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ABSTRACT

Specimens of liquid sulphur were obtained by melting orthorhombic

sulphur crystalls or ultrapure granules of sulphur. Between the melting

point (ll9°C) and 160°C, liquid sulphur is composed of puckered S_, ringo
molecules bound by weak van der Waal forces as in the solid. Above 160°C, 

polymerisation of ring molecules takes place. Drift mobility techniques 

have been used to study the charge transport during melting and in the 

liquid up to about 200°0, The specimen cell consisted of two parallel 

quartz discs separated by glass spacers, 50 to 700 microns thick. Trans

parent electrodes were applied to the inner surfaces of the discs. Charge 

carriers were generated close to one of the electrodes by a fast ultra

violet li^t pulse 10 microsecond duration), and carriers of one 

polarity were drawn across the specimen in the applied field. Their 

transit time was measured giving a value for the drift mobility. The 

results showed that the charge transport is due to both negative and 

positive charges which move in the liquid by means of phonon - assisted 

random hopping between neighbouring molecules. From a detailed disc

ussion of the results it is concluded that we are dealing here with

an electronic, rather than an ionic charge transport. The electron
—4 “5and hole mobilities at the melting point are 1,0 x 10 and 5,5 x 10

2 3L*
cm / volt sec respectively./y Electron mobility which is^hopping trans

port in the solid, shows a drop of a factor of 50 during change of 

state. This has been attributed to a decrease of overlap J by a fac-



vil
tor of 5,5. Between 119°C and 160°C the electron mobility increases in 

the liquid with increasing temperature.with an activation energy of 0,151; 

0.03 ev. Holes have the same activation energy within a larger experim

ental error. Above 160°C both ol.c'ron and hole mobilities decrease 

slowly with increasing temperature. This has been attributed to a de

crease in the hopping probability recilting from a loss of ring mole

cules by polymerisation.

Dark current measurements on liquid sulphur suggested that in less 

pure specimens impurity ions set up a space charge near each electrode 

of opposite polarity to that of the electrode which modifies the current 

in accordance with Thomsop^model of conduction in gases.

The measurement of the efficiency of carrier generation in liquid 

sulphur has been carried out at an applied field of 33 K volt/cm, con

siderably less than the saturation value. The results show that the 

ultraviolet photoconductivity reaches a peak at about 2600 % with a

generation efficiency of 10 The recombination lifetime of generated
-7carriers has been estimated to be about 10 sec.

The visible emission of solid sulphur under x - ray excitation has

been studied. The observed emission has an estimated efficiency between

10 ^ - 10 Three emission peaks at 4900, 5300 and 5700 % have been
&

detected. The emission is thought to be duc/ytransitions from a mole

cular excited state, 2.7 ev above the ground state, to the singlet 
Hot

ground state of^Sg molecule.



CHAPTER I 1

PîTRODUgridN

In recent years there has been a growing interest in the electrical 

transport properties of organic molecular liquids. However, very few in

vestigations have been made in both solid and liquid states Such studies 

should be of particular interest in molecular systems such as sulphur in 

which the interactions between molecul#es are of the weak van der ¥aal5 

type. The reason is that a considerable amount of information has recent

ly become available for charge transport in solid sulphur and one would 

expect much of its transport characteristics should be retained in the 

molecular liquid. It is the purpose of the present work to investigate 

the transport properties of sulphur on melting and in the liquid and in 

particular to correlate the results with the thoroughly understood behav

iour of the solid. It is a difficult problem to distinguish experimentally 

between ionic and electronic transport. It will be shown that the anoma

lous viscous properties of liquid sulphur are particularly useful in this 

respect.

Surprisingly little knowledge exists in the field of charge trans

port in molecular liquids. Chapter two of this thesis gives a short re

view of previous work. Chapter three discusses the transport properties 

of solid sulphur. One section has been devoted to the theory of 'hopping 

transport *, as this mechanism is relevant in the interpretation of the 

results obtained. Chapter three also includes a review of relevdpt



physical properties, such as viscosity and polymerisation, of liquid 

sulphur.

In chapter four, the experimental methods used in this work are 

described. The experimental results are presented in chapter five and 

the interpretation is discussed in chapter six.

A preliminary investigation of the visible emission spectrum of 

solid sulphur is also included in this thesis ( chapter seven ).

Chapter eight summerises the conclusions •



CHAPTER 2

m i M  OF aiARGE- transport in molecular liquids

Until comparatively recently much of the interest in dielectric 

liquids derived from their use as practical insulators. It is clear, 

however, that the complete explanation of phenomena such as breekdoim 

and conduction in technical liquids and simple hydrocarbons requires 

much more fundamental information about charge transfer as a whole.

The main problem in work on technical liquids is to identify the charge 

carriers and to analyse the transport mechanism. The interpretation 

of such measurements is often difficult because of the predominant 

effects of space charge and impurities.

A wide range of measurements of carrier mobilities in hydrocar

bons, paraffins and silicones were reported by Adamczewski on 

behalf of a group of workers in Poland. This group has largely con

centrated on the properties of carriers formed by x-ray irradiation 

of the liquid. The room temperature mobilities arc of the correct 

order of magnitude for ions: about 10 10 ^cm^/volt sec in normal

hydrocarbons and paraffins, falling to 10 10 ^cm^/volt sec in hi^ily

viscous liquids. The temperature variation shows that the mobilities 

of the negative carriers are inversely proportional to the viscosity 

of the liquid as expected for ions obeying Walden's rule (see below). 

However, the smaller mobilities of the positive carriers vary more 

rapidly with temperature; this has been taken as an indication that 

this ion is possibly not a stable entity.



(2)Walden's rule is an empirical principle which states that, for 

ions in solution, the product of ion mobility and solvent viscosity is 

a constant independent of temperatuic. The theoretical basis of 

Walden's rule is well understood# The aqueous solutions of a wide range 

of liquids follow this behaviour closely. This rule can be derived simp

ly from Stokei!̂  law as follows. For a spherical body of radius r

moving through a medium of viscosity  ̂ Stok^ showed that the drag

force on the sphere due to the viscosity of the liquid is,

F rr 6 // '*\ r v -------------- (2,l)

where v is the terminal velocity of the sphere. For a spherical ion 

of radius r and charge q moving with a velocity v under the in

fluence of an applied field E, F=z q E and vr^E, where is the

ionic mobility, Eq*(2.l) can now be written as,

^  g ^constant -— — (2*2)

which is Walden's rule. For a sphere the value of the constant is 

q/6 77"r. It will, however, be modified by the shape of the ion 

The predicted ionic mobility is thus,

iti  ------ — — 10^ cm^/volt s e c ------- (2.3)
^ 6 T T Y l r

where q is in coulombs, r in cm and Y\ in poise.
( 5)Caravajal et al. have shown that in some organic solvents the 

mobility of ions whose radius was greater than about 5 2. could be re

liably estimated from Stoke&r law. For smaller ions or in polar sol-



Utioiisi Stôk6*6 relation is a poorôt* estimate and one should usé an eff

ective radius for the ions, deOroot, Gary and Jamagin taada an eeti- 

fiiAte of the effective ion radius using a simple eleotrostatlo niodal* It 

a][̂ paars that the effective radius is lar^r due to adlvent moieoùiés att^ 

aching themselves to the ion,

Hexane

Among the hydrocarbons and other liquids, the of

«Éturated hydrocarbons has been mo5t extensively stuîied, The negative 

and positive carrier mobilities in hexane (n - 6) at 20°C as obtained by 

aoVeral authors are shown in Table 2,1, It is interesting to review Le- 

results in some detail- 

The mobility of negatf# ohàrge câr#oÿà in hexane as measured by 

Lei^ano is 1#4 x 10 ^ cm^/volt see at Furthermore, the mobility

variea exponentially with tei^erature and is given by,

y O  — exp ( •** ^ /kT)

where 0,3 — 0.2 cm^/volt seo and ̂  , the activation energy^ is

(1,14^0,02 CV̂  From the activation ettorgS^^oted by him tO be 0,03 éV,

it appears that the product of mobility and the liquid Viscosity i§ 

anowialotis with respect to Walden's rule, LsBlanc alSo measured the 

mobility ratio of negative charges in hexane and heptane j this is 

1,1 — 0,2?, If the charge carriers in the two liquids were homologous

* Forster quotes a value of 0̂ ,1 eV for the vlsckisity activation energy^



negative molecular ions, then this ratio should be larger. This evide

nce points against an ionic transport mechanism. LeBlanc therefore pro

posed an alternative model according to which the excess carrier is an 

electron which travels some distance before being trapped temporarily 

on an impurity molecule. { ’Trapping' is used here in a different sense 

from that in a solid. In the liquid, a molecule traps a carrier and be

comes charged; the ion thus formed can move under the influence of an 

applied field. The motion of the charge is therefore a mixed motion

of ions and electrons and the drift velocity is vc v. + v _ . «ion electron
It is possible to talk about trapping in liquids if "'̂ ĝ ĝ .tror̂  ^ion^ * 

If the average time spent by the electron in such a trap is and

that spent between trapping events is X  then the effective

electron drift mobility is given by

----------------

where is the electron mobility in the absence of trapping. Fur

thermore, if in the range of temperature investigated ^  

then

^ exp I - ^ t/to) ----- (2.6)

- I
as the probability of thermal release is equal to exp(,— C^/kT).

The activation ener^ of mobillity of negative charges in hexane has 

been identified with and interpreted as the average trapping

energy for electrons. According to LeBlanc some evidence for the ab-
(12)ove model has been provided by Crowe's measurements in hexane •



Crowe, making measurements in saturated hydrocarbons at breakdown 

fields, obtained a value of 9 x 10 cm /volt sec for the negative charge 

mobility in hexane at a field of 1,5 x 10^ volt/cm. This is a factor of

6,5 larger than LeBlanc's Value. Crowe's method of measuring mobility 

was, however, different in that the transit time of an electron was ass

umed to be the same as the 'formative time lag' of breakdown discharge.

( This is the time required between an electron emission by the cathode 

and the appearance of a spark due to 'collision ionisation' caused by the 

electron), Crowe also found that the formative time lag * ( or the mobil- 

ty) was approximately the seme for a wide variety of liquids of different 

molecular weight and viscosity. He concluded thfit the mobility calcula

ted from the data was that of an electron or an avalanche of electrons 

in hexane. It was suggested that the low value of mobility was due to 

the electrons in the liquid spending part of the time being trapped or 

attached to neutral molecules and occassionally breaking away under the 

influence of the intense applied field to cause ionisation.

To explain Crowe's results, LeBlanc proposed that at high fields in 

the region of breaiidown the voltage drop across a trap of molecular dim

ensions will be an appreciable fraction of the trapping energy (^ ̂ ).

This will lead to a significant increase in the rate of escape from traps. 

Considering classical processes only ( i.e., neglecting tunneling effects

« A foimative time lag ten times smaller than Crowe's value in hexane
(l3)has been obtained by Lewis and Ward  ̂ ’
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which may be important at breakdown fields) and treating the traps as 

square wells of radius ^ one finds instead of Eq.(2.6) that the drift 

mobility sliould vary with the field strength as,

A e x p  j^-( ^ -tE <5 )/krj --------- (2.7)

where A, the pre-exponential factor in Eq.(2.6), is obtainable from ex

periment (see Eq,(2,4) ). Taking^.r 9 x 10 ^cm^/volt sec at E - 1.5 x 

lO^volt/cm, and - 1,4 x 10 £6c at E x 0. LeBlanc obtained

a value of about 3 ° for ^  ; thus the traps appear to be of molecular 

dimension.

Seeker and Lewis have also measured the mobilities of posi

tive and negative charge carriers in hexane. Unlike the other authors 

(Table 2.1), however, they obtained a large scatter of experimental 

results of about 200 They used x-ray excitation to inject excess 

electrons into the liquid. The average values of both positive and ne

gative carriers were about twice those reported previously. They also 

made some measurements of the space charge limited currents and found i + 

much lower than the theoretical value below a field of 1 Kvolt/cm, To 

explain these observations they postulated that the liquid moves at a 

velocity v , in the same direction as the field induced charge motion. 

Provided the mobile charges are ions, such liquid motion could be set 

up by two processes; first by momentuiu transfer from the injected pholp- 

electrons ( energy' ̂  20 K ev) into the liquid, and secondly, by the in

teraction of tiie ciiarges and the liquid molecules throughout the transit 

time of the former between the electrodes. Although from their published 

data it is difficult to see the validity of their interpretation, such



liquid motion has been observed by Gary and Lewis 

Pyrene

It would appear that more complete information Oould be obtained 

from measurements in both the sblid and the liquid state of the same 

material* Such measurements in molecular systems have so fai* been made
(15)only in pyrene by LeBlanc i

LeBlancmeasurements are^ however, very preliminary and no defin

ite conclusions as to the nature of charge transport can be made from
3them# He observed a drop in hole mobility by a factor of 10 at the 

mëiting point (149°C) from 0*3 to about 3 x 10 ^cm^/volt sec# In the 

solid LeBlanc*s results agree with those of Bepler's

Benzene

So far we have essentially been discussing the properties of char^ 

carriers introduced in liquids by external radiation* Intrinsic (dark 

or natural) conductivity can also give some useful informations regard

ing charge transport.
-19 -20 -1 -1The lowest conductivities of 10 - 10 ohms cm have been ob-
(17)tained in hi^ly purified paraffins ' and it is possible that even 

this residual conduction is due to dissociated impurities or other ex

trinsic causes. On the other hand, the relatively hi^ conductivity

) \ 
(17)

(10 ^^ohms ^cm )̂ of benzene measured by Forster is thou^t to be

an intrinsic property of the liquid and this was confirmed by Nowak
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Systematic changes in the conductivity of a series of related hydrocar

bons were described by Forster  ̂ and from these it appears

that the intrinsic conduction is associated with the presence of //^- 

electrons in the molecules. Because of the higher activation energy 

of conductivity in unsaturated hydrocarbons, Forster suggests that the 

conduction in those liquids involves a 77 ” electron jumping process 

which is independent of the presence of trace impurities and does not 

occur in saturated substances.

In most insulating liquids the current is found to decrease with 

tirae following the application of the field, and this effect is thou^t 

to be partly due to a build up of space charge layers on the surfaces of 

the test cell. The rest is a genuine time dependence which is probably 

caused by the removal of non-equilibrium carriers from the bulk of the 

liquid, although it is not certain whether these are discharged at the 

electrodes or how much they contribute to the build up of space charge 

layers there. Probe measurements of the potential distribution in ben

zene and other hydrocarbons by Forster '(^3) have directly con

firmed that there is a considerable space charge near the electrodes. 

This is shown in Fig.2.1 for benzene. In saturated hydrocarbons the 

space charge is predominantly near the cathode, but in unsaturated hy

drocarbons it occurs mostly near the anode. This is probably due to 

different types of carriers in the two cases.

To explain tne existence of space charge layers near the electrodes
(21)and the resulting non-ohmic current in these organic liquids, Silver 

proposed a theoretical model for conduction in insulating liquids based



11
( 22)on a theory originally formulated by J. J. and Q, P. Thomson for the 

space charge distribution in a gas between plane parallel electrodes. 

This theory, which does not distinguish between electronic and ionic 

conduction and is thus applicable to both type of conduction, is in 

reasonable agreement with the experimental results for benzene. It 

suggests that the measurement of the potential distribution may be a 

useful tool for obtaining transport parameters in liquids.

Thomson's theory should be applicable to insulating liquids with

a slow generation rate of carriers regardless of generation mechanism.

Tile electrodes are assumed to be non - injecting. The theory shows

that the liquid may be considered to consist of two space charge 1:

ited regions near the electrodes in series with an intrinsic region

in the bulk; this is in agreement with Forster's result as shown in

Fig. 2.1. An interesting consequence of this theory is that the current

(l) versus voltage (V) relationship has the form

V =: I d 4- Cg I^  (2.8)

where d denotes the electrode separation. and are constants

depending upon the charge transport properties of the liquid, Eq.(2.8)

agrees well with the results obtained for benzene by Forster. (It is
(23)interesting to note in passing that Wilson obtained an expression

similar to Eq. (2.8) in his theory for the conduction in flames which 

has been verified experimentally).

AS indicated by Silver, the important advantage of the above theory 

is that, from the experimentally obtained value of the potential drops 

(V and Vp, Fig. 2.1) at the electrodes and the widths of the space



12

charge regions ( and d̂ , Fig,2.1 ) one can calculate parameters such 

as the mobility of charges responsible for the dark conduction in the 

liquid, the density of carriers, and the generation and recombination 

coefficients. One can then compare these with the corresponding para

meters of the excess charges generated by external radiation, No drift

mobility data for the excess charge carriers are available for benzene,
—6 2but Silver obtained a value of about 10 cm /volt sec for the mobility 

of both positive and negative charges in benzene, from the analysis of 

Forster's data.

Rare - Gas Liquids

Owing to the complicated shapes of hydrocarbon molecules it is un

likely that there will ever be a detailed theory of charge transport in 

these liquids. Comparison with StokeS- law etc., can only give a very 

crude interpretation of the results. Only in the case of the rare-gas 

liquids has this problem been more successfully resolved. The investi

gations with liquified noble gases are significant for the understanding 

of the nature of charge transport with regard to its dependence on app

lied field, correlation, temperature and pressure, since the experiment

al results lend themselves to detailed theoretical treatment.
(24) - -4For example, for positive ions the mobilities were: 6 x 10

cm^/volt sec for argon at 5 atm and 90°K, 6.8 x 10 ^cm^/volt sec for 

krypton at 22.7 atm and 145°K and 2.85 x 10 ^cm^/volt sec for xenon 

at 7.5 atm and 184.2°K. It was suggested that in these fluids the charge 

species were Ar^ , Kr^ and Xe^ respectively. Negative charges , thou^t
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to be due to oxygen or nitrogen impurities, have also been observed^

to have about the same mobilities as the positive ions* It was shown

by Davis, Rice and Meyer that the observed mobilities and their

temperature dependence were in qualitative agreement with the theory

developed by Bice and Allnatt and by Barker

The rare-gas liquids are unique .also in that electrons have been

observed to have a mobility higher by a factor of about 10^ than the ions.
( 20 )Miller, Spear and Howe have measured the drift mobility of carriers 

generated by electron bombardment over a range of applied field from 

10 volt/cm to 100 Kvolt/cm, Near the triple point, the 'low field elec

tron mobility* in liquid argon, krypton and xenon were found to be 475, 

1800 and 2200 cm /volt sec respectively, about one half of the mobility 

found in the corresponding solids. It is remarkable that no signific

ant change in the scattering mechanism occurs on melting of the solid 

rare-gases. In fact, pronounced 'hot electron' effects were observed 

in drift velocity versus field curves for both the liquids and the 

corresponding solids, and their fit to Shockley's 'hot electron theory' 

has been shown to be satisfactory.

Concluding Remarks

In the absence of a complete theory applicable to the hydrocarbons 

and other liquids with complicated molecular structure, one can but re

sort to a crude interpretation of the charge transport behaviour in 

such liquids in terms of StokeS.*' law or Walden's rule. On the assump

tion that the charge carriers in liquids are ions, Adamczewski derived
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some empirical relationships between different parameters such as the 

mobility, viscosity, recombination coefficient, etc. He included in 

his investigations those charge species which do not obey Walden's rule, 

considering them as unstable ionic species. It, however, seems unlikely 

that in non-polar media, in a small temperature range, this should be 

the case.

The charges, which do not obey Walden' s rule, are more likely to 

be electronic, as LeBlanc's investigations show. These may be trapped 

during their motion throu^ the liquid and consequently move with a very 

low drift mobility for a part of their transit, LeBlanc’s experiments, 

however, give no information concerning the nature of such 'traps*. In 

his measurements, different liquid samples yielded the same value of 

mobility; it is therefore unlikely that residual polar impurities fur

nish the trap sites. A trapping mechanism similar to that in an amor-
(29 )phous solid was suggested. According to Fowler , electron trapping 

in amorphous solids arises from discontinuities in the electron conduc

tion band at crystalline boundaries. The sane picture might also apply 

to liquids, which can be visualized as consisting of a large number of 

randomly orientated, crystal-like regions of submicroscopic size.

However, the main objections to LeBlanc’s model are as followS-g. 

First, the type of field dependence described by Eq.(2,7) has not been 

observed. The studies of the field dependence of negative carrier mo

bility were made by Chong and Inuishi for pure hexane at fields up 

to 500 Kvolts/cm and for benzene up to 120 Kvolt/cm and by Terlecki 
for pure hex;ane, octane and decane up to 300 Kvolt/cm. They have not
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found a field dependence of mobility# Secondly, Crowe's interpretation 

of breakdown phenomenon on which LeBlanc apparently based his trapping 

model is rather doubtful in view of the recent work on dielectric break-
(17)down in liquids * It is now increasingly realised that breakdown 

may not be an intrinsic property of the liquid and that it can frequently 

be explained in terms of bubble or cavity formation which is different 

from collision ionisation process in that it does not need a high energy 

electron to initiate breakdown,

LeBlanc liimself is inclined to reject such a model in view of his 

work on pyrene. He felt that it was unlikely that a trap controlled 

transport should be predominant in the liquid and completely absent in 

the solid. He therefore suggested that the transfer of charges from one 

trap (impurity or defect) to the next makes only a small contribution to 

the overall motion and that the main effect is that the electron is al

most pefmanently 'self-trapped' in the polarisation field of its surr

oundings (see 'small polaron theory', next chapter). The lack of long 

range order will possibly enhance the probability of this polarisation 

'self-trapping' and effective localisation of the electron on each mol

ecule it encounters. Subsequent transfer to an adjacent site can then 

occur only with the absorption and emission of phonons and will therefore 

be temperature activated.

Such a theory, as tentatively suggested by LeBlanc, now exists in 

a comprehensive form for solids due to Holstein, Yamashita and Kurosawa 

and others (next chapter). This has been successfully applied to elec

tron transport ('hopping transport’, next chapter) in orthorhombic sul



16

phur. No precise investigation of charge transport in liquids exists in 

the li^t of this theory. Liquid sulphur appears to he best suited for 

this purpose in view of the already available data for the solid.

In the liquid, the charge motion will be complicated by ions. Since, 

a molecule on which a carrier is feelf-trapped' can also move as an ion.

If the ionic mobility is comparable to that of the electrons or larger 

it may be difficult to distinguish the two component mobilities.



CSAPTEH 3 ^7

PROPERTIES OF SOLID AND LIQUID SULPHUR

3*1 Trfinsport Properties of Solid Sulphur

Crystalline sulphur exists in two stable allotropie forms. Orthorh

ombic sulphur (8^ ) is stable below 96^C. If heated slowly above this 

temperature, it changes to the monoclinic (8^ ) form. Both the aliotro

pes are molecular crystals consisting of puckered 8g ring molecules; the 

molecules are bound together in the lattice by weak van der Waals forces.

A detailed investigation of the temperature dependence of the hole 

and electron transport in orthorhorabic sulphur crystals has been carried 

out by %)ear and co - workers (^l), (32),(33),(34) drift mobility

techniques (chapter 4j* a s  shown in Fig. 3«1> holes possess a room temp- 

erature mobility of up to 10 cm /volt sec. At the lower temperatures 

the hole arift mobility is an activated process, and during transit thr

ough the specimen the holes interact with a level of centres 0.19 ev ) 

above the valence band. With increasing temperature a transition to a 

lattice controlled transport takes place. The transition between the two 

mechanisms is expressed by the following relation,

r ^"1
^ exp ( ^ y k T ) j  (3.l)

where/^ ̂  is the measured m o b i l i t y ^  is the lattice mobility, de

notes the effective density of states in the valence band and the de

nsity of shallow traps. The solid curves in Fig. 3.1 were fitted accord

ing to this relation corresponding to the given values of N^.

The results for the electron mobility is shown in Fig. 3.2. The
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transport is an activated process throughout the temperature range lead

ing to a drift mobility of  ̂= (6.2 t 0.6) x lO”^ cm^/volt sec at 21°C 

and an activation energy of - 0.167 - 0.005 ev in all principal dir

ections of the crystal. The remarkable consistency of the results, which 

is in complete contrast to the hole results, together with the low value 

of the mobility, led the above authors to exclude a trap controlled tran

sport. They fitted the results to the small polaron theories of Holstein 

and of Yaraashita and Kurosawa In the following these theories

are discussed in detail since they introduce a new transport mechanism 

applicable to highly localised carriers as opposed to a description of 

transport in terms of delocalised Bloch functions. As shown by the re

sults in this thesis such a theory could well be. applicable t# the trans

port of.«barge carriers in liquid sulphur.

Snail Polaron Theory

Consider an excess electron in a molecular crystal» such as sulphur, 

characterised by an extremely low electron mobility. Because of the 

pniflll wavefunction overlap between electron states on nei^bouring mol

ecules, the electron may remain in the region of a lattice site for a 

time long compared with the period of molecular vibrations. The elec

tron will polarise the surrounding lattice and nei^bouring molecules 

will be displaced to new equilibrium positions corresponding to a re

duction of the total energy of the system. The induced lattice distor

tion will thus produce a potential well for the electron and the elec

tron will be essentially 'self - trapped' with a binding energy Ê .
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The electron with its region of lattice distortion is known as a polaron. 

The term ’small polaron' is used for non - polar media where the lattice 

distortion is fairly localised.

The main condition for the formation of small polaron is J,

where J is the overlap energy between neighbouring electron states. The 

transport has been investigated theoretically by Holstein and by Yamash- 

ita and Kurosawa. The general results of these theories are that essen

tially two mechanisms can occur, described with reference to Fig. 3-3 

which shows the^y^- 1/T curve calculated for the case of sulphur.

(a) At temperatures below T^ ( The transition temperature be

tween tne two mechanisms), the transport of the polaron between 

neighbouring molecules occurs without absorption and emission of 

phonons i. e., the polaron quantum number remains unchanged du

ring the transition. In this case the polaron will move as a 

whole and one describes its transport in terms of Bloch functions. 

It can be seen from fhe Fig. 3«3 that in the low temperature re

gion the mobility decreases with increasing temperature, consis

tent with transport in a band, with increasing temperature 

scattering becomes more intense and the scattering relaxation 

time T  will decrease. T^ is the temperature for which the

polaron bandwidth v7 ^  . This means that the uncertainty

in energy after a scattering event will be equal to the polaron

bandwidth and the band description breaks down,

(b) For T^ T̂ , the transition of the polaron between mole

cules will be accompanied by absorption and emission of phonons
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and the polaron will'break up* . The transport is then a random 

diffusion process by a series of uncorrelated, phonon assisted 

site jumps and referred to as 'hopning' transport. The limiting 

conditions for the occurance of this transport mechanism have 

been discussed by various authors -was shown

that for carrier mobilities below about 0,1 cm /volt sec hopping 

conduction should in principle occur.

Although hopping transport is likely to play a part in a fairly 

wide range of organic and inorganic molecular solids, there still exists 

a lack ol really conclusive experimental evidence for hopping conduction 

in these materials. The work of Spear, Adams and Gibbons has led to the 

conclusion that the electron transport in orthorhombic crystals of sul

phur represents a good example of an intermolecular hopping mechanism. 

Hole transport, on the other hand, exhibits the features of a polaron 

band type motion.

Hopping Transport of Electrons in Sulpnur

The small polaron theories lead to expressions for the probability 

P of a carrier making a transition to a neighbouring site which car be 

related to the experimental data by

  ------(3.2)

where e is the electronic charge and 'a' represents the spacing between 

molecular sites. Eq.(3.2) follows directly from elementary diffusion 

theory and from Einstûi/^relation between diffusivity and mobility.
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with an average value of 'a' =  5.95 2 f o ^ S ^  lattice, the experimental 

results lead to P =  4.4 x 10^ sec  ̂at 21°C. Re - plotting the data of 

Fig. 3.2, the temperature dependence of P can be expressed over the whole 

range by

P =  exp (-€ p/kT) -------------(3.3)

12 —Xwhere P — 3.1 x 10 sue and A  - 0.10 ev, somewhat larger than the o p
activation energy associated with the mobility. It can be seen that for 

all temperatures below the melting point (36S°R) the electron will be 

localises on a molecule for several periods of molecular vibration. The 

intermolecular transition is most likely to occur by tunneling, when as 

a result of vibrational interaction the two electron states are in ener

gy coincidence.

Yaraashita and Kurosawa used time dependent perturbation theory to 

calculate this transition probability,

P -y- T T ^  exp r -2 /  128-p l^Ll^j 4 / 
fX L. J

s(s+ 1/  --13.4)

where J is the intermolecular exchange energy (a measure of the overlap 

between intermolecular orbitalsj, the modified zero order Bessel fun

ction and 1/0 = exp (ft '4,/kT) - 1. The diraensionless electron - lattice 

parameter y  is defined as

y  ̂   (3.5)

where if denotes the polaron binding energy and the localized electron 

is assumed to interact predominantly with a molecular vibrational fre

quency (i. e., dispersion neglected).
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The corresponding expression obtained by Holstein Is,

. 2 I T
1/2

exp -2Ytanh t o , "
2 y  cosech ̂  Q

Ir 4 k T
-

(3.6)

Eqs. (3.4) and (3.6) were used by Gibbons and Spear to compute P x 
(2 77*) y  J^) for a number of y  values, and the results were

plotted, as shotm in Fig. 3.4, as a function of E^/2kT. Fory^5, the 

values deduced from the two theories are in remarkably good agreement*On 

the basis of Eq*(3.3)# which satisfies the experimental data over the tem

perature range , a lower limit of y  was set to be 15. For a given 

value of y  greater than 15, the value of in the abscissa of Fig, 3.4 

was adjusted until the gradient of the line was equal to the experiment

al value,ê  p. Having obtained E^,^tO^V7as calculated from Eq.(3*5) and 

J was found from the scaling factor. The results of the curve fitting 

are summ^ised in Table 3.1. The four most prominent fundamental peaks 

of the molecular vibrational spectrum lie above the limiting value of Y  

in the range between 17 and 27. The wave number and assignment 

according to Scott et al. are included in Table 3.1. The average

value of E^ corresponding to these modes is 0.48 ev; the value of J de

rived from the analysis is about 0,05 ev not unreasonable for a molecu

lar crystal such as sulphur.

As discussed above, Holstein predicts that with decreasing temp

erature there should be a transition to band type motion, and gives the 

low temperature limit (T ) for the occuî yice of a hopping transport as

•K w ,
2KT ^  1
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For the lowest temperature used in the experiment of Gibbons and Spear 

this condition is fulfilled for

tvU)^ ^  0.034 ev 

so that all the values in Table 3.1 fall within the hopping range. Hiere 

are several subsidiary conditions given by Holstein which involve E|̂ , 

and J. With one exception, these are satisfied for the group of funda

mental vibrations.

Electron lifetime measurements were made by the above authors and 

are consistent with the hopping model.

Band Structure of Orthorhombic Sulphur

Tlie electronic structure of orthorhombic sulphur has been examined 
(4l)by Gibbons in terms of molecular orbital theory. The Bloch

ti^t binding scheme was employed to estimate the width of electron and 

hole bands by an approximate method.

The bonding between atoms in a ring is described in terms of 3sp 

hybrid orbitals. Two orbitals per atom are occupied by lone pairs and 

the remaining two are engaged in forming tv;o single covalent bonds with 

neighbouring sulphur atoms on the ring. The lone pair orbitals inter

act weakly to give rise to a T f  “ system of molecular orbitals round 

the ring, the energies of which are very close to those of the lone 

pairs in the isolated atom. The overlap between the bonding orbitals 

lead to (T" - bonds and the strong interaction between these orbitals 

gives rise to widely separated bonding and anti - bonding states. This 

is illustrated in Fig. 3*5. It can be seen that the 48 outer shell
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electrons in the molecule fill the (j , 77" and J f  molecular orbitals 
*

and leave the 0 ^  system of levels unoccupied. In the solid, Interac

tions between molecules will slightly broaden the molecular energy bands. 

Since these interactions are very small indeed, the identity of the mol

ecular configuration will largely be preserved.

Electrons in the (T * band are in highly localised levels in anti

bonding states situated between neigiibouring atoms in the ring. The 

excess electron is likely to interact strongly with the molecular vib

rations of the bonds leading to the formation of a polaron. From the 

geometrical configuration of the various orbitals it can be seen that 

the overlap between neighbouring molecules in the solid of the 77 ^nd 

Y f  states is very much larger than that of the (F and G* * states.

The hole band should therefore be considerably wider than the electron 

band. These tentative conclusions hav/Cbeen confirmed by calculations 

of the intermolecular overlaps and bandwidths, and strongly support 

the interpretation of the experimental data,

3,2 pl̂ sical Properties of Liquid Sulphur

Orthorhombic sulphur melts at 113°C, while monoclinic sulphur 

melts at 119°C. Since orthorhombic sulphur changes only slowly to the

monoclinic form, even near the melting point, it is possible to melt it

before any appreciable amount of monoclinic sulphur is formed.

Liquid sulphur at the melting point is a light yellow, transp

arent liquid of low viscosity (^0.1 poise). Its most interesting pro

perty is the variation of viscosity with temperature, as shown in
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(42)Fig* 5*6 * This hae been well established as being connected with

the molecular structure of the liquid. As the temperature is increased 

from the melting point, the 3 {quid becomes deep orange in hue and its 

viscosity decreases. Above 160°C, the viscosity increases by four order 

of magnitude as the ring molecules break up into chains which then poly

merise* At 180°C, the viscosity reaches a maximum and the liquid is 

intensely coloured to be nearly opaque. Above 180°C, it again acts as 

a normal liquid as the long chain molecules break up into short ones, the 

viscosity falling with inreasing temperature* At atmospheric pressure 

it boils at 444°C* Stoall amount of impurities greatly reduces the vis

cosity mr.::imum at 18ü°C. The viscosity changes of the pure liquid is 

perfectly reversible

Liquid sulphur, even thou^ relatively impure, supercools easily. 

Small droplets may even be cooled to room temperature and kept in the 

liquid state indefinitely, the duration depending upon their size.

Fanelli showed that the viscosity versus temperature curve of the super-
(43)cooled liquid is an unbroken continuation of the normal liquid curve .

Throu^out the whole temperature range of the solid and the liquid 

the density is a slowly decreasing function of temperature, as shown in 

Pig. 3*7 and there is no marked change in density at the melting

point•

Polymerisation of Liquid Sulphur

Theoretical attempts to describe the physical properties of 

liquid sulphur on the basis of an eqilibriura between Sq rings and
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chaîne were made by Powell and gyring (^5) ^y Gee Their

attempts were partially successful because they used only one equili

brium constant. The approach by Tobolsky and Eisenberg (47)*(48) uti

lising two equilibrium constants, one for initiation and one for pro

pagation, proved to be more successful over the whole temperature 

range. According to them the equilibrium polymerisation of sulphur

can be represented as follows,
K

cyclo - Sq  nSSSSSSSS. (catena - 1^) Initiation

Scatena - (S^)^ +  cycle - S-.-----*-(8_)  ̂_—  Propagationo n  o o n T JL

Symbolically cyclooctasulphur is designated as M (monomer) and catena- 

octasulphur as M* (polymer). The theory relates the experimental 

observables such as the concentration of M in equilibrium with the 

polymer and the number - average degree of polymerisation P (average 

number of Sg units per chain) of the polymer with the theoretical 

constants K, and is the moles of Sg unit (whether mono

meric or polymeric) per kilogram and is a constant at all temperat

ure, namely 3*9. Tobolsky’s theory is in good agreement with the 

experiments as shown by Pigs. 3.8 and 3.9 representing the functional 

dependence of M and P on temperature.
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EXPERPmTAL METHODS

4.1 Principle of Drift Mobility Measurements

Drift mobility is measured directly by timing the transit of 

generated carriers across a specimen of known thickness* The carriers 

may be generated by bombarding the specimen by high energy electrons or 

by shining light on it. To confine the generated carriers in a narrow 

layer the exciting radiation should be non - penetrating and its dura

tion should be sufficiently short. The pulsed electron beam technique 

developed by Spear ^49)»(50),(51) been used to measure drift mobi

lities in Se, CdS (52),(53)  ̂ sulphur and, solid and liquid rare gases.

In the present investigation optical excitation by short light flashes

was used throughout.
The transit time can be measured by essentially two methods.

Charge integration is the most sensitive method for transit times be

low about ten microseconds. On the other hand, the display of current 

pulses may be used for the measurement of longer transit times. A 

brief description of the principles of the two methods is given in the 

following.
(54)Shockley has given a very general derivation of the current that 

flows in a given system of grounded conductors due to the motion of a 

point charge. This can be applied to the case of a sheet of charge q 

moving with a constant velocity v between two plane parallel electrodes 

separated by a distance d, as illustrated in Fig.4.1. v is thus the 

drift velocity in a uniform applied field E. The total displacement
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current is given by,
V q

where t̂  is the transit time. If a resistive load R is inserted in the 

lead from the collecting electrode S to ground, the potential developed 

across the load during transit is,
V

V e r i R = q _ H8 (i

The total capacity C from S to ground including the specimen capacit

ance can be used to integrate the current by making R so large that 

RC y) t̂ . Then the potential between t = 0 and t t^ will rise lin

early and is given by

V_ - _2_ z(t)
For RC)r> t t̂ .

V -

Under ideal conditions the current pulse (RC <( t_̂ ) and the inte- 

grated signal (RC// t̂ ) will be/̂ shown in Fig,4#2. In the case of the 

current pulse drops shaiply to zero after a time t^ when the charge 

sheet reaches S, wher&s with an integrated signal becomes constant. 

Both lead to an experimental value for the transit time

or, 1 M
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since E n  \/d, where V is the applied potential. Therefore the plot of 

l/t^ against V should give a straight line passing throu^ the origin. 

The gradient of this line should yield the drift mobility.

For the observation of ideal traces as illustrated in Fig.4.2 

several conditions must be satisfied.

(a) The applied field E must be uniform. This would be the 

case if the 'self - field' of the drifting charges is very much 

smaller than E, That is,

q
< X  E  (4.3)

AÉ-

where q is in couloiabs, f is 3,06 x 1Ü i? era ^ and 6 is the 

relative dielectric constant of the s a m p l e , A  .

(b) The accuracy to w h i c h c a n  be determined depends lar

gely upon the sharpness of the discontinuity at t = t̂ . To work

under optimum conditions it is essential that t t , where tt'/ P P
is the duration of the excitation pulse, and that d d, where

tt̂d^ is the average depth of penetration of^incident light.

(cj t^ , the lifetime of carriers with respect to traps*

Let 'X ^ be the release time associated with such traps. If 

GZ ^  t̂  the traps are termed 'deep traps' in the following.

(d) The dielectric relaxation time ^ of the specimen 

must be longer than t^ o:f the charge cloud, which represents a 

deviation from charge neutralit;^ will tend to become compensa

ted by carrier injection, Tnus Tr ̂  ^  where ̂

is the effective resistivity of the specimen at a Dûrticular
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value of the applied field*

Although it is evident from condition (c) above that difficulties 

will arise if "F ^  t̂ , it has been found possible to study drift 

mobility ana lifetime when Y  Under this condition the pulse

shapes are shown in Figs..4.3 and 4*4*

In the presence of a uniform volume distribution of deep traps^^^^

q(t) “  ~ ^  1 - exp(-t/'^ )”] — — (4*4)

It can be shown that for charge integration

i* ~  ^  ^  1 - exp(- t / ^  --- (4,5)
where t' is defined by the intersection of the tangents to the pulse 

at t =■ Ü and t — t̂ , as shown in Fig, 4#3«

From Eq,(4.4),

^  exp (- t/-^ )  (4.6)

Therefore,

i(t) -- i^ exp (- t/^Y )---------- --- (4.7)

The current pulse is shown in Fig, 4.4. The initial current will decr

ease exponentially due to bulk trapping until a reduced charge sheet 

arrives at the signal electrode. At t^

i(t^) = i^ exp (- ty-^ )

For 'F ^  t_̂, i(t^J may become so small tliat no discontinuity at t^ is

detectable, as shown in Fig. 4.5. S^tiiat *^ransit time measurements

are not possible in such cases. Using Eq.(4.̂ /) it is possible to mea

sure 'X̂  from current pulses, since i( F  ) “ l/5
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Trapping becomes complicated when the trap distribution is non - 

uniform or when different types of centres involve more than one life

time.

An additional difficulty may arise from carrier diffusion and the 

statistical nature of trapping and release. These ceuse the charge 

cloud to broaden during transit giving rise to a tail at the end of the 

signal (Fig* 4.4). If the tail is due to diffusion alone, t^ is the 

average time of arrival of the charges and is measured up to the middle 

of the tail* An estimate of the width of the tail due to the diffusive 

broadening is given below. If, however, the tail is longer due to trap 

release and other causes (for example, in the liquid, the tail may occur 

due to slow moving ions trailing behind the main sheet of charge), mea

surement of t^ up to the middle of the tail is not meaningful. The 

transit time is therefore measured up to the beginning of the tail (t̂ j, 

as shown in Fig,4,4.

It is of interest to make an estimate of the broadening of the

charge sheet due to the finite width of the excitation pulse and diff-
-4 ?usion. The initial width of the sheet, assuming a mobility of 10 cm 

volt~^ sec'"̂  and a li^t fl%i duration of 10  ̂sec, is about 6 x 10 ^cm 

for an applied potential of 400 volts across a specimen of 200 microns 

thickness. (This neglects the penetration depth of li^t which is less 

than 10"4'cm). The diffusion coefficient D given by Einstein’s formula 

( kT/e) is about 4 x lO"^ cm^/sec at 400°h. Therefore the diffusion 

length during a transit time of 10 sec is

L- /\/D t̂   (4.8)
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The total diffusion length in the direction of travel is 2L, so 

tliat the width of the charge sheet should be less than lO”^ cm, at the 

end of transit. This corresponds to a tail of about 5 per cent of the 

transit time which lies well within the experimental error.

4.2 General Description of Apparatus for Measuring Drift Mobility 

In this section the complete experimental arrangement will be 

briefly discussed with reference to the block diagram in Fig.4.6, while 

the more detailed description of the various parts of the equipment is 

left to the following sections.

The specimen chamber is a small oven which contains the sample.

A thermocouple and a potentiometer measure the temperature of the sam

ple. Light from the flash unit is focussed by a lens and mirror arr

angement on to the sample. The potential to be apnlied across the 

sample is provided by the field unit, which could be pulsed electron

ically, or operated manually by a microswitch.

It can be shown that for maximum sensitivity in both current pulse 

and charge integration methods, it is necessary to keep the specimen 

capacity and input capacity of the detecting apparatus as small as po

ssible. The signal is therefore fed directly on to the grid of the 

cathode follower. The load R which is a switched bank of resistors, 

was included in the cathode follower unit. The output signal is ob

served in a Tektronix 541 A oscilloscope after suitable amplification 

by a preamplifier.
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The oscilloscope is triggered externally from the light flash by 

on OCP 71 phototransistor triggering unit connected to the ’scope.
To reduce ’pick - up’ from the light source, the specimen chamber 

and the associated units shown in Fig,4,6 are placed inside an earthed 

wire - cage, the light source being placed outside it. Mains ac ’pic'< 

- up' is reduced by careful filtering of the mains supply. A filter

ing unit is included in the cage for this purpose.

Experimental Procedure

The sulphur specimens were meltieo in air at atmospheric pressure 

in the specimen chamber between two plane parallel electrodes. Nega

tive and positive charge pairs were generated in the specimen close 

to the generation electrode G (Fig.4.l) by a short pulse of light. 

Depending on the polarity of the applied field either generated neg

ative or positive charges were drawn across the specimen towards the 

signal electrode S. The signal voltage was displayed on the ’scope. 

The current pulse has an initial spike due to one type of carriers 

being drawn out by the generation electrode. This is shown in Fig.

4.7. This spike is however very fast and can be eliminated by re

ducing the risetime of the detecting system.

During a transit, some of the carriers may be trapped in the 

bulk of the sample. The resulting polarisation, if large, may affect 

the transit of subsequent carriers. The space charge was neutralised 

by shorting out the specimen. This was done by shorting the output 

of the field unit to ground by a small resistance in the 'off posi-
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tion of the unit. The neutralisation of the space charge was often 

aided by several light flashes between voltage pulses. These li^t 

flashes are therefore called ’discharge pulses'.

Capacitive coupling across the specimen produces a large transient 

signal voltage at the beginning of the field pulse. This must have 

time to decay before the light excitation pulse occurs, to prevent its 

interference with the photocarrier signal. In the case of liquid sul

phur the field transient has added characteristics, which are discuss

ed in chapter five (sec.5.6.)..

The sequence of actions in the procedure of transit time measure

ments is described with reference to Fig.4,8 which shows the different 

pulses observed in the 'scope. First the field is switched on and 

there is a corresponding transient at t — 0. After a delay of t^ dur

ing which the transient current has decayed to a constant value, the 

light is flashed. This initiates the transit signal. The field is 

then switched off, producing a corresponding transient in the opposite 

direction. After a few 'discharge pulses’ the procedure is repeated.

4.3 Specimen Chamber

Fig.4.9 shows the experimental cell which contained the liquid 

sample. It comprised an oven A made of a heavy hollowed out brass 

cylinder of high thermal capacity which was heated by means of a 

heating coil C wound on the outside.

The quartz discs Q̂ , and were placed inside a thin - walled 

brass tube D resting coaxially on a shoulder inside A. The bore of
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smaller diameter at the bottom of a and D provided a passage for 

for the illuminating radiation.

The sample under investigation was melted between discs 

and Q̂ . The thickness of the sample was determined by glass spacers 

of predetermined thickness. These were permanently fixed on to the 

bottom quartz disc

There was a second sample the reference sample, enclosed by 

discs and The hot junction of a chromel - alumel thermocouple

was embedded in it for accurate temperature measurement.

The whole quartz disc assembly was tightly pressed together by a 

coil spring W. The electrical lead to the bottom electrode was taken 

out tnrou^ a ceramic tube , wliich fitted in a hole drilled off - 

axis in A and projected out. The lead was soldered at this end to 

a wire in steel tube E insulated from the wire by a ceramic tube. 

ABNC - connector was fitted to H for electrical connection. The 

oven was supported vertically by the rod G.

The electrical lead for the upper electrode was taken out thr

ough another ceramic tube enclosed in the steel tube F, F was braz

ed vertically to E, the lid of the specimen chamber. E had a central 

hole to bring out the thermocouple. The upper end of F had an UHF - 

connector fixed to it.

The heating coil C was made of a wire tape of low resistance.

It was wound on the cell over a layer of asbestos tape to insulate 

it from the cell body. It was further coated with a heat resistant 

mixture of alumina powder and slightly diluted water - glass. The
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mixture hardened after a short period of dehydrction; it was then 

cured slowly in an oven at a moderate temperature. The heater con

trol comprised a 100 volts dc supply, a coarse and a fine rh^tat, and 

an ammeter.

The temperature of the hot junction of the thermocouple was mea

sured to within a degree centigrade by a potentiometer.

4.4 Preparation of Electrodes

Figs. 4.10 (a) and (b) show the shape of the electrodes. The 

central circular region was the electrode proper in contact with the 

specimen. A limb stretched out of this to the periphery of the disc 

where electrical connection was made with the lead. The lead was 

pushed from the other side of the disc through an ultrasonically drill

ed hole. Fig. 4.10 (c). The junction B was made with Pt - paste, a%ua- 

(or alcohol) dag or silver paste. The former was preferred because it 

led to better electrical behaviour. These substances possess poor 

mechanical strength and it was essential to bond leads to the quartz 

discs with araldite. The lower disc 0^ was fitted with a short cer

amic tube J which was used to locate the disc with respect to D and 

A (Fig.4.9). It also prevented any movement of D with respect to the 

cell body and thereby reduced the possibility of damage of the lead 

and its shorting to earth.

Three different materials were used for the electrodes. These 

were deposited on the quartz discs by the methods described below, 

(«ïuartz discs were chosen for their transparency to the ultraviolet
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radiation. The choice of the electrode material and electrode pre

paration were difficult because of the requirement that (a) the lower 

electrode should be transparent to the radiation of interest and

(b) the electrodes should be sufficiently inert not to interact app

reciably with liquid sulphur.

Gold Electrodes

Gold was deposited on to the quartz substrate by evaporating 

gold - wire in a heated filament under a vacuum of about lO”  ̂torr. 

The evaporation was controlled to give a semi - transparent gold 

layer with a resistance of about 100 ohm. Such layers had a 50 per 

cent transmission to near ultraviolet light, and served as the lower 

electrode. For the upper electrode semi - transparent or thick gold 

layers were used.

The type of gold electrodes, shown in Fig. 4.10 (a), was also 

tried. This involved two evaporations in succession, first an annul

ar then a superimposed grid.

Nesa Electrodes

The difficulty with gold electrodes was that they were soft and 

adhered firmly to sulphur after the solidification of the liquid.

Any attempt to remove the sulphur damaged the electrodes as well.

Each sample preparation necessitated therefore the cleaning of the 

substrates and the deposition of a new electrode. This was overcome 

by using nesa electrodes. Once prepared, they adhered firmly to the
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substrates and even scraping with metal would not remove them. Also, 

nesa was nearly 1ÛU per cent transparent to ultraviolet and visible 

radiation,

Nesa is essentially a layer of tin oxide. The starting material 

is a solution of several inorganic and organic compounds. The consti

tuents and their proportions in which they were used are as follows;

1 gm of SbCl^, 10 cc of conc. HCl, 75 gm of SnCl^» 50 cc of absolute 

alcohol and 50 cc of distilled water.

First, the SbCl^ was dissolved in HCl. The solution was kept 

cool in an ice - bath. The SnCl^ was then added slowly in a fume cha

mber. The solution was then well mixed with water and alcohol was 

added slowly, A grade 54 filter paper was used finally to filter the 

mixture and a clear nesa solution was obtained.

The actual deposition of nesa on quartz consisted of heating the 

disc in an oven up to a temperature of about 600°C, and then spraying 

the solution on to it. After a rough calibration with trial layers, 

the resistance could be judged from the reflected white light fringes. 

Layers of 500 - 1000 ohm were easily obtained after several seconds of 

spraying. A mask was used on the substrate to confine the layer to 

the desired shape (Fig. 4.10 (b)).

Platinum Electrodes

Pt was preferred to the other electrode materials for low elect

rical noise at hi^ applied fields. It was cathode sputtered on to 

quartz substrates in an argon atmosphere. The arrangement is shown
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in Fig. 4.11. The chamber was an inverted glass funnel F placed on a 

vacuum baseplate B which was at a positive potential. The disc Q was 

enclosed in a metal mask K and placed on B. A thin Ft disc D was sus

pended horizontally inside the chamber from a wire. The wire was seal

ed in at the top of the funnel and carried the terminal T connected to 

the negative potential. The baseplate carried a needle valve V which 

joined the chamber to an argon cylinder.

The chamber was first evacuated and argon let in. The pressure 

ŵ as adjusted so that the cathode glow was near the Pt disc and the 

substrate in a dark space. The current was adjusted by the applied 

voltage supply, for an optimum rate of deposition.

demi - transparent Pt layers were rather difficult to obtain and 

were of high resistance. So thick layers were prepared, and the low

er electrode was carefully scratched in fine parallel lines for light 

transmission leaving a continuous annular portion on the outside 

(Fig. 4.10 (a) ).

Pt layers prepared in this wey, although very much harder than 

gold, tended to deteriorate gradually through repeated sample removal. 

The old layer was simply removed by leaving the disc in conc. chromic 

acid for few hours. The removal of nesa was, however, not so easy 

and an efficient way of doing it has not yet been found.

4.5 Light Sources

Light flashes were obtained from fn Osram XiL - type xenon - 

mercury tube. Fig. 4.12 shows the associated circuitry. U) is the
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power pack which appliea a potential of 1 K voltgr'across a charg

ing capacitor in parallel with the tube, as shown in (b). A short 

trigger voltage was derived from a car ignition coil and carried to 

the trigger electrons 3 of the tube. The breakdown of the gas in the 

tube dischargea the capacitor through the tube producing the flash.

This flash was extremely rich in ultraviolet radiation and had a width 

of about 1Ü microseconds.

The triggering circuit is shown in (b). hen the microswitch 

m, s. was closed the mercury relay was energised and contacts 1 and 2 

closed. This produced the H. T. impulse in the car ignition coil.

At the instant of closing m. s. a signal was available for synch

ronisation of tiie pulsed field unit described in sec.4.7. There was 

a 5 milliseconds delay between this signal and the light flash. The 

mercury relay could also be energised from an outside source, e.g,, 

a multivibrator.

when a faster flash was necessary, an adjustable spark gap was 

used for the light source. This is shown in Fig. 4.13. The condenser 

was charged from a 10 k volt^ transformer through a 300 ^ ohm resistor 
and the breakdown discharged the condenser. The rate of this discharge 

could be controlled by the Variac. The whole assembly was enclosed 

in a metal box with a hole in front of tne spark gap for the light, 

which was reflected off a front surfaced mirror and focussed on to 

the specimen. The duration of the spark was about 100 nanoseconds.
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4.6 Detection

The signal is developed across the resistance of the cathode 

follower shown in Fig. 4.14. A provision was made for including a 

mercury wetted relay to gate the input. The input capacitance, inc

luding the specimen chamber, was 45 pF, and the stage gain 0.85.

The output signal from the cathode follower was fed through a. 

coaxial cable to an amplifier. Two types of amplifier were used, a 

Levfcll type - TA 60 low frequency amplifier (bandwidth Ic/sec - 3 

hc/sec) and a iveithley low noise ac amplifier (bandwidth 0.1 c/sec - 

100 c/sec), both having a maximum gain of 60 db.

4.7 Field Unit

In most experiments a battery box was used, fitted with a polar

ity reversal switch and a microswitch for short manual operation of 

the field. The voltage was provided by a bank of 9, 45 and 90 volts

dry batteries. Four selector switches connected to the battery tapp-
(rww*.

ings covered the range between ^  0 tcF990 volts in 1.5 volts steps.

A stabilised electronic power pack supplying potentials of up to ^  

1000 volts in 10 volts steps was also used. This was cilso fitted with 

a microswitch.

In earlier experiments with gold electrodes polarisation effects 

and increased noise were observed after a prolonged application of 

the steady field, so that a pulsed field appeared essential. In a 

number of experiments an electronic field pulse unit was tried, as 

sliovn by the block diagram in Fig. 4.15.



42

The pulse unit consisted of a Sclimitt trigger, multivibrator and 

a relay drive. In case gating wap required to short out field trans

ients, the gating relay in the cathode follower unit was driven by 

anotiler multivibrator. Sometimes a delay was necessary between the 

field pulse and gating oulse and a delay multivibrator was therefore 

included.

The signal for the Schmitt trigger was derived by a variety of 

ways, A low frequency oscillator was used for pulsed measurements at 

a constant rate. For single shot measurements the signal was either 

obtained from the light flash unit (sec. 4.5) or from a microswitch 

discharging a capacitor,

Synchronisation of the light flasn was achieved easily when the 

trigger signal was derived from the flash unit, provided the right 

amount of delay could be obtained between the trigger and the flash 

from the unit. When the gating was used it was essential for the 

flash to occur within the gating pulse, as shown in Fig. 4.15. Be

cause of this, when the delay between the gating and field pulses was 

large, the light flash was triggered by the delay multivibrator. The 

Schmitt trigger in this case received its signal from the microswitch 

or a signal generator.

The pulse technique was rather difficult to use because of the 

nature of the field transients which made it necessary that the delay 

should be large. As shown in Fig. 4.8, the transient has a width 

comparable to the photocarrier transit. For thick specimens and at 

low fields this became too large, hanual operation of the field
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was therefore preferred. This choice was helned by the fact that 

polarisation effects were negligible in liquid sulphur with the use 

of Pt and nesa electrodes.

4.8 Growth of jSul^hur from Solution

Some of the starting material in the experiments on liquid sul

phur was crystalline. These were grown from solution of sulphur in 

Cbp. Laboratory graae (bDE, see Appendix l) reagents were used.

Slow evaporation of a saturated solution in a glass trough or 

beaker gave crystals of orthorhombic sulphur growing in the bi - pyr

amid habit. Specimens were prepared from these by grinding them 

parallel to the natural (ill) faces. For this special 'jigs' were 

used as described by Adams The grinding process involved the

successive use of finer grinding powders, and finally, the ground 

surfaces were polished with diamond paste of appropriate grade.

Special polishing cloths were used.

The thickness of the specimen was measured with an optical lever
(57)thickness gauge as described by Spear et al.

4.9 Growth of Sulphur from the Melt

Attempts have been made to grow pure crystals from the melt and 

froi^^apour phase as it seems possible thf,t the crystals grown from 

solution might contain Cb^ and other solvent impurities.
s

Bridgeman's method was tried for growth from the melt. The arr

angement is shown in Fig.4.16. A cylindrical furnace F with a heating 

* Koch - Light ultrapure sulphur was used (see Appendix I for details)
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coil W was supported vertically by a retort stand. A glass tube &, 

which could move freely along the axis of F, was fixed to the poly

styrene disc F. P was kept afloat on water contained in a polythene 

vessel C. The level of water in C determined the position of R in the 

furnace. R supported the tube T containing the specimen. The position 

of T inside F was shown by the indicator N and scale S fixed to the 

retort stand.

The heating coil consisted of two sections A and B. The curr

ent in the- coils could be controlled to maintain a steady temperature.

A and b were kept just above and below the melting point of sulphur 

respectively. The temperature profile was measured by means of a 

chrorael - alumel thermocouple. C was filled with water to raise R 

so that the ton end was in the upper section of A. 'Ahter was allowed 

to flow out slowly at a rate controlled by a tap. T moved down and 

molten sulpnur crystallised as it passed from A to B. The rate of 

this passage was varied from 0.5 cm - 2 era per hour.

It was essential to cool T slowly before taking it out of the 

furnace. The section B was therefore lengthened to ensure a more 

gradual decrease in temperature and the current through the coils re

duced slowly after the specimen had passed into B.

It was difficult in spite of ti.e precautions to prevent the 

cracking of the specimen due to unequal thermal expansions of sulphur 

and glass. The cracking was large along the axis of T. The configur

ation of the furnace and the cell was therefore changed to rectangular, 

as shown in Fig. 4.16 (b) and (c).
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Specimens obtained from the rectangular geometry were much better. 

They were clear with a small æiount of visible defect structure and 

large specimens could be obtained if the cell was taken apart care

fully. Drift mobility experiments on these specimens, however, prov

ed unsuccessful because of 'deep - trapping’ by defects.

4.10 Growth from V^our Phase

Fig. 4.17 shows the ariangement used. A pyrex tube was rounded

at one end and joined to a narrower tube at the other. The tube was

cleaned and dried under vacuum and ultrapure sulphur granules were

put in. It was tiien evacuated and sealed off under vacuum of about 
-47 X 10 torr. The sulphur was then melted and solidified at the 

sealed end. The tube was then supported vertically at the other end 

on an aluminium heat sink through which water at room temperature was 

passed. The assembly was placed in a furnace and the temperature con

trolled between 80° and 100°C to give a sustained rate of crystalli

sation.

Crystals were formed at the cold end of the tube. The process 

was very slow. The crystals were very thin and fragile, about 1 cm 

in length and 1 to 2 mm in width. The thickness lay between 50 - 

100 microns. Most of the crystals were opaque. A few of the thinn

er ones were transparent, but reverted to the opaque form at room 

temperature. This was thought to be due to the monoclinic form of 

sulphur changing to the orthorhombic. Runs were performed with a 

furnace temperature below 96°C, but without any change of this be

haviour.
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EXPERIMvTAL RESULTS

5. 1 Introduction

In the next four sections the results of the mobility of charge 

carriers in solid and liquid sulnhur will be presented.■ Section 5.2 

will deal with tne crystalline sulphur grown from laboratory reagent 

(i)Dli)̂  and its melt while the more meaningful results of the liquid 

ultrapure sulphur (Locn - Lightwill be presented in section 5.3.

The results for the liquid are very complex; all the pulse shapes are 

therefore summ̂ trised in the beginning of the chapter in Figs. 5.1 to

5.7. The results on supercooled liquid sulphur and re - solidified 

sulphur are given in sections 5.4 and 5.5 respectively.

An attempt has been made to investigate the space charge distri

bution in liquid suluhur in section 5.6. j.n section 5.7 the dark cond- 

uctivity of solid and liquid sul hur^and, finally, in section 5.8 the charge 

generation and recombination lifetime measurements will be presented.

5.2 Laboratory Reagent Sulphur

Crystalline specimens grown from solution with labor? tory reagent 

were prepared with plane parallel faces on which, in some experiments, 

semi - transparent gold electrodes were evaporated. In the soocimen 

chamber, gold electrodes on the quartz discs were used.

The specimens were heated slowly from room temperature up to ti.e 

melting point and above, and the changées in the transport properties

* For details see Appendix 1.
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examined. Monoclinic sulphur in the range from 96°C to 119°C was of

particular interest. The temperature was increased in steps and l/ -
t

V graphs were obtained from photocarrier transits at each temperature. 

The mobility values calculated from the gradient of the graphs were 

plotted logarithmically against i/T °r=.

Specimens with evaporated gold electrodes showed uncertain be

haviour in the liquid state. Signals either disappeared completely 

or were rather noisy. Some specimens also showed strong polarisation 

effects in the liquid. A noticeable improvement of the general be

haviour was observed if gold electrodes were not put on the specimen. 

However, because of the imperfect contact, in the solid, surface pol

arisation effects were observed which could only be overcome by care

ful application of routine discharge pulses.

Hole and Electron mobilities in the Crystalline Solid

A few hole cind electron mobility curves below the melting point 

have been plotted in Figs. 5.8 and 5.9 respectively.

In the tenpeiature range investigated, from room temperature to 

the melting point, the hole mobility curves show the characteristic 

features obser\>ed by Adams and Spear and uiscussed in section 3.1 (p.17) 

At room temperature the hole mobility as given by the present e:rperi- 

mental points lies between 0,6 end 3 cm^/ volt sec.

As the temperature is increased above 96°C the integrated hole 

transits become rather nonlinear, as indicated by Fig. 4.5 (a), nev

ertheless the measurements are sufficiently meaningful to indicate an
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appreciable drop in hole mobility in the monoclinic range, hear the 

melting point it is difficult to integrate the signals and the current 

pulses are displayed. These are triangular due to carrier loss during 

transit, as sliown in Fig.4.5 (b). ho mobility values could therefore 

be obtained.

Flectror transport differs substantially from tlie hole transport.

A large number oi specimens has been studied ana a few mobility values

are plotted in Fig. 5.9. These lie on a single straight line between

5 X lO ^ cm^/ volt sec at room temperature and 2.9 x 10 ^ cm‘/ volt sec

at tne melting point in the region of hopping transnort (Fig. 3.2), dis-

cussca in section 3*1 (p. 17 and 20).

The monoclinic region was of interest but here also results on

electron mobility were difficult to obtain because of deep trapping.

In a usual temperature run between 96°and 119°C lasting less than half

an hour the electron mobility goes on increasing up to the melting point

where there is a suaden drop of mobility, however, if the temperature

is kept steady at a point in this range for several hours a rapid drop

in mobility will take place, as shown by the results in Fig.5.10 obtain-
I 34)ed by Gibbons and Spear

Tiie above observations indicate tnat under certain conditions a 

drop in mobility takes place in the monoclinic temperature range. The 

mobility decreases due to a partial transformation to the monoclinic 

form. This increases the density of defects which will affect both 

hole and electron mobility by trapping and impurity scattering. It is 

also possible that there are regions of earlier melting formed as the
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temperature approaches the melting point. This is likely between 113° 

and 119 C (melting point of orthorhombic and monoclinic sulphur res
pectively) if tne specimen is partially transformed. Gibbons and Spear, 

however, obtained their results below 113°C.

Cnargo Transport in the Laboratory Reagent Liquid

In this subsection the mobility results obtained after melting tJie 

crystalline samples will be discussed. As the nature of charge carr

iers in the liquid is by no means obvious these will be referred to in 

the present chapter as negative and positive charges.

The signals obse:rved for both positive and negative cliarges have 

some interesting features, as shown in Fig. 5.1. The current at first 

drops then rises to produce a rounded cusp after which there is a final 

slow drop to zero. The tail depicted by the final drop is unusually 

long. The transit time was measured by drawing tangents at the cusp 

as shown. For reasons discussed in the next subsection ("Anomalous
I

Field Dependence of l/t^, p. 50), this may not be the true transit
I

time end is denoted by t̂ .

The results obtained when both the negative and positive carrier
I

mobilities were calculated from the t^ values are shown in Fig. 5.11. 

These refer to specimens of 100 to 250 microns thickness. The results 

show a considerable scatter of experimental points and it was not possi

ble to deduce a value for the activation energy. As shown in the figure, 

the negative carrier mobility drops to about 1 x 10 ^ cm^/ volt sec at 

the melting point and remains near that value up to I6O C. The mobility
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of the positive charges appears to be somewhat lower.

A significant fact about these results is that they were derived
I

from l/t^ - V plots having a large intercept on the V - axis, an exam

ple is shown in Fig. 5.12.

Mobility measurements on meltied crystals have been carried out 

with besa electrodes on quartz without any apparent improvement of the

scatter of experimental results. Fig. 5.15 shows a plot of log Li -/ -vro
1/T for samples of 150 to 620 microns thickness; the overall scatter 

is about 400 1̂>. Positive charges show the same general behaviour.

Fig. 5.IB also indicates an apparent thickness dependence of mobility.

Above 160°0, photosignals are observable but are 'triangular' as 

shown in Fig. 4.5 (b). Consequently, no mobility values could be ob

tained.

Anomalous Field Dependence of l/t^

As pointed out in the previous subsection, l/t^ - V plots have 

large intercepts on the v - ?.xis. It was felt, that much of the un

certainty in the previous results and also the apparent thickness dep

endence of mobility might be connected with this effect. In Fig. 5.14

the results for a number of specimens of widely different thicknesses
2 / 'have been correlated. In this graph d /t^ has been plotted ag?:inst "V, 

so that the gradient should give the 'mobility'. On the same graph, 

line U.F. represents all the results obtained for ultrapure liquid 

sulphur (see next section, p. 5l) which did not show this anomalous 

behaviour. The interesting fact brought out by this correlation is
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th?t the thinner specimens are in approximate agreement with the I).P. 

results, whereas the anomalous behaviour sets in for specimens above 

about 300 microns thickness. Tiiese observations will be discussed and 

explained in section 6.5.

Field Transient in the Liquid

During experiments with pulsed fields, transients were observed 

simultaneously as the switching on of the field. This is shown in Fig, 

4.8 together with the phototransit. The field transient has an appa

rent transit time t^ which varied with the applied field in the sfme 

fashion as t̂ . Calculated 'mobility' values are about (2-4) x 10  ̂

cm^/ volt sec in both directions of applied field for a specimen of 

250 microns. Similar transients have been observed by Eeilmeier and 

Hcyman in azobenzene and p - azoxyanisole.

Field transients have also been recorded in subsequent experiments 

with ultrapure liquid sulphur using hesa end Pt electrodes. These will, 

however, not be discussed further until section 5.6. The behaviour of 

field transients is rather complex and has not been studied extensively, 

however, from the current - voltage relationship (section 5.6) it was 

concluded that they are probably due to carrier injection from the elec

trodes by the applied field.
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5.3 Liquid Ultrapure Sulphur

Although the results presented in the previous section brought 

out the general features of the charge transport in liquid sulphur they 

were not sufficiently accurate to lead to any more detailed information 

and understanding. To achieve this a scries of experiments using liquid

ultrapure sulphur were carried out.

Several granules of Koch - Light ultrapure sulphur were melted 

on the bottom quartz disc, which was shaken gently for the individual 

blobs of sulphur to form a continuous layer. The top qufirtz disc was 

then pressed on to the molten sample which re - solidified to a micro- 

crystalline layer of thickness equal to the sprcers. Care was t.'ken 

not to hee.t the sample for too long or to a temperature appreciably 

above the molting point. In these experiments only hesa and Pt elect

rodes were used.

Negative Charge Transport in the Ultrapure Liquid Below 160°C

hegativc- carrier transits are well behaved in s fresh ultrapure

sample. Typical transits are shown in Fig. 5.2. The tail is still too

long to be explained entirely by diffusion of carriers (see estimate in 

section 4.1, p. 31} but it is shorter than that corresponding to the 
signals in the laboratory reagent liquid and allows transit time meas

urements up to the middle of the tail (t^J. However, in most cases 

with increasing temperature this tail lengthened as shown by the photo

graph of a trace in Fig. 5.3. For consistency transit time t^ was 

measured in all experiments on the ultrapure liquid, l/t^ or l/t^
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versus V plots were linear up to the highest applied fields of about 

50 K volts/cm; tbey passed tiirough the origin yielding consistent va

lues of mobility. There was no perceptible variation of mobility 

with sample thickness up to about 400 microns. Lifetime with respect 

to deep traps was estimated to be about 60 milliseconds

The mobility results on samples oi 60 to 370 microns thickness

obtained from the t^ values are plotted on a ^ - i/T graph

shown in Fig. 5.15. The points lie on a straight line between 1.0 x 

10 ^ crâ /volt sec at 119°C to 1,5 x 10  ̂cm^/volt sec at 160°C. % e  

temperature dependence has ti.ie form,

- A exp ( - ̂  /kT)

The activation (energy ^  was found to be 0.15 lb 0.03 ev and A to

be (U.0U88 ib 0.0040) cm^/ volt sec. The activation energy is the 

same for mooility values calculated from t̂ , as shown in Fig. 5.16, 

7.hich was obtained with one specimen where measurement of t^ was 

possible within the temperature range. The difference in the calcu

lated mobility values for both methoos is. about 20

measurements were carried out mostly at sufficiently low light

intensities to keep the number of photocarriers as small as possible 

so that the 'self - field' (section 4.1, p. 29) of the carriers was 

small. However, because of large 'current noise' in the liquid this 

was not always possible, higher light intensities were used in some 

experiments but no space charge limitation or variation of transit

time due to the distortion of the internal field of the specimen
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were detected.

Hegativo Charge Transnort in the Ultrapure Liquid Above 160°C

In a few cases transits i.ere obscî ved above 16C°C with a marked 

change; in shape as showr in Fig. 5.4. The current decreased exponen

tially from the instant of photogeneration due to loss of carriers 

(resulting in ion formation) and the arrival of the reduced charge- 

sheet was depicted by a slight discontinuity at t̂ . The lifetime 

was reauced to about 5 milliseconds. This necessitated the appliczi- 

tion of comparatively high fields which was not always possible because 

of noise. Tncse signals were first observed with Pt electrodes which, 

unlike Au or hesa electrodes, shot.od very little increase of noise at 

high fields.

The results on several specimens are included in Fig. 5.15. The 

interesting feature is the absence of any major discontinuity near 

l6ü°U, although the mobility seems to decrease slightly above this 

point. This observation is of importance and will be discussed in 

section 6.4. It should be mentioned that a period of five or ten 

minutes was allowed for the polymerisation of sulphur to reach an 

equilibrium. To confirm the fact that chcnges observed above l6ü°C 

were due to polymerisation, specimens were heated quickly to this 

temperature and steauy runs performed from there. Good agreement 

with previous results was obtained.
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Positive Charge Transport in the Ultrapure Liquid Below 160°C

Positive carriers present a difficult problem even in the ultra- 

pure liquid. Only in few cases, using Pt electrodes, was it possible 

to make meaningful measurements. The corresponding mobility values 

lie on b str&ight line between 5.5 x 10  ̂c\\?/ volt sec at the melting 

point and S x 10  ̂cii?/ volt sec at 160°C, as shown in Fig. 5.15. The 

activation energy is remarkably close to that for the negative charges.

In most samples, however, no transits could be obsem^ed initially. 

After a period of heating transits appeared and exhibited the anoma

lous behaviour mentioned in section 5.2 (subsection at p. 50) and ill

ustrated in Fig. 5.1.

In some specimens transits of the shape shown in Fig. 5.5 were
t

seen on lowering the light intensity. The component of time t^ was 

identified with the 'anomalous* signal (p. 50) and l/t^ varied with 

the applieo field in a nonline?r fashion as shown in Fig. 5.17. In
II

addition there was em indication of a slower component of time t̂ .

The noise level permitting, at still lower light intensities, the 

t^ component only could be observed as illustrated in Fig. 5.6. 1/t^-

V plots were linear with zero intercept as shown in Fig. 5.17. The 

corresponding mobility values agree well with those plotted in Fig.

5.15.

Positive Charge Transport in the Ultrapure Liquid Above 160°Ç

Certain changes occured in the shape of positive carrier transit 

above this temperature, as shown by Fig. 5.7. Complications in the
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form 01 components disappeared. There vias little carrier loss during 

transit. However, accurate measurement of transit time was difficult 

at low fields because of extremely rounded tail of transit. At high 

fields there was a better definition of t̂ .

Tne transport behaviour is again remarkable in that it is similar 

to that ol negative carriers. In addition, there is a significant drop 

in mobility at 160°C; this is discussed in section 6.2 with reference 

to rig. 6.1 which shows tliis drop clearly. Above 16ü°C the mobility 

decreases slowly with increasing temperature.

Affect of Heating on dhar?re Transport in the Ultrapure Liquid

It was noticed that ultrapure s?:mples were extremely susceptible 

to heat treatment. This was, however, slow enough to make measurements 

over the whole of the temperature range possible.

Tiie nature of the change is very complex. So far, the indica

tions art that after this change has been established in a sf.mple, the 

negative charges behave in the anomalous fashion (}). 56). Component 

structure as in the ci se of positive c? rrier transits have cilso been 

observed \̂p. 55). The terra mobility is r? ther misleading as applied 

to sucn signals unless it refers to low fields and low light intensi

ties (i.e., it refers to the slow component which behaves in the nor

mal fashion). In an aged sample, the maximum extent of the change 

would be a reduction of mobility by 30 f.
For the positive signals the change wa.s sucli that the slow comp

onent oi transit was no longer observable.
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5.4 Supercooled Liquid J^ljHiur

It was sometimes possible to cool samples of liquid sulphur be

low tiie melting point provided it had been kept above the melting point 

for a considerable time. Both positive and negative sî Pials were ob

served down to 70°C. The resulting mobility values lie essentially on 

tile extrapolated log - 1/T curve. This is shown for negative

charges in i'lg. 5,11.

5.5 he - solidified Bulpiiur

Only one saraple of re - solidified sulphur produced measurable 

transits. The results for the electron mooility are shown in Fig. 5.9. 

One set of points (dots enclosed by circles) were obtained on cooling 

and tiiC otner (asterisks) on heating. The points lie within 40 % of 

that in the crystalline solid and lead to a gradient close to that 

for the crystal.

Hole signals have also been observed in the same sample and these 

nad extremely nonlinear transit (I'ig. 4.5 (a)) due to deep trapping. 

However, current pulses could be disnlayed and the mobility at 80°C 

was calculated to be about 3 x 10 cm"/ volt sec, a factor of'— * 100 

less than in the crystal.

It is interesting to note that the effect of destruction of the 

crystalline periodicity or long range order is different for electrons 

and holes. Electron transport is essentially unaffected indicating 

that only short range oraer is important in this case.

Unfortunately no other specimen produced similar signals because of
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excessive deep trapping. This is not difficult to understand since, 

the destruction of long range order is likely to introduce an increased 

number of defects.

5.6 S~oace Charge Characteristics of Liquid Sulphur

The results of the charge carrier mobility in laboratory reagent 

liquid sulohur (subsection at p.’49) showed a large internal field as 

indicated by the intercept of l/t^ - V plots (fig. 5.12). It was thou- 

gi.\t to be due to a build - up of a static space charge in the specimen. 

An attempt was made to obtain some information on the space charge dis

tribution by (a) probe measurements (as discussed in connection with 

benzene, subsection of cliapter 2 at p. 9) and (b) dark current measure

ments.

Probe Measurements

In tiiis method a metal probe vn s used in contact with the sample. 

The following assumptions were implicitly made; (a) the probe does not 

disturb the potential distribution, and (b) the probe assumes the pot

ential of the dielectric in contact witn it.

In liquid or solid media there is no general theory of probes as 

the Langmuir theory for ionised gases. It is likely that the probe 

will assume the potential of the dielectric with more difficulty as 

the resistance of the dielectric increases. Indeed complications may 

arise if the density of mobile charges is too low in (a) charging the 

capacitance of the measuring apparatus and (b) supplying the current
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through the measuring circuit under steady state conditions.

The present experiment was preliminary in nature. The arrange

ment is shown by a block diagram in Fig. 5.18. B is a porcelain boat 

which contains the liquid specimen. Two electrodes, fixed to the boat 

and separated by a distance d 1 cm), are dipped in the sample with 

the probe between them. The applied potential across the electrodes 

is supplied by two power packs in series and providing potentials 

and with resnect to earth. The T)art of the nrobe outside the liquid 

sample is well screened and insulated, and is connected through a null 

detector to earth.

The procedure was to set a value of 4- and alter and V 

to vary tne potentiel of the probe. The boat was tiierf moved with 

respect to the probe until a null position of the detector was achie

ved, indicating that the liquid at that point was at the same potent

ial as the probe. The distance of tne probe from either electrode 

was measured from the initial and final readings of the micrometer.

Fig. 5.19 shows the form of potential distribution obtained in 

both ultraoure and laboratory reagent samples with gold electrodes 

and a Pt probe. The low field regions near the electrodes are thought 

to be due to injection of charge carriers from the electrodes in to 

the sample. But contrary to this, magnesium and Pt electrodes showed 

more or less linear potential distribution, as shown, in Fig. 5.20.

This probably explains the better behaviour of Pt electrodes in charge 

transport experiments (section 5.3).

The general conclusion is tliat at 3 K volts/ cm ti'ere is no
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analog between the observed potential distribution in liquid sulphur 

and the results of I'orster (Fig. 2.1} described in chapter 2.

Steady currents througli tne cell were measured and varied linear

ly with the applied field up to 2 K volt/cm. The conductivity of 

liquid sulphur was raeasureu to be approximately 10 ohms  ̂cm in 

agreement with that obtained with hesa electrodes in d?;rk current mea

surements.

Dark Current lieasurements

The arrangement for the dtirk curi'ent measurements is shown in 

Fig. 5.21. The power pack supplied the applied field and the current 

w<. s measured with a Hewlett - Packard ammeter. In these experiments 

specimens of 150 to 20u microns thickness with hesa electrodes on 

quartz cdscs wore used.

When the field was applied the. dark current rose to an initial 

value within the response time of the detector (•'*--'1 sec). 1^ then 

decreased within ten to twunty seconds to a certain value which 

represented essentially the steady state value. The dependence of 1^ 

and 1^ on applied potential is shown in Figs. 5.22 and 5.23 respect

ively. These results give interesting general information on the , 

properties ano behaviour of liquid sulphur in contact 'with hcsa elect

rodes.

Fig. 5.22 shows that (a) the initial current 1^ varies as the 

square of the applied potential and (b) that the results for labor

atory cind ultrapure liquids are identical, (a) suggests tliat there
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is a free carrier reservoir of electrochemical origin near the sample- 

electrode interface which is injected by the field under space charge 

limited conditions. This current could not occur in the presence of 

a potential distribution given in Fig. 2.1 which certainly would not 

allow space charge limited current, (b) shows that this would apply 

to both laooratory reagent and ultrapure liquid sulnhur. Very similar
fbehaviour is exhibited by the current i^ in the field transient current 

signal snown in Fig. 4.8 (see also the subsection at p. 5l). i^ is 

also plotted against V in Fig. 5.22 for ultraoure sulphur. The lab

oratory reagent liquid bcheves similarly.

On the other hand Fig. 5.23 shows that in the behaviour of the 

steady current tnere is a basic difference between fresh ultr?ipure and 

laboratory’ reagent samples as shov/n by curves A,B and D,E respectively. 

Curves A and B for ultrapure sulpnur show practically linear current- 

voltage relationship suggesting that electrodes cf all potentials can 

supply and extract the carriers involved in dark conduction. It is 

therefore unlikely tlr-t appreciable polarisation can build up near the 

electrodes.

From the different behaviour of laboratory reagent samples as 

shown by curves D and A a number of valuable conclusions can be drawn.

At low applied potentials the current tends towards an olimic variation 

with the field, v.dth increasing V, the curves siiow a sublinear re- 

lationsMp with an exponent between l/2 and 1/4, and at high fields 
there is a rapid increase of current. Similar behaviour has been

( 59)observed by Zaky et al. in liquid hexane. This behaviour at low
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and intermediate fields is in agreement with the predictions of the 

Thomson moael (chapter 2, p. 11) for ionic transport in gases.

Thomson's theory, as applied to tlie liquids by Silver, provides 

the following relationship

V =  I d +  Cg

For large interelectrode spacing, d, as in the probe experiments, the 

ohmic part is predominant. In general, however, the above equation 

predicts a current - voltage characteristic consisting of an ohmic 

region at low applied potentials followed by a range in which 1 V̂ .

In laboratory rccigc-nt sulphur as well as in hexane the exponent is, 

however, less than

We must therefore conclude that in the steady state, in labora- 

tory^samples, the potential distribution is essentially that given
4 w

by Thomson model (Fig.2.l). From the behaviour of^initial current I^ 

in laboratory reagent sulphur it appears that such a distribution could 

not hcxve been present initially. This strongly suggests that the space 

charge layers deteri'dining the steady state current in laboratory reagent 

samples are composed of impurity molecules which are either present 

as ions or are ionised by the initial burst of free carriers. Cun^e C 

in Fig. 5.23, which was obtained with an ultrapure sample after half 9^ 

hour of heating, seems also to indicate that reaction of liquid sulphur 

with the electrodes produces impurity molecules which ionise and set 

up space charge layers at the electrodes. It seems unlikely that the 

space charge layers are formed from.Sg ions, because such-layers do 

not occur in a fresh ultrapure sample.
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As the field increases further, the space charge at the electrodes 

^ill increase and a stage may be reached, depending upon the electrode 

material, when the potential drop at the electrodes is large enough 

to cause injection. The current in this case will rise superlinearly 

with the applied potential as indicated by curves D and E in Fig.5.23 

and Thomson's theory will no longer hold.

5.7 oolid - Liquid Transition of Dark Conductivity

witn the present experimental chamber it was possible to make some 

preliminary investigation of tne changes of dark conductivity of sulphur 

on melting. The current measurements were token at one value of the 

field in the oh he region for both ultr? pure and laboratory reagnent 

samples and the results plotted in Fig. 5.24. Kesa electrodes were 

used.

It can be seen that the experimental cur\res for the solid are in 

reasonable agreement with the conouctivity values quoted in the 1. C.

T.^ . On melting there is no discontinuous change in conductivity.

The gradient in the liquid is about the same as in the solid at room 

temperature.

The significant feature of tne liquid curves is the absence of 

any apparent marked change at 160 C. In ultrapure liquid sulphur there 

is an increase of current after a slight drop at this temperature. For the 

laboratory reagent sample this drop is larger.
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5*6 Efficiency of Carrier Generation in Liquid Sulphur

Efficiency of carrier generation is defined as the number of carr

iers produced per incident photon. In the sense used here tiiis is diff

erent from the quantum efficiency which is defined as the number of 

carriers liberated per photon at the saturation field for which every 

carrier produced is drawn out of the generation region before it has 

a chance to recombine with a carrier of opposite sign. In the present 

experiment it was impossible to obser\/e sature-tion even at the highest 

field that could be applied before breakdown. The efficiency is there

fore specified at a value of the applied field and allows comparison 

of the generation efficiency at diffferent wavelengths.

To calculate the efficiency at a given wavelength one needs first 

information on the nuij/ber of carriers released by the incident light 

and second, tne ntui.oer of incident photons in the light pulse.

The number of carriers can be obtained from the oscilloscope trace 

of a carrier transit.
q

  ~ i te o t

where i^ is the initial photocurrent calculated from the initial pulse 

height (volts), as shown in Fig. 4.4, and the cathode follower input 

resistance.

The pulse light source was used in conjunction with a high re

solution mono chroma tor. The light output was calibrated with a sens

itive W. P. L. calibrated photocell (hanfc 39) to give the intensity 

distribution of the spectrum down to 230G A.
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The current through the standard photocell was measured with

a Hewlett - Packard uc microammeter. Ligi.t flashes with a repetition

rate of 1 to 5 per second were used. The microammeter was not able to

follow individual flashes and indicated an average current i. Thus,
T

i czi
° TP

where T^ is the pulse width and T^ the interval between adjacent pulses 

or reciprocal of tne pulse rate, as snown in Fig. 5.25. With the help 

of tJiO photocell calibration in amp/ watt agrinst wavelength this gave 

the number oi^per pulse.
\kjL

The intensity distribution with wavelength of/(light source is 

shown in Fig. 5.26. The monochromator (C. F. 4 Optica grating mono

chromator) had a spectral range from 10,000 to 1.8U0 A and a spectral 

banuwidth of 16 2/ ram slit width. For the present measurements the 

maximuiL slit wiuth of 3.6 ram was used (i.e., a bandwidth of 57.6 °).

At this slit width the light output in the sensitive region of tlie 

specimen response was only about 10 /' of the unmono chromâted light. 

With such limited intensity the measurement of the spectral distribu

tion of the generation efficiency was restricted to the range from 

2300 to 3100 1. Beyond ti:ese limits the photosigna] to noise ratio 

was unity. Increasing the light intensity by the use of special fil

ters also faileu to show any response above 3100
Fig. 5.27 shows the spectral dependence of efficiency of photo

generation of both negative and positive carriers in liquid sulphur 

(ultrapure) at an applied field of 33 k volt/cm. The efficency levels
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oil at approximately the came wavelength 1,2600 a ) as in the solid, l'or 

comparison, the quantum efficiency curve for the solid is included in 

fig. 5.27 which shows that the shape is fairly similar. One can con

clude that the generation mechanism is not fundamentally different from
132)that of the solid which has an optical 'hand - gap' of 4.2 ev

Carrier Recombination Lifetime

The number of carriers drawn out of tiio generation region by the

applied field per light pulse is given oy,
r

q ~
t
g

Where ^ is the total number of carriers generated by the light pulse,

T  is the recombination lifetime in the generation region, and t is R 6
the time taken by the carrier under consideration to cross the genera

tion rcjgion. The condition for saturation is "T. t __. Q, is given

by

H - f Ck

Where is the quantum efiicioncy and i the nui Dor of incident photons 

per pulse, q is therefore given by,

q = n f T  (\ ( ) L eV k ./ e ./ If
where c( IS the absorption coefficient. The phctocurrent i due too
electrons is then,

q f> ii,̂
- . r \ y = (  A )
t , (\

1 o(
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'The validity of the eDove eyoression is home out by the observed 

square law dependence of the transient phouvuurrent on the applied 

potential, as shown in fig. 5.28. fromS/above/Vit is also seen that 

q CK v/hich is the case for a raonomolecular recombination where 

is indenendent of light intensity. This again â prees with the results 

of fig. 5.2b.

Either the linear q - V (Pig. 5.3b) or q - f plots for a mono

chromatic radiation could be used to evaluate the parameter 

Both calculations lead to a value of about 10 ^ sec at 2500 2. Here 

the absorption coefficient CK at the wavelength concerned has been 

assumed to be the same as that in the solid 10^ cm ^). The corr

ection for reflection and absorption of li£fit by the lower quartz 

disc amounted to about 20 f . 7| ±q likely to be of the order of 10 

(fig. 5. 27; and this would give %  10 sec.
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DISCUSSION

6.1 Introduction

In this chapter the results presented in chapter five will be dis

cussed. In particular the following aspects are of special interest.

Liquid sulphur is unique for its anomalous variation of viscosity 

with temperature. The study of carrier mobility and of viscosity as a 

function of temperature provides, therefore, an excellent means of dis

tinguishing electronic and ionic transport mechanisms. This is discussed 

in section 6.2.

The results of dark current measurements provide useful informa

tion regarding the effect of impurities on charge transport in liquid 

sulphur. Section 6,3 is devoted to this.

An attempt is made in section 6.4 to explain the charge transport 

behaviour above IbO^C and in section 6.5 the far more complicated behav

iour of laboratory reagent liquid sulphur is discussed and compared 

with the ultrapure liquid.

6.2 The Nature of .Cliarge Transport in Liquid Sulphur

The main difiiculty in interpreting the results of charge transport 

in liquids is to decide whether the transport is electronic or ionic, 

as can be seen from the survey of previous work in chapter two. The 

present work, however, allows us to malae fairly conclusive deductions 

in this respect concerning the negative charge transport*



The Nature of Negative Charge Carriers

(a) Activation energy of mobility between 119° - 160^0

The mobility of negative charge carriers just above the melt

ing point is 1.0 X 10 ^ cm^/ volt sec, and up to 160^0 it varies with 

temperature as in the solid :

A exp (-^K/kT) ------- (6.1)

where the activation energy 6 is 0.15 t 0.03 ev, which within the 

experimental error is the same as in the solid (0.167 I" 0.005 ev).

The negative charge transport in the liquid therefore appears to be 

closely similar to electron transport in the solid, apart from the 

fact that there is a drop in mobility by a factor of 30 at the melt
ing point.

For the purpose of illustration the hopping probability P of 

an electron between neighbouring molecules is written down for the 

Miigh temperature region' for which y  This is obtained

by suitable expansion of Eqs. (3.4) and (3*6)

P = —  (  F  exp (- a/Zkl)— (6.2)
•R 2 E^kT

It was shown in chapter tliree that a satisfactory fit was obtained 

between the experimental temperature dependence of mobility and the 

theoretical expressions of P through the equation

U  ^ ---------------------- -------- (6.3)
® kT

In the liquid the activation energy of the mobility and therefore 

is the same as in the solid, but the mobility is smaller by a 

factor of 30. For Eq (6.3) to be applicable to the liquid, P must
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be reduced by the same factor, as *a' is practically unchanged on 

going from solid to liquid* According to Eq, (6.2), J must be small

er by a factor of about 5.

J is a measure of the overlap between the relevant molecular 

orbitals (’Band Structure of Orthorhombic Sulphur’, chapter three, 

p. 23) and therefore depends strongly on the relative orientation of 

the molecules. There is little change in the density of sulphur on 

melting (Fig. 3.7), but in the liquid the molecules have now addi

tional degrees of freedom (e.g., rotational and translational).

This rather more statistical arrangement of the molecules is very 

likely to reduce the average J. That is, an excess electron can

not jump to the neighbouring molecule until a favourable orienta

tion of the molecule is achieved.

(b) Stoke’s law and Walden's rule below 160^C

In the liquid, however, the molecules are mobile, so one can

not easily disregard the possibility of ionic transport. As ment

ioned in chapter two, there is no complete theory of ionic transport 

in liquids with complicated molecular structure. In the present 

discussion we shall examine the feasibility of an ionic transport 

in liquid sulphur on the basis of Stake's law and Walden’s rule.

The ionic mobility  ̂is given by Stoke's formula (p.4)

^  i ^  ~ lo"̂  cm^/ volt sec ----- (6.4)
6 771̂  r

The molecules in the liquid (Sg) are assumed to be spherical due 

to their ability to rotate about the centre of gravity; the radius



71

of the sphere is about 3 The viscosity near the melting point is

0.12 poise (Fig. 3.6). Then assuming one electronic charge per ion, 

is calculated to be 2.5 x 10  ̂cm^/ volt sec, a factor of 4 

smaller than tne experimental value of the negative carrier mobility. 

However, as deuroot, Gary and Jamagin (p.5) have shown, an effective 

radius should be used for ions having a radius less than 5 &. Their 

theory has been applied successfully to ions of a wide variety.

According to the theory of deOroot et al, the principal contri

bution to the electrostatic field at a point in a fluid near a charge 

is assumed to be of Coulomb origin. Then supposing that a neutral 

molecule remains attached to ionic charge q if the enerf-̂ y per mole

cule at the distance of approach is greater than IcT, an effective 

radius of the ion is found to be

(6.5)r' -
32

where, is Avogadro's number, M is the molecular weight and ̂  is the

density. Eq. (6.5) is in h. K. 3. units. It is not clear v/hether

this theory is applicable to liquid sulphur, which is non - polar,

but such a correction would decrease the ionic mobility further as the
0 (6'following estimation shows. For liquid sulphur, at 400 K, G is 3.52

and l^is 1.76 x lO^Kgm/m^ . Therefore, r’ is calculated to be 18.4 A.
-6 2 /The estimated mobility from Stoke's law is then 3.8 x 10 cm /volt 

sec at the melting point. This is a factor of about 30 smaller than 

the ez'Toerimental value.
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Another aspect of ionic transport is Walden's rule (p. 4),

z= constant 

0( exp ^ i/kT)

where Ç  ̂is the activation energy of viscous flow of liquid sulphur

which is in fact 0.23 ev between the melting point and 160°C. This

value of G  ̂  is about 50 ̂  larger than the activation energy associated

with the negative carrier mobility and Walden's rule does obviously

not hold for the negative charge transport. This result, together

with the estimated ionic mobility of at least a factor of 4 smaller

than the observed values suggests strongly that the negative charge

transport is electronic rather than ionic.

(c) Stoke's law and Walden's rule above 160°C

The most convincing evidence against ionic transport is provided

by the continuation of the mobility curve above 160°C. Although there

is a slight decrease in mobility with temperature, it is not neaiyas

much as Eq.(6.6) would suggest. For example, the viscosity at 164°C

is 124 poises. If the charge transport below 160°C were ionic, the
3mobility should drop by a factor of 10 at this temperature. In fact 

the observed drop in mobility is less than 20 ̂  of the value just be

low 160°C. It may be argued that the charge species are different 

below and above 160°C. However, from the smooth transition between 

the two regions (see Figs. 5.15 and 6.I), this seems unlikely, ScT 

theft %t will be assumed that the same charge species is responsible 

for the transport throughout the whole temperature range
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On the evidence suimnerised in this subsection, there is little 

doubt that the negative charge carriers observed in ultrapure liquid 

sulphur are electrons which move by an intermolecular hopping mechanism.

The Nature of Positive Charge Carriers

The same considerations as for the negative charges apply to the 

positive cliarge8 as well. Apart from the fact that the mobility is a 

factor of 2 less than the negative carrier mobility, the positive charg

es behave in a remarkably si mi lar fashion to the negative charges. The 

magnitude of mobility indicates that unlike the hole transport in the 

solid (section 3.1, p. 17) holes in the liquid move by means of inter- 

molecular hopping. The intermolecular overlap between the lone pair 

orbitals would certainly be reduced.on melting thereby reducing the 

hole band width. It is possible that with the loss of long range 

order, the intramolecular overlap of the lone pair orbitals may inc

rease producing - type states where the holes could be localised 

and thus give rise to a phonon assisted hopping mechanism as in the 

case of electrons.

The Possibility of a Mixed Electronic and Ionic Motion

At this point one must distinguish between trapping of electrons by 

neutral molecules to form stable ions and ’self - trapping' (i.e., the 

localisation leading to hopping transport). Nhen a stable ion is form

ed by trapping of an electron, it is a permanent state until the ion 

recombines or is neutralised at the positive electrode. In the case
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of 'self - trapping', the electron is able to move between neighbouring 

molecules by phonon assisted transitions. But since the molecules are 

mobile, the overall transport is due to both ionic and electronic mo

tion. One can then write, for the observed mobility

Just above 160°C, the ionic component ± is at least a factor of 10^ 

smaller thaUyA^^. So, one should expect a drop in mobility at this 

temperature due to the absence of the ionic component in the above 

equation, even if the electronic part of the transport is somewhat 

different (section 6.4) from that below this temperature. As shown in 

Fig. 6.1 (a re - plotted version of Pig. 5.15 in the temperature re

gion of interest), the positive mobilty shows such a drop from which 

an ionic mobility of about 3 x 10  ̂cm?/ volt sec at 162°C is deduced. 

The ionic mobility calculated froiii Stake's law and viscosity activa

tion energy is 4.8 x 10  ̂cm^/ volt sec at 162°C. Considering the 

experimental error in measuring the positive carrier mobility the agree

ment is good. However, the electron mobility shows no equivalent drop, 

and it appears therefore that the negative ions must have a mobility ^  

not more than about 1 x 10  ̂cm^/ volt sec (within the experimental 

error) at 162°C. It is not entirely clear why the negative and posi

tive ions should have different mobilities. One possibility is that 

they are different ionic species e.g., impurity and sulphur ions.
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6.3 Charges in thé Dark

It was seen from the results in section 5.6 (p. 60) that a reserv

oir of charges is present near the electrodes (field transient current) 

which are swept away on the application of a steady field until a steady 

state is reached. The steady state current behaviour is different in 

the ultrapure and laboratory reagent liquid. In ultrapure samples this 

is ohmic up to about 50 K volt/cm indicating that charges are being ex

tracted and replenished by the electrodes to preserve the condition of 

charge neutrality and that there is no appreciable build up of space 

charge (i.e., the potential distribution is uniform ). In laboratory 

reagent samples the electrodes appear to behave as blocking contacts

i.e, there are considerable heteropolar space charge regions near the 

electrodes. The silver - Thomson model is applicable to this case and 

the experimental results are in general agreement with predictions 

based on this model.

The nature of the charges in the surface layers is not known. 

Nevertheless the results suggest that in the laboratory reagent samples 

the space charge layers are formed from impurity ions which are not

easily extracted by the electrodes. It is unlikely that these layers 
4are composed of Sg or Og ions, because of their absence in a fresh 

ultrapure sample. However, after prolonged heat treatment ultrapure 

liquid sulphur shows evidence of space charge layers resulting from 

impurities wliich are probably produced by reaction with the electrodes.

AS discussed by Rose the striking difference between a

metal - electrolyte and a metal - semiconductor contact is that in
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the former, up to a few volts, an extremely high capacitance correspond

ing to a spacing of "plates" of only about 1 2 is observed. This means 

that the contact is supporting a field of 10^ volts/cm, in contrast to 

maximum fields of about 10^ volts/cm in solids. The reason the metal - 

electrolyte can support such hi^ fields is that conduction in the 

electrolyte is by actual ions themselves rather than electrons. The 

electrons on the negative ions lie energetically a few volts below the 

Fermi level in the metal and hence cannot flow into the metal either 

directly or by tunneling. The negative ions in the electrolyte tend 

to accumulate at the electrode surface until the electric field is 

higli enough to raise the electrons to the level of the Fermi surface 

of the metal. The raising of the electrons is also facilitated by 

chemical reaction.

The results of current measurements therefore indicate that the 

electrons in a fresh ultrapure sample are more loosely bound to sul

phur molecules than to an impurity molecule in the laboratory reagent 

samples, and that their energy is close enough to the Fermi energy 

of the electrode (hesa) for them to be easily extracted by the applied 

field. Similar arguments apply for holes in liquid sulphur.

6.4 Charge Transport in Liquid Sulphur Above 160°C

Although the obsenæd transport behaviour in liquid sulphur above 

provides ah important evidence against ionic transport, it still re

mains to explain the slight decrease in mobility with temperature in 

this range. This effect has been observed in a number of specimens and
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appears to be a genuine transport property. Ideally, in the absence of 

an ionic transport (if it plays any part at all in the normal liquid 

below 160°C) the gradient of l o g - 1/T should remain negative above 

160°C, as expected from a phonon assisted hopping transport. But in 

the case of liquid sulphur, the anomalous change in viscosity is accom

panied by polymerisation of the ring molecules as discussed in section 

3.2, p. 25. The possibility that polymerisation may decrease the hopp

ing probability will now be discussed.

Suppose the hopping probability P is a function of only the over

lap between the ring molecules. Any chain molecule, which may fill 

the space between nei^bouring ring molecules acts only as a deep trap 

for electrons. The process of trapping by catena molecules 

is as following

e t .(EL) . ---------  .(S_,) r Electron trappingo n  o n
h t *(Sq )̂ .   Hole trapping

(The dots represent an unpaired electron at the chain ends). Evidence 

for the sudden enhancement of trapping is obtained from the shape of 

negative transit signals above 160°C (Fig. 5.4).

Tlie mobility in the hi^i temperature region is given by Eqs. (6,2) 

and (6.3) as

=  — t— __ (— ZL  )2 exp (- E,/2kT) — (6.7)
^  ° k T 2 E ^ k T

Provided the chain molecules do not assist in the hopping process 

*a‘, the average distance between neighbouring ring molecules, will
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increase with the degree of polymerisation. But J, on the other hand, 

decreases with increasing ’a'. The resulting temperature dependence of 

mobility will therefore depend on the variation of the product a(T) J(t), 

a(T) can be determined from the known temperature dependence of the 

equilibrium of Sg ring molecules and catena sulphur chains (or M) shown 

in Fig. 3.8. The results are plotted in Fig, 6.2. The calculation of 

the change in the overlap integral J with increasing 'a' is in general 

a difficult problem. However, in the present case we are only concern

ed with small changes in 'a* under conditions of very small overlap.

The estimate will therefore not be critically dependent on the assumed 

form of J. As a first approximation we put

J := J exp (- a/ a )  (6.8)0 0

where J and a are constants.0 o
If (T)°^^ represents the extrapolated electron mobility data 

beyond about 160°C for constant *a' and J ( curve A in Fig. 6.1 ), then 

the observed mobility (t)°^° is given by

e:^2(- ) -(6.9)

From the fit to the experimental data a^'^ 10 ^ cm. The calculated 

curve beyond 158°C is shown in Fig. 6.1 in good agreement with the ex

perimental points. With the given a^ substitution into Eq. (6,8) 

gives J/Jq “ 3 X 10  ̂for the liquid. This is in reasonable agree

ment (considering the factor of 5 drop in J in the liquid) with the 

calculated overlap ratio of 8 x 10 ^ in the solid obtained by D. J.
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Gibbons (private communication)i

The above treatment, although crude, provides therefore a satis

factory explanation for the observed transport behaviour. Also, this 

model appears to be equally applicable to holes in the liquid.

6.5 Anomalous Behaviour of Photogenerated Charges in Liquid Sulphur 

This section will deal in general with the results which show the 

anomalous behaviour mentioned in section 5.2 (subsection, p. 50 ) for 

both negative and positive charges in laboratory reagent liquid sulphur 

and in section 5.3 (subsection, p. 55) for positive charges in liquid 

ultrapure sulphur. These results refer to the temperature range be

tween 120° - 160°C and are summarised below.

(a) In a fresh ultrapure samnle where the negative signals are 

well behaved, positive signals are initially ’triangular’ (Pig.

4.5 (b) ). After prolonged heating, positive 'transits' could be 

observed and behaved in anomalous fashion (p. 55 ). This is acc

ompanied by a similar change in the negative signals (subsection, 

p. 56). Signals of both polarity have now the shape shown in 

Pig, 5.1 at high li^t intensities and l/t^ - V plots are non - 

linear. At lower light intensities the signals revealed an add

itional component with a well defined transit time t^ (Pigs. 5.5 

and 5.6); l/t^ - V plots are linear with zero intercept (Pig.5.17). 

Thus after heating, the transport behaviour in the ultrapure liquid 

approaches that in the laboratory reagent samples.
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(b) In laboratory reagent samples only the component of time t^ 

was observed. Both negative and positive charges behaved in the 

same fashion.

As concluded in section 6.3 it is most likely, that the observed 

changes in transport behaviour in the ultrapure liquid is due to the 

formation of impurity ions by prolonged reaction of liquid sulphur with 

the electrodes.
2 , •In this discussion reference will be made to the d /t^ - V plot in 

Pig. 5.14 obtained with several specimen thicknesses. These results 

were obtained with laboratory reagent liquid sulphur and represent the 

general behaviour of the anomalous signal. An interesting feature of 

these signals is brought out by plotting the true transit time i.e.,
Q, ^t^ in fresh ultrapure sulphur, against t^ obtained from Pig. 5.14 for 

specimens of widely different thickness. This is shown in Pig. 6.3.
I QIt can be seen that for thin specimens t_̂ —  t̂ . With increasing thick-

I
ness t^ tends towards a constant value of about 24 milliseconds.

It is suggested that the above behaviour is a result of trapping 

of fast carriers (electrons or holes) by impurity molecules. Because 

of their low mobility these form essentially a static ionic space charge
I

during the transit of the remaining carriers. It is suggested that t^ 

corresponds not to the true transit time but is an enhancement of current 

due to the increased resultant field and will occur approximately at 

t^Cr ^  f the lifetime of the carriers with respect to ion formation.

This is illustrated in :n essentially qualitative way in the following.
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If is the initial number of excess fast carriers generated by 

li^t at t — 0, the number of fast carriers as a function of time is

K(t) =  exp (- t/ 1: )

The number of slowly moving generated ions is at any time t given by

H'(t) = 11̂  [l - exp (- t / X  )J

The self - field E' due to this space charge of slow ions will build

up in time and the remaining fast carrier cloud at x E will

be subjected to an additional field E' which is roughly proportional to 

N'( ). The question now arises : will E' be sufficiently large to

affect the resultant field E in the specimen ?

In Fig. 6.4 curve (a) shows the field distribution e(x) that would 
be expected in a laboratory reagent specimen (section 5«6 and Pig. 2.l). 

Soon after switching on of the field part of the surface charge Q is 

screened from the interior of the specimen by the ionic space charge 

layer Q,̂ of opposite polarity. This will reduce E to an approximate 

value (q - Q^)/Ç £  From the geometrical capacity 1 pf) of
9specimen it is estimated that Q —  2 x 10 e for a specimen of 500 mi

crons in thickness and an applied potential of 400 volts. might be
9 ,about 0.5 X 10 e so that the internal field is reduced to about of the

expected value. With the comparatively hi^ intensities of flash ill

umination used in these experiments the initial current hei^t leads to 

a value of 10^ generated carriers per flash. h*('T/ ) will thus
9

be about 0.7 x 10 ions per flash which will be distributed with de

creasing density from x = 0 to about x c E ̂  (l50 - 200 microns)

as indicated in Pig. 6.4. The significant point is that eN’CX^ )'^ 0̂^
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and the two will always be of opposite polarity. (The case shown in 

Pig. 6.4 refers to electron generation at x*0). The generated nega

tive ions will thus tend to increase the resultant field for E L

by largely compensating the effect of polarisation charge Q^. At 

250 microns E is likely to level out at a higher value than before as 
indicated by curve (b) in Pig. 6.4. The generated ionic space charge 

is unlikely to affect the field distribution near the positive electrode 

to any extent,

The transient current signal measured under these conditions will 

depend on the product E(t)H(t). The time dependence of both these fac

tors, together with the expected current signal is shown in Pig. 6.5.

It is now clear that in the region of decreasing N(t) and increasing 

E(t), l(t) should go through a maximum which should correspond to the
I

measured value of t^. This value should be somewhat larger than the 

lifetime with respect to ion formation, , which might be about 15 - 

20 milliseconds in a laboratory reagent specimen. Pig. 6.5 also shows 

a small 'hump' due to the effect of the large anode field on the re-
II

maining carriers. This can be identified with the time t^ observed 

with some specimen^, With decreasing li^t intensity N'( ) decreases

and the effect of the generated ionic space charge on the transport 

becomes negligible. This is borne out experimentally by the fact that
1

at low light intensity the maximum at t^ disappears.

So far the discussion referred to thick specimens (4OO - 700 microns) 
for which d ^  E T/ . Por thinner specimens ( up to about 250 microns) 

the field increase takes place closer to the anode and the position of
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i athe current maximum at t^ approaches the true transit time t^. This

is clearly shown in Pig. 5.14 and in Pig. 6.3 for t^ 20 milliseconds.

In a fresh ultrapure sample the lifetime of generated electrons 

with respect to ion formation is very long; a roughly estimated value 

for the lifetime is about 60 milliseconds (section 5.3, P- 53) and the 

above effect is not expected to occur.

The above model therefore provides a reasonable explanation for 

the observed behaviour of laboratory reagent sulphur. The decrease of 

mobility calculated from t^ (in ultrapure sulphur) with duration of 

heating ( subsection, p. 56) may also be explained in terms of ionic 

space charge which collects at the electrodes. It may be shown very 

generally (Hellyer, P. G,, private communication) that any non - uniform

ity of field distribution will increase the transit time. Since the 

density of ions increases (section 5.6) with duration of heating, t̂  

will also increase.



CHAPTER 7 84
FLUORESCENCE OF SULPHUR

7.1 Introduction

Fluorescence and phosphorescence are two special cases in the gen

eral category of luminescence. IVhen luminescent materials are excited 

by radiation or cathode rays (electrons), emission may occur during 

excitation and in some cases, for considerable periods after the excit

ation has ceased. Fluorescence is the term applied to emission between 

states of equal multiplicity and usually has a small radiative lifetime. 

Phosphorescence is the teim which is applied to emission between states 

of differing multiplicity and usually has a long radiative lifetime.

The investigation of the occurence and characteristics of luminesc

ence of molecular substances has not only increased the general know

ledge of such processes but has provided a powerful method of deter

mining electronic structure of molecules.

The occui^ce of luminescence can be discussed by means of energy 

diagrams which represent the normal and excited states of the molecule.

A molecule not only possesses electronic energy but also vibrational 

and rotational energy. These extra degrees of freedom are subject to 

quantum conditions as in the case of electronic energy.

The upper and lower curves of Pig. 7.1 is a schematic representa- 

tion of^a diatomic molecule in its excited and normal states respect

ively. Vibrational levels are represented by horizontal lines attribut

ed to each curve. Rotational levels are not included. At ordinary 

temperatures the unexcited molecule will possess not more than one or
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two vibrational quanta, A schematic diagram of the energy state of the 

same molecule is also shown in Fig. 7.2. Absorption of li^t causing 

electronic excitation will raise the molecule into its excited state by 

transition AA'. Coupling between the electronic and vibrational states 

of the molecule in the excited condition vd.ll lead to deactivation to 

state B*. A resonance transition A'A taking place is unlikely if coupl

ing is present. After the state B is reached luminescence vd.ll occur 

with transition B'B to the ground state and further loss of energy by 

coupling with vibrational states so that the initial state A is once 

more reached. The lifetime of the excited state of the molecule will 

depend on several factors, including the transition probability for 

luminescence and the disturbance by external agents. Furthermore, there 

is always a probability of a non - radiative return to the ground state 

if the state C’ is reached (internal quenching). In luminescent mol

ecules the vibrational states will effect such transition at higher 

temperatures and a formula for the internal quenching has the form

1

1 -f p  ̂b exp (- E/kT)

where ^  is the luminescence efficiency and p is the probability of 

optical transition B'B. b exp ( - E/kT) is the probability that the 

molecule will reach the ground state by the path B'C'CB. E is the 

energy of transition B'B. In most cases of quenching in organic mol

ecules the above process is obscured by other influences such as, ext

ernal or collision quenching and photochemical changes (e.g., prediss

ociation) .



86

According to the model discussed, the absorption and emission spectra 

of moleules will consist of regularly spaced bands corresponding to tra

nsitions between vibrational levels of the ground state to those of the 

excited state. The energy difference between adjacent bands would be 

expected to correspond to that between the vibrational states. As an 

example, Fig. 7.3 gives the absorption and emission spectra of solid 

anthracene  ̂ . A mirror image effect is usually observed between the

spectra. Exact correspondence does not occur since the absorption inv

olves transition at a certain temperature from the corresponding vibra

tional level of the ground state to any of the vibrational levels of the 

excited state, while emission is due to transition5»from the excited 

state to any of the vibrational levels of the ground state, as shown in 

Fig. 7.2. The first excited state for anthracene is placed at approxi

mately 3 ev, corresponding to 4000 2 wavelength, where the two spectra 

coincide. This excited state has a short lifetime and is therefore 

assigned to be a singlet, since the ground state is also a singlet and 

the transition between the states are allowed. Phosphorescence is also 

observed in anthracene corresponding to a triplet to ground state tran

sition, which is forbidden. The emission has a lifetime of the order 

of milliseconds.

The purpose of the present investigation of emission in sulphur was 

made to gain some knowledge of the molecular excited states of Sg in the
(32)solid. The study of the optical properties gives no clear indica

tion of the first excited state of the molecule. The extensive work 

on the organic molecules show such information should be obtained from
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luminescence.

7.2 Experimental Methods and Results

The excitation of emission in sulphur at room temperature has been 

studied for three kinds of exciting radiation. These were ultraviolet 

to the visible radiation (23OO - 4500 % ), high energy electrons and 
X - rays. The signal was studied either with small bandwidth filters 

or when stronger, with a monochromator.

For optical excitation the specimen was mounted at the input of 

Optica grating monochromator, as sliown in Fig. 7.4. An M I  multistage 

photomultiplier ( type 9526 S) was used at the output to detect any 

signal. The exciting radiation of wavelength from 4500 to 2500 2. was 

filtered from a lamp, an iodine or a tungsten filament lamp and 

the longer wavelength region was scanned for the emission signal.

An arrangement was also used where the front illuminated surface was 

studied for the emission. No genuine emission was detected Vfith either 

arrangement.

Next, high energy electrons from an electron gun were used for the 

excitation of the sample. Electrons of up to 30 K ev were generated 

and focussed on to the specimen placed inside the gun, as indicated in 

Fig. 7.5. The photomultiplier was placed outside the gun in front of 

the window facing the specimen. Some emission was detected which, how

ever, appeared to originate mainly from other sources such as the win

dow and the photomultiplier envelope. These luminesced under the x - 

rays generated by the bombarded specimen. It was difficult to perform
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a blank experiment where the specimen was absent since most parts of the 

specimen holder also produced x - rays under electron bombardment.

Excitation by X - Rays

X - rays were generated byVÎ’hilips P¥ 1008 self - rectifying type 

souree run by a stabilized power supply. A copper target was used.

X - rays were received by the specimen through a mica - beryllium win

dow which was blocked by a thin black paper to cut out any stray fil

ament light from the tube.

The experimental arrangement was the same as that for optical ex

citation (Fig. 7.4). The specimen was placed at the input of a mono

chromator and the photomultiplier placed at its output. Care was taken 

to eliminate all stray li^t in the room reaching the experimental arr

angement by covering it with black cloth.

Different specimens were used. Crystalline specimens of thickness 

ranging from I50 to 900 microns were grown from solution and prepared 
as discussed in chapter four (subsection at p. 43). Melt crystals 

( subsection, p. 43) were also used. In some experiments a thin layer 

of re - solidified ultrapure sulphur (Koch - Light, Appendix l) was 

investigated.

All specimen exhibited an emission in the blue - green region of 

the optical spectrum, 5900 to 4500 A. î/hen a thin black card having 

negligible x - ray absorption was placed in front of the specimen (i.e., 

between the specimen and monochromator) a background reading could be 

observed with the photomultiplier. This was thought to be due to lumin
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escence of the internal optics of the monochromator under x -ray irr

adiation. It was reduced by careful alignment and lead shielding of 

the monochromator. In all subsequent experiments the background read

ing wliich amounted to about 20 was subtracted from the emission read

ing. The maximum signal obtainable with the highest permissible power 

of the source (40 ma at 40 K volts) was too small for the Optica grating 

monochromator. A simple prism monochromator was therefore used with 

a dense flint prism at 1 mm slit width. A pen recorder was used in 

conjunction with a Hewlett - Packard ammeter, as an amplifier, to re

cord the signal.

Fig. 7.6 shows results obtained from a large number of recorder 

plots using a moderate source power (30 ma at 35 K volts). The photo

multiplier voltage was 800 volts and its response in the region of em

ission was nearly constant with the number of photons. The spectral 

resolution at 1 mm slit width was about 100 2 and is indicated in the 

figure.

Three emission peaks were detected at 4900, 5300,and 5700 2. The 

average distance between the consecutive peaks are 0.15 ev. Other small

er peaks may be present but they were often masked by the background 

noise of the photomultiplier and the x - ray source or the lack of 

spectral resolution.

A preliminary investigation was made of the temperature dependence 

of the emission. The specimen was cooled down to - 70°C from room 

temperature and an enhancement of the emission by 20 ̂  was observed.
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7.3 (Quantum Yield of Fluorescence

The quantum yield of emission is defined as following

^  ̂ emitted number of quanta ( V  )
f ^ absorbed number of quanta ( )/)

It is difficult to estimate with any accuracy in the case of x -ray 

excitation. Part of the incident beam is transmitted by the specimen, 

the amount depending upon the frequency of the radiation. Of the ab

sorbed X - rays, only a small fraction is utilized in producing emission, 

the remainder being dissipated in exciting fluorescent x - ray emission 

and electrons by photoelectric process#. Heating of the specimen may also 

take place as a part of the dissipative process. The calculation of the 

amount of absorbed radiation is also made difficult by the existence of 

characteristic lines in the x - ray beam superimposed on a large cont- 

nuum from an unmono chromâted source, such as used in the present case.

A rough estimate could however be made from the knowledge of the average 

absorption coefficient of sulphur for x - rays, as shown later.

Excitation in the ultraviolet to visible region should be a better 

method to study the behaviour of high energy bound electrons. Unfor

tunately solid sulphur did not show any emission under excitation by 

ultraviolet radiation for which sulphur has a very small absorption 

depth. It was thought that this might be due to external quenching by 

impurities in the solid surface. A further attempt to detect the em

ission on ultraviolet excitation was made on a dilute solution of sul

phur which now has a large absorption depth.

%)ectro8Copic quality ethyl alcohol was used as the solvent. And
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for this experiment a spectrofluorometer ("Fluorispec") by Baird Atomic 

Instruments was used. The solvent was first scanned for indications of 

impurities. From the positions of absorption and emission peaks, the 

solvent appeared to contain traces of general impurities of the aromat

ic hydrocarbon type. Judging from the emission strengths observed in 

the present apparatus from solutions of known anthracene concentrations 

and using an effective quantum efficiency of about 0.3, the impurity 

content of the ethyl alcohol was estimated to be about 10*^ - 10 ^ 

mole/ litre.
-4 -5Two solutions were prepared of concentrations, 2 x 10 and 2 x 10 

mole/ litre of Sg using ultrapure sulphur. These solutions failed to 

produce any emission in the region of 3000 to 6000 % on excitation with 
radiation of wavelength from 2300 to 5000 2. This result refers to 

both room temperature and liquid nitrogen temperature. The experiment 

at liquid nitrogen temperature was performed with the more dilute sol

ution in a quartz tube immersed in liquid nitrogen contained in a quartz 

dewar. Considerable increase of light scatter was introduced due to 

nitrogen bubbles produced during irradiation and resulted in a l/20 th 

smaller signal - to - noise ratio than for the solution at room temper

ature.

Table 7.1 (next page) shows the results obtained. From the eff

ective quantum yield of about 0.3 in ethyl alcohol and the estim

ated detectability of the spectrofluorometer it was concluded that Sg
-4has no emission whose effective yield exceeds 10 .

From this result, any impurity in the ultrapure sulphur which
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absorbs in the ultraviolet - visible region and emits with 0.3 efficiency 

would have been detected in the sulphur solutions down to about lO”^ to 

10 ^ mole/ litre. Since no emission attributable to other than the sol

vent sources was observed in the 10 ^ mole/litre solution, then no emitt

ing impurity was present in the solid sulphur to greater than lO”^ to 10~^ 

mole/ litre or 1 - 10 ppm.

Table 7.1 (a)

Detectibility of "Fluorispec"

Yield Cone. Abs. Coeff. 
(average)

Emission
strength

Comment

0.3
_7

10 'm
Anthr. 
in Eton

10^
litre/mole cm 100 Experimentally demonstra

ted to be sufficiently 
dilute, so that signal is 
proportional to concent
ration.

0.3® io“ %  
impurity 
in EtOH

10^ * 
litre/mole cm 1 Detectable at a signal- 

to - noise ratio of 2 or 
3.

Assumed values

Table 7.1 (b) 

Efficiency of Sulphur in EtOH

Emission
strength

Cone. Absorption
Coefficient
(averagre)

Yield

Undetectable
s/n 1

2 X 10“^M 10^
litre/mole cm

Therefore
10-^

Undetectable 
S/ïi 1

2 X 10“^M lo"̂
litre/mole cm t  lO-'̂
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In the following a rough estimate is given of the emission effici

ency for X - ray excitation.

The efficiency of generation of x - rays is given roughly by

G rr 1.1 X 10~^ Z V 

where Z is the atomic weight of the target and V the tube voltage. For 

a copper target Z is 29, G is therefore 0.1 ̂  of the total generated 

power at 35 K volt. liAien a current of 30 ma is flowing, the power of 

generated x - rays is therefore 0.1 watt, which is further reduced by 

collimation to 10  ̂watt. This is distributed over a range of wave

length as shown in Fig. 7.7. However, the absorption coeffecient for 

X - rays increases with wavelength and, in the region of 1.5 X it is 

such that the energy absorbed by a specimen of 300 microns (average 
thickness) is about 0.75 where is the incident energy. It is 

therefore assumed that nearly a third of the x - ray energy (the longer

wavelength side of 1.5 X - Cu i^lines) is completely absorbed by the
12specimen. This corresponds to about 10 x - ray photons per sec, 

assuming an average wavelength of 2 X.
From the photomultiplier calibration with a light source of known 

intensity distribution (photons per sec), the maximum number of visible

photons emitted by sulphur under x - ray irradiation (Fig. 7.6) is es-
6 —6 timated to about 10 per sec. So the emission yield is about 10

It should be pointed out that the x -ray absorption coefficient is

given by

= y ' •

where ^ , S , * ' • etc. are the absorption coefficients for various
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processes, such as the photoelectric process, Compton scattering, fluo

rescent 2 - ray emission and other processes one of which is the emission 
in the visible region. In the latter process electrons in the higher 

bound states (valence electrons) are raised to higher states (singlet 

or triplet states) and produce an emission when they return to the ground 

state. 10  ̂is therefore approximately the lowest limit of efficiency 

of emission of solid sulphur by x - rays.

7.4 Discussion

The emission spectrum obtained experimentally for solid sulphur as 

shown in Fig. 7.6 bears a close resemblance with that of anthracene 

(Fig. 7.3). It is therefore tempting to interpret the sulphur spectrum 

in the same way. One would according to this interpretation, expect 

the excited state to lie in the region of 46OO X, 2.7 ev.
One would also expect the average distance between the vibrational 

peaks to correspond to the features of the infra - red spectrum of sul

phur as shown in Fig. 7.8. It is therefore unlikely that the vibra

tional interaction takes place in the strong band at 0.11 ev, but there 

is a smaller peak near 0.15 ev which may be connected with the emission 

peaks.

The photoconductivity and absorption spectrum are shown in Fig.7.9 

together with the emission spectrum, (The weak emission corresponds to 

weak absorption and no vibrational structure is expected to show up 

in the absorption spectrum). The interesting fact is that there is a 

photoconductivity peak centred at 4500 X which has been shown to be
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( 32)associated with surface generation of free holes . In view of the 

present results it may be suggested that the free hole generation may 

be due to interaction of the molecular excited states with the surface 

states.

It is possible that some impurities in sulphur are responsible for 

the observed emission. However, we are reasonably sure that this is an 

intrinsic property of the Sg molecule since, specimens from different 

sources showed the same emission characteristics without any perceptible 

variation of intensity (section 7.2, p. 88).

The low emission efficiency may be due to some quenching processes 

such as internal and external quenching, and predissociation. The case 

of internal quenching has been discussed in section 7.1 where the excess 

energy of the molecule is converted into vibrational energy. It is 

favoured by the great flexibility of the molecule (i.e., by the exist

ence of many low energy vibrational states) and is countered by rigid-
kity. For this reason, fluorescence is likely to^observed in molecules 

which have rigid cyclic structures. The mechanism of external quenching 

consists of energy transfer to other molecules and is important in 

solutions.

In the process of predissociation the excited molecule is diss

ociated before emission occurs and returns to the ground state by a rad- 

iationless transition. This may be important in the case of sulphur 

as shown by the following consideration. Predissociation is almost 

certain to occur when some bonds in the molecule have a bond dissocia

tion energy appreciably lower than the energy of the absorbed li^t.
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Since a wavelength of 2000 X corresponding to almost 150 K cal/mole, 

this amount of energy is normally sufficient to break some bonds in 

most molecules, hence predissociation makes fluorescence hi^ly im

probable due to absorption in the ultraviolet. The bond dissociation 

energy of Sg is not known but it should lie within an order of magni

tude of the bond energy which is about 63 K cal/mole For example,

the bond energy and the dissociation energy of - 8 = 8 -  are 50 and 

100 K cal/mole respectively

Finally, a brief note is made regarding the nature of the excited 

state. It is difficult to specify the multiplicity of the excited 

state (the ground state of Sg is a singlet) without the exact knowledge 

of the emission lifetime. The low emission efficency has been assumed 

to be connected with a very short lifetime of the excited state which 

has been treated therefore as a singlet throu^out the present chapter. 

This may be erroneous since, first, no experiment to measure the emiss

ion lifetime has been perfoimed and second, it can be shown that in the 

presence of 'quenching centres' where the observed lifetime is very short 

the^lifetirae of the excited state is different from the observed lifetime, 

For example, the^lifetime of the excited triplet state of benzene has 

been calculated to be about 0.1 sec whereas the observed lifetime is 

about 10  ̂sec
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CHAPTER 8 

CONCLUSIONS

1. The negative charge transport in liquid ultrapure sulphur between

119°C and 160°C is an intermolecular hopping mechanism, as in the solid.

The negative charges are electrons which have a hopping mobility at the
-4 2 /melting point of 1.0 x 10 cm / volt sec. The activation energy of 

0.15 i 0.03 ev corresponds to an approximate polaron binding er^gy of 

0.48 ev equal to that in the solid. The drop in electron mobility by 

a factor of 30 at the melting point is thought to be due to a reduction 

in the intermolecular overlap energy. The lifetime of excess electrons 

in ultrapure sulphur with respect to negative ion formation is in excess 

of 50 milliseconds.

2. Similar conclusions may be drawn for the hole transport in the liq

uid. The mobility is, however, a factor of 2 smaller than that of elec

trons .

3. Above 160°C, the Sg molecules break up and polymerise. This causes 

an increase of viscosity by four ordeiÿ of magnitude and one would ex

pect a corresponding decrease in ionic mobility. The fact that positive 

and negative mobilities were observed with little change up to 200°C

is conclusive evidence of an electronic rather than ionic conduction 

mechanism. A sudden decrease of about 3 x 10  ̂cm^/ volt sec in the 

hole mobility at about 160°C is associated with the disappearance of 

the ionic part of the drift mobility. "Die change in gradient of the
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electron and hole mobility versus 1/T curves above 160°C is explained 

in terms of the increase in the average spacing between hopping sites 

as the Sg rings polymerise.

4. The transport behaviour of charge carriers in the supercooled liq

uid is a normal extension of that in the liquid above the melting point.

5. After solidification the electron mobility in the solid is essen

tially unaffected by the destruction of the long range crystalline order. 

But the holes, which in the crystalline solid move in a polaron band 

show a drop in mobility by a factor of 100. This is additional evidence 

for the fundamentally different transport mechanisms of electrons and 

holes in the solid.

6. Dark current measurements show that ultrapure and laboratory 

reagent samples behave differently. In ultrapure samples the steady 

current is ohmic at all applied fields. In relatively impure labora

tory reagent samples the current voltage characteristic has an initial 

ohmic region, a sublinefir and a superlinear region. This different 

behaviour of laboratory reagent samples has been attributed to impur

ities which ionise and form hetero - space - charge layers near the 

electrodes.

7. The dark conductivity does not show a sudden discontinuity on
-12 -1 -1melting. The conductivity of the liquid is about 10 ohms cm .

The dark current increases with increasing temperature with the same 

activation energy as in the solid at room temperature. It continues 

to increase above 160°C after a slight drop due to the disappearance 

of the ionic component.
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8. The transport of electrons and holes in laboratory reagent liquid 

sulphur shows a number of complicating features not observed with a 

fresh ultrapure sample. These arise from the ionisation of impurity 

molecules during the transit of the injected excess carriers. The 

electron lifetime with respect to this process is about 15 milliseconds. 

In thick specimens, liaving transit times appreciably longer than this 

value, the increase in the internal field due to the ionic space charge 

together with the decrease in the nutvber of drifting carriers causes 

the maximum in the observed current signal.

9. The spectral response of photoconductivity (or generation efficie

ncy) in liquid sulphur is essentially the same as in the solid. The 

peak of response occurs at 2600 X. The corresponding generation effic

iency is 10 at 33 K volt/cm. The product of quantum efficiency, , 

and recombination lifetime, , of excess carriers is 10 ^ sec.

Assuming a likely value of to be 10 is 10 sec.

10. From the observed visible emission of sulphur under x - ray 

irradiation, the first excited state of an Sg molecule has been tentati

vely fixed at 2. 7 ev. The three emission pealcs at 4900, 5300 and

5700 X correspond to vibrational 'de - activation*by molecular

modes of 0.15 ev energy. The emission efficiency is extremely low,
—4 —6between 10 and 10 •
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Charge Carrier Mobilities in Liquid Hexane at 20 C

Author Range of 
Appliea 
Field 
(KV/cm)

Specimen
Thickness

(cm)

Hode of 
Excitation

Scatter
of

Results
(̂ )

Negative
Carrier
Mobility
(io5)

cmVI' • sec

Positive 
Carrier 
Mobility 
(10/) 

cmr/V sec

LeBlanc 
(Ref. 7) 0 - 2 1.5 U. V.

radiation 10 1.23 -

Gzowslci & 
Terlecki 
(Ref. 8)

1 0 - 1.5 X - ray 5 1.3 0.41

Chong & 
Inuishi 
(Ref. 9)

0 - 500 0.01 - 
0.05

U. V.
radiation 20 1.0 -

Allen & 
Hummel 
(Ref. 10)

0 - 4 0.5 -
0.3 X - ray 5 0.76 Q.,38

Seeker & 
Lewis 
(Ref. li;

1.34 0.9 - 6 X - ray 200 2.0 1.0

TABLE 3.1

Experimentally Obtained Values for the Electron Hopping 
Parameters in Solid Sulphur

Y E b M '4 Vibrational
mode

15 0.49 0.0330
17 0.49 0.0291 236 bp fundamental
18 0.48 0.0265 214.5 a% fundamental
20 0.475 0.0238 193 e-j_ fundamental
25 0.47 0.0186 151 eg fundamental
35 0.455 0.013
45 0.44 0.0094
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APPENDIX I

Analysis of starting materials

Analysis of C8_ used as solvent

Analar Reagent. BDH 

%iecifio gravity, (20°C) 1.262 to 1.265

Distillation range

Acidity, (as SO^)

Non - volatile matter 

Hydro gen sulphide, (H^S) 

Sulphur dioxide, (SÔ )

95 io distills belween 

46° and 47°C 

0.001 ̂ 0 max 

0.003 io max 

0.00015 io max 

0.00025 io

Ca

Na

K

Cl

Ca

Cu

Mg

Si

Ag

Analysis of sulphur used as starting material 

BDH. Laboratory Reagent

0.6 ppm 

0.8 ppm 

0.5 ppm 

7 ppm

Koch - light Laboratories Ltd. 99.9999 ̂  purity 

Ultrapure Sulphur 

0.2 ppm Na 0.1 ppm

0.1 ppm Non - 0.001 ̂

0.05 ppm Volatiles

0.02 ppm (Traces of CS^

0.01 ppm dissolved in s)
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Fig. 2.1 t The form of potential distribution as obtained in benzene by 
Forster (Ref. 18). This type of potential distribution is also the basis 
of Thomson$model of conduction in gases as applied to liquids by Silver 
(Ref. 21).
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?ig. 5*1 : Temperature dependence of the hole mobility in crystalline sulphur.
is the lattice mobility curve; the solid curves have been calculated using 

the values of indicated (Ref, 3l).
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Fig. 3*2 : Temperature dependence of the electron drift mobility in
crystalline sulphur in the [lllj direction. LR - crystal grown from 
laboratory reagents; UP - crystal grown from ultrapure reagents; E - 
electron beam excitation;, P - Photon excitation; - room temperature
hole drift mobility in csa?/ volt seo ( Ref. 34)
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Fig. 3«5 : Theoretical temperature dependence of electron mohilty in
the phonon assisted hopping and polaron hand motion range. T^ is the 
temperature which marks the transition between the two ranges.
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Fig. 3.4 : Plot of Eq. (3.4) (marked l) and Eq. (3.6) (marked H) for dif
ferent values of the interaction parameter Y (Ref. 34).
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Fig. 3*5 : Energy level scheme showing how the hand structure in S , is
derived from the levels of an isolated S atom (qualitative only).
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Fig. 3.6 ; Temperature dependence of the viscosity of liquid sulphur over 
the complete range. The inset curve corresponds to the range between .the 
melting point (119°C) and 160^0 (Ref. 42).
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Fig. 5*7 : Temperature variation of the density of sulphur helow
and above the melting point of 119^0 (Ref, 44),
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JPig. 3.8 : Temperature depend
ence of the concentration of S_,o
rings in equilibrium with poly
meric sulphur.

Pig. 3*9 : Temperature dependence
of the average number of S unitso
per chain of polymeric sulphur or 
the number - average degree of 
polymerisation.
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?ig. 4.1 : Sclienatic diagra^i illv,strating ths principles of drift mobility
measurements. R - load, resistor across which the signal derelopes; C - spe
cimen capacity; G - generation electrode; S - signal or collecting electrode.
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Fig. 4.2 : Transit signals, (a) i s  the integrated pulse and (b) the
\ current puJ.se. Both yields the same value of transit time t_̂ .I V



Fig. 4.5 : Effect of deep - trapping t^) on integrated pulse.

"si

•Diffusion
rap release

<; Fig. 4.4 : Effect of deep - trapping (T ̂  t ) on current pulse,
à "C

The broadening of the tail due to diffusion and trap release is also 

shown.

I Fig. 4.5 : Effect of deep - trapping for the case IT t_̂ . (a)
I is the integrated pulse; the rising edge is extreruely non - linear, 
I (b) is the current pulse; no discontinuity at tj_ appears.
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Fig. 4.6 : Block diagram of the arrangement for measuring the drift
mobility of charges in liquid sulphur.
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iers of opposite polarity moving backwards.
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f ijag. 4.8 : Switcnang uransaents, Field transient and

; photocarrier transit, i^ is the initial height of the field
uran^ienu signal ana t_̂  as uhe * transit time* of carriers 
giving rise to the field transient.
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Fig, 4.9 : The specimen chamber, Q^, and. are the quartz discs
which enclose the liquid specimens and 8̂ . Specimen is for temp
erature measurement.
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Fig, 4.10(a), (b) and (c) : (a) and (b) show different electrode
configurations, (c) shows the electrode lead - out arrangement.
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: Eputtcring gear for platinum electrodes.
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Fig. 4.12 : Circuit diagram of the flash unit using XIE - type
xenon - mercury flash tube.
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Fig. 4.13 ; Spark gap circuit. V - Yariac; T - transformer; 
copper oxide rectifier; G - the gap across which spark occurs.
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Fig. 4.14 : Circuit diagTara for the cathode follower.
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Fig. 4.15 : Field pulse unit, (a) shows the "block diagram of the unit,
(b) shows the pulses and their relative positions.



Fig. 4.16 ; Bridgeman's method for growth of sulphur from the melt,
T is the tube containing the specimen, (b) shows the rectangular fur
nace and, (c) the rectangular cell.

Fig. 4.17 : Arrangement for growing
sulphur from vapour phase.



Fig. 5.1 : Positive and negative photosignals in laboratory re
agent liquid sulphur, (a), (b) and (c) Eire observed with decreas
ing applied field. Similar positive signals were also observed with 
ultrapure liquid specimens.

Fig. 5.2 : negative photosignals in ultrapure liquid sulphur,
(a), (b) and (c) are observed with decreasing applied field.



1 m  V

10 m s

Fig. 5.3 : Negative charge transit in liquid ultrapure
sulphur near the melting point, showing the lengthening 
of the tail due to heating. The initial decay is not 
truly exponential and is thought to be due to electronics 
Sind loss of carriers by recombination in the generation 
region.

7G. F. input resistance - 10 ohms 
Specimen thickness - 210 microns 
Applied potential - 4-00 volts



Fig. 5*4 : negative photosignals in ultrapure liquid sulphur above
160®C. ■

Fig. 5.5 : Positive signal at the same applied field as Fig. 5.1
(b) but at lower light intensity where two - .component structure is 
observed.



Fig. 5.6 ; Positive signal at the same applied field as Fig, 5.1 
(b) and Fig. 5.5 but at very low light intensity when the slow com-

m
ponent t^ only can be seen.

Fig. 5.7 : Positive photosignal in ultrapure liquid sulphur above
160°C.
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Fig. 5.8 : Hole mobility in crystalline sulphur plotted against l/T,
Monoclinic range from 96° to the melting point at 119°C is indicated.
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Fig. 5-9 Î Electron mobility in crystalline and re - solidified sulphur 
plotted against l/T. The monoclinic range is from 96^ to 119^0.
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Fig, 5.10 : Temperature dependence of electron mobility in sulphur crystal
in the monoclinic range up to 115°C (Ref. 54). (a) shows the points ob
tained in a quick run. (b) was obtained in a slower run and shows a drop 
in mobility before the melting point of orthorhombic sulphur is reached.
(b) also shows a hysterisis effect.
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Fig. 5.11 : Negative and positive carrier mobilities in liquid lab
oratory reagnet sulphur obtained with gold electrodes are plotted against 
l/T. The results in the solid are included to show the drop in mobility.
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The hole mobility drops by a factor of 10 . The results for the super

cooled liquid are shown by the asterisks ( ).
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Fig. 5.12 : Field dependence of l/t' in laboratory reagent liquid
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sulphur, l/t plotted against V.
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Fig. 5.13 : Negative carrier mobility in laboratory reagent liquid sulphur

obtained with Ncsa electrodes are plotted against 1/t .
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2 /Fig. 5.14 : d /t^ plotted against V for a number of specimen thicknesses.
Results aorrespond to negative signals in the laboratory reagent liquid
used with nesa electrodes. / - 50 microns; - 180 microns; O - 256

® - liOO rv'itvov\S
raierons; ▼  - 370 m i c r o n s ; - 480 microns; # ̂  605 microns; A - 620
microns; ^  - 680 microns. The solid line represents the results obtained
with the ultrapure liquid; t^ , the true transit time, is plotted.
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Fig. 5.16 : Temperature variation of the negative charge mobility in
the ultrapure liquid as calculated from the measured t and t^ values 
(see also Fig. 5.1). ^
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Fig. 5.17 : Field dependence of t^ and t^ (see also Figs. 5.5 and 5.6)



ï’ig. 5.18 : Experimental arrangement for probe measurements of the 
potential distribution in liquid sulphur. B is the boat containing the 
liquid specimen.
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Fig. 5.19 : potential distribution in liquid sulphur with gold elec
trodes and platinuTQ probe.
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Fig. 5.20 ; The potential distribution in liquid sulphur with platinum 
and magnesium electrodes and platinum probe. The results shown corres
pond to the ultrapure liquid. __
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Fig. 5.21 ; Experimental arrangement for dark current measurements on 
liquid sulphur.
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Fig. 5.22 ; Variation of the field transient and 'peak current' I in
liquid sulphur with the applied potential. Specimen thickness 150 microns 

0 - Field transient current in the ultrapure liquid, X - %^in the ultra- 

pure liquid and Q  in the laboratory reagent liquid.
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Fig. 5«23 : Variation of the steady dark current with the applied
potential. Specimen thickness 150 microns. Curves A and B belong to 
fresh ultrapure samples, C to an ultrapure liquid sample after half - 
hour of heating at a temperature of 140°C. Curves D and E correspond to 
the laboratory reagent liquid.
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Fig. 5.24 : The temperature dependence of the ohmc dark current in
sulphur in the solid, solid to liquid transition region and the liquid. 
®  corresponds to the values- obtained from X. C# T»



Fig. 5.25 : Averaging of fast pulses.
is the pulse rate. is the pulse 

width, i is the average value given by 
a slow detector.
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Pig. 5*26 : The spectral distribution of photons per sec of a xenon -
mercuiy flash tube.
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Fig. 5*27 : The generation efficiency of charge carriers in liquid
sulphur versus the wavelength of exciting radiation at an applied field 
of 53 K volt/cm. Curve A corresponds to the solid (the efficiency reduced 
by a factor of 100)• B and C are the curves for the negative and positive 
charges in the liquid. V
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Fig, 5*28 : The dependence of the negative photo current on the applied

$00 1000

potential. Specimen thickness is 150 microns.
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Fig. 5.29: Charge generated per pulse of monochromatic radiation
in liquid sulphur plotted against intensity. Intensity was varied by 
varying the slitwidth. %>ecimen thickness 150 microns and applied poti 
ntial 360 volts.
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Pig. 5.30 : Charge generated per pulse of monochromatic radiation (2500
Î) in liquid sulphur plotted against the applied potential. Specimen
thickness 150 microns.
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Pig. 6.1 : ' Ee - plotted version of Pig. 5.15 in the temperature range between 
141^ and 197^0 showing the drop in the positive charge mobility in the liquid 
at 160°C.

The experimental points above 160^0 for electrons have been fitted to 
the theory. The solid line represents the theoretical curve. Curve A is
extrapolated from the results below 160 C.
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Fig. 6.2 : *a*, the distance between neighbouring Sg ring molecules, is
plotted agg^st temperature with the data calculated from the taiç>erature 
dependence of the umber of Sg rings in liquid sulphur in equilibrium with 
polymeric sulphur (Fig. 3,8).
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Fig. 6,3 : The true transit time t in ultrapure liquid sulphur is plotted
I X

against t^ in the laboratory reagent liquid obtained from Fig. 5.14 for 
specimens of widely different thicknesses.
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Fig. 6,4 : Field distribution in laboratory reagent liquid sulphur.
(a) is the field distribution E(z) that would be expected in a laborat
ory reagent specimen in the absence of excitation. When excess charge 
carriers are generated, the ions formed by carrier trapping will modify 
the field distribution to (b). Q - surface charge; - polarisation 
charge in the dark; eN*(^ ) is the total number of ions up to time ̂  
formed by trapping carriers (electrons) generated by optical excitation.
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Pig, 6,5 : The number of excess fast carriers (electrons), N(t) and the
field distribution E'(t) due to ionic space charge are plotted against 
time in the laboratory reagent liquid sulphur in (a) • (b) shows the
resulting current l(t) due to the fast carriers, l(t) is a function of 
the product n(t) E*(t),
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Fig. 7.1 : Potential energy configuration of a diatomic molecule in its
normal and excited states.
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Fig. 7.2 : Schematic diagram of the energy state of the same molecule

as above, (a) shows the transitions leading to absorption of light, 
(b) shows the transitions leading to emission.
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Fig, 7.3 : Absorption and emission spectra of solid anthracene (Ref, 63)
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7*4 : Block diagram of the experimental arrangement for the detec
tion of sulphur emission.
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Fig. 7.5 : Arrangement for the excitation of sulphur by hi^ energy
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of the first excited state of Sg at 2.7 ev and its association with 
the hole peak at about the same energy.
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ABSTRACT

^ecinens of liquid sulphur were obtained by melting orthorhombic

sulphur cry stalls or ultrapure granules of sulphur. Between the melting

point (llS^C) and 160°C, liquid sulphur is composed of puckered S_, ringo
molecules bound by weak van der V/aal forces as in the solid. Above 160^0, 

polymerisation of ring molecules takes place. Drift mobility techniques 

have been used to study the charge transport during melting and in the 

liquid up to about 200°0, The specimen cell consisted of two parallel 

quartz discs separated by glass spacers, 50 to 700 microns thick. Trans

parent electrodes were applied to the inner surfaces of the discs. Charge 

carriers were generated close to one of the electrodes by a fast ultra

violet li^t pulse 10 microsecond duration), and carriers of one 

polarity were drawn across the specimen in the applied field. Their 

transit time was measured giving a value for the drift mobility. The 

results showed that the charge transport is due to both negative and 

positive charges which move in the liquid by means of phonon - assisted 

random hopping between neighbouring molecules. From a detailed disc

ussion of the results it is concluded that we are dealing here with

an electronic, rather than an ionic charge transport. The electron
—4 —5and hole mobilities at the melting point are 1.0 z 10 and 5,5 x 10

2 3L*
cm / volt sec respectively./y Electron mobility which is^hopping trans

port in the solid, shows a drop of a factor of 50 during change of 

state. This has been attributed to a decrease of overlap J by a fac-



vil
tor of 5#5. Between 119°C and 160°C the electron mobility increases in 

the liquid with increasing temperature.with an activation energy of 0.15 ̂  

0.03 ev. Holes have the same activation energy within a larger experim

ental error. Above 160°C both ol.c'ron and hole mobilities decrease 

slowly with increasing temperature. This has been attributed to a de

crease in the hopping probability recilting from a loss of ring mole

cules by polymerisation.

Dark current measurements on liquid sulphur suggested that in less 

pure specimens impurity ions set up a space charge near each electrode 

of opposite polarity to that of the electrode which modifies the current 

in accordance with Thomson^model of conduction in gases.

The measurement of the efficiency of carrier generation in liquid 

sulphur has been carried out at an applied field of 33 K volt/cm, con

siderably less than the saturation value. The results show that the 

ultraviolet photoconductivity reaches a peak at about 2600 % with a

generation efficiency of 10 The recombination lifetime of generated
-7carriers has been estimated to be about 10 sec.

The visible emission of solid sulphur under x - ray excitation has

been studied. The observed emission has an estimated efficiency between

10 ^ - 10 Three emission peaks at 4900, 5300 and 5700 % have been
&

detected. The emission is thought to be duc/ytransitions from a mole

cular excited state, 2.7 ev above the ground state, to the singlet 
Hot

ground state of^Sg molecule.


