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Chimica. — Electrical Conductivity of Biological and Organic 
Compounds. Part VII. Dark Conductivity of Aromatic Oxygen^ Sulphur 
and Selenium Derivatives. Nota (*} di Pier G iorgio F uochi (**\ 
G abriele G iro (**\ Pier G iulio D i Marco (**} e Alberto B reccia (***}, 
presentata dal Socio G. S emerano.

R iassunto. — E stato studiato il processo di semiconducibilità in alcuni selenoderi- 
vati organici, in bo x arten e  e xantene, sotto form a di polveri compresse. I valori di As e di cr 
m ostrano una buona riproducibilità. Inoltre i valori di As sono inferiori alle energie del primo 
singoletto eccitato. I risultati sono spiegati in base al meccanismo di iniezione di portatori 
di carica in presenza di stati superficiali variabili con la tem peratura.

Introduction

T he present Note reports on the sem iconductive properties of selenoxan- 
thone, selenoxanthene, thioxanthene, xanthene and other organic selenium 
derivatives with a view to determ ining the possible effects of different heteroa
tom s and functional groups on electrical conductivity in a simple series of 
organic molecules. The problem  of conduction in these poorly conductive 
arom atic molecules [1] (fig. 1) is re-exam ined in the light of the most recent 
results on charge carrier injection mechanism.

All the substances exam ined show a tem perature dependence of conduc
tiv ity  according to the relationship or. =  g 0 exp (— As/2 UY) and the observed 
values of a , go and As vary  widely from substance to substance; the data 
obtained were reasonably reproducible.

Experimental
Materials.

F luka research grade xanthene and thioxanthene were purified by chro
m atography and then recrystallized from ^-pentane.

T he other com pounds were prepared at the D epartm ent of Industrial 
C hem istry of the U niversity  of Bologna and were recrystallized several times 
from  ethanol and ligroin.

T he pu rity  of all com pounds was checked by T. L. chrom atographic 
analysis, U . V. spectroscopy and m elting point determ ination [2].

'(*) Pervenuta  a ll’Accadem ia il 22 settembre 1973.
(**) Laboratorio di Fotochim ica e Radiazioni di A lta Energia del C.N.R., V ia de’ Ca

stagnoli i, 40126 Bologna, Italy .
(***) C attedra di Chim ica Generale ed Inorganica della Facoltà di Farm acia, U ni

versità di Bologna, 40126 Bologna, Italy.
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Fig. I. -  Investigated substances.

Se

-NO.

o -nitrobenzy I -phenyl - 
selenide

Preparation of Specimens.

Since attem pts to grow single crystals of suitable sizes were unsuccesful 
for most of the substances, we used the standard  m ethod of m easuring the 
electrical properties of the solids in the form of compressed powders [3 a].

A fter crushing in an agate m ortar the substances were dried, where possi
ble, in a vacuum  dessicator at io~4 to rr for 15 hours then placed between the 
electrodes of the m easuring device. A  pressure of 95 kg/cm 2 was then applied 
on the specirhen with a calibrated spring exerting the desired pressure onto 
the electrodes and m antained throughout the m easurem ents, yielding discs 
of 0.70 cm in diam eter and 0.05-0.15 cm thick.

T he pressure chosen is the pressure required to elim inate contact resi
stances and get homogeneous discs [ 3 ,4 ] .

Equipment and Technique.
(a) Conductance cell.

T he conductance cell based on th a t described earlier [5] was enclosed 
in a metallic container connected to a vacuum  system.

The m easurem ents were carried out in a nitrogen atm osphere after several 
evacuation-nitrogen purge cycles. N itrogen was introduced through gas 
washers filled w ith Drierite.

Two heating resistances were used to raise the tem perature which was 
m easured w ith a chromel-allumel calibrated therm ocouple close to the electrodes.

17. — RENDICONTI 1973, Voi. LV, fase. 3-4.
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(b) Measurement of current.
T he very low conductance levels of less than  io~n  ohm“1 cm "1 of the 

solids will cause the tim e constant of any  m easuring circuit to be very high. 
Therefore the use of a.c. m ethods had to be ruled out. T he d.c. m ethod [6] 
was em ployed and current m easurem ents were carried out by m eans of a Kei- 
th ley  M odel 417 High-Speed Picoam m eter. All the electrical connections 
were m ade by  double shielded teflon cables, heaters were non-inductively 
wound and thus we were able to reduce the random  noise down to io~13 amps.

T he applied voltage of 200 V  was taken from series connected high-ten
sion d ry  batteries. The tem perature range was from 30 to ioo°C , depending 
upon the m elting point of the specimen.

Fig. 2. -  Log R against i/T  plot to show tem perature dependence 
of the dark-conductivity for three different samples of selenoxanthone.

M easurem ents of the current were taken for every 5-10 degrees Centi
grade rise in tem perature. G reat care was taken to ensure tha t therm al and 
conductivity  equilibria had been attained in order to have a steady current, 
after the initial capacitative and e.m.f. surge effects, as also reported by other 
A uthors [7-9].

T he first m easurem ent, at room tem perature, was taken  2 hours after 
applying the external e.m.f. to the sample whilst the time interval between 
successive observations at higher tem peratures was 1 \  hours.

O nly a very slight difference was found between values obtained on the 
first heating cycle and those obtained on repeated cycles. W ithin experim ental 
error the slope rem ained constant and very reproducible straight lines of log 
R  against i /T  were obtained (fig. 2-4).
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Fig. 3- -  Log R against i/T  plot to show tem perature dependence of the dark-conductivity 
for i-selenochroman-4-ol: A first samples; i  successive run; •  second sample.

103/ t

Fig. 4. -  Log R against i/T  plot to show tem perature dependence of the dark-conductivity 
for : o  selenoxanthene; □ thioxanthene; A xanthene; •  <?-nitrobenzyl-phenyl-selenide;
■  0-aminobenzyl-phenyl-selenide; A i-selenochromone; X 6 H-dibenzo [b , d] se lenopyran.
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(c) A  bsorption spectra.
U.V. and visible absorption spectra of evaporated films of a few m icron 

thickness on th in  quartz slab were recorded with a Perkin-E lm er 356 Spectro
photom eter. A  Bausch and Lo mb Spectronic 505 Spectrophotom eter was used for 
the absorption spectra of the com pounds in solutions of ethanol and ^-pentane.

Results

The specific conductivity  of all the substances varies with the tem perature 
according to the A rrhenius relationship

(0  or =  G0 exp (—■ As/2 kT)

which holds for semiconductors. T he g raph  of log R (where R is the resistance 
in ohm) against i /T  was always linear. The activation energy of the dark  
conductivity  As and the specific conductivity  a at a given tem perature listed 
in Table I are averages over a series of m easurem ents. As were calculated 
from the graphs of log R  against i /T  using eq. (1) and a from the relationship 
or =  J/X , where

y __ current and v    applied voltage
J electrode area ’ semple thickness

A change in slope was observed ofr o-nitrobenzyl-phenyl-selenide for 
which As drops from  6.0 eV to 1.4 eV for T >  310 K probably  due to changes 
in electrode contact w ith changes in the crystal lattice and presum ably in the 
packing factor.

The first singlet excitation energies calculated from the absorption m axim a 
obtained from the solutions and solid films, together with the corresponding 
wavelengths and the calculated As are listed in T able II.

Table II
First Singlet Excitation Energies in Solutions and in Solid Films 

and Thermal Activation Energies fo r  Conduction.

Compound
Solution Solid film

At (eV)
X (nm) *Ei (eV) X (nm) 'E, (eV)

I -selenochrom an~4~ o l ................. .... 254 4-88 272 4.56 O.64
selenochrom one........................................... 348 3-56 351 3-53 4.12
selenoxanthone ........................................... 389 3-19 383 3-24 I .32
selonoxanthene ........................................... 274 4 ; 52 282 4.40 1-57
th io x a n th e n e .................................. .... 265 4-68 286 4-34 4-03
xanthene ........................................... .... . 291 4.26 295 4.20 1 .68
6 H-dibenzo [à, d] selenopyran . . . . 328 3-78 324 3-83 0.80
tf-am inobenzylphenylselenide................. 294 4.22 302 4 . i i 3-30
(9-nitrobenzylphenylselenide..................... 342 3-63 372 3-33 6.00 

1 .40
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D iscussion

Electrode Injection Mechanism.

O ur com pounds show a fair degree of reproducibility  for g  and As (fig. 
2, 3) which other A uthors in terpret as being indicative of intrinsic conduction, 
but we have evidence for a carrier injection m echanism. W e shall thus discuss 
these molecules in term s of activation energy ra ther th an  energy gap. The 
As values observed w ith one exception are all lower than  the corresponding 
first excited singlet state energy *Ei (see Table II).

A ttem pts have already been m ade to correlate the energy gap value 
with the energies of the excited singlet or triplet states of the molecules [6, 
10, i i ,  12]. There have, however, always been strong theoretical objections 
to the valid ity  of this sort of approach [3b, 13]; we sim ply consider it as 
a m ere reference point for a general discussion.

The population of intrinsic charge carriers in semiconductors is conven
tionally  deduced from the therm al activation energy As, by assum ing tha t 
the observed increase in conductance upon heating is due to a free carrier 
generation process and th a t As reflects an energy term  characteristic of the 
m olecular species. Thus for an organic sem iconductor having for example 
As =  2 eV the assum ption of therm al carrier generation yields only about 
I carrier per io 17 molecules [14]. This means th a t the electrons and holes 
generated by intrinsic ionization are too few to account for the observed con
duction values. In  fact even with the most favourable assum ptions for the 
effective mass and m obility of charge carriers, the equation for a narrow  band 
sem iconductor at 298 K

g 298 =  4X10^ [i, exp (—  As/2 UT)

gives ,a specific conductivity  value of only IO“14 ohm“ 1 cm”1 on the limit of 
observation [9, 16], assum ing an effective mass for electrons and holes of 
100, =  I cm2 V“ 1 s~x (value th a t is about 50 fold bigger than  th a t found for
selenoxanthone [15].

For a broad band sem iconductor where the effective mass is equal to 
th a t of the free electron, g0 =  4 91, the situation is even worse since g  is only 
IO“ 17 ohm“ 1 cm“ 1.

W hen we find m easurable conductivity with As values above 2eV  we 
therefore have to enquire as to the origin of charge carriers since therm al 
dissociation of the bulk solid provides an inadequate supply. In  this case 
we m ust consider the m echanism  of electrode injection of electrons and holes 
into the sample.

From  the Richardson equation for therm ionic emission [15], the num ber 
of charge carriers injected per second will am ount to about io 8 per cm2 of 
electrode area. The concentration of injected carriers thus will soon exceed 
the therm ally  generated carrier concentration. We have to conclude then th a t
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the reservoir of charge carriers available for current transport will be deter
m ined almost entirely by the nature of the contact, and the presence o f ad 
sorbed im purities and gases is responsible for modifying significantly the ef
fective contact potential to facilitate the injection process. It is well know n 
th a t donor and acceptor molecules adsorbed on the surface of organic sem i
conductors m ay greatly  increase the m agnitude of dark  conductivity.

The fact th a t the energy gap m ay approxim ate to the first singlet exci
tation energy indicates th a t the energy gap for intrinsic conduction in our 
com pounds would be so large th a t therm ally  generated concentration of holes 
and electrons is extrem ely small. U nder these conditions, the m ere a ttach 
m ent of electrodes to the m aterial, or the presence of im purities at the surface 
or surface states, can introduce more charge carriers at a g reater ra te  into 
the insulator th an  can be generated intrinsically. So dark  conductivity  in 
the exam ined arom atic com pounds seems very likely to be an extrinsic pro
cess where the electrons and/or holes carrying the current in the solids m ust 
have arisen from injection by the electrodes. Since there is experim ental 
evidence th a t As is independent of the work function of the metallic electrode 
[17-19] the simple theory  of carrier injection requires some modification. This 
is done by  assum ing the presence of surface states on the solids which serve 
to create a potential barrier at the sem iconductor surface which rem ains u n 
changed on m aking the m etal contact [12, 17]. For instance the presence 
of oxygen molecules, which is rigorously excluded only at strongly rarefied 
atm osphere of say io~7torr20, giving rise to surface states will p lay a dom inant 
role as an electron trap  at the crystal surface, facilitating hole injection. Si
m ilarly  traces of adsorbed w ater lower As very strongly through protonic 
conduction [12]. In  this w ay it is possible to explain why Einj =  As/2 is 
less th an  E^/2, the true energy gap.

A n analysis of the results listed in Tables I and II leads u s to  some con
clusions. T he anom alously low As for i-selenochroman-4-ol and 6-H-dibenzo 
[b , d ]  selenopyran and the consequent discrepancy between the observed 
As and the optical excitation energy, seems very likely to be due to traces of 
adsorbed water. A n increase in tem perature will tend to decrease the surface 
coverage of adsorbed water, but it will also tend to cause an increased ioni
zation of the surface states, thus lowering the activation energy for carrier 
injection. Protonic conduction seems to be a distinct possibility in these 
two com pounds in view of the observed dependence of the current upon 
time. M oreover for i-selenochrom an-4~ol there is the possibility of the 
form ation of interm olecular hydrogen bonds between the hydrogen of the 
OH groups.

For I -selenochrom one, <9-am inobenzyl-phenyl-selen ide and thioxan- 
thene, where As approxim ates to 1Ei, a few electron donor surface states 
just above thp Ferm i level donate some electrons into the conduction band 
and a positive charge builds up by com pensation on the sem iconductor sur
face [9, 12]. The bands bend down at the surface and on m aking the contact 
we force an increasing positive charge barrier layer (fig. 5). This leads to
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a straightening of the bands, w ith the possibility th a t As ~  and electron 
and hole injection should occur in opposite directions at equal values of As 
and therefore at equal rates.

\ e V 0 — 0m 0s

(a) (b)
Fig. 5. -  To show how As ~  E^: (a) metal-semiconductor surface potential not a t
equilibrium with a low num ber of surface states E/ ; (b) after equilibration, surfaces in 
contact. -  0 m thermionic work function of metal; 0 S thermionic work function of semi
conductor; E^ energy gap between top of valence band E y , bottom  of conduction 
band E c ; E F(m) Ferm i level of metal and E F(j) for semiconductor; eV0 contact potential.

O -nitrobenzyl-phenyl-selen ide shows a change in slope (fig. 4). The 
conductivity  is extrinsic in both portions (a) and (6) and the change of slope 
reflects a change in the packing and in the crystal lattice near the melting 
point, as a result of which conduction proceeds by a different mechanism. 
The value of 6.0 eV m ight correspond to some situation such as hole injection 
w ith a complete trapp ing  of the electronic current and the great volatility 
of these crystals m akes it reasonable to assume th a t electron accepting levels 
are associated w ith m olecular vacancies on the organic crystal surface. These 
vacancies will increase as the tem perature is raised and hence give rise to 
increased band bending and consequently to the lowering of As.

Influence of structure

On exam ining the series: selenoxanthone, selenoxanthene, thioxanthene, 
and xanthene, we can see a trend in the As and a values.

Selenoxanthone shows the lowest As and the highest g com pared with 
the other three compounds. T he >C = 0  group of selenoxanthone increases 
the conjugation scheme prom oting the delocalization of the ^-electrons in 
the molecule which favours conductivity while the >C —H2 group of sele
noxanthene between two arom atic rings in terrupts the conjugation scheme
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since the >C —II2 electrons are not delocalized. The presence of the sele
nium  atom  in these two com pounds seems to influence positively the specific 
conductivity  and lowers the As because of the stronger m etallic character 
of selenium com pared to sulphur.

T he high As found for th ioxanthene is in close agreem ent w ith the value 
of E i and th a t could lead us to accept an intrinsic conductivity for this com
pound. Calculation using equation (1) with <70 = 4  X io 3 p. and p, =  1 cm2 V“ 1/ “1, 
gave a specific conductivity  at 313 K, of the order io~22 ohm“1 cm -1 m uch 
lower th an  th a t m easured experim entally. We thus suggest the m echanism  
previously proposed for the com pounds ha ing As ~  1E i .

C o n c l u s io n

W e conclude th a t conduction in the arom atic com pounds exam ined here 
m ainly arises by charge carrier injection and this accounts for the high a 
values found and for the observed As being lower than  ^-Ei. C onductivity 
in compressed powders is essentially surface type. The carriers move pre
dom inantly  on the surface where they  concentrate due to the presence of 
traps [9, 21].

A t this stage further work would be particularly  useful on surface states, 
surface potential, electric field d istribution inside the sample, H all mobilities 
and carrier detrapping by electric fields.

The presence of selenium in the molecule plays an im portant role in 
increasing the conductivity  through delocalization of electrons, but functional 
groups have a greater influence on the activation energy and conductivity 
th an  the hetero-atom s, as can be seen from the U.V. spectra for the S0 ~^Si 
transition  [22].
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helpful discussions and advice, and Prof. J. Degani for the supply  of the 
organic selenium  derivatives.
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