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Abstract

Crystals sandwiched between metallic and liquid electric
contact electrodes showed different electric field dependence
of dark and photoconductivity. The crystal with metallic contact
exhibit a slope to intercept ratio consistent with both Onsager's
theory of geminate recombination and the reported results. The
liquid contact electrodes showed better electrical conduction
and a negative nonlinear term with the field. The intensity and
spectral  response dependence of the photocurrent is explained
in terms of singlet and triplet exciton photoionization.

Introduction

Clectrical properties of organic crystels have been extensively studied sexperi-
mentally and theoretically [1-19): transport properties [1-10), olectrical swit ching
and memary devices [11-19]) and photoconductivity [(1-3], Despite this murnerous
experimental  resulls, the theory of electrics! trarepoct phenomenas in organic
wlids Is yet not complete owing to the complication of the system, the many
different energetic processes involved in the phatogenazation of charge cartiers
and preblems related Lo the electric contacts,

Bergman and Joiteer [20] studied the processes involved in photen (<)-induced
chafge carcier in detail. Others studied the effect of dsrk Irjeclion of the contacls
#nd condtions af illuminstion on the photocurrent spectra of letracene  and
peatacene [21,5D], and electric field dependonce of the dark and photoecurr-
erd [22,23,24).

In this ssticle, the deperndence of the dark and photocurrent  on electric
licids up 1o 2 x 10% volts/fem was studied. Four lasing lines (A= 514,5, A49B.5,
476.5 and 459 nm) of cw arqon ion laser wete shined on Bn enthescens crystal
sandwiched between either metellic contact or liquid contact electredes. Short
circut photevaltaic meassurements were slso done.
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These measurements will allow an evaluation of the effect of the electrical
contacts on the electric field dependence of the current. They also allow for
a comparison with recent results obtained on tetracens, pentacene [21,50], and
anthracene [22,23,24) and & check on Onsager's theory of geminate recombina-
tion [26]).

Experimental

The sample was prepated by the sublimation method in a 0.1 Torr of He
atmosphere. Anthracene powder was evaporated on a cold finger to form planar
monoclinic single crystals of approximately 8 x 8 mm with 0.1-0.5 mm thickness.

Two electric cells of anthracene single crystals were constructed by having
two different clectrode contacts with the crystal-metallic contacts and liquid
contacts fixed perpendicular to the c'-axis of the crystal. Distilled water wss
used lo make the liguid contact and siver wires were used to close the electric
cell as can be seen in figure 1.

In the case of metallic contacts the crystal was sandwiched belween soft
indium and soft copper mesh to form melallic contact electrodes. Dissolved
anthracene in dichlorormethane was spread on the mesh to ensure qood electric
contact. The mesh was used for two reasons, the first is to estahlish planar
equipotential surfaces normal to the c'-axis, and the second is to allow the laser
beam to interacl with the crystal.

7 G o : 23

Argon ion laser lines (A =514.5, £96.5, 476.5, 459 nm} wilh intensity 1 = 10
photon cm~Z sec=! were used to excite the crystal to the first singlet and triplet
states. Dark and photocurrents were measured with a 600-8 Keithley electrometer
with fields varying from 0 yp to 2 x 10% volts/em.

Results and Discussion

A ltypical steady-state current-voltage (1-V) characteristic cobtained for
metallic conlact electrodes of anthtacene crystal (4 x 4 x 0.15 mm) is illustrated
in figure 2. The curves labeled s, b, ¢, ¢, and ¢ are those for dark and photo-
currents when the crystal was illuminsted with o laser beam st waselengths
514.5, 4965, 476.5 and 459 nm respectively. The vurves exhibit the following
distinct  features: first, forward increase in the current occurs with illumination
of the crystal with laser lighl; secocnd, the current inceeases with the increass
in laser frequency; third, at low frequencies, the (I-V) characteristic s almost
linear and ohmic as Jong as V £ 1000 volts and at high frequency it shows a
small guadiatic teym,
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Crysial

Figure 1z Liguid conlact call.

Current(I004)

Figuie & 1=¥ charactoiistios [Metallic centact)s Plots  afwed and e CLW S
corresgond  ta anthrecens crystal in dark, snd (lluminated with leser
light; weve length 5145, 4975 4795, 45% om respectively, leser power
irn 02wy for all wavelengtha.
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Ta understand these  Tealures, it s importent Lo ratice that the  direct
thieshold bo the condection bard Eg reletive to the growend stele of the crystal
s 5 ops [EEI]. The processes ek ed in the -:}r:nr.r:ili.nn al chatge carriers depends
er Lhe weselength (summarized in el 200 e.ge illuminetion with R o= 459 nm
produces one photon excitation of singlet excilors. Charge cacriers then ariginate
farm  either singlet excilon phatoionization ar callision of escilons, The ghelors
of A= 5145, 496.5 and 476.5 nm produce one phalon excitation of toplet excitons.
Charge cerfiers then originate Teom  triplet  exciton  photcionizalion. This  model
is nol adeguate to account Far the shagp increase In phaotocurcent at A= 476 mm
relative Lo 496.% and %94 nm, This inconsisbency can be pemoved, if we assume
thet laser light with A= 474.5% produces elso singlet excilora through ane photon
excilalion into the Urbach type expanentiel sbsorption teils Alse we canmal discard
the genecation of charge cerrlers through Lhe absorption of & photon by 8 brepped
camier (by defecls of impurities) snd thereby wndergo a transition o a conduction
fale.

The {1-%) curves conditm a linear field dependence and o small quadiatic
term in the case of A= &76.5 and 457 nm. This Is In egreement wilh Orsager's
thecry of geminate recombination [26), The probability P oGre) thet an isolabed,
thermalized pair with initial separdtion © snd orientation s relative Lo the applied
ficld £ will ewcape geminate recombingtion expended through gquadealic  terms
in E i

red = expl-Za/r) [14Bg1+cose) + Prgig=r) (Terose]™]

where g = e'fZ0KT, B = #F/IKT, and D is the dielectric comslenl. Gt results
gove @ ratio of the slope to intercept of 55 « 10°% which is_in agreement with
the resdts of Batl et al. [24], Chence et al, [23] end Zhukow et al [30). These
results con wesakly be compared with the recent resulls chlained on tetrecens
thin Films [21] due Lo the Tact that the excittion intensitios (1012 em™2 sec=Tlare
much weaker than ours(1~102~ e sec=1), The guadratic small term {(For A 4TES
and 459 am) is due to the space charge limited cureent [27])

The 1=¥ characteristic cumes for snlhtacere with liquid conlaoct electrodes
is shown in fige 3. The curves hese both regative quadistic terme This is indicative
af the importance of the cestact on the ceonduction mechanism. Thetefore one
shauld  consider the whale electrical cell {crystal plus contact) for the obtaked
rasulte. This effect may he due Lo diffusion current of some jons thiowgh the
crystal, the injection of charga cargiers al the interface [27], and the polaization
lield produced by the contact materlal. Our resulls sre in disagreement  with
the resulls obtaired by Maik and Hellfrich [B] on 30 um  anthracene crystal
with Mal liguid contact. They obsferved tha cucrent saries with the thicd power
of the bias at low volteges and linear at high wollages. This gdisagreement can
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Figure 3:  [-V characteristics (liqud contact). Plots 8 ard & curves correspond
tao dark and photo curtenl respectively. Laser light Is?i = 4945 nm
and power = 0.2 w,
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) * -
pe expecied since Mal is a reaclive materials end jons (Ma  and |1 may defuse
in the ceystal

The 1=¥ characteristic is filled lo & guoadielic eguating | = I'_1"|-_.,-|-1:1_'|'+I'.'|'E'n":.
where Gp is the intercept 8l zero figld G represents  the  conductance arnd
I.'tz represents  the olf linearily Berme The dark end photocondoctivity  constants
gree caledlated In order to draw certan conclusiors. The values  obilained  are
listed in table 1 and 2.

The errors sighted & the tables reflect root mean square  desiation from
the fit. Reprodecitslity though sas feuand te be better than 105 oeer one weck.
flsn  we checked the differenl sowrces of cotient which would  cantritete to
thwer measurements by remaosing the crystal and measoring theough alr and plexiglass
sample. This check geve currenls which are lwo orders of magnilude smaller
and wery wesk resporse boo leser lights

Conductivity constanis of  anthracene crystals for  lguid contact 'E-'L and
metallic contnrt 5=k nre shown in lable 1 @nd 2. 1L is clear thal gL deduced
fram measurements on liquid conltact cel is approsimalely o factor of 100 limes
larger than tha correspanding M 1or metallic cantact cell. This mey ba sttributed
to thiee reasors, the liest s thel the liguid contect mekes the best electric
contact bebween insclatore and conductarn the second is that the liguid contact
con be unblocking ta the escharge of fors. The thicd s Ehat thoemesh roduces
the surfoce area of the electric conlact and scatters pert of the lesep light
which wers nal considersd n Lthe caleulalion But still the ratio IE-‘I'G-‘-%."'E]!:] [the
derk eonductivity to the pholo condoctivity for liquld contact cells) are approxi-
mately the same as El'{; ! ,E': Tor fetallic contBck.

For @nve [g Sev, the increass ingp over pis interpreted by  producing
frae  charge carlers via ten processes althar singlet  exciten phoba bondzation
or triplet exciton photoionizetion [20). Bergmen ard Jorther [20] sigqued that
the exciton collisien fondzetion process can not teke place with intensities | <1027

em-¥ a1,

labhle 1 alsa shows the dependence of phatocoeduction current oo the [sser
Traqurnry. Tha sharp incresse In photecurrerd at high laser fregquanclies s due
to the diffterence in the value aof cross sections ol pholoicedzalion of sifglel
to Lriplet Extitﬂm.ﬁ;[:\; 476.%5 and 4%9 nm) ix Tournd a fectar of 5.4 larger
Ehan §p |:"}'|= 8965 ard 51485 mml. This resull lies bhetween the selues dound dor
the  patio of the cfois seetion aof singlet and Lriplet exeiton photpionizalion Gy
Strame [20], Holzman et alg [29) end Samoc et al [25].



Eqyptian J. Solids, Vol. & No. 1, (1986). 7

Finally the conduction cutrent was stodied s a furction of leser power
ilfwstrated in figure 4. The cell wes biased wilh high/low voltage ~ 30071 ol
in a shart citcuit configuration. In bolh cases the current increases linearly with
4 slope of 1.9 < 107 and 2 « 1|]1}Er-‘1|.h"w"1 for high and low bias respeclively.
The crystal ects ws o photovoltaic high impedance deviee with 2.5 valts fwakl
in the low bias case. This behovior of conduclion cutrent with intersily &5 consislont
with bk aswumption of escilon photoionization,

Conclissian
The conclusiors can be summan zed as sallows:

1. The dopendence of the cutrenl on the electric lield dylees  with bokth  Lhe
rogorted  results  and the Onsager's theory of geminate recombination. The
nonlinear term s intetpreted in terms of space chaige limitod cutrent.

Z. Electric contacts to the crystal have lo be evaluated for electric measuremadnst s,
To wndegstand Lhe effect of the contact relative to tha Bulk, we sisggeast
that the measurements of irmpedance snd phase angle praduced by the whale
cell should give relaxalion times for the differest conduction  mechanismes
[bulk conduction, and interfacial conduction) in the call

$. The deperdence of photocurtent an the laser Trequency is interpreted in terms
ot singlkel and tripkt ewciton photoionizetion. The ratlo [ the cros section
of singlet to triplet photoionization is found to be In agresment with the
reported results [25,28,29]. Photocureest generated by m brsgped corder cannol
b disregaided.

4. The dependance of pholocurrent an laser power contipms the conclsion o
paint § ahowe,
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Iable 1: Effpctive Dark/Phote Conductivity Constant for Metalic Contact Anthrecene
Crystal. Unils are in MKS-System

Pholo
Constants Dark
518 nm 497 ovm 479 nm 459 nm
1w’ 0.062 0.155 0238 0.418 0.848
G, ~0004 +0.006 +0.002 40031 +0.053
10'17 0.139 0422 0 14,80 16,53
Gy +0.000 +0.000 +0.01 +0.02
w0 7.7 16,5 22 T, 79
il 4_-0.5 +0.9 + 1 .5 - S

Teble 2: [Hective Datk/Pncto Conductivity
Crystal. Units are in MKS-5y=tem

Constant for Liquid Contect

Constants Dark Photo
10726, | 0555 + 0010 1812 + 0.13
10" ¢; | -0.582 + 0.020 -144 4+ 29
10712 o 66 » 03 216 + 08

Anthracens



