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INTRODUCTION:

This project is concerned with the effects of radiation on
organic crystals. It is felt that such studies on well defined crystal-
line structures can provide a firm foundatiom for a later study of more
complex materisls including those of direct biclogical interest. We have
chosen anthracene as the initial material for atudy because this substance
hag been studied more than any other organic material,

The effect of neutron irradiation on snthracene has been studied
previously by Knmmandeur(l’z), but to the best of ocur knowledge, no other
work on this subject has appeared since then. Since Kommandeur's work was
done very early in the history of organic conductivity, we felt that it
would be valuable to reopen and expand this work to include more recent
developments such a8 the introduction of charge~-injecting electrodes (3),
and the application of space-charge-limited current theory to molecular
crystala(&,5,6,7,8,9,10,11,12)_

Balow is a sumeary of the results obtatned during the period
January 1964 to December 1964,

Cur preliminary results of neutron radiation damage pregented
in our Progress Reports #1 and #2 indicated that in electriecal conductivity
measurements a change in the saturation current vccurs after a very low
doge of radiation. These measurements were mede using a xallmannaPope(la)
cell with nazsoa solﬁtion as one of the electrodes and NaI-I2 solution as
the hole injecting electrode. Subsequent measurements with a more sensitive

electrode system recently developed at our laboratory indicate that the
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changes detected are most likely an electrode effect rather than a
change in the eryatal itaelf. Howaver, our most recent work shows
that after irradiating with gamma rays or x-rays and making the
meagurements with the improved electrode system a definite change in
the electrical conductivity of the crystails is detected while no
change was observed after neutron irradistion of doses comparable
to those reported previously. These results comprise the main part

of this report.

SECTION I. CRYSTALS

As discusged in Summary Report #2 we have used an improved
Ksllmann-?opetla} technique to grow large anthracene crystale from
solution. The main features of this technique is to use a solvent
comprised of equal parts by volume of dichlorethane, cis-dichioro-
ethylene and trans-dichloroethylene and to carefully control the
rate of cooling of the solution. A complete description of this
technique will be submitted for publication in the near future.

Using this technique we have growm all the crystals needed
for our experiment. These crystals, because of their large area
(approximately 2 cmz), and appropriate thickness which ranges from

20 to 100 microns, were especially sulted for our measurements .,
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SECTION IT. IYRRADTATION PROCEDURES

Crystals were frradisted using the following radiation sourcew:
{8} & Pu-Re neutron scurce
{b) the thermal column at the PANC research reactor
{c) a Co-60 gamma cell
(d) & 120 kvp x-ray radiocherapy unit

Our Pu-Re neutron source is 8 10 curie source imbedded in paraffin.
The crystals were placed right next to the source where the flux 18 approxi-
mately 2 x 10% n em~2 sec-l 2nd the average neutron energy is approximately
2 Mev. Assuming the neutron absorption coefficient of anthracene to be
approximately equal to that of similar organic substances the neutron
radiation absorbed by anghracene is approximately 3 x 10-9 radsinjcmﬁcls)
where 1 rad equals 100 ergs/gm. Due to the fact that our Pu-Be neutron
source has such a small flux the doses 51veﬁ in reasonably short timea
(3 days to 1 weeﬁ) were of the order of a few rads,

The crystals {rradiated with the reactor were irradiated with
thermal neutrons {.025 ev). The fiux used was epproximately 109 n!cn?laec
and the doses given ranged from 1000 to 12,000 rads approximately.

The Co-60 gamma cell used to irradiate our crystals has an output
of 780 r/min, and the energles of the Co-60 photons are 1.33 and 1.17 Mev.
By meaguring the absorption coefficient of anthracene for the Co-60 photons,

which turned out to bé 0.118 cm‘f,we calculated that the energy absorbed by

anthracene is 293 ergs gm-l "1, The doses given ranged from 8 x 102 to 108 r,




The #®-ray unit used to irradiate our crystals was a 120 kvp
radiotherapy unit with an ocutput of 335 r/min. Ay measuring the absorption
coefficlent of anthracene for thig radiation, which turned out to he
0.671 cm"l, we calculated that the energy absorbed by anthracene is

296 ergs gm~! y L. The doses given ranged from 8§ x 10¢ ¢ to 100 r.

SECTION IXI. EXPERIMENTAL SET gr

The experimental set-up i shown in Fig. 1. The electrode
configuration system that we have develcped and used is 2s follows.
The non-injecting electrode consists of a plece of transparent
conducting glass (evaporated tin oxide on one of the surfaces} on
which a small drop of IM ﬂazsoé solution ig placed. The crystal is
then laved un top of the Nap 50, solution drop which then spreads
producing a very good electrical contact between the crystal and the
conducting glass. The iniecting alectrode on the sppousite zide of the
crystal consists of & drop of Hal-1, solution into which a platinum
wite is ingeriad and held in place by 2 simple insulaced support. TIn
order that the reproducibility of rie saturation vaine of the current
be within a factor of two, the concearvation of the Is in the NaI-Iz
gsolution has to be within well defined limits. This concentration is

achieved by diluting a saturated sclution of iodine in 1M Nal at room

temperature to 25-50% dilution. With a saturated solution the
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reproducibility of the saturation current values is Very poor.

Voltages between 2 and 500 volts were applied to the crystals
from a Keithley Model 240 regulated power supply. The currents were
meagured using e Keithley Model 600A electrometer.

The illuminatitn of the injecting slectrode was achieved
uging the light from & mercury lamp, (Osram HBO 100 W/2). This light
was passed through either a Corning Color filter #c3 5-74,f)n&§ 4360A°)
or through e Corning Cut-off filcer #C5 3-72 which cuts-off ar 4300A° or
through a #CS 3-70 which cuts-off at 4900A°, As ts shown in Fig. 1 the
path of the 1{ght, after leaving the filter, is through the conducting

glass and crystal and then into the ﬂaI»I2 solution,

SECTION IV. EXPERIMENTAL RESULTS

Typical current-woltage cheracteristic curves on a log 1 vs
log ¥ plot are shown in Fig. 2. The changing parameter in these curves
is the concentration of the fodine in the NaI-X, solution. The values
of each curve are the average values gotten from many successive measure-
ments on a crystal. Measurements taken on a4 large mumber of similar
erystals give similar results. In all the mesgurements represented in
Fig. 2 the electrodeg were not {lluminated. Prom medsurements of this
type it was found that the iodine concentration most convenient for our

mesgurenents is a 25% dilution.
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crystals with the neutyen ssmrees indlsstaed inp fa} and (b)Y of Seestien 1T

using the doses iniicited n this decy Low.

Fig. 3 repressnts the spuaecs chgrge Dimited currenze in a Log =
ve log V plot with ano without 2ituminzcing the {njecting siectrode. The

t

iodine coucaurretion af :he njectinr alecrrode for &l our measu-ements

was 25% of the saturated wwive. A ghmn in g, @ rhe reproducibilicy
1s good using “his concentration. “upwe #; gf 7ilg. 3 shows the resulrs

obtained when the crystal was not Lilwainatec. Curve #IY shows the
results obtained when the injecting elecrrode was 1liminated through
the Corning Color filter #03 5-74, which hss & meximum transmission at

jﬁ = 4360°. Curves #ITT aﬁd #IV show the results obtained when the
injecting electrode was illuminated through the Corning Cut-off filters
##C8 3-72, (cut off at :\ * 43004%), and #CS 3-70 (cut off at ;ﬁ =4G004°}
respectively. The relative displacements of these four curves are
explained by the fact that the light Ls partially absorbed by the crystal
and part by the injecting iodine electrode.

43 previouvaly stated the injecting elactrode was {lluminated

with light from a high pressure Hg source,* and as shown in Fig. 1 passes
first through the color or cut-off filter then through the cryastal and
then is absorbed by the elsctrode. The displacement of curve IT of Fig., 3,

in which the color filter was used, from curve I, taken in the davk, in the

* intensity with filter #0S 5-74 m/mattfcm2




region below the saturation current, is explained by the fact that part
of the light transmitted by this filter is absorbad by the anthracene
crystal. This results in & radistribution between the free and trapped
carriers producing higher current values for the same voltages. The
higher saturation values in tha iiluminated caseﬁvfg} is due to the
absorption of the light in the icdine solutior near the crvetal surface
increasing the concentration of the disassocisted iodine.

In curve III, taking account of the absorption coefficient
of the anthracene and the transmission of the cut-off filter used,
leps light 1s absorbed in the cerystal than in curve II resulting
in a smaller.dispiacement compared to the dark current curve,
However, the saturation value of the current of curve III is greater
than that of curve II because mors 1ight is absorbed in the iodine
since the cut-off filter, €S 3-72, transmits all the long wavelengths
of the sourcs which are absorbed in the fodine, and also there is less
1ight absorbed in the anthracene. The cut-off filter used for curve IV
cuts off at a longer wavelength than that used for curve I11, and taking
into account the spectral distribution of the source explaing the
relative pesition of this curve.

Fig. 4 shows the steady state space charged limited dark
current-voltage curves for a crystal before and after gamna irradiation.
The parameter for these curves is the time of exposure to the gamma ray

source. It is seen thet, after irradiation, the slope of the curve at low




lew current values is smaller than at higher current values. For high
irraliation doses this slope at low current values is twe. This squere
law extends tc larger voltages the longer the time the crystal is
irradiated. It is also seen that the saturation current, which is
almest the same in all the curves, occurs at digher voltagaes vhen
the irradiation time is longer. The curves in Fig. % were taken on
a crystal which was irradiated with gamma rayg for 3 howurs. Qurve I
is the derk current and curves II, III and IV were taken under ii-
lumination of intensity of 25, 50 and 1007% respectively.

Fig. 6 shoes the results of measurements taken on & crystal
after {rradieting with x-rays. A4s is seen the curves of Fig. 6 are
similar to those of Fig. 4.

SECTION V. THEORY OF SPACE CHARGE LIMITED CURRENTS

It is well known that defects of solids produce changes in

the optical and electrical properties of gsolids, Thus the measurement
of these properties viélds information abour these defect states. In
order to make prac:ical electrical messuremencs in insulartors one must
enhance the free carrier density. One way of dolng this is bv injecting
free carriers into the insulator. The current will then be limited by
the aspace charge injegted into the crystal. The steady state current
for ideal crystals, as discussed by Mottt and Gurney,{lej depends on

the square of the applied voltage and is inversely proportional re¢ the




cube of the crvstel thicknmess. Tha theory of tne steady stata space
charge Mmited corvent inm veal crystols waa given by Rwse(h) 3 Lampari-s;J
Fron che messureman: of the 3ICLN in crystals with treps ar a discrace

energy level, the trap density and depth can be computed. Ths theory of

the Lransient space caargs limited curtent for the cane of an 1des?
E

b/
Bl and

erystal was firgt given by Many, Simbiony, Teisz and Levinacuf
independently by Helfrich and Mark{l?}. Tiie thecry of the traneisng
space charge limited current for real cryvstals was given h» Many and
Rakavy(g}. From transient measurements of the SCLC it 1is possible
te compute the mobility and the trapping time of the carriers. These
results combined with those of the steady state enables one to compute
the capture crosg-section of the traps. Hence, the measurement of the
space charge limited current in insulators is a powerful tool in
determining the characteristics of defects. Since in this report tae
results of stesdy-state space charge limited current measurements are
given, & brief review o° the theory for the steady-state is pregentad
bzless,

Following TLampert derivation, the equarions governing the
steady state current flow in 2 one dimensional plane geometrv crystal,

are the following:

= " = ..b {1 iy s ¢ fe 1
Fa. 1 J = g M nix) Ex) - FU M o eomstan b
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Bq. 2 f'g\ £ = [nay-7f+ [0 - f

vhere %) ang 7%;(1) are in quasi-equilibrium,

The J' is the current density: f. is the electric field intensity; g; is
the mgnitude of the electric charge; /ﬁt is the electronic mobility; £
i1s the static dielectric constant of the insulator; 2 ie the diffusion
constant for elecirons; 7?@) and ﬂfﬁf) are the densities of the free
and trapped eléctfm respectively; and 7 and ﬁt are the values of M
and Wt rubectivaly :I,n the bulk neutral crystal in thermal and electrical
equ!.libritn, (that is, no appiied voltage).

In solving these equations the diffusion term in Bg. 1 4s
n&ghcted, which is reasonable for voltages greater than %Z: = 0.025 volts.
The solution to thesa éqmtiom foi- the idcal crystal, (no trafu)', with the
boundary comdition £ = O at X=0 was given by Mott and Gurney by substi-

tuting the expression for M in Eq9. 2 into B¢, 1 and iﬁtegraeing with the

above boundary condition. The result for J is,
' z

g [
Bg. 3 : J'..?f'//(?

where Vis the applied voltage and L is the crystal

thiﬁknﬁs‘ . -

Lampert gave the exact solution for a crystaﬁl: containing traps

at a single energy level for the case where T_E_ P/, where é; is
| 7
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the trap level energy as messured from the bottom of the conduction band
F

and Eo_ 1s the Fermi-level of the crystal at the ancde. In this case the

current is diminished by a factor 9 compared to the ideal case, (Eq. 3),

and 1s given by: 2

Eq. &4 J:.‘?ZE/L(Q?

Eq. 5 52&-:“‘_8)(/3(-??

where Agf ig the magnitude of the trap depth, and N. and Ny are the
densities of available states in the conduction band and traps respective-
ly. When the voltage is such that all the traps are filled a sharp rise
in the current occurs and the value given by Bq. 3 for the ideal case is
reached,

- Lampert showed that the current-voltage characteristics curves
when plotted on a log J versus log V plot will be confined to lie in a
triangle as shown in Fig. 7. For voltages lees than V a=c the current
will follow Ohm's Law because the number of f{njected carriers a{x) is less
than 5?. » the number of free carriers in the absence of injection. For
voltages greater that;v(n:din a trap free crystal, the current will
obey Child's Law as given by Eq. 3. In the case of a real crystal the

departure from Ohm's Law will occur at a higher voltage due to the fact

that only a fraction of the total injected carriers is free. 1If all the
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traps are at a single energy level the current will again follow

1 -Vz law but will be below the Child's Law by a factor 9 as given
TFL

by Bq. 5. At the voltage,v , when the number of injected carriers

{s approximately equal to the mumber of traps in the crystal, a large

rigse in the current occure for small increases in veltage until the

hild's Law value is reached. For higher voltages, since all the

traps are filled, the injected carriers see an ideal crystal and

Child's Léw is followed,

For crystale which contain trap levels that are distributed
in energy, 9 will no longer be a constant but rather a function of
the voltage. 1In these cases, when the current departs from Ohm'’s Law
it will follow a voltage dependence J-"V BW)V One can gsee that
from a simple steady gstate current-voltdge measurement made on an
insulator with an injecting electrode a large amount of information
tan be ascertained. By taking the ratioc of the experimental value
to the ideal Child's Law value for the current 9 is evaluated.

From the voltage dependence of Q the energy distribution of the
TFL
trap levels can be determined. From the V value the trap density,

Nt, can be evaluated. In the case where 9 is not a function of the

voltage the energy depth of the traps can be found by using Eq. 5.
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SECTION VI. CONCLUSIONS

48 is seen in Fig. & the current-voltage curve is effected
by the gamma radiatlon in such & way that for a given voltage the current
value is lowered. The larger the radiation dose, that is, golng from
curves IT to V, the lower 1ls the current. There 18 also a change in
the slope. Beginning with curve II the current at low voltages departs
from i v? dependence, where n ) 2, to & v2 dependence. In curve ¥
a ‘( dependence holds till the breakdown voltage. For higher radiation
doses the currents are lower than in curve ¥ but the 2 dependence still
holds.

These curves are interpreted in terms of the space charge limited
theory. Results gimilar to curve I, the measurements made on the thin
anthracene crystal before irradiation, have been reported by Mark and
Helfrich(s). These curves can be explained in terms of an exponential
trap distribution. The lowering of the current value for a given voltage
going from curves IT to Y, are interpreted in terms of traps which are
ereated by the radiation., Asg N., the density of traps ile increased, the
nunber of free carriers at a given voltage is decreased. The gradual
change in the slope to a value of 2 for higher radiation doses strongly
indicates that the traps introduced by the radiation are all at the same
discrete energy level. Using the equations of the space charge limited

current theory outlined In Section V, the parameters of these traps can




be caleculated. From curve IV of Fig. 4, the value of the woltage where
the curve departs from a square law dependence is seen to be about 200 volts.
Taking this to be the value of the trapped filled limit voltage for g;e

i . -VTFL %/ 42/*
introduced traps and using this value in the equation, :,«m??grw s
where [. is the crystal thickness, ?‘tha electronic charge, and £ the

dielectric constant, Ny, the trap density, is calculated to be 2 x 1013/cm3.

2

From the ratic of the current of curve IV and the ideal V° eurve, the ratio,
»

f? , 18 X 10'8. Using Eq. 5 and H,, = 1013fcm3 and taking N,, the number
of states in the conduction band o be 1021/m3, the vaiue of AE , the
trap depth, is found to be 0.92 av,

From curve I of Fig. & it is seen that a saturation value of
the current is reached. 4As is seen from curves IT and III this saturation
value 18 not effected by the radiation. However, the voltage at which
saturation occurs depends on rhe radiation dose, that is on the aumber of
traps introduced. The reason for this is that as the number of traps is
increased the mmber of free carviers is decrsased at any given voltage.
The electrode injection, which ia the ateady stste is dependent on the
number of free carriers, will in the case of greater trap density, hoid
for higher voltages. For the higher radiation doges, curves IV and v,
a breakdown occurs before the current saturation is achieved. In Fig. 5
the light intensity dependence of the current is shown for a crystal

where & large nmumber of traps has been introduced. Curve T of Fig. 5

was taken with a crystal in the dark, and curve II was taken when the




eryeatal was illuminated by light which passed through filter €5 3-70,
(cut-off at 49004°). Taking this light intensity as 100%, curves I1II
and IV were measured at intensities of 50% and 257 respectively.

The resulte taken on a eryatal expesed to 120 kvp x-rays
is shown in Fig. 6. The time of irrvadiation differs for each curve
and was adjusted so that the total amount of energy absorbted in the
crystal was the same as the equivalent curves for the gamma radiation
shown in Filg. 4. 1t is seen that qualitatively and quantitatively the
curves are similar,

Our work so far shows that anthracene cfystals are damaged
by radiation from gamma and x-rays and that this damage can be detected
by electrical conductivity measurements. This type of measurement can
be uged to meagure the magnitude of the damage but does not provide
information about the nature of the damage. We hope that the experiments
we have planned for the future will enable us to obtain information

concerning the nature of the demage.
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Fig. 3. Current-Voltage Curve for a Cryscal in the Dark
and under Tllumination with Variocus Filters

10

e ok
p——

i ] i I

I —DARK

== CORNING FiLTER CS5-74
OI— 3 ¥ L53-72
T~ 99 3% CS5B-T0

H A

1944

| |

—

10°

z 5 oy 2 & 10%
VIVOLTS)




CURRENT (AMPS)

‘Fig. 4. Dark Current-Voltages Curves of a Crystal
before and after Exposure to Gamma rays
for Different times.
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Fig. 5. Current-Voliage Curves as a Function of Light
Intensity for a Crystal which was Exposed to a
High Gamma ray Radiation Dose.
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Fig. 7. Triangle Defining the limited of the Space
Char?e Limited Current.
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