reduce heat losses and are led out of the top of
the Pyrex tube through small Kovar tubes. Wax 1s used to
geal these tubes. The Pyrex tube 18 evacuated to 10~3
micron or better. The constantan wires from two copper-
congtantan thermocouples, cne cemsnted into the block, the
other in the oll bath, form a differentlal thermocouple
that provlides the signal for the bath temperature controller.
This controller 1s used to keep the temperature difference
between the copper block and the oll bath to less than
.05°¢.
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The temperature controller controls the power to two
knife blade heaters in the oil bath. One of the knife
blade heaters 18 powered by a variable transformer and 1s
the largest source of heat. The second heater 1s powered
from a voltage supply that is modulated by a mercury-
wetted relay and s used to keep the temperature difference
between the copper block and the oil bath equal to zero.
Since there 18 no heat flow between the copper block and
the oll bath, all of the power put into the heater of the
copper block goes into raising the temperature of the block.
This temperature rise wlll be linear in time since the
power imput 1s constant. The difference of the voltages
of the thermocouples in the bath and the copper block is
fed into a modified Brown electronic amplifier. This
difference signal 1s amplifled and used to control the
mercury-wetted relay.

The energy absorption is determined by measuring the
temperature dlfference between sample and dummy using the
lron-constantan differential thermocouple. A Kelthley
150AR microvoltmeter amplifies this difference and its
output is placed on one point of a multipoint recorder.
Figure 10 1s illustrative of the energy absorption 1in
chrysene. If the sample undergoes & phase change 1lts
temperature rise wlll be delayed, resulting in a deflection

on the microvoltmeter. As the reactlon approaches c¢ompletlon
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the temperature of the sample will increase and a deflection
will occur in the opposlite direction. The area under this .
curve 1s a measure of the guantity of energy absorbed.

Each run 18 calibrated by placing a small plece (-~ 5 mg)

of metal, whose melting point and heat of fuslon are known,
on top of the sample., When the temperature of the system
reaches this melting point, a deflectlion is recorded. The
area (deflection of recorder) under the peak is measured
and a relationship is obtalned between area and energy.

The experiment conslsted of measuring the difference
in the‘heat absorption between the sample and an inert
material, l1.e., one that exhibits no peculiar thermal
behavlor in the temperature range of interest. Approximately
1/2 gm of material was loaded into a thin walled (-~ .010")
stainless steel cylinder under a nitrogen atmosphere. An
ailrtight seal was effected by the use of a copper plug.

The heat conducted to the sample from the reservolr
is gliven by |

() 42 - g2 (T""T)

4t L
where K 18 the thermal conductivity of the support wire,
S is the cross sectlon ofthe wire, L is the length of the
wire, T 18 the temperature of the copper block, and T1 is
the temperature of the sample. By melting a small pilece
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of indium atop the sample, the experimental value of %§
can be determined since the amount of energy absorbed upon

melting is

= KS
(2_) q = 7= x Area of (A T)12 vs. time curve

where (A,T)12 is the temperature difference between the
sample and dummy. Equating this value wlth the mass and
heat of fusion of the indium results in a determination

of %ﬁ « Since this wvalue is constent for a particular run:

(3) Csampe - (/4" 3“’)snmm.e

g.rﬂpmn (ﬁre ﬂ-) IAIum
Since the heat absorbed 1ls equal to the mass times the heat

abgorption (H)

As gz
(4) Hs B IQ; V“s

where Hé represents the heat absorbed by the sample, q: is
the heat of fuslon of the indium and m represents mass.
Using a heating rate of 1°C/m1n., the calorimeter 1s capable
of detecting an energy change of 0.005 cal. in a 10 mlinute

interval .10

B) Results
The materials surveyed were: anthracene, 1:2 benzan-
thracene, chrysene, pyrene, triphenylene, 5:6 benzoquinoline,

fluorene, and fluoranthene. The latter two materlals,
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obtained from Eastman Organic Chemicals were purified by
zone refining in an atmosphere of purifled nitrogen for
forty passes. The other chemicals, with the exceptlon
of anthracene, Wwere obtalned from the K&K Chemical Company
and were puriflied by chromatography, vaecuum sublimation
and zone refining. Although these purifilcation procedures
may not remove all impuritles from every material tested,
1t has been shown that technlcal grade phenanthrene, as
received and with no further purification, still exhibited
a substantlial anomaly.ll Anthracene and pyrene do not
have overcrowded hydrogens and were run as controls. No
heat capacity anomaly was found in these materlals from
-60°C to their melting points. Of all the others, only
chrysene was found to exhibit an anomaly. 1In the vicinity
of 230°C an anomalous absorption of energy of 860 + 40
cal/mole was noted. An X-ray study of chrysene by Burns
and Iballl? has shown that the atoms at the ends of the
molecule are not in the plane of the other atoms, i.e.
atoms, D, E, and F are not in the same plane as atoms, A,
B, ¢, G, H, and I (see Figure 11) and are on opposite
gides of the mean plane through the other atoms. In
addition the hydrogen atoms at C and 1! are distorted from
thelr radlal positions and are separated by about 2.03,

a value satlsfying the requirement for overcrowding of

the hydrogen atoms. Thus chrysene, like. phenanthrene,
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Figure 11, Chrysens molecule, The atoms at the ends
of the molecule are not in the plane of the other
atoms, Atoms D, E, and F are not in the same plane
as atoms A, B, C, G, H, and I and are on opposite
sldes of the mean plane through the other atoms,

( from Burns and Iball )
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exhiblts a non-planar distortion and an assgoclated sveciflc
heat anomaly.

A reviliew of the most recent crystallographic data
indicates that a planar structure is warranted for-
rluoren313 and, "within experimental error," for 1l:2

benzanthracene.lu

Information on the planarity of
fluoranthene and 5:6 benzoquinoline is lacking. Tests
on the devliations of the carbon atoms from the mean
molecular plane of triphenylene show that the molecule
is definitely non-planar.15 Two of the outer rings are
displaced below the central plane and the third above
this plane. TIor triphenylene, and in the case of any of
the above mentioned materials that may exhlbit a non-planar
distortion and in which no speclific heat anomaly was found,
it is possible that elther weak intermolecular forces allow
the anomaly to occur at temperatures lower than -60°¢c or
strong intermolecular forces force thls anomaly to take
place above the melting point.

The effect of gamma ra&iation. using an exposure dose
of about 1083, on the heat capacity of phenanthrene and
anthracene was algso studled. No change was found in the

heat absorption of phenanthrene nor was an anomaly noted

for anthracene.
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IV. LOW DOSE RADIATION DAMAGE

It is well established that, using non-injective
electrodes, the photoocurrent obtained when the illuminated
face of an anthracene crystal 1s at a positive potential
iz at least an order of magnitude larger than when the
11lluminated slde is at a negative potent.tal.1 For this
reason, previous works have emphasized the lnfluence of
radiation and trapping on the lifetime and trap density
of holes whereas little work has been done on electron
conduction. Therefore, the primary purpose of this
sectlion is a study of the effects of gamma radiation on
the lifetime of lnjected negative charge carrlers.
Following a calculation of the mobllity and lifetime, a
study is made of the influence of radiation on the carrier
lifetiﬁe. The electron trap density can be determined
using space charge limited currents and, in conjunction
Wlth the values of the lifetime, an estimate is made of
the spatial extent of the electron traps 1n the anthracene
crystals. A qualitative discussion is also given on the
Iinfluence of radlatlon on the lifetime of the charge
ocarriers in naphthalene.

Phenanthrene, because of 1ts relatively small
photoresponse, does not lend 1tself to the above mentioned
measurements. However, a property which 1s conducive to

gtudy is that of a polarization phenomenon in the viclinity
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of 72°C, The phenomenon will be discussed in greater detall
in a later portion of this sectlon and the effects of gamma

radiation on this property noted.



sh
A) Carrier Mobilities

The mobility of charge carriers In organic meterials
is measured using a pulsed photocurrent technique
described by Kepler2 and LeBlanc3. A short duration
pulse (~ 2 microsecond) of highly absorbed light from
a Xenon flash tube is used to generate cha;-ge carriers
at the surfece of the crystal. For example, a posltive
bias epplied to the illuminsted surface causes holes
to traverse the length of the sample., The resulting
current pulse is displayed on an oscilloscope and
photographed. Figure 12 is a schematlc representation
of the experimental apparatus and Figure 13 1llustrates
typical pulses.  In the absence of trapping of
recombination the current pulse would be of a constant
magnitude until the carriers have reached the end
of the orystal. The time required for the carriers
to traverse the sample is called the transit time t; .
For times preater than the transit time, zero current |
would result. In sctuality, the signal consiate
of an initial rise due i:o the circult response time,

a decaying pulse of width equal to the transit time
and a second decay for t> t’l .indicative of the width
of the charge carrier distribution as it hits the

back surface of the crystel. The drift mobllity

is defined as the average velocity achleved by a
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carrier per unit electric fleld in the direction of the

carrier motion:

-
(5) M= E

where/Q is the mobility in om?/V-sec, v 18 the drift
veloclty and E is the field. This can be alternately

expressed as: <A

47
(6) M= Y,

where 4@ is the crystal thickness, V the applied voltage
and t, the transit time of the carrlers across the crystal.
In general, the drift mobllity is dependent upon the
concentratlion and the depth of the traps in the material.
Equation 6 18 valild only if ohmic conditions exist
acroes the crystal, l.e. a llnear relation between the
maximum photocurrent and the applied voltage. For
condltions of space charge limited currents whereby 2
reservolr of carrlers is created at the crystal surface,
a distortion of the field within the material results and
the measgured time necessary for the carriers to reach the
end of the sample is reduced by twenty percent.

In the measurements to be descrlbed, a wavelength of
zéooﬁ'was used to generate the charge carrlers. The signal
was detected by a FET curreﬁt preamplifier and dilsplayed
on a Tektronix 555 oscilloscope. With a 5 megohm input
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resistor, the preamplifier had a rise time of 1 microsecond.
The crystal holder was of the dry cell variety, one
electrode belng ol transparent Sno2 coating on quartz,
the other of copper. The term dry cell denotes that the
sample 1s sandwiched between two electrodes, neither of
which 18 agueous. The flash tube (EGG FX-47B-6.5) was
energized by a 1 )&f, 15 kv capacitor and triggered by
a 0°3j4 sec., 30 kv pulse (EGG Trigger Module TM-1l1). A
gpark gap (EGG Model GP-22) was used to prevent the flash
from flring until triggered.4

The crystals were cut by a string saw using xylene as
the solvent. The sections were then leveled using a razor
blade. It was found that the llfetlimes of the carriers
were sensitlve to the surface damage introduced during the
cutting and planing procedures. Etching of the crystals
in xylene removed this damage. All measurements were made
perpendicular to the ab plane.

The mobilities measured perpendicular to the ab
cleavage plane for synthetic anthracene and for naphthalene
are presented in Table 1. These values are in good agreement
with previously publlshed results.2'3’5 These results
indicate a high degree of crystal purlty since Hoesterey

6 have shown that the presence of a few parts

and Letson
per million (ppm) of varlous impurities substantially

affect the mobility.
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Holes Electrons
Anthracene «80 40
Naphthalene «35 35

Table 1. Mobility (cmz/v—sec)

It was found that the mobilities were not affected
by the 1lrradlations. This lndlcates that the radiation
induced traps are probably deep in nature and once trapped
the carriers are not thermally excited during the time of

the measurement.
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(a) UNIRRADIATED

1 1 . | i 1 | |

Su sec/DIV

(b) 4000 R

Susec/DIV

Mgure 13, méétron pulses in unirradiated and irradiated
anthracene, The radietion csuses a decrease in
the carrier lifetime,
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B) Carrier Lifetimes

Hoesterey and Letson6 made the first definitive
measurements of the lifetimes of electrons and holes in
synthetic anthracene. Using the transient photocurrent
technique of Kepler.2 they found that the photocurrents
decayed exponentially with time for times less than the
transit time of a carrier through the crystal. The decay
was attributed to deep traps, implyling that, once trapped,
a carrier will probably not be thermally excited from the
trap to contribute again to the current during the time
of the measurement. Doping of the crystals with
anthraguinone, anthrone, and tetracene, was found to
decrease both the lifetime and mobillty of the carrlers.
Anthraqulnone and anthrone were found to be more effective
at trapping electrons than holes. Tetracene was found to
exhlblt substantial trapping properties for both electrons
and holes. The cross sectlon of tetracene acting as an
electron trap was 3 x 10"17 cmz. For holes, tetracene
was shown to be & trap located 0.43 ev above the hole
band and having a capture cross-sectlion greater than
10715 on®.

Kronick and Labes.7 using a gimilar experimental
technique, measured the hole-trapping in anthracene subjected
to low doge of soft (7 kev) X-rays. The 1lifetime decreased

with dose and saturated at a value of 29}4 seconds after
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1600 rads. Their interpretatlon considered that the
current pulses Were due to carriers belng released from
shallow traps and distributed into deeper-lying traps
which were present before the irradiation. The measured
lifetime represents the time spent in shallow traps. A
second lifetime, representing the release of carriers from
the aforementioned deeper traps was also measured. The
minimum cross=-~section for the irradiation induced traps

~12 om?. The traps are

was estimated to be about 10
considered to arise from spurs, Which are mixtures of
primery and successive reaction products, which might act
as hole-trapping centers. A post-irradlation annealing
of the crystal for 7 days at 207°C falled to produce any
change 1in its electricel properties.

The trapping lifetime, i.e. the time before a carrier
is trapped, of the photoinjected carrier ls obtained from
the time constant of the exponential photocurrent decay

for times less than the transit time. The equation

governing the density of free cerriers (holes or electrons)
is given by:

lp _-P . 1t
(1) 77 . T

Where ?;.13 the trapping llfetime,'t;. i8 the trap release

tlme, i.e. the average time a carrier resides in a trap,
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p 18 the density of free carriers and pt is the density
of trapped carriers. The pulse of highly absorbed light
generates both electrons and holes at the illuminated
surface. The.density of traps 18 larger than the denslity
of carrlers created, p,, 80 that complete trap £1lling is
impossible. The carriers are separated by the applled
field thus rendering recombination negligible in the bulk.

Setting p, = p + Py, the solution of (7) is:

(g)(f"' Po e |+%'&(’f(" ’C‘+T5~.)_ﬂ

Using the condltion of deep trapping, 'Z"c <?-I!' '

-z,

this reduces to

(q)ﬁof e

Thus, one obtalns an exponentlal decrease of photo-
current, the time constant being the trapping lifetime.

In order to attaln a lifetime measurement that is
physicaliy aigniflcant, the resulting value should be
independent of the applisd bias., Silver et al.,8 have
shown that 1f measurements are performed in a space charge

linmlted reglon, the resulting lifetime 1ls a funetlon of
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the applied field. For conditionsof high light intensity
and low applied field, the maxlimum photocurrent varles as
Vz. whereas for large voltages and low intensity the
behavior 1s approximately ohmic.? Figure 1l illustrates
the variation of the photocurrent as a functlon of applied
voltage and light intenslty. Neutral density filters were
used to reduce the light intensity. The V2 dependence is
characteristic of space charge limited currents. Under
space charge conditions, the transit time of the carriers
is reduced by twenty-percent and the shape of the current
pulse is dependent upon the applied voltage. In order

to render the carrier lifetimes independent of external
influence, the light intensity and the applied voltage

were adjusted to eliminate space charge effects.

C) Results of Lifetime Study

The lifetimes of the photolnjected electrons and
holes in our unirradleated anthracene were 240/q_aec. and
160 4 sec. respectively. Following these measurements
the samples were irradiated at the BNL gamme facility
using a 0060 gsource. The 1irradiations were done in alr
at a temperature of 30-40°C and a dose rate of 5977 R/hr.
For exposures up to 4800R the reciprocal lifetimes of

both electrons and holes were found to increase linearly

with dose: (lo) -;L(\:-:-'CW‘EM\:L + d—}
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where T is the carrier lifetime, D the exposure dose in
Roentgens, and o has the value 18 sec.-l R’l for electrons

1 g1 for holes (Figure 16 ). At

(Figure 15 ) and 10 sec.
the maximum dose the lifetimes were an order of magnltude
lower than in the unirradiated condition (Table 2). For
higher doses of radiation, the current pulses were too
small for an accurate determinatlon of lifetime to be made.
The crystals were annealed 1n order to determine 1if
the radilation-produced defects could be eliminated. The
crystals were sealed in a pyrex ampule which had been
previongly evacuated and filled with nitrogen and the
ampule was then placed into a temperature controlled
furnace. A West Model TP-22 controller was used to control
the temperature. The results, a8 shown in Table 2, show
a slight recovery in carrier lifetime. High doses of
gamma radliation are known to produce color centers in
anthracene. The defect absorption and thus the number of
defects decreases rapldly 1f the crystal 1s annealed at
temperatures above 140°C. The annealing temperatures
shown 1n Table 2 were therefore chosen above this value.
Using the same light intensity and voltage as in the
anthracene measurements, the photoresponse of naphthalene
" was below the sensitivitj of our instrumentation. It was
therefore necessary to uée higher light intensitles thereby
entering the space charge realm. Since the lifetimes are
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Crystal #1 Crystal #2
Electrons Holes Electrons

Unirradiated 230 160 Unirradiated 240
L0ooO R 13 21 4800 R 11
Annealed Armealed
1000 minutes 100 minutes

@ 1459C 28 33 @ 145°¢C 19
Ammesaled
1300 minutes 200 minutes

@ 175°¢C 29 30 @ 145°cC 22

1175 minutes
@ 1459¢ 21

Table 2. Lifetime of Carriers

(Microseconds)
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now dependent upon voltage, only a qualltative measurement
can be made. It was found that for an unchanged value of
applied bias the "lifetime" of the carrlers after
"irradiation decreased in a manner simliar to anthracene.
Annealing for 1000 minutes at 55°C, a temperature at which
the optical defects anneal qulte readily, showed no

slgnificant recovery.

D) Analysis of Results

The lifetime of charge carriers varles inversely with

the numbexr of trapping siteslo'll

(u) T= @

where v 18 the thermal velocity of the carriexr, S8 1ls the
capture cross-section of a defect for a particular type

of carrier, and Nt is the trap density. A value for the
density of traps for electrons can be obtained from space
charge limlited current measurements using the value for

the trap-fliled-limit. The density of hole traps vs. energy
of the traps follows an exponential distribution, i.e.,
there 1z no discreet energy level, 8o that a value for Nﬁ
cannot be obtained.l2 The thermal veloclty of electrons

has been calculated using the tight-bindinng approximation

6

and has a value of approximately 10~ cm/sec. For a thermal

6

veloeclty of 10° cm/sec., 2 trap density of 50 x lolo/cm3
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as determined from steady state space charge limited
currents (see page Té ), and a lifetime of 21}0/{{ sec, one
finds the cross section for electron traps in unirradiated

16 cmz. a value of the

anthracene to be about 120 x 10~
order of the geometrical cross sectional area of the
anthracene unit cell.

A knowledge of the dosage dependence of the radlation
induced trap denslty, as determined by space charge limited
current measurements, in conjunction with Equation 1ll, can
lead to an eatimate of the radlatlon induced trap cross-
section for electrons. The lnduced trap density is found
to lncrease linearly with dcse up to 1000 R, the highest
dose used. For ~ 1 mm crystals and irradiations > 1000 R,
the voltage at which the trap-filled-limit was reached
exceeded the available instrumentation.

Using ’l't: = VSN, and N, = N_ + /D where ﬁ-, the creation
rate of defects as determined by steady state space charge

limited measurements (section IV,E) is ~ 107 em™ r71

o-16

s 8
value of 180 x 1 cm2 1s attained for the cross section
of the electron traps. Thls value is of the order of the
geometrical cross sectlonal area of the anthracene unit
cell. This is not unreasonable considering that because
of the weak intermolecular interactions, the fleld
distortion due to the presence of a defect would probably

disslipate within a few lattice constants. The defect 1s
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probably neutral since & charged defect would have a larger

2

cross section, typically ~ 10'11 cm~, due to the long

range coulomb interaction.ll

14 60

The absorptlion coefficlient of anthracene for Co

photons is 0.118 em™t. Since 1 Roentgen15 of a 1 Mev gamm
ray is 1.9 x 107 photons/cm2 an exposure to 103 R presents

018 ev/cmB. Thus, for an

an energy absorption of 0.2 x 1
induced trap density of 50 x 1010 cm'3. one trap ls created
for every 400 kev of incident energy absorbed. This
represents ~ 0.25 traps per absorbed photon.

An irredlation induced trap filled limit for holes
14

was measured by Welsz and hls co-wWorkers for a dose of
50 x 103H. Thelr results indicate a hole trap density of
~2.5 % 101}'"/01113 and a creatlon rate of 5 x 109 cm™2 L.
Combining this wilth our value of the rate of change of

reciprocal hole lifetime per R, 10 sec™t ™1, and using a

thermal velocity of 106

cm/sec. & hole trap cross section
of 20 x 10"16 cm® is obtained. It was found that one
deep hole trap was created for every 45 kev of incident

energy absorbed.

E) Steady State Space Charge Timited Currents

(1) Theory
Because of the low conductlvity of many organlc

compounds, these materlals require either photogeneration
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of carrlers or injectlon of carrlers for meanlingful
electrical measurements. The 1lnjected curren@,being
independent of the mechanism of carrier generation, gives
meaningful informatlon on the transport and trapping
properties of the crystal.11’16
Given ohmic, l.e. injecting, contacts the current
voltage relationship of an organic semiconductor in linear
at low flelds but becomes nonohmlc at higher values of
the applied fleld. At these flields there will be present
between the electrodes a relatively large concentration
of charge carriers 1in transit through the crystal. These
carriers constitute a space charge iln analogy with the
space charge encountered in vacuum dlodes.
The derivation of the voltage dependence of the space
charge limited currents in a trap-free insulator 1is due to

Mottt and Gurney.l7 The basic equations are:

the continuity equation
(iz) T-= eh(")/-& E(*)

Wwhere x represents the distance from the ohmic electrode

the Polsson equation

JdE (':(7
(B) enl =% 37

and

L
() JE () dx =N
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The boundary condltions are:
(9 We)=oc ek E(2)=0

where n(o) 1s the carrier concentration in the insulator
where 1t 1s in contact with the injJecting electrode and
E represents the electric field. Inserting en(x) from
equation (I3) into (12) gives
<
dE(®) €u dE
) J=<€ E(") _— = = e
(o) J= € Ax = AL

Integration for E(x) and use of equation (I4) leads to:

9 vt
() T=-—5 €M 3.

The resulting dependence of the current denslty upon the
square of the voltage 1s known as Chlld's law for the trap-
free insulator. The presence of traps causes the steady-~
stats space charge limited current to be smaller than the
Child's law current, often by many orders of magn;tude.la
Ir f} represents the ratio of free to total carrier con-

centration, Child!s law for an insulator with traps may be

written as: q \J'z
(1g) J= ?f’gg*é?u'zgg

where [} 18 a function of the trap distribution.
The current-voltage characteristics for space charge
limited currents are shown schematlcally in Figure 17. At

low voltages there 1s negliglible injection of carrlers from
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the contact and the current obeys Ohm's law. In the absence
of traps, Space charge limlted currents arise at & voltage
B!, If traps are present, only a frection of the injected
carriers will be free and the current becomes space charge
limited at a higher voltage, polnt B. Child's law for the
Ainsulator with traps is superseded by the law for the trap
free case when the injectlon level becomes so high that
the traps are outnumbered by the carriers. The translitlon
from the smaller current to the trap-free current is steep
and occurs when the last traps are belng filled. The
transition voltage VTFL (where TFL stands for trap filled
1imit) can be used to calculate the concentration of traps

NTFL since:18

€\
(19) Nee, ~ 2 % =
At sufficiently high voltages the current from the electrode
will saturate because the average carrier density in the
sample becomes comparable to the concentration of injected
carriers and the injectlng contact can no longer act as
a reservoir. |
The existence of a trap-filled limit indicates that
the traps are located at a discrete energy level below the
conductlion band or exlat within a discrete energy range.
The trap-fllled limit for electrons has been shown to
exist in very pure crystals. The distribution of hole



76

traps has been shown to be exponential in character.zo

approaching within kT of the valence band, and therefore
not glving rise to a trap-filled 1limlt. The results

for a 1mm thick anthracene crystal (crystal number 2 in
table 3 ), shown in Figure 18 1illustrates the V2 dependence
of the current and shows that a trap filled 1imit 1is

attalned for electron injectlon.

(2) Procedure and Results

To investigate the space charge limlted characteristies
of a material, injecting electrodes must be prepared. A
solution of anthracene, lithium, and ethylenedlamine was
used as the electron injecting electrolyte.19 A solution
of NaCl in water served as the other electrode. The
electron Injecting electrode was found to oxidize quite
readlly and therefore the solution was prepared in a flask
which was tightly sealed by a rubber stopper. The solutlon
was transferred to the measuring cell with a hypodermic
syringe. The sample holder was then placed into a light-
tight shlelded enclosure. The sample holder consisted of
two pleces of teflon rod in whlch holes were bored to
accommodate the electrodes. The crystal was cemented to
one portilon of the holder wlth RTV silicone rubber cement

and to which, following curing for a few hours in alr at
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room temperature, the injectlng electrode was admitted.

The teflon holder is represented schematically below.

Cryatal
Quartz
¢~ disc
T T TN 2T T T
o \\ // o)
by Y
_C_J_ —_— .._.//’ \\\.___..... ..?

Q;—-RTV Cement
Teflon Sample Holder

Leakage of the NaCl electrolyte was prevented by applying
thin layers of vacuum grease around the electrolyte-crystal
interface. A negative blas was appllied to the injeotlng
solution and the current was measureﬁ by either a Cary Model
31 vibrating reed electrometer or a Kelthley model 150AR
mioroammeter. The resulting current-time curve was traced
on a strip~-chart recorder and the equillibrium values of
current recorded. The denslity of eleoctron traps for four

unirradiated crystals of the thickness 0.5-1.,0 mm is shown
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in Table 3:

gﬂiiggl Trap Density (10"""'/c::u3 )
1 10.5
2 3.3
3 4.0
4 33

Table 3 . Electron Trap Densitles

The lncrement trap density followinz radlatlon at doses

of 500 R and 1000 R were found to be ~ 109 traps/cmBR.
Flgure 19, representing crystal #1, shows that the voltage
necessary to reach the trap=-filled-limit lncreases as more
traps are introduced into the crystal. Also, as the trap
density 18 increased, a smaller fraction of the injected
carriers wlll be free, resulting in a smaller current at
a corresponding value of voltage. The voltage threshold
is usually less pronounced suggesting a distribution in

energy somewhat different from the unirradiated condition.
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F) Phenanthrene

The electrical properties of phenanthrene are markedly
different from those of anthracene. Whereas the photo-
current of anthracene may be many orders of magnitude above
the dark current, no such photocurrent capabllity has been
seen in phenanthrene. Also, as previously noted, anomalous
behavior in the electrical conductivity of phenanthrene
has been found in the viecinity of 72°C. Pecullarities in

the resistivity21'22'23

of compressed powders of
phenanthrene were reported but 1t was only with the
attalnment of single cryst31524 that =2 marked pyroelectric
behavior, dependent upon the crystal's history was found.
A phenanthrene crystal 18 in a Yreversibly polarized"
state after the material has heated to above 72°C and
then cooled in the presence of an electric field. Upon
cooling, a pulse of current is detected in the wvicinity
of 72°¢C. Upon reheating the crystal a current pulse,
oppoglte in direction to the previous pulse, 18 obtalned.
The directions of the pulses are dependent upon the sign
of the applied bias. If the crystal is cooled and heated
Wwlthout a blas, no current pulse 1s observed. The magnitude
of the charge release 18 a functlion of the applied field
and appears to saturate at 10 kv/em. If the crystal is
illuminated in an electrioe fleld, with elther white or

monochromatic light prlior to heating, a much larger charge
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release is observed. Upon reheating the crystal, this
supplementary charge release 18 not exhiblted.

If a crystal has been 1lluminated and then heated
with a biasing fileld, a new type of polarlzation appears.
This polarization 1s characterized by the fact ﬁhat the
heating and cooling pulses are independent of any
subsequent heating and cooling, direction of blas, or
iliumination. Crystals which exhliblt these current pulses
in the absence of an applled fleld are sald to be in the
"irreversibly polarized" state. Since neilther cleaving
nor chemlical etching alter this result, the phenomenon‘
is thought to be a volume rather than a surface effect.
Occasionally crystals were found to exhiblt this
irreversible polarizatlon wlthout the necessity of
11lumination, possibly due to abrasion or the act of
cleaving. Because the polarization appeared to be uniform
through the crystal, its origin was thought to arise from
an ordering effect of the molecules.

The growth of higher purity single crystals of
phenanthrene faclilitates the examinatlon of certaln aspects
of the previously publlshed data. Accordingly the dark
conductivity and photoresponse at room temperature, and
the effect of gamma radiation on the polarization phenomenon
were studlied.

The phenanthrene crystals used were cleavage plates.
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All electrical measurements were made perpendicular to
the cleavage plane, the ab plane. Foxr reslstivity and
space charge measurements a wet cell typez5 of crystal
holder, in which the crystal is placed between electrolytilc
solutions, was used. The contact area was 0.045 cmz. A
dry cell was used for photoconductlivity and radiation
damage studles. This crystal holder consists of one
electrode of transparent anzconductive coating on quartz
and the other of copper with an area of 0.057 cm2 wlth a
guard ring and thermocouple attached. The dry cell was
mounted in an electrically heated oven and continually
purged with purified nitrogen. ‘

The conductivity of a phenanthrene crystal in a wet
cell using 1 M NaCl electrodes 1s shown in Flgure 20 .
For applled fields up to 2000 V/cm, the behavior 1s
approximately ohmlic and the resistivity of the crystal 1is
1.4 x 101212--cm. Atllarger values of field, the current
lncreased with the square of the voltage. No trap fllled
limit was obtailned for values of electric flelds less than
75,000 V/em. The dark currents were slightly less than
those previously reported but a comparable reslstivity was
obtained. The added purlfication procedures appear to have
little effect upon these measurements.

The photoresponse of phenanthrene was determined

using a dry cell holder. A photocurrent of 10715 amnp
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was detected in the regilon 6000-3000A for a freshly
cleavéd crystal. Illumination was via an 800 watt Xenon
arc lamp. After heating and cooling the illuminated
crystal in a fleld of 10 kv/cm, the photocurrent at 6000A
increased to 10"12 amps. The wavelength dependence of
this photocﬁrrent. uncorrected for lamp ouvtput, is shown
in Figure 21. An anbmalous dip of an ordexr of magnitude
in the current at 4200A, present in the previous workzu is
probably due to impurlties in the sample, particularly
anthracene which has a strong absorption near this
wavelength.

To observe the effect of irradiatlon upon the
polarization peaks, the crystal was first put into the
Hirreversibly polarized" state by 1llumination for thirty
minutes with white light from an 800 watt Xenon source.
The current pulse obtained upon heating, in the absence
of an applied bias, as shown 1in Flgure 22, cean be

10 coul.

assoclated with a charge release of 1.2 x 10"
Exposure to gamma irradiation led to a decrease of the
charge released. A8 shown in Figure 22, for exposure doses
up to 3 x lOBB, the recliprocal charge decreased linearly

With the dose,

(20) —é—P—=Cms'tamf +a D

Wwhere @Q 18 the charge released, D the exposure dose in
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7 1 R-lo

Roentgens, and ol has the value of 1.1 x 10’ coul”
A dose of 3 x lOBR reduced the magnitude of the charge
release by elghty percent. Annealing of the crystal at
85°G for 1100 minutes, in an atﬁosphere of nitrogen, dild
not result in recovery of the damage. The polarization
believed arlse from an ordering effect of the molecules.
If every phenanthrene molecule contrlibutes to the charge

21

release, the pulse would be due to 4 x 10 molecules/cmB.

From Flgure 22, an exposure of 1000 R decreased the charge

release by 50%, thus preventing 2 x 1021 3

molecules/cm
from contributing to the pulse. This radiation produced
1012 traps/cm3 in anthracene and it is reasonable to
assume that an equivalent number ¢of phenanthrene molecules
Will be damaged by this dose. This strongly suggests
that the polarlzatlion, which is the origin of the charge
release in phenanthrene. is a cooperative phenomenon
because the damage of one molecule hinders the molecular

aligmment within a dlstance of 103 molecular centers from

the damage site.
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V. HIGH DOSE RADIATION DAMAGE

The relationship hetween radlation damage and
fluorescence changes in anthracene and related organic
s0lids has been studied by several lnvestigators under a
varlety of experimental conditions.1 From the irradiation
of aromatlc hydrocarbons with either alpha rays, gamma
rays, or electrons, a quantitative relation hetween
flﬁorescence degradation and exposure dose was determined.
Sharn? also observed an lncrease in optical absorption
of an anthracene flake in the region of 40003 for an
exposure of'"'107B.

Blum et al..3 were the first to investlgate color
center absorption in anthracene single crystals. Following

a 0060

gamma 1rrad}ation of-'lOSB. the crystals became
brownish-yellow in color. Optical absorption peaks,
siltuated on a broad hackground absorption, were prominant
at 6060A and 5350A; Samples irradiated in vacuum and in
ailr gave ldentical results. Fiéure 2311lustrates the
absorption peaks in irradlated anthracene. The peak helght
of the absorptions were found tc lncrease linearly with
dose for doses of 107 - 10°R. To study the kinetles of

the absorption, the crystals were annealed 1sochronally for

45 minutes in the temperature range 40-200°C. At the lower

temperatures the annealing resulted in the reduction of the
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radlation induced background and in the growth of the
absorption peaks. At 140°C these peaks reached a maximum
in intensity and further annealing reduced the magnitude
of the absorptions. Fligure?2l lllustrates the relative
changes in the color center absorptions as a function of
wavelength and annealing temperature. Pigure 25 shows the
opticel density of the 53503 and 60603 absorption peaks as
a result of 45 minute isochronal annealing. As a result
off the annealing, the crystal changes color from brown-
yellow (at 30°C) to bright orange (at 170°C). Absorption
peaks at 49503 and 45303 become appapent at these higher
temperatures.

In addition to optical absorption, electron para-
magnetlc resonance measurements revealed the presence of
an absorblng defect which was attributed to the formation
of a cross-linked polymer. The slgnal strength lncreased
linearly wlth dose up to 1O9B and consisted of four
equally spaced Gaussian llnes wilth an intensity ratio of
1:3:3:1. Annealing of the crystal resulted in a decrease
in signal strength {(Filgure25). A comparable spectrum was

L

reported by Harrah and Hughes™ and by Inoue.5 These

Investigators attributed the signal to the addition of a
hydrogen atom to the 9 positlion in anthracene.
Thermal bleaching of radlation produced defects in

6

organlc materials is not considered unusual. However, the
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report by Blum et al..3 that the concentration of the
optical absorblng specles increased with annealing
indlicates a behavlior pattern not previously reported for
these materials.

The primary objective of this part of the investigation
i3 an analyels of the annealing kinetlies of color centers
in irradiated anthracene, naphthalene, and phenanthrene.
Because of the similarlty in structure of naphthalene and
anthracene, a similarity 1in reaction kinetics and thermal
stability of the radlation induced defect would not be
surprising. No color ceﬁter formation in phenanthrene has
been previously reported. In anthracene crystals, the
5350A peak 18 obscured to some extent by the background
at the lower annealing temperatures. For this reason, and
because of the steep rise in background in this reglon,
the 6060A absorption was used for the kinetic analysis.

In naphthalene the ?0703 absorption and in phenanthrene
the 61504 absorption are analyzed. Attempts at identifi-
catlon of the defects using the technlques of EFR and gas

chromatography will also be described.

A) Experimental Technlgues
Using the technique of 1sothermal annealing of a set

of identically irradlated samples, one may obtaln both the
activation energy and the rate constants governing the

reaction.7
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The crystals to be studied were irradlated at the
Brookhaven gamma facllity for doses of 108R. The
surfaces of the material were polished using an appropriate
solvent, usually either xylene of alcohol, and the crystal
was then placed into the sample compartment of a Cary 14
spectrophotometer.

The Cary 14 is & dual beam spectrometer employing
automatlic compensation for the reference signal. Automatlc
seanning from 26.000-18003 at a variety of speeds is
provided. A scanning rate of loﬂ/sec was used for all
measurements. The instrument 18 capable of measuring
optical densities of 0.01-2.00. For absorptions greater
than 2.00 neutral denslty filters are necessary. The
optical density i1s obtailned from Beer's Law and 1s defined

8

asg: T,
() oD =Log0 =

where I, and I represent respectively the intensitlez of
the incldent and transmitted radiation. The corystals were
oriented by noting the double refraction along the b—axis.9
Fiducial marks were scrlibed onto the crystal to indicate
orientation. A polaroid filter, inserted between the light
source and the orystal, served to polarize the beam. Unless
otherwlse stated, all absorption measurements are made with
the incident light beam perpendicular to the ab cleavage

plane.,
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For annealing, the crystals were placed in a pyrex
vial and packed in a powder of the same material to re-
duce surface sublimation. A copper-constantan thermo-
couple, situated near the crystal, monitored the tempera-
ture. The annealing was in sir in a furnace regulated by
a West Model JP=-S 22 temperature controller. Samples
annealed In vacuum gave results identical to those
annealed 1in air.

B) Anthracene - Unpolarized Light

Isothermal annealing curves for the 60603 absorption
of 1 mm thick anthracene crystals are shown in Figure 26,
The incident light is normal to the ab plane and no
polarigzer has been inserted betwsen the light and the
erystal. The curves are characterized by an lncrease,
followed by a decrease, in optical absorption, The
data has been normalized with respect to the absorptlon
maximm of each curve, A physical property charact-
erized by the behavior of these curves can arise from

consecutive first-order reactions of the typelo

(22) N—n  — hJ/

where N and n are the concentrations of a non-absorbing

(at 6060&) and an optlically absorbing defect respectively
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and N' represents the concentrations of a second non-
absorber (at 60603) or the elimination of n from the
crystal by diffusion. The rate constants for growth and
decay are represented by kl and kz.

For a first-order reaction, the rate of disappearance

of N is given by-

(a3) ;“_E= ~ kN

and the rate of change of n by:

(l}) A‘E kN kY’L

Insertion of (23) into (21) and integration ylelds:

() l_me..wc“____ [ it -Irzt]

where n, and No are the defect concentrations prilor to
annealing. Approximate values of the rate constants and
the activation energles of the growth and decay processes
are obtalned using the data polnts at short and long times,
l.e. where the curves are governed by either growth or

decay. 3Since kl)> kz for the region following the maximum,

bt
(ab) W= (No'l'“-o) e

equation (25) leads to:
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whereby the decay constant and the value for No can be
obtalned graphically. For small values of time, 1:1 can he
obtained from the expansion of the exponentials in(25) to

glve:

(27) N="nt lo't w\«era b = ku No"" kzno

Using the assumptlon that a rate constant can be expressed

-E
e /&T a value for the

in the Arrhenius formllkzn
activation energy E is obtained. The largest source of
error in the above analysls 18 the fact that the growth
process 18 the resultant of two reactlons, one, a decrease
in the concentration of n and the other, an increase in n
due to a decrease of N. A computer fit, utilizing the
three parameters kl. k2' and No, of the experimental data
to equation(25) results in a more accurate determination
of the rate constants and energles. The 80l1id 1lines in
Figure 23 represent the computer curves. The rate constants

are given in Table 4. The activation energles for growth

and decay are 1.0 + 0.2 eV and 1.5 + 0.1 eV respectively.

C) Anthracene ~ Polarized Light
If the light which 18 incildent perpendlicular to the

ab crystallographlic plane is polarized parallel to elther
the a~axls or the b-axls, the intensity of the absorption

is altered. In the as-irradiated conditicn, the b-gxis



Temperature
104°¢C
110°cC
116°¢

124°¢

x, (1077) k, (1072)
1.14 .16
1.90 .36
2.82 .68
4.60 1.40

1.0 4 0.2 &7 1.5 + 0.1 &

Energles.

Table 4, Rate Constants and Activation

Unpolarized Light.
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absorption exceeds that of the a-axlis. The b-axis absorption

renaing dominent in the early stages of annealing and reaches
a maximum value while the a-axis absorption is still
increasing. As the b-absorption diminishes, the a—abaorption
reaches a maximum and becomes the major absorption con-~
stituent. A curve of thls behavior is shown in Flgure?27.
These curves indicate that the absorptions are controlled
by different rate mechanisms and that the absorption maxima
for the orientations mentioned do not colincide. The growth
of the a-absorption is probably a response to the decay of
the b-absorptlon l.e., & process converting a defect from
a b-dominant to an a-dominant absorption is involved. A
simple rotation of the absorbing defect may glve rise to
the above conditions.

One posslble kinetic scheme which may be responsible
for the observed annealing of the absorptions may be

{

wrltten as:
Y\b '—Egi? N

h/-,
a N ks
(8) _ \Q\\Y{;_——@»Nf

where N and N' are non-absorbers at 60601 and n, and n,
are the optical absorptlons for the incident light parallel

Yo the b and a~axes respectively. The rate constant kl is
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responsible for the growth and the constants k3 and k5 are
responslible for the decay of the b absorption. In a gimilar
fashion, kz and k5 govern growth and k4 governs decay of
the a-absorption. The g2quations governing these reactlions -

are:

PO LRGSO
(29 ‘i:l_-’f = N kg — by

(3') ~ (e, + k2 )N

The solutlion of these squations glves rise to:

(32) m=m., kN" [:e e —kt]

—k‘*-‘[ leS'n-bo __ ksk, No
(- R Yley-k) A

~ K‘t[ 2No kS' kl No
ey-K (kz— K)(ky-K)

kit \(,,.nbo kel Ny ]
e Tk (ke bk

(33) N =€
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where n,, and n,, are the values of n, and n, prlor to

o
annealing, k = k3 + k5' and K = kl + kz; All five rate
cénstants can be determined by the procedure used to
solve the equation for the unpolarized light absorptions,
i.e. 2 linear approximation of the growth at short
annealing times and a semi-log plot of the decay at long
annealing times. As with the unpolarized light absorptions,
computer processed solutions Justify this procedure. Curves
for a varlety of annealing temperatures, using the b~
absorption maximum as the normalizatlon constant are shown
in Figures 28 -~ 31. Values of the rate constaents and
activation energles are given in Table 5. The energles
are determined from a seml-log plot of the rate constants.
It was of interest to investigate the splitting of the
annealing maxima for light lncldent in directions other
than perpendicular to the ab plane. Accordingly, a cube
of anthracene of length 0.62 em was irradiated to a dose
of 1083. Light was lncident perpendicular to the ab, be,
and ac! planes. Measurements were made with the light
polarized parallel to the a, b, and ¢' directions, the c!
direction being perpendlecular to the ab plane. The cube
was annealed isochronally for 45 minute intervals. A
separation of the absorptlon maxima occcurred only for light
incident normal to the ab plane, as 18 shown in Figures 32

and 33. The magnitudes of the absorptions in the dlrections
measured were: o¢'>»a, c'S» b, and b>a, indicating that the
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Tanq(:gz('sture k1(10'3) k,(1073) k4(10-3) kh(10'3) kg (1073)

104 1.21 0.1h 0416 0.12 0.10
110 1.83 0.28 0.38 0.32 0.30
116 2.72 0450 0.72 0.50 0.68
12l 5.00 0,80 1.68 146 2,20

(BV) 1.2& 06-2 1.2.“: 0.2 1.6i 001 1.6-—" 0.1 2.0;': 0.1

Table 5. Rate Constants and Activation Energies.
Polarized Light.
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defect is probably aligned along the length of the molecule.

At the oconcluslion of the anneallings, the absorptions were:
¢'y>a, c¢c'>» b, and a>» b, posslbly indlcating a rotation of
the absorbing species in the ab plane. Flgure 34 shows
the orientation of the anthracene molecule in the unit
cell and indicates that the molecule is aligned along the
c=crystallographic axis.

If a plane polarized electromagnetic wave with
electric vector E enters a crystal, the abscorption will
depend on the orlentation of E with respect to the molecular
transition moments. If the vector E 1s incident normal to
the crystal surface, and the vibratlion directlon of E does
not coincide with one of the principal axes of the optleal
indicatrix, the vector E will undergo a change in direction

in passing the alr-crystal 1nterface.12

The optiecal
indicatrix, in general elliptical in shape, 1ls a device

by which the optical phenonema assoclated with transparent
crystals may be interpreted and predlcted. The properties
of the indicatrix are governed by three mutually perpen-
dicular axes, called the principal axes, whose lengths,
expressed as vectors, are proportlional to the corystals
refractlive index for light vibrating parallel to that
vector dlirection. In a monoclinlc material such as

anthracene, one of the principal axes colncldes for all

wavelengths of light with the crystallographlc b-axis.



MONOCLINIC

a = 8.56 A

b = 6.04

c=1.16
¥a,c =124.7°

Pigure 34. Anthragene molecule: orientation in
unit cell.
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Figure 35 shows the dlrections of the princlpal axes of
anthracene referred to the crystal axes. Anthracene 1s
biaxial and has two optlic axes in the ac plane. A beanm
of polarized light wlth vibration directlon E along the
b=-axls does not suffer any change in its direction as it
enters the material. The absorption intensity is dependent
onlj on the geometrical arrangement of the absorbing
oscillators.13 For any direction other than the three
principal directions X, ¥, and Z, the beam divides into
two rays, both extraordinary in character and each 1s
absorbed differently when travelling through the crystal.
The optlcal path in the material 1s generally longer than
the thickness of the sample. Also, one can expect
different values of absorptlon for light polarized along
the, say a axis, and whose propagation direction is normal
to the ac! and ab planes. This 1s 1llustrated in Flgure 33
where the values of the optlcal density of the a-polarized
vibration at 30°C were 0.30 and 1.40 for light entering
normel to the ab and ac' planes respectlvely. No such
discrepancy is apparent fdr E vector along the b axis
since the b axis 1is also one of the principal directions.
The results of experiments performed on this sample are
sufficlent to give qualitative Information concerning the
orientation of the absorber. The above results indlcate

that the primary absorption directlon has approximately a



> &-Aaxis

Figure 35, Directions of principal axes of
anthracene referred to crystallographlc axes.
{ after Nakada

The Y and b axes are coincident and normsal to
the plane of the dlagram, the ac plane,
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c-axls allgnment. They also indlcate a thermal reorientation
of the defect in the ab plane. This apparent reorientatlion
could also be accomplished by the migration of the absorbing
gpecles from one position to another on the anthracene
molecule., The migrating defect may be hydrogen since
hydrogen has been found to be present in lrradiated organie
molecules. It wlll be shown later that dihydroanthracene
is a radlation lnduced product in anthracene.

A quantitative determination of the orlentatlon of
the absorbing defect requires a crystal cut along the
principal axes (X,Y¥,2) not along the crystallographlc axes
(a,b,c). The c-axis is situated at an angle of 124.7° with
the a~axis (Figure 35). A determination of the c-axis
requires an X-ray analysis of the orystal. The apparatus

for the study was not avallable.

D) Naphthalene

The absorption spectrum for gamma irradlated
naphthalene is shown in Filgure 23 for incildent light
perpendicular to the ab plane. The ?070& absorption was
studled as a functlion of 1sothermal annealing and the
magnltude of the absorption was found to glve rise to only
a first-order reaction with an activation energy of 1.0 +

0.2 eV. A first-order decay ls represented by an equation

of the form: (34) 'j':%: _hy\_
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where k 18 the rate constant. Isothermal annealing curves,
normalized with respect to the unannealed absorptions, are
shown in Figure 36. The similarity in structure of
naphthalene and anthracene suggests that the radlation
defects in both of these materials should exhiblt similar
behavior. If the light incident upon naphthalene is
polarized, i1t is found that the defect absorptlon is
greater along the a-axis than along the b-2xls, as 1is
shown in Flgure 37. The a-axlis absorption in anthracene
was dominant only at the latter stages of annealing, l.e.
along the decay portion of the amnealing curve. This
suggests that, in naphthalene, annealing may have occurred
during the irradiation and that a low temperature
irradiation 18 necessary to produce all of the annealing
and polarization behavlior exhlbited by anthracene. . However,
. the orlentation of the absorbing defect can be obtained in
a qualitative manner by irradiating a cube of naphthalene
and measuring the absorptions along the various axes. The
limltationg of this method have already been mentioned in
connectlon with anthracene. The result for naphthalene
indicates the major absorptlon is close to the ¢ dlrection,
with relative values: c¢'>b, ¢?'>a, a>>b. The results
are the same as those in anthracene after the annealing

maximum,
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E) Phenanthrene

The color center absorption spectrum of phenanthrene
is shown in Plgure 23, The 6150K absorption exhiblts
only a decay which is first-order wlth an activation
energy of 2.7 + 0.2 €V. The magnitude of the absorptlon
1s greatest for light incldent parallel to the b axls of
the ab plane (Figure 38). Isothermal arnealing curves,
normalized with respect to the unannealed absorptlon, are
shown in Figure 39. Irradilation of a cube of phenanthrene
indicates that the relative values of the absorptions
are: c¢'>a, ¢'> b, and b>a. These results differ from

those of anthracene and naphthalene.
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F) Electron Spin Resonance
The analysis of the ESR spectra in irradiated aromatic

systems can supply needed information for the ldentification
of radiation induced defects.

The technigue of electron 8pin resonancel7 is based
on the absorption of energy by a system possessing an
unpailred electron. When a unpaired electron 1s placed into
a uniform DC magnetlc fleld, two energy levels result from
the alignment of the electron's magnetic moment either
parallel or anti-parallel to the field. The splitting of
these levels 1s given byAE=3ﬁH where ﬂ? is the Bohr
magneton.qghgz )& 18 the Lande factor, and H is the
magnetic fleld intensity. If radiation of frequency
18 incldent upon the sample, an absorption of energy will
result 1f L-D-"-gﬁ H » & criterionknown as the resonance
conditlon.

If the orbit of the unpalred electron embraces an
atom which has a nucleus with a magnetic moment and spin,
the resulting interaction leads to a splitting of the
energy levels {hyperfine interactlon). The resulting
hyperfine patternsare highly characteristic of the spatial
distribution of the unpalred electron throughout the
molecule. Consequently, lnterpretation of the hyperfine
structure can often lead to ldentlfication of the
paramagnetic specles.

The basic ESR spectrometer consists of a source of
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microwave radiation (3 om wavelength), an absorption cell
(resonant cavity) containing the sample and into which the
microwave power 1s concentrated, & DC magnetic fleld

{ ~ 3000 gauss), an alternating magnetic fleld at right
angles to the DC field, and a detectlon system deslgned to
detect power changes in the AC field. The spectrometer
used in this survey is Varian Assoclates V=-4500 system and
the associated Varian components.

With respect to radliation induced defects the simplest
of the aromatic hydrocarbons, benzene, has undergone the
most extensive analysis, Chkeidze et al.lu observed a
main triplet, with quartet substructure ESR signal and
attributed this to the formation of a phenyl radical
whereby the benzene molecule loses a hydrogen atom and
leaves the system with an unpaired electron (see Figure
40). Ohnishl et al.l% round two types of signals present
in irradlated benzene. Following lrradiation at llquid
nitrogen temperature the signal consisted of a triplet
with quartet hyperfine struoture, each gquartet having
further fine splitting. This signal was attributed to
the cyclohexadienyl radical, 063.;. After warming the
sample above =-50°C this spectrum decayed leaving a ginglet
spectrum of smaller intensity and narrower linewidth. The
Singlet spectrum was designated as due to the phenyl
radical and disappeared at about 0°C. Ingalls and Kivelsonl®
theoretically calculated the expsoted ESR spectrum of
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Figure 40, (A) Radicale produced by gamma radiation
(B) Positions of maximum spin density
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cyclohexadlenyl and found good agreement with the
experimental observation.

Anthracene was the first of the aromatic hydrocarbons
to be examined in high purity single crystal form.” The
spectrum (Figure 41) can be described as four equally
spaced lines with an intensity ratlo of 1:3:3:1. By
rotating the crystal, Blum et al. found that the magnitude
of both the width and the spaclings of the llines varied
relative to the direction of the external magnetlc fleld.
The angular variation of the hyperfine splittings indilcated
that the defect was aligned with the ¢ axlis of the
anthracene molecule. The spectrum 1s that expected from
three equivalent spin 1/2 nuclel coupling with an unpaired
electron and was attributed to the formatlion of a cross-
linked structure (Figure 42). The spectrum arises fronm
the interactlon of the unpaired electron with the protons
on the ocarbon atoms which form the linear cross-link. The
wldth of the spectrum 15 attributed to the interaction of
the unpaired electron with the remainder of the molecule.

The ESR signal, like the optical absorption, 1s stable
at room temperature. However, unilke the color center,
no growth in signal strength was found during isochronal
annealing (Figure 25). The magnitude of the spectrum was
constant at the lower temperatures but after 140°C it

decreagsed in a manner simllar to the optical absorption.



ANTHRACENE

Figure 41, Typical ESR spectrum of irradlsted anthracene
as a functlon of external magnetic field.
( from Blum et al. )
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The magnltude of the signal strength is linear for doses

6-109 R. It was estimated that for a dose of 107 R

of 10
approximately 1017 spins/cm3 contrlibute to the algnal. A
defect of this concentration should be detectable by other
technigques and the results of a gas chromatographic study
wlll be discussed in a later section.

Harrah and Hughes,u

using the premise that radicals
derived from aromatic systems by ionizing radiatlon are
often assignable the cyclohexadienyl~type molecules,
attribute the anthracene signal to the radical derived
from anthracene by the additlon of a hydrogen atom to the
9-position (Figure 40). They attribute the hyperfine
splitting of this dibenzocyclohexadiepyl radlcal to nearly
equal interactions of the unpalred electron with the two protons
on the carbon-9 positlon and the singlg proton on the
carbon-10 site. The width of the line 13 thought to arise
from the interaction with the remsinlng elght protons.

Leone and Koakil8

examined the effect of X-radiation
on a binary mixture of naphthalene wlth methanol and
ethanol at 77°K., The resulting ESR spectrum conslsts of
a parent triplet contalnling further triplet substructure.
The naphthyl radical (Figure 40), formed by the addition
of a hydrogen atom to the ol -position of the naphthalene
molecule, was heid responsible for this signal.

The ESR spectrum of irradiated single crystals of
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phenanthrene 1s uncertain. Hankla and Bou1d1n19 report
a spectrum conslsting of two sets of five llnes, l.e. a
doublet containing quintuplet hyperfine structure. The
authors reject the model of the loss of a hydrogen atom
as responslble for this signal and suggest that elther a
molecular distortion or a C-C-H iInteraction mechanism as
responsible for the spectrum. ‘One should note that no
purification procedures were administered to the
phenanthrene prlor to crystal growth. Our experience
with phenanthrene, obtalned from several distributors,
indicates an initlal anthracene content of ~ 1-2%.

Blum et a.l.3 report the spectrum of irradlated
phenanthrene as consisting of a triplet encompassing
further hyperfine structure.

In the current investlgatlon, the spectra of the EPR
glgnals of irradlated single crystals of naphthalene and
phenanthrene, purifiled in the previously mentioned method,
were compared wlth the avallable data on these materials.
In order to measure the éignal strength during annealing,
it was felt sufficlent to anneal irradiated powders and
thus preserve the crystals for future investigations.

The ESR signal of both a single crystal and a powder
of naphthalene lrradliated to a dose of 108 R 1s shown in
Figure 43. The crystal spectrum 1s similar to the signal

produced by naphthalene frozen in an alcohol matrix, i.e.



133

NAPHTHALENE CRYSTAL

NAPHTHALENE POWDER

Figure L43. ESR spectrum of irradiated naphthalene.
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a triplet with triplet hyperfine structure. The annealing
curve of the signal amplitude (Figure 44 ) shows a decrease
of slgnal strength as the temperature 1ls ralsed. Following
annealing of the powder at a temperature above the melting
point, a very small signal, singlet in nature was found.
It is possible that the room temperature spectrum is, in
effect, the superposition of the triplet due to the naphthyl
radical and a singlet due to a naphthalene molecule which
iz lacking a hydrogen atom. Slnce the hydrogen atom added
to naphthalene to form the naphthyl radlcal may result
from the dissoclation of other naphthalene molecules, a
complementary defect lacking a hydrogen atom 1ls exXxpected
to exist. Elther of these defect structures or the presence
of any other polymer radlcal, caused by cross=-linking may
also contribute to the EFR spectrum. Independent measurements
by Okubo et al.,zo published after the completion of the
above investlgation, substantiates the naphthalene slgnal.
The ESBsignal of an lrradiated single orystal of
phenanthrene (Figure 45) consists of a parent triplet upon
Wwhich ;s superimposed hyperfine coupling, possibly of a
triplet nature. The amplitude of the slgnal decreases as
the temperature ls~1ncreased (Figure 44). As in naphthalene,
the annealing was on an irradlated powder. After melting
the irradlated powder, a residual ESR singlet of low
intenslty 1s retained which i1s similar to the pattern of
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Figure lhlj. Isochronal annealing curves of ESR algnals.
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(a) Phenanthrene

(b) 9:10 Dihydroanthracene

Figure L5. ESR spectra of irradiated phenanthrene
and 9:10 dihydroanthracene,
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melted irradlated naphthalene powder. The damage products
responsible for these patterns may be similar in nature

to those in anthracene and naphthalene, l.e. 2 slgnal due
to the addition of a hydrogen atom teo a molecule (Figure 40)
superimposed upon a signal due to the loss of a hydrogen
atom or'a proton from one of the other molecules.

A1l sites on the organic molecule are equally
susceptible to the incident gamma radiation. Some sites
are more susceptible to substitution reactlons or to
radical formation with any free hydrogen atoms which were
the result of a prior molecular dissoclation. lAccording
to one hypothesis,21 those positions which possess the
largest portion of the charge density of the electrons
in the highest fllled molecular orbital have the hlghest
degree of reactivity. In anthracene and phenanthrene
these sites are the 9,10 positions and for naphthalene,
the equivalent 1,4,5,8 positions (Figure 40). If the
radiation induced ESR signala descrlibed herein are
correctly ildentiflied they are consistent with this
hypothesis.
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G) Gas_Chromatography
Gas chromatography was used 1ln an attempt to ldentify

the radiation induced products. For detection of radiation
induced defects, the Varlan Aerograph Model 204B gas
chromatograph was used and the samples were injected as
golids. The procedure was as follows: (1) a portion of
the sample in an unirradiated condition was injected and
the peak noted. (2) the lrradiated material was injected
andpositions of any new peaks noted. (3) the control
sample was reinjected. .The samples lnvestlgated, anthracene,
naphthalene and phenanthrene, were lrradlated to a dose of
fv109R. The resulting chromatograms indicate a varlety

of new products, eluding btoth before and after the major
peak. These products result elther from the irradilation,
and are thus stable at these high (~230°C) temperatures,
or are formed in the chromatograph. Since reactions
involving hydrogen abstraction sometimes occur in the

22 and

apparatus as a result of the high temperatures
irradiation of organic materials is known to produce
hydrogen atoms,23 some of the free radicals resulting
from the irradlation may have combined with hydrogen to
yileld the observed new materials. Thus 1t is not certaln
that the observed products were in the crystal followling

irradiatione.



139

The Autoprep A-700 gas chromatograph was utilized in
an attempt to ldentify one of the major new constlituents.
Irradlated specimens were placed on the column, which was
at room temperature, and the temperature of the apparatus
wag ralsed. The lmpurity eluding before the major peak
was captured and ldentifled by ultraviolet spectroscopy.
These impurities were: 9:10 dihydroanthracene in irradlated
anthracene and 9:10 dihydrophenanthrene in irradiated
phenanthrene. Although the recovery of a product was
unsuocessful in the case of naphthalene, injection of 1,4
dihydronaphthalene in the 204B gas chromatograph resulted
in a peak with a retention time identical to one of the
radiation products in naphthalene. However, a test of
this type is not as definitive as 1s ultraviolet spectro-
scopy. If the dihydro- products result from hydrogen
diffusion on the chromatograph column, the radilcal of the
gpecles, such as dlibenzocyclohexadlienyl in the case of

anthracene, may be the result of the radlation.
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H) Optical Absorption and ESR Measurement of
9:10 Dihydroanthracene,

To determine if either the opticel absorption or
the ESR signal in irradiated anthracens was due to
dibenzocyclohexadienyl, 1.e., dihydroanthracene less one
hydrogen, a crystal of high dihydroanthracene content
(> 99%) was Btudied, The crystal of 9:10 dihydroanthracene
was grown from the melt by the Bridgeman technique.
Following an irradiation of 108R, the transparent crystal
became orange in color and exhibited an absorption at

"~53004, near one of ths major absorption bands in
irradiated anthracene. Annealing for 30 minute intervals
from 30-100°C in ten degree temperature intervals, resulted
in a decay of the absorption strenghth.

The ESR spectrum of this materlal consisted of a
singlet absorption exhibiting triplet hyperfilne structure
(Flgure S} and a peak-to-peak width of about 50 gauss,
This is in contrast to the four 1line astructure of wildth
~100 gause found in irradiated anthracene, If ons of the
hydrogen atoms at the 9 or 10 position in dihydroanthracene
was removed by the irradiation, a four line speotrum
aimiler to that found in anthracene might result.
Therofore, either the resulting damage in 9:10 dihydro-
anthracene is different from that in enthracene of another
species, such as the proposed cross-linked structure, may

bp responsible for the ESR signal in anthracene.



Summeary )

This Investigation focused on the effects of gamma
radiation on some of the electrical and optical
properties of anthracene, naphthalene, and phenanthrene,

I) Iow Dose Effects

Changes in charge carrler lifetime and aspace charge
limited current measurements were used to examine the
effects of low dose radiation (< 10°R ) on anthracene
and naphthelens. In phenanthrene, the response of the
polarization charge release was studled.

l, The lifetlime of photolnjected holes and

étectrons tn afibhracene was found to decrease in the

—,-E’-— =Coratant + ol D

where 7 is the carrier lifetime, D the exposure dose,

manner:s:

and K is a constant and is dependent upon the cross-
section of the redistion induced traps.

From space charge limlited current measurements,
the density of the radiation induced electron traps was
found to increase linesrly with the exposure dose,
Combining the results of the lifetime s'tudy with the
density of the radiation induced electron traps, a value
of 180X 1016 cm? was found for the cross-section

of the electron traps in lrradlated anthracene,
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2. The lifetime of the charge carriers in

naphthalene was found to decrease with inecreasing
radiation in a manner similar to thaf of anthracense,
However, the smaller photoresponse of naphthealene,
compared to that of anthracene, prevented a quantitative
study of the lifetimes.

3. The magnitude of the polarization charge
release in phenanthrene was found to decrease due to
radiation. The magnitude of the decrease suggested that
the eBfrgé release is a cooperative affect and the
damage of one molecule hinders the molecular aligmment
within a distance of 10> molecular centers from the
damege site.

I1) High Dose Effects
High dose radlation ()-105R ) was shown to produce

color centers in anthracene, naphthalene and phenautihrene.
By studying the amnealing kinetlocs of the color centers,
the reaction mechanisms and the associated activation
energles were determined., Some of the radiation induced
defects wers ldentified using the technlques of gas
chiomatography and electron spin rescnance.

l. Using uhpolarized light, ths anneallng
characteristios of the 60604 absorption in irradiated
anthracene was found to result from two consecutive
first order reactlionsj one of growth, the other of

decay. The activation energles for growth and decay were
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1.0% 0.2 ev and 1.5t 0.1 ev respectively, . : L

Using polarized light, the absorption was
found to be anisotropic, with the major absorption along
the ¢ erystailogrephlc axis of anthracene.The absorbing
specles exhiblted a thermal reorlentation in the ab plane
a8 a consequence of annealing. Prior to amnealing, light
polarized aldng the b crystallographic axis was more
highly ebsorbed than light polarized along the & axis,
Following annealing, & roversal of the relative absorption
megnitudes was found. The annealing of the absorptions
waa found to be consistent with a kinetic scheme of
/EL77WLb-—E§? AII
N (ks

P LY,

where N and N' are non-absorbers at 6060A and np end ng

the form:

are the optical absorptions for the light incldent
parallel to the b and a axes respectively.The k's
represent the rate conatants for the reactioné.

2. The 70703 color center in irradilated
nephthalene was found to decey as a first order process
with an activation energy of 1,0% 0.2 ev. The relative
magnitudes of the anlostropic absorptions indlcate that
a thermal reorilentation, similer in nature to that

observed in anthracene, has occurred during the irradiation,



Ay
3. The 6150A absorption in irradiated phenanthrene

exhiblted a first order decay wlth an activation energy
of 2.7+ 0,2 ev, No evidence for a thsrmel reorientation
was noted. _

" o Using gas chromatography, many radilation
induced products were detected in anthracene, naphthalene,
and phenanthrene. In anthracene, one of these products
was identified as 9:10 dihydroanthracene. Dihydro-
products were also found in naphthalene and phenanthrene,
An iprradiatsd single crystal of 9:10 dihydroanthracene
oxhibited a defect absorption at 53003, a8 wavelength
close to one of the major absorptions in anthracene.

The ESR spectrum of the 9:10 dihydroanthracene differed
from the signal found in anthracene, 1ndlcating that
the ESR signals are not due to the same defect,
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