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Chapter 1. 

Introduction 

1.1. Historical review. 

De-oxygenating of selenium material proved to be extremely 
important in order to obtain interpretable polymerization data 
for liquid selenium with the help of ESR measurements.(1) 
We developed in our laboratory a method for de-oxygenating 
"pure" selenium material.(2) 
The degree of de-oxygenating was checked with ESR measurements 
by following step by step the de-oxygenating process. In this 
way the oxygen content could be checked relatively. 

Liquid se!enium.has a relative high electrical conductivity 
which may make corrections for skin depth necessary in performing 
measurement of the spinconcentration. de started with an 
investigation of the conductivity data known from literature. 
The results of conductivity.measurements in the liquid phase 
differed from author to author approximately a factor 102 at 
T= 240°c. A more pronounced effect was found iq data for poly
crystalline material: a factor 103 at T= 200°c.· 
In some references the influence of impurities, especialy oxygen 
was uiscussed. A quantitative determination of oxygen traces in 
selenium material, used for electrical investigation~,was not 
reported in the literature. 
We compared our method of purification and de-oxygenating with 
those used by different authors. 
We do have strong reasons to believe that in cost cases oxygen 
was present. 

For reasons mentioned above we started with conductivity 
measurements in september 1970, usi~g specimens with different 
amounts of oxygen impurities. The results of the conductivity 
measurements were striking.(3) 



The conductivity of the selenium material, which gave interpretable 
polymerization data with ESR measurements, showed nearly no 
discontinuity in the conductivity at the melting point (Tm= 220°0). 
The supercooled melt was crystallized at T= 210°0~uring 20 hours. 
Selenium material, which was de-oxygenated five times by the second 
method of Kozyrev (4) was crystallized at the same temperature 
during the same time. In this case the conductivity showed a 
discontinuity of about 104 times at the melting point. 
The ESR data obtained with these samples were not interpretable 
in terms o~ a polymerization process. 
The ESR and conductivity measurements were carried out on samples 
of selenium material, coming from the same vessel,used for the 
de-oxygenating pr.ocedure. • 

On the Europhysics conference on the physics of selenium and 
tellurium in Pont a r.'Iousson, spring 1971, J.v.Wolput held a 
contribution about our work. Discussions during the conference 
showed some doubts about our results. It was suggested that the 
sample of the selenium material, deoxygenated by our own method, 
was not fully crystallized at T= 210°0. It should consist of 
c.rystalline parts surrounded by amorphous mater"ial. 

II 
The important reason for this unbelief consistsof a 11 discrepancy 
between our results and a model for the mechanism of electrical 
conductivity in crystalline trigonal selenium. This model is 
supported by several authors. (Stuke, Lemercier, Tuomi).(5) (7) (6) 
It is asstuned that crystalline trigonal selenium is intrinsic 
a p-type semiconductor. The macroscopic-mobility of the conductivity 
should be mainly caused by potential barriers, which have their 
br1g1n·1n dislocations. 

Assuming this model,the "conductivity" structure in the melt, 
where these barriers are absent,has to differ from that in 
the crystalline state. This fact is strongly supported by the 
discontinuity of about 104 at the melting point which is found 
in "r .. crmal" (i.e. not de-oxygenated purified) selenium. 
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The consequence of our measurements appears to be that the 
conductivity of "normal" selenium is determined for a great deal 
by oxygen impttrities. 

The facts mentioned above could also explain the disbelief of 
some papers of the group of Abdulleav, which show also the 
important role of oxygen on the electrical properties of selenium. 
The contradictory results of the conductivity measurements in 
the literature, our first conductivity measurements in comparison 
with these results and the discussions on the conference at 
Pont a Mousson lead to a planning for further investigations. 

1.2. A project for new researcho 

Several facts gave us, the ideas for performing new investigations. 

I A lot of conclusions were drawn in the literature about band
structure a11d conductivity mechanism of trigonal selenium 
based upon measurements on selenium material, which is not 
fully de-oxygenated. 

II Untill now no model is known of the conductivity mechanism 
in the liquid, supercooled liquid arid glassy phase of selenium. 

III Extensive studies on the crystallisation behaviour oi organic 
polymers were carried out by several authors.Recently, Griffiths 
(8) and Crystal (9,1o)applied the results of these studies to 
the crystallization pr:,cess of the selenium polymer system. 
A systematic investigation of the influence of the 
crystallization process on the electrical properties of 
trigonal material is now possible with much more helpfull 
information. 

IV Research of the behaviour of red-amorphous selenium with 
the help of differential thermal analysis, X-ray and infrared 
measurements ( 11) ( 12) ( 13) lead to 
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the idea of the existence of a polymerization temperature 
of T ~ 30°c in the amorphous phase of selenium. 
Extrapolation of polymerization parameters obtained for 
the liquid phase to lower temperatures gave the same 
polymerization temperature. These polymerization parameters 
were calculated from the number of chain-ends (obtained by 
ESR measurements) and adapted values for the weight fraction 
polymer. (14) 
By using these adapted values for t.he weight fractions 
polymer calculation of the specific heat, for liquid and 
supercooled selenium produces values which corresponds within 
the limits of accuracy with measured data(15). 
The ideas about the existence of a ring-chain equilibrium in 
the. supercooled liquid could be checked by the results of 
the study of the electrical conductivity in this phase. 

These points and the facts mentioned in section 1.1. gave rise 
to a list of experiments, which had to be carried out. 

1.The study of the degree of crystallization of the samples, 
which we used in our first conductivity experiments, 

2.Check of the reproducebility of our conductivity measurements. 

).Absolute determination of the oxygen content in our samples 
to an extend of a few p.p.m. 

4.Measurement of the conductivity in the supercooled liquid 
phase. 

5.Examination of the influence of the crystallization process 
(i.e. crystallization time, temperature etc.) on the 
conductivity in the solid stat7• This means that the 
conductivity has to be measured durine; the crystalliza.tion 
proc~ss. Moreover the structure of the (poly) crystalline 
material has to be studied. 
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6. Measurement of thermo-electric power and mobility as a 
function of the oxygen content of the selenium material. 

The experiments (1), (2), (4), (5) are described in this work. 
The absolute determination of the oxygen content of our samples 
is not carried out in our laboratory. A very sensitive method 
(1 ppm or lower) is developed by the group of Prof.Gobrecht 
from the Technical University of Berlin (16) We have made the 
appointment that the oxygen concentration of our samples will 
be measured in Berlin as soon as th~ir_apparatus is ready for 
practical use. 
It was our intention to jetermine the thermo-electrical power 
as a function of the oxygen concentration. Our new sample holder 
was developed·for performing both conductivity and thermo e.m.f. 
measurements. It appeared during the measurements that our apparatus 
was not suitable for determi~ation of the thermo e.m.f. 

1.3. Content of this report. 

Chapter II deals with an investigation and discussi.on of results· 
reported in the literature. The discussion results in a list of 
experiments, which is in our opinion missing i~ the literature. 
In chapter III the influence of oxy~en impurities on the 
conductivi-cy- is systematically investigated and a~outline of 
a project for our measurements is developed. 
The experimental techniques is described in chapter IV. The results 
of our measurements are given in chapter V, whereas these results 
will be discussed in chapter VI. 
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Chapter II 

Investigation and discussion of the literature. 

2.1. Introduction. 

A study of fig. 2.1. makes it clear that no reliable data for 
the electrical conductivity in liquid and polycrystalline 
selenium can be found in the literature. 

Two mean reasons exist for the discrepancy between the results 
of different authors: 

1)'the conductivity depends on the purity of the sample. 
Especially, oxygen traces influence the conductivity in 
the solid state. 

2) the conductivity in the polycrystalline state is strongly 
dependent on the crystallization conditions of the sample. 

As will be seen later -~h=-~ ;·.:::...; :rc,.)a~.:y :..::: ca~scd by both a 
variation in.the mobility and the concentration of the carrent 
carriers. 

In.section 2.2. and 2.3. reference is made to the most important 
features, as they are found in the literature, about the influence 
of impurities and crystallization conditions on the electrical 
properties of selenium. The ideas, which are found in the 
literature, about the origin of the current carriers and 
parameters determining the mobility will be discussed in section 
2.4. and 2.5. respectively. Section 2.6. deals with the problems 

· which, in our opinion, have to be solved. 
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List of authors from which the conductivity data are 
collected in fig. 2.1. 

curve 1. Pelabon 1921 (17) ; purity level and crystallization 
conditions are not given. 

1a: liquid phase 
1b: solid state 

2.Henkels 1950 (18); purity level 6 p.p.m. 

3.Henkels 

4.Eckar:t 

5Kozyrev 

1954 (19); 

2 : liquid phase 

3a: 
3b: 

purity level 6 p.p.m. 
crystallized after qugnching 
crystallized at T=110

0
C. 

crystallized at T=210 C. 

1954 (20); crystallization conditions: 
slowly cooled from the melt. 

4a: purified, purity level 5 p.p.~. 
solid state, measured in vacuum. 

4b: purity level 20 p.p.m. liquid 
and solid state. 

1959 (4 ) ; Tcryst =215°C., 48 hrs, cooled 
• from melt. 

5a: Solid state, normal Se., 
purity level 60 p.p.m. 

5b: solid state, purified and 
de~xygenated by the first method. 

5c: solid state, purified and 
deoxygenated by the second method. 

6.Abdullaev 1964 (21); 0 Tcryst=200 c., 25 hrs. cooled 

7.Gadzhiev 1968 (22); 

6a: 
6b: 
6c: 
6d: 

6e: 

from the melt. 
purity level 10 p.p.m. 
purity level 1 p.p.m. 
purity level 0,1 p.p.m. 
purified and deoxygenated original 
purity level 10 p.p.m. 
purified and deox~,rgenated original 
purity level 0,1 p.p.m. 

7a: vitreous, heat tseatment of 
60 min. at T=100 C. purity level 

1 p.p.m. 
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2.2. The influence of imnurities. 

2.2.1. Data obtained from the literat~re 

We shall use the following code to indicate the different 
purity levels of selenium samples. 

I Normal: not purified, not deoxygenated. 

II Purified: purified, not deoxygenated. 

III De-oxygenated: deoxygenated, not purified. 

The influence of traces of impurities on the electrical 
properties ~1as already pointed out by Schweikert (23 ) in 1950 
Samples of different manufactures produced differences in the 
conductivity of. 103 J\.- 1 cm- 1 at T= 20°c. All his samples were 
crystallized in the same way. 

Eckart 1954 (20) was the first one who purified his selenium 
material. Moreover he found that it was necessary to keep his 
purified samples in vacuum, in order to get repro~ucible data. 
Se ass~ed t:iat this was necessary to avoid contaminati"on with 
oxygen traces. The cond~ctivity in the liquid and the poly
crystalline state was strongly dependent on the p;J.ri ty of his 
samples. 

Abdullaev 1964 (21) purified and deoxycenated his sa~ples by a 
method described by Kozyrev 1959. He investigated the influence 
of oxygen impurities and showed by his measurements that the 
discontinuity in the electrical conductivity at the melting 
point depends on oxygen impurities. 
He found that this discontinuity disappeared after deoxygenating 
his samples. 
The disappearance of the discontinuity at the melting point 
after deoxygenating is also found by Aliev 1966 (24). 
Deoxygenated selenium material which was exposed a long time to 
oxygen ~roduced acain a discontinuity at the melting point. 
In .:'i[,. 2.2.a and fig. 2.2. b. W·J have taken to&ether the data_/ 
of Abdullnev 1964, Kozyrcv 1959 and Aliev 1966 • . 
For Jeoxy~onntinc they usad the sccorid method of Kozyrev(4) 
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In table 2.2. the relevant data are collected. 
We calcullated the hole concentration p from the thermo-emf 
measurements of Abdullaev and Kozyrev with the help of 
Pisorerko 's formula for one type of charge carriers. 
The mobility data were then obtained by using the expression: 

~ = "1l .t,,,4. 
It is seen in fig.2.2.a. that removing of oxygen lowers 
the conductivity in the poly-crystalline state. 
According to the data of Kozyrev the decrease in the conductivity 
at T = 210°c., about 50 times, is caused by a decrease in 
the hole ·concentration ~f 100 times and an increase in mobility 
of about a factcr2. At room temperature Kozyrev finds a 
decrease in the conductivity of about 300 after deoxydation. 
This decrease is caused at thi~ temperature by a decrease 
in both the mobility, about 3 times, and the hole concentration, 
about 100 times. 

Abdullaev found that after deogygenating the type of the 
conduction in the liquid state changed from p-type to . 

• n-type. In the poly crystalline state the thermo-emf measurement 
produced values of about zero. He concluded that in this 
case the hole concentration beco~es comparable to the 
concentration of conduction electrons. 
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2.2.2. Discussion. 

Results obtained by Abdullaev and Aliev. 

1) Abdullaev and Aliev found both a decrease of the 
discontinuity in the conductivity at the melting point 
after deoxygenating of their samples. Although these 
samples were deoxygenated in the same way the influence 
of deoxygenating on the activation energy of the 
conductivity in the liquid state is not the same. 

2) The method, which is used for determination of the 
purity level of their selenium material is not given. 
The value of the purity level 0,1 p.p.m. seems us improbable. 

3) The oxygen concentration of their samples is not 
qualitatively or quantitatively determined. 

4) The accuracy of the conductivity measurements is not given. ./. 

2.3. The influence of crystallization conditions. 

2.3.1. Data obtained from the literature. 

Selenium crystallizes at any temperature from about 30°c. 
to the melting point.The speed of crystallization depends 
on nucleation rate and grain growth rate.. (25), (26) .• , 

Both nucleation rate and grain growth rate are temperature 
dependent. 
When the liquid is cooled rapidly to roon temperature 
(glassy state) the selenium nucleates to some extend. The 
further crystallisation depends then on the temperature 
at which t~e sa~ple is completely crystallized. 
When a sample is rapidly cooled from the melt to a specific 
temperature in the super-cooled state the crystallisation 
depends on both nucleation rate and 5rain 6rowth rate at 
that temperature. 
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The electrical properties of samples nucleated in different 
manners but crystallized at the same temperature are different. 

Plessner 1951 (27) and Henkels 1950(18) quenched their 
samples to room temperature. The samples were then crystallized 
at different temperatures for about one hour.The temperature 
dependence of the conductivity and the carrier-concentration, 
with the crystallization temperature as parameter, is given 
in fig. 2._3.a. and 2.3.b.,respectively. Table 2.3. deals 
..with __ the relevant data of t_he$e. _fl~ples._ 

Table 2.3. 

author purity. Crystal Code ~atT=100°C p atT=100°C A atT=100oC '••A. 
level condit ( .:.n,..-1 cm-1) (cm-3 ) (cm2 /sec~ 

Henkels Tcfti~? H I 2, 5 10-5 5. 10+15 3. 10-2 
10p.p.m. . 0 10-4 10+15 10-1 

Tc~}~t?• H II 4. 1,5 

Plessner Tcf}~~~ p I 2,5 10-4 1,2 10•16 1, 3 10-1 
3 p.p.m 

0 10-5 10+15 10-2 
Tcft~t? P II 4,5 5 • 5,6 

. . . 
From table 2.3. it is seen that for the samples of .Henkels 
the change in the conductivity owing to different crystallisation 
temperatures is mainly caused by a change in the mobility 

( Tcryst=117°C.➔ Tcryst=21o0 c., ~~ > 1 ). 

Whereas Plessners samples show both a change i~ mobility and 
( T =110oc T =175oc , ) carrier concentration. 

cryst •-+ cryst •' A/4 < • . 

Champness 1970 (26) developed a method.to measure the 
change in the conduction during the crystallisation process from 
the amorphous to the poly-crystalline state. 
His samples (normal selenium) were quenched from the melt 
and heated up to a specific crystallization temperature. 
After various length of time he quenched his sample again. 
He measured the conduction and the spherulite size. 
From his measurements Champness concluded that the ra~id 
change .in the conductivity is due to the establishment of 
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a conducting path. This conductivity path is caused by the 
touching of the spherulites in regions of high nucleation. 
Moreover his stµdies of the spherulite-srowth indicate 
that transformation from the amorphous to the poly-crystalline 
state is not always complete at the conductivity maximum. 

2.3.2. Discussion. 

Measure~ents carried out by Henkels and Plessner. 

The influence of the c~ystallization conditions on the 
electrical conductivity of samples used by Henkels and Plessner 
is not the same. 
As mentioned before the s9.IDples of Henkels and Plessner 
are obtained from selenium which is first quenched from 
the melt to ~=20°C. and then crysallized at a specific 
temperature. As soon as the sacple is warmed up it starts 
to crystallize. This means that it is difficult to determine 
the specific crystallization temperature. Therefore it is 
necessary to give the rate of heating of the samples. 

2.4. The mechanism of the mobility. 

2.4.1. The mechanism of the mobility as discussed in the literature. 

The temperature dependence of the mobility of the ~ojority 
current carriers is explained by Plessner (27). He assumed 
that the intercrystalline bounderies from a potential 
barrier over which the current carriers have to be excited 
by thermal activation. Thus according to Plessner the mobility 
in poly-crystalline material is mainly determined by the long 
range order. Spear 1960 (28) carried out drift mobility 
measurements on vitreous selenium. He observed a very close 
agreement between the mobility(µ) and its activation energy 
(4~) of his samples and single crystals. He compared the results 
of his 'measurements with those obtained by Plessner and Henkels 
( see table 2. 4. 2.). The sir~gle crystals are measured in the 
direction of the Se-chains (C- axis). 
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In table 2.4.2. are also given the results of more recent 
measurements carried out by Heleskivi 1968 (29) and Grunwald 
1968 (30 ). 

Table 2.4.1. 

author impurity crystallization mob~lity activation 
concentr. conditions (cm /V.sec }energy of the 

.,,A- mobility ( AE) 
~ 

Henkels 3.10-6 single crystal, 0,13 0,15 
grown from melt 

Plessner 3.10-6 single crystal, 0,14 0,13 
grown from the 
vapour 

Spear is no.t evaperated 0,13 0,14 
given specimen of 

vitreous Se. 

Heleskivi 3.10-5 single crystal, o, 12 o, 17 
grown from melt 

Grunwald is not evaperated 0,11 0,21 
given specimen of .. 

vitreous Se. 

Spear suggested that the mechanism which determines the 
mobility has to be thought in structural properties which are 
common to both the trigonal and amorphous state. Such common 
properties can o:-1ly be found in re6 icns ·:Ii th dimensions :mch 

smaller than the grain size (see explanation Plessner). 
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Therefore the mechanism controling the mobility should 
be dependent of the short range order within the chain or 
in close proximity to it. The long range order seems to 
have little or no effect on the mobility. 

2.4.2. Discussion. 

From the close agreement between the mobility and its 
temperature dependence of vitreous and single crystals 
Spear ,in 1960, concluded that the mobility is mainly 
determined by the short range order. 
Also the mobility data of Hele ski vi (29 ) , Grunwald(3O ) , 
show this close agreement.·. 
A comparison between these data and the values for the 
mobility in the poly-crystalline material, obtained in 
table 2.3., showed us a cl0se correspondence between mobility 
values in amorphous, poly- and monocrystalline material. 
In our opinion it is justified to conclude that the mobility 
is mainly determined by the short range order. The differencies 
in mobility caused by different crystallisation conditions 
(Henkels and Plessner) and the a~sumption of Plessner 
seems contradictory to our opinion. 
In spite of the differences in mobility values caused by 
different crystallization conditions the order of magnitude 
in polycrystalline material is still the same as in the 
amorphous and monocryste.lline stnte. 
Moreover Richter and Herre (31) concluded from their X-ray :) 
measurements that the short range orderst&ys about the 
same in the liquid and the (trigonal) crystalline state. 
Kaplow'. et al(32) crune to the same conclusion. 

' 
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-
2.5. The origin ~f th~ current carriers. 

2.5.1. The origin of the current carriers as discussed in 
the literature. 

First of all it should be remarked that nor the barrier-model, 
the hopping mechanism or the trap-limited conduction mechanism 
made any assumption about the origin of the current carriers. 

Plessner 1951 (27) suggested that the majority current 
carriers,holes, are produced by lattice defects. These defects 
are determined by the wicro-crystalline structure of the material. 
He measured that samples with larger micro-crystals produce 
a lower conc-entration of current carriers. 
Plessper noted from data given in the literature that in the 
extreme case of single crystals the density of the current 
carriers is about 10 14 cm-3, whereas this value in most of the 
poly-crystalline material is 10 15 cm-3 - 1016 cm-3. 

Also Henkels 1S50 (18) measured that the hole density in single 
crystals is low in compari~fon to that in micro-crystalline 
material. He also noted that lattice defects could be the origin 
of acceptor levels. 
However, he gave also an alternative explanation. Growing 
crystals tend to purify themselves, i.e. the last formed parts 
o~ the poly-crystalline material, the surfaces of the spherulites 
possesses in this way high concentretions of impurities. 
If these impurities formed the acceptor-levels, the current 
carrier concentration is associated with these impurities, 
which are ~egregated predominantly at the grain boundaries. 
In the two alternative models the current carriers are produced 
at the grain boundaries, 

Stuke 1964 ( 5) investigated the influen~e of plastic 
deformation on the electrical properties of single crystals. 
The hole concentration of the original crystal was p=4,4.10 14cm-3, 
which decreased to p=1,5.10 14cm-3 by annealing. 
The concentration was increased to p=8.10 14cm-3 after deformation. 
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According to-stuke this deformation process creates lattice 
defects, which produce acceptors in the selenium material. 

Abdullaev concluded from his conductivity and thermo-emf❖ 

measurements (see previous section) that the origin of the 
p-type conduction is the presence of oxygen impurities. 
In his opinion the oxygen impurities would act as acceptor 
levels, which become more effective in the solid state in 
comparison to the liquid state. 

Spear 1960 (28) combined the results of his mobility measurements 

( i • e • µamorph~t'<singlecrystal) with the fact that the : . 
conductivity in single crystals is much higher than in the 
amorphous state. This increase has to be an increase in the 
current carriers. Therefore he concluded· that .. the.carrier density 
should be largely determined by the long range order of ~he 
chain within the solid. He remarked that a possible explanation 
is given by Mooser ~3) in terms of resonance .effects. 
Amodel of this kind is certainly sensitive to an alignment 
of the chains. 

2.5.2. Discussion. 

Spear made the conclusion that the long range order determines 
the current carrier concentration. 
Abdullaev measurements showed that the discontinuity at the 
melting point is caused by oxygen impurities. \Tnen these 
impurities were removed the discontinuity disappeared. 
This fact seems to be very surprising, since the long range 
order changes going from the solid to the liquid state. j 
During our discussions at the congres at Pont-a-Mousson it 
became clear that this fact was the origin of the disbelief of 
the results of Abdullaev et al. 
Moreover the barrier model ~nd the resonating bond model, 
developed by Mooser, predicts a change in conductivity when 
the long range orders alters. 
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The following discussion can contribute to clarify this 
apparent contradiction. 

Assuming,that the conductivity mechanism in the liquid and 
the supercooled state is the same, the conductivity versus 
temperature curve can be extrapolated from the·melt to the 
supercooled state. By doing this for the conductivity curve 
of Abdullaev•s deoxygenated sample we found a discontinuity 
of about a factor 10 at T=10o0 c. going from the supercooled 
to the poly-crystalline phase. 
This would indicate a change in the carrier concentration 
owing to a change in long range order. 
The accuracy of the measurements of Abdu.llaev is not known. 
The results of Aliev show a discontinuity at the melting point 
of about a factor 2 for his deoxygenated samples. 
Therefore, it could be possible that a real discontinuity 
existsat the melting point even for a real pure deoxygenated 
sample. 
In normal selenium the discontinuity is mainly caused by 
oxygen impurities. 

2.6. Experiments missing in the literature. 

1) Absolute and relative determination of the oxygen content 
of selenium material. 

2) Investigations on the influence of the crystallisation 
conditions of samples containing different amounts of 
oxygen 

3) Measurements in the super-cooled state to justify the 
extrapolation from the liquid to the vitreous state. 

4) Measurements during the crystallisation process. 
a) It is of importance to know the dependence of the 

conductivity from the extend of the crystallisation 
process. 

b) The occurance of a primary and a secondary 
crystallisation has been suggested by Crystal 
( 9) (10). Measurements during the crystallisation 
process could prove the dependence of the electrical 
properties of primary and secondary crystallisation• 

c) The mobility and the current carrier concentra~ion 
have to be measured durinc;·the crystallisation process. 
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Chapter III 

Outline of a project for new investigation. 

3.1. Introduction. 

In this chapter we will give an outline for planning new 
measurements. The main points of this outline were already 
discussed in a letter (august 1971) which was sent by our 
group to Dr.G.Willers of the "Physikalisches Institut der 
Technischen UniversitMt Berlin". This outline was developed using 
a graph of conductivity data collected from different authors 
which u~ed selenium material of high ·purity (<10 p.p.mJ 
We combined the data of these authors with the data obtained 
from measurements in our laboratory as described in Internal 
report III. Methods are described tor studying the influence 
of the crystallization process on the cond~ctivity in the 
polycrystalline state. 

3.2. A systematic investigation of the influence of oxygen 
impurities on the conductivity in the vitreous, liquid 
and polycrystalline state. 

It has been suegested theoretically that impurities should not 
affect the electronic conductivity of non crystalline and 
liquid semiconductors (34)~ It is also assumed by Abdullaev 1964 
(21) and Aliev 1966 (24) that impurities are ineffective in the 
liquid and the vitreous state. 

3.2.1. Vitreous state. 
Contrary to the points mentioned above, Lacourse(35) has foundthat 
the electrical conductivity in vitreous selenium is highly 
sensitive to certain i1ipurities. He added different amounts 
of Se02 to basic selenium material of high purity (1 p.p.m.). 
Glassy selenium, which was prepared by fusion, was deoxygenated 
by the second method of Kozyrev. The measurements were carried 
out at T= 20°c. In fig. 3.2.1. the electrical conductivity is 
displayed against the added concentration oxygen in the form 
of Se02• The data of the basic material and the deoxygenated 
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Fig. 3.2.1. Effects of impurities on electrical resistivity 
of glassy seleniUL1. (After Lacour8e) 

• De oxygenated Se. 
<l> As received 3e. 
x Deoxyr;en~tcd Se+Se02 • 
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basic material are indicated with Q and• respectively. 
In fig. 3.2.2. the maximum (500 p.p.m. o2 ) and minimum (2 p.p.m.) 
value of.Lacourse conductivity data are given on the conductivity 
"axis" at T= 20°c. On the same axis are displayed the results 
on vitreous selenium of Juska 1969 (36) and Gadzhief 1968 (22 ) • 
The purity of the samples of Gadzhief was 1 p.p.m., Juska 
however did not give the purity level of his samples. 

3.2.2. Liquid state. 
Aliev 1966 (24 ) and Abdullaev 1964 (21 ) carried out conductivity 
measurements on not deo:{ygenated pure liquid selenium. ( see fig. 
3.2.2.) The impurity level was o,1 p.p.m. The concentration 
oxygen is unknown. Mahdjuri 1971 (37 ) published conductivity 
measurements on pure liquid selenium. This selenium material 
was not deoxygenated (purity 10 p.p.m.). In fig.3.2.2. we dis~ 
played his data .• He obtained these results by measuring with a 
partial oxygen pressure of about 10-5 torr. · 
Mahdjuri's data correspond with these of H~nkels. Henkels 1950 
(18) used selenium material which he purified to level of 
5-10 p.p.m. Our results on qelenium material of purity 5 p.p.m. 
which was deoxgenated 5 times by the second method of Kozyrev 
coincided with those of Mahdjuri and He:nkels. This material is 
coded in the following by IA. 

The results of selenium material(coded by IIA) which was · 
deoxygenated by our own developed method (Internal report II) 
are also given in fig 3.2.2. 
With this selenium material interpretable polymerization data were 
Qbtained with ESR measurements. , The material, which was 
deoxygenated by applying 5 times the second method of Kozyrev 
gave ESR signals, which we could attribute to oxygen. 
In this way the oxygen content of our samples is indirectly 
checked with tre0 ESR method (see chapter 8, pg.115 thesis 
Koningsberger) (1). 

3.2.3. folycrystalline state. 
Our selenium samples (IA and IIA) were cooled from the melt to 
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,=<i'{T: ~o°C) 

I ------~.g 

C: Mahdjuri 
•: Abdullaev 
o: Aliev 
• : sample Ia and lfenkels 
m: sample Ia (solid) 
~ : sample IIa 

\ 
\ 

\ 
\ 

Lacourse 

~ 
I 
1. 

1 min o2 Lacourse 

Fig. 3.2.2. Temperature dependence of the concthctivity of 
samples containing different amounts of oxygeno 
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T= 210°c and than crystallized during 20 hrs. The results of the 
'\ 

conductivity measurements are given in fig. 3.2.2. It is seen 
that our oxygen "free" sample produce nearly no discontinuity 
at the melting point. The same feature was already established 
by Abdullaev and Aliev (see chapter II). 

3.3. Extrapolation procedure. 

If the molecular structure of the liquid persisted in the 
supercooled and vitreous state of selenium, we would expect that 
the temperature dependence of the conductivity in the super
cooled and vitreous state is the same as in the liquid state. 
By extrapolating the data obtained in the melt to lower 
temperatures, we find the folowing remarkable things. 

1) All the values of the extrapolated curves at T= 20°c lie 
within the range of Lacourse's maximum and minimum value. 

2) Aliev's extrapolated curve correspon&,at T=20°c with 
Lacoursesvalue of glassy selenium with oxygen content of 
about 5CO p.p.m. 

3) Extrapolation of our data, obtair.ed with sample IA, the 
data of Mahdjuri and Henkels, res~lted in a value at T= 20°c 
close to the minimum value of Lacourse. 

4) The value at T=20°C obtained by extrapolation our data 
from oxygen "free" sample lies within the range of 
Lacourse. 

We assumed that the temperature dependence of the conductivity 
in the amorphous phase of selenium material of high purity 
( <. 10 p.p.m.), in mainly determined by oxygen impurities. 
Extrapolating our oxygen "free" curve gives at T=20°c 
10-4 -Sl..-1. cm- 1• The conductivity of pure deoxygenated (02 < 1p.p.m.) 
glassy selenium should drop at T= 20°c from about 10- 11 

a,1'1.,-~~-, 

t 10-16 -1 -1 h f . . dd d o ..n. .cm wen a ew p.p.m. is a e. 
The oxygen concentration equals then the number of chain ends. 
By addition of more oxygen the conductivity would rAise again 



-26-

to a maximum of about 10-10 -..n. - 1• cm- 1• 
The activation energy of the conductivity in the liquid and 
supercooled state of pure material ( L..10 p.p.m.) changes 
inverselv proportional to the oxygen concentration. 

I 
I 

This is only true when first a "few" p.p.m. o2 has been added. 
From our results and these of other authors (see chapter II) it 

· is seen, that oxygen impurities effect · the conductivity in 
-the polycrystalline state to a great extend. 

In orde! to clarify some of the problems mentioned in cha~ter II 
and section 3.2. we have performed measurements of the 
conductivity in the liquid, supercooled liquid and poly
crystalline state on samples containing different amounts of 
oxygen. 

3.4. Investigation of the influenca of the crystallization 
process on the conductivity. 

The investigation of Crystal 1970 (9 ),(10) is up to now 
the best study of the morphology and kinetics of the, 
crystallization process in selenium. 
Crystal used the results of extensive studies of the crystallisatio 
behaviour of organic polymers.Crystallization of polymers 
has been described by an Avrami expression: 

wh:ere.1) 
2) 

3) 

X
0 

= 1-exp( -ktn), 

X i3 fraction crystallized caterial. 
C 

k is a constant, determined by isothermal crystallization. 
n is a number dependent on nucleation and grain 
growth mode. 

Crystal investigated changes in density by hydrostatic weight 
changes upon crystallisation of his sample. 
It was assU.Il'.lcd t~at the following equation holds when the 
sample crystallizes: 

Wt - WO 

Xe=~ - wo' 

where X is the fraction crystallized, 
C 

-wt is the balance :reading at time t, 
w

0 
is the balance reading at the start of the experiment 

w
00 

is the balance reading n·~ the end of the experiment, 

when ~aximum crystallization is reached. 
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Crystal plotted ln(ln(,~Xc)) versus ln(t) and his data 
showed for crystallisation temperatures higher than T=10o 0 c. 

two distinct slopes. According to Crystal a change in 
exponent indicates a change in growth mechanism during the 
crystallisation process. 
He suggested the occurance of a secondary crystallisation 
process as is shown schematically in fig. 3.4.a. 

Fig.3.4.ao Schematic representation of a model for chain 
fold destruction and subsequent formation of 
a pseudo-lattice between the lamelae,(after Crystal). 

In our opinion this secondary crystallisation is a kind of 
further aligment of the chainso Mooser and Pearson (33) have 
mentioned the importance of the resonance bond in order to 
.explain the conductivity of trigonal selenium. 
It should be noticed that this resonance bond is sensitive 
to an aligment of the chains. 

·Champness(26) observed a rapid change in the conductivity 
during the crystallisation process when spherulites touch 
each other in regions of high nucleation. He assumed the 
establishment of a conduction path through the selenium 
materialo 
In our opinion the touching of the spherulites in regions of 
high nucleation is the end of the primary crystallisation 
process. 
He derived from his experiments that the condutivity reaches :. 
its maximum while pieces amorphous material are still present.} 

In the next section some experiments are described, wich we 
developed in order to study the influence of the crystallisation 
process on the conductivity. 
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3.4.1. Measurements of the conductivity in polycrystalline 
state with the crystallisation temperature as parameters. 

We have performed on the same sample conductivity measurements 
in the polycrystalline state, crystallized at different 
temperatures. After each run of measurements in the solid state 
the sample was molten again and then crystallized at a 
different temperature. 

3.4.2. Kinetics of crystallization process versus change in 
conductivity during this process. 

When the current through a sample is measured during the 
crystallisation proces? an analogous equation, as used by 
Crystal, can be obtained. 
We do assume that the fraction crystallized Xe can be detArm.ined 

·,, i_n __ the same way as was done by Crystal. 
X

0 
equals: 

where It is the current 
I

0 
is the current 

Io 
I ' 

0 
through 
throuh. 

the experiment, 

the sample at time t, 
• the sample at the start of 

\' .<1,· · ~ is the current when maximum possible crystallisation \/ 
is obtained. • ~ 

/ 

By plotting ln(ln(,.~xc)) versus ln(t), with X
0 

calculated as 
mentioned above, it may be possible to study the influence 

'of primary and secondary crystallisation process on the 
conductivity. 

3.4.3. X-ray measurements. 

In order to study the degree of crystallisation of our 
samples we performed some X-ray experiments. 

3 4 4 Combin9.tion of conduction measurements and • • • 

0 
We carried out conduction measurements at T=20 C. on 
selenium samples crystallized at different temperatures for 

different lenth of tiue. 
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Microphotographs have been taken on the same samples. 
A conparisan between the degree of crystallisation and the 
change in conduction can be carried out. 



• 

Chapter IV 

Experimer.tal techniques • . 
4.1. Introduction. 

In section 4.2. the principles of the measurement of the d.c. 
conductivity are given and the electronic circuit is described. 
We will discuss in section 4. 3. the experimental problems, 
which had to be solved for performing our measurements. In the 
same section measuring equipment is described and the technical 
specifications are given. Attention will be paid in section 4.4. 
to the sample preparation and handling technique which proved to 
be very import~nt in this work. Section 4.5. deals with the 
methods-used for the investigation of the relation between electrical 
conduction and structural pr0perties. 

4.2. ~et~od of v~n aer P~uw, electronic circuit. 

4.2.1. Method of van der Pauw. 

For performing ouretectric·a1conductivi ty measurements we used the 
method of van der Pauw. (38) This method was developed in order to 
eliminate contact resistances, which is import~nt for measurements 
on high-ohmic material. The disadvantage of the "normal" two 
point measurements is that the electrical resistance between the 

, contact and the sample is unknown. Moreover, this contact resistance 
can be temperature depencent. 
To determine the conductivity with van der Pauw's method four 
electrical contacts are located at the circumference of a flat 
sa□ple of arbitrary sh~pe. (see fiz.4.1.) 

fig. 4. 1. A sample of a... shape 
with four electrodes, 



When a current r 1_2 passes through the contacts 1 and 2 a 
potential difference v3_4 occurs between the contacts 3 and 4. 
We can define a resistance R1_ 2 , 3_

4 
= v3_

4
/r1_ 2 • In the same 

way a second resistance can be defined. Van der Pauw showed 
that the electrical conductivity is given by 

2. (ln 2) 1 
X -

with: d= thickness of the sample 
f= function of the r~tio R1_2 , 3_/R1_3,2_4 

This formula is based upon a theorem which holds for: 

1- A flat sample of arbitary shape. 
2- The contacts have to be sufficiently small in comparison 

with the diameter of the sample. 
3- The contacts must be at the circumference of• the sample. 
4- The sample has to be homogeneous i.e. it shoul·d not have 

isolated holes. 

4.2.2. The electronic circuit. 

A block diagram of the circuit is shown is fig. 4.2. By this 
arrangecent it is possible to do separated current and voltage 
measurements in order to carry out four point measurements. 
The electrometers are used as null indicators to increase the 
accuracy of the measurements. Tbe elctrometers are used in the 
most sensitive way. The high resisti vi:ty part of our circuit 
had to be shielded to avoid disturb~"lces and drift of the 
electrometers. 
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E, '-------

Fig.4.2. The measuring circuit. 
S= sample 
B= shielding of the high resistivity part. 
E1, E2= electrometers (Keithley 200 B). 
P1, P2= potentiometers. 
V= stabilized voltage supply. 
A= ampere meter (Keithley 602). 

::;-

The current through the points 1 and 2 is measured by the ampere 
meter A. The voltage drop between the contacts 3 and 4 can be 
calculated with the aid of the settings of the two potentiometers 
P1and P2 • The electrometers E1 and E2 are used as null indicators. 
In this way the van der Pauw resistance R1_2,3_4= V3- 4/r1-2 
can be deter:nined. 3y changing the cont~cts 2 and 3 it is 
posible to determine in the same way the resistance R1_3, 2_4• 



-33-

4. 3. Measurj_ng equipment. 

4.3.1. Requirements for the measuring apparatus. 

The performance of the measurments, which were outlined in 
chapter III, requires the fullfilment of the following points: 

I a) Measurements with the same apparatus in the liquid 
and solid phase. 

b) Measurements from the liquid to the supercooled state. 

c) Measurements duri~g the crystallisation process. 

II It has to be excluded that oxygen and other impurities 
are built in during the measurements. 

III The experimental conditions required by ttte method of van 
der Pauw have to be satisfied. 

ad Ia) The den~ity of selenium shows a sharp.increase (--15%) 
going from the solid to the liquid phase. This means 
that the volume of the sample has to be able to increase 
in order to avoid cracking of the sample holder. 

ad Ib) Since selenium starts to crystallize very rapidly in the 
supercooled state, the sample has to take up immediately 
the tempcre..ture •.-..·hich is e.djusted on the measuring 
apparatus. 

ad II) To avoid that oxygen impurities are built in the 
measurements have to be carried out in an inert atmosphere. 
The sample holder and the electrical contacts may also 
introduce no impurities. 



4.3.2. The developed measuring apparatus. 

In fig 4.3. the measuring apparatus is described. 
After several failures we designed the sample holder, as it is 
given in fig.4.3. The sample holder is labeled by B. It consist~ 
of a quartz cylinder, in which a plunger of quartz can move. 
Untill a temperature of about 450°c. the selenium liquid stays 
a disc and does not evaporate away. Moreover, going from the 
solid to the liquid state the plunger avoids crac~ing of the 
sample holder. The sample holder stands inside a metal jacket 
which is placed inside a furnace. The selenium sample can be 
cooled from the liquid to·the supercooled state by regulating 
a gasstream which is brouzht inside the metal jacket by inlet.S. 
Rapid cooling to the vitreous state could be obtained by 
replacing the furnace by a vessel containing liquid nitrogev. 
With the help of a thermocouple (4) the temperature of the 
selenium sample can be measured. 
The thermocouple wire (Pt- Pt 10~ Rh) and the wires of the 
electrical contacts are led through quartz pipes. The transits 
of the quatz pipes in the cover of the metallic container are 
stopped up bya mixture of alumina and sodium silicate. 
The wires of the electrical contacts are tightened to the 
connectors placed in the place (C). The cover is watercooled in 
order to avoid heating the rubber 0-ring end cracking the lute. 

Quatz material is chosen for the sample holder because several 
authors found, that pyrex introduce impurities. The sample holder 
was heated a long time (12 hrs.) in an inert atmosphere, before 
we used it for our measurements. We chose gold for the electrical 
contacts (goldwires of 0,3 mm diameter) because we could not 
find in the literature any alloy of selenium with gold below 500°C. 
Argon gas flowed through the inlet (S), in order to obtain an 
inert atmosphere. This argon gas was dried by molecular seaves 
and deoxgenated by a copper catalyst. 



Fig. 4.3. 
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A: metallic container with o-ring (6), 
cover (E) and water cooling (7). 

B: sacple holder. 
C: plate containing connectors (5). 
D: metal jacket. · 
S: gas inlet (1) and gas outlet (2). 
1: electrodes (gold wires). 
2: quartz pipes. 
3: mixture of alumina and sodium silicate. 
4: t~ermo-couple (Pt-Pt10~Rh). 



4.3.3. Determination of the conductivity and calibration of the 
temperature in the supercooled liquid state. 

When the liquid is cooled below the melting point (Tm:::::: 220°c), 
the current through the sample will first decrease to a minimum. 
When the crystallization starts the current increases very 
rapidly. This minimum value of the current is used for determining 
the conductivity in the supercooled state.Because of the rapid 
change of the current it is impossible to carry out a four point 
measurement. In the liquid state the temperature dependence of 
the current proved to be the same as it was for the conductivity. 
Therefore, it is possible to obtain the conductivity behaviour 
in the supercooled state by correlating the current te~perature 
curve in the supercooled state to the conductivity temperature 
curve in the liquid state. By rapid cooling from the melt to a 
specific crystallization temperature, the temperature inside 
the sample holder will not be the same as indicated by the 
thermocouple. This thermocouple had to be placed outside the 
sample holder to avoid the introduction of impurities. 
~e have tried to find the temperature corrections in the 
followine way. 
In the empty sample holder thermocouJ)les were placed inside 
and outside. The empty sample holder was t~en.cooled rapidly 
from T =22o 0 c to T = 120°c In this way a correction curve was 

• 
obtained. The question occurs if the same correction curve is 
·v~lid; when the holder is filled with selenium. To answer 
this question we performed the following experin:ents. T'te 
temperature dependence of the current through a crystallized 
sample was measured. These measurements were carried out when 
the temperature had reached its equilioriu.o. value. The same sample 
was then quickly cooled from T=210°C. to about T=150°c. by a cold 
stream of argot.: gas, which was reduced when a temperature of about 
16o0 c. was reached. The current through the sample and the voltage 
of the thermo-couple were measured as a function of the time. 
The current measureoents were tr~.!.n3late:d :i.nto tci:ipcrature values 
by means of the original current temperature curve. 
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The results of the two methods were the same. This proved, that 
the temperature dependence of the current by rapid cooling is 
the seme as in the equilibriu.'!l situation. 
In fig.4.4. the difference between the temperature inside and 
outside the sample holder is given as a function of the cooling 
time. 

For all the measurecents in the supercooled phase the temperature 
obtained from the thermocouple voltage is corrected according to 
fig.4.4. 

I J' 

--------------------11-------------1--------• 
0 _; 10 I .r l u 'l. s- Jo 

t. ( ~, > 
Fig. 4.4. The difference between the temperature inside 

and outside the sample holder as a function 
of the cooling time. 



4.3.4. Specification of the measuring equipment. 

Here, we will give the technical data of the equipment as it is 
described in the preyious sections. 

1) Temperature range. 

2) 

The sample holder is suitable to carry out measurements from 
room temperature up to 450°c. At higher temperatures the 
selenium is evaporated away. 

Thermal equilibrium. 
When the temperature had been changed 30-50 degrees, in the 
temperature range of 150°c to 450°Cpne had to wait about 
one hour before thermal equili0rium was reached. This proved 
to be about 1,5 - 2 hours in the temperature range of 
20°c. - 150°c. 

3) Electrical equilibrium. 
At temperatures above 120°c. the electrometer did not drift 
any more when thermal equilibrium was reached. At temperatures 
below 120°c. some problems arise in measuring the conductivity 
of polycrystalline material. The difficulties are due to 
the electrical properties of the selenium.and will be 
discussed 

4) · Accuracy of the measurements. 
The error in the conductivity is about 85~ caused by the in
accuracy of the instruments. 
The error introduced by contacts of finite size and by the 
distance of these contacts to t~c c~rcuD:erence of the sa~plc 
is given by van der Pauw. 

V,'n c ..... alculated this systematic error to be 1% for our sample 
holder. ~he thickness of the saople could be measured with 
an accuracy of 10%. This was caused by the fact that the 
samples were not uniform in thickness. 1.'lhen we take into 
account all these errors the conductivity could be determined 
with an maximum error of about 2u1o. 
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For temperatures from room temperature up to 500°c. the 
temperature could be determined with an accuracy of about 
2 degrees. In the supel"-cooled state the measurements are 
not carried out in an equilibrium situation. It is estimated 
that the accuracy of ·these temperature measurements is abo~t 
10 degrees. 

5) Insulating resistances. 
The input resistance of the electrometer, E1 .and E2 , (see 
fig. 4.2.) is about 1014..n., the ampere meter is able to 
measure currents down to 10-14 Amp. The four contacts of the 
sample holder had each an insulating resistance of about 
10 12 ...0... 

When a voltage of 15 volt is applied we could measure 
currents to about 10-11 Amp., which is about 10 times t~e 
leakage current. This means that it is possible to measure 
sample resistances up to 10 11 ..n.. without having troubles with 
input and leakage resistances of the electronic circuit. 

4 •. 3. 5 •. Difficulties in performing conductivity' measurements on 
polycrystalline material at temperatureslower than T=12o 0 c. 

In fig. 4.3.5. the temperature dependence of .. the current through 
the sample I B (see next section) crystallized at Tcryst.=150°C 
is given. 

All the measurements were carried out when the temperature had 
reached its equilibrium value and the electrometer did not drift 
any more. 

Curve 1 represents the data when the sample was cooled from 
about 200°c to room temperature. The current, which had a value 
of 1,5 x 10-9 A in point A, decreased to a value of 10-10A 
after 15 hours. When the sample was warmed. up the current . 
decreased again after further heating. It increases exponenially 
with temperature. 
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Fig. 4.3.5. Hysteresis effect of the temperature dependence 
of the current through sample IB. 

.1 • .r 



When the sample was cooled again the same effect occured. 
Both samples Ib and IIb (crystallized at different temperature) 
showed considerable hysteresis at temperatures below Tz120°c. 

4.4. Sample preparation. 

The purification and de-oxygenating of the selenium samples 
was carried out by P.Rieter. The method of preparation is 
extensively treated in the internal report ( '). The samples 
were made from selenium pellets, commercially obtained from 
Johnson and Matthey (cataloque no Jr.1 781, impurity 1 in 105). 

Samples denoted by I were purified and de-oxygenated by the 
second metho'd of Kozyrev. After applying Kozyrev's method five 
times., the vessel, containing the selenium material, had a 
pressure of about 10-5 torr. This vessel was flushed and filled 
with purified and dried argon gas. After sealing, the selenium 
material was divided into two parts by melting and these parts 
were seperated (keeping both parts sealed). 
These two parts are denoted in the following by IA and IB, 
respectively. 

Samples indicated by II were purified and de-oxygenated by our 
own method. The selenium pellets were evacuated at 10-5 torr 
for one hour at T= 20°c and then heated in vaccuum at the rate 
of 15°c /hr. until a temperature of 190°c was reached. Keeping 
the temperature at 190°c the selenium material was flushed with 
purified argon 6as a~d 
degassed and distilled 
in the liquid state ( 

evacuated again. 
at approximately 
350°C). When the 

~he seleniu::n was then 
10-5 torr for two hours 
purification was finished 

the seleniu.:n was a0ain flushed with argon. The vessel containing 
this seleniu~ ~aterial was d~vided in to two parts in the same 
way as described for seleniu.:n I. So we obtained selenium 
ampoules IIA and IIB. 

The sar.1ple holder of the measuring apparatus was filled with 
seleniqm ~aterial as follows. The metallic container and the 
empty sample holder were placed in a glove box, who was flushed 
with purified and dried argon ens about 43 hrs. The sample holder 
and the gold wir"!n v10.rc put toc0ther. The selenium nmpoule 
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was opened and the holder filled with pieces selenium material. 
After this the sample holder was placed into the metallic 
container, which was closed with the cover (C). 
The container was taken out of the glove box and again immediately 
flushe~i1~gon gas. During all the handlings and measurements the 
argon gas stream was going on. For all the samples we used the 
same procedure. 

4.5. Methods used for research .to the relation between 
electrical conduction and structural properties. 

4. 5. 1. X-ray measurements •. 

Samples Ia and Ila had been stored in the atmosphere after 
they were used for the conductiv~ty measurements. The last 
hanc1.ling with both samples was cooling down from the melt · 

to room temperature in the apparatus. It was rather sure that 
they consisted of amorphous material. The following 
procedure was carried out with samples !a and Ila in order to 
be sure that they obtaine the sat1e polycrystalline state as 

• 
they possessed durin0 t~e conductivity measuremepts. 
They were put into the sample holder of the measuring apparatus 
and flushed with argon gas. After melting they were crystallized 
exactly in the same way as was done for the conductivity 
measurements. The crystallized selenium material was then gro·unded 
at T= 20°c and X-ray diffraction measurements were carried out. 

It is possible, that oxygen impurities in some way influence 
the crystallization process. Since the samples were stored 
in the atmosphere it is not impossible that oxygen impurities, 
absorbed on the surface of the seler.j_1.lIIl material, built 
in during melting. Therefore, we used an ESR sample of seleniu.~ 
material, coming from the same ampoule as sample Ila. The ESR 
samples were always stored in vacuum. We carried out the same 
procedure for crystallization and X-ray measurement as described 
for samples Ia and Ila.This sample will be denoted by Ile. 



4.5.2. Combination ofmeasurece·nts of the· electrical conduction 

with optical and electron micro-pho~ography. 

We performed this experiment on selenium material impurity 1 
in 105. (Johnson and Uatt:hey, cataloque no J.M. 781 ) • 
The selenium pellets were molten in the atmosphere and 
quenched to room temperature. This glassy selenium was 
crystallized at T= 140°C and at T= 190°C! resp. for various length 
of time. These samples are coded in the following by IIIt and 
IVt, respectively, where t· indicates.the time of crys·tallization. 
Every sample· II It and IV t was divided into t·no parts. One part 
was u~ed for measurement of the electrical conduction, the other 
part for optical and micro-photography. 
The measurement of the electrical conduction was performed by 
pressing the selenium pieces between two contacts. The apparatus 
was electrically shielded~Ne measured the electrical resistance 
using a Keithley instrw:1ent 602. 
The samples for micro-photography were first roughly polished 
and then treated with alumina polishing paste ( 0,05~<..). 

For electron microscopy the samples were etched in a solution 
of HN03 and H2so4 ( 1-3 droplets concentrated salpetric acid on 
1 cm3 concentrated sulphuric acid). 
The etching time anounted 1 minute ( see Eckart (39) ). 

The electroru scanning microscope was a Cambridge stereoscan 
microscope. 



Chapter V 

Experimental results. 

5.1. Introduction. 

In this chapter the experimental results are given. 
Section 5.2. deals with the results of the conductivity 
measurements. The data of the measurement of the conductivity 
during the crystallization process ~re described in section 5.3. 
The results of the structure investigation on different samples 
as a ~unction of the crystallization parameters are given in 
section 5.4. and 5.50 

5.2. Results of the conductivity measurements in the liquid, 
supercooled liquid, glassy and polycrystalline state. 

5.2.1. Liquid state. 

In fig. 5.2,d. the resultsare given. 
Samples, purified and deoxygenated by differept methods, produce 
different data. Samples B were measured about.one year after 
samples A. Moreover the result from samples coming from the 
saiile original vessel are not the same. In table 5.2.1. the 
activation energies of the curve L er' -+-=J=- and tho discontinuity 
in the conductivity at the melting point(Tm= 220°c.) for different 
samples are given. In chapter 6 the results will be discussed. 

sample Ia Ib Ila IIb 

E (eV) 1, 18 0,99 0,75 0,80 

/ (j"soli~ 104 80 2 40 
I O""m.elt Tm 
' 

Table 5.2.1. 
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tig.5.2.a. T~mperature dependence of the conductivity of the 
samples Ia( S ) , IIa(X ) , Ib( c>) and IIb( +). 
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The inaccuracy of the electrical activation(energy has been 
. . 6'solid \ f calculated to be 0,03 eV. The inaccuracy in ?fne!t h--. is or 

samples Ia, Ib and IIb about 25fo and for sample Ila about 

501o. 

5.2.2. Supercooled state. 

Measurements in this state were carried out only on the samples 
Ib .and IIb. We used for every conductivity point in the 
supercooled state the same procedure as mentioned in section 4.3.3. 
Although the inaccuracy of the measured points in this phase 
is greater as in the normal liquid state the data for each 
sample lies within the limits of accuracy on the curve 
extrapolated from the liquid state. 

5.2.3. Polycrystalline state. 

In fig.5.2.b,cthe temperature dependence of the conductivity 
measured in tLe polycrystalline state is given for each sample. 
The samples Ia and Ila were slowly cooled to T=21o0 c. for 
crystallizing. We waited 20 hrs. before we started our measure
ments. From our measurements during the crystallization process 
of sample IIb, we learn that the conductivity did not change 
any. more after 100 minutes. In t:1e following we waited 10 .:1rs. 
before we started with our measure~ents in the polycrystalline 
state. Sample Ib was also slowly cooled from the melt to T= 210°c. 
Sample IIb ~as quickly cooled to T= 185°c. and then crystallized. 
In fig. 5.2.b,e it is seen, that the temperature dependence of 
the conductivity is a function of the crystallization temperature. 
Moreover, the absolute value is dependent on the"purity" of 
the sar:iple. 
It seems , that the value of the conductivity near the melting 
point is not a function of the crystallization temperature 
but only a function of the purity of the sample. In table 
5.2.1. the values of the discontinuity in the conductivity 
at the melting point are givsn for each sample. 
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5.2.4. The glassy state. 

Sample IIb is "rapidly" (5 minutes) cooled to T=20°C. 
We found a value forC>of about 10-12 ..!\.- 1 cm- 1 

5.3. Measurement of the conductivity during the crystallization 
process. 

In fig. 5.3.a. a typical plot of the sample current against 
the crystallization time is given. This curve is obtained 
from sample IIb crystallized at T= 185°c. 
It is seen that the current rises to a maxim~~ followed by 
a smaller aecrease. The :ncrease is due to the transformation 
of amorphous selenium into the crystalline trigonal form. 

In fig. 5.3.b. a plot of!..[tJ,!x,))vcrsus ~(1,)is shown. X is 
C . 

determined from the current data following a method as described 
in section 3.4.~ 

5.4. X-ray measurements. 

The X-ray diffraction pattern for samples Ia, IIb and Ile gave 
_completely the same interference r.iaxir:i.a. . 

'/T~ese maxima are extensively st~died in the literature ( 
t '. 

(11 ) (22 ) and are attributed to the trigonal selenium. 
It-appeared that the intensities of the diffraction 
measurements are the same within 20% ( see discussion chapter V~ 

5.5. Results of combination electrical conduction with 
nicro-nhotorrRnhv. 

~e have taken micro-photographs from saraples III with the help 
of polarized lie;ht microscopy. In table 5.5.a. are collected 
the conduction data of these samples and the corresponding 
numbering of the ~)~1otoeraphs. These aregivcm in fig. 5.5. a, b ?..nd c. 
From samples IV electron micro~raphs are taken. In fig. 
5.5. d,e and f these microgra:phs are shown. In table 5.5.a. 
the data of the current measurements on these samples are given. 
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Fig. 5.3.a. Sample current against time for sample IIb, 
maintained near 185°c. 

0: current measurements. 
x: temperature oeasurements. 
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table 5.5.a. 

crystal .. samples crystal.at T=140°c. samples crystal.at T=190°c 
time resisti v1ty numbering resistivity numbering 
./min_) 
' 

4.10 12 
5.10 12 2 III2 IV2 

5 1. 1otl III5 7.106 IV5 
10 2. 10 7 III 10 2. 10 7 

IV 1 " 

20 10. 7 III20 
60 10. 0 IIr60 3.10 7 IV60 

120 8. 10 ·' III120 6. 106 
IV120 

To illustrate the spherulite structure of polycrystalline 
selenium, two electron micrographs are made on normal selenium 
crystallized at T=140°c. during 10 minutes after quenching. 
These photographs were .. taken from the surface of the sample. , 
(see Fig.5.5.g.) 



sample III2 (90) 

s ample III
5 

(x90) . 

Fig . 5 . 5 . a . Optical microphotographs of sample s III . 
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s ample III 10 (x90 ) . 

sample III20 (x90) , 

Fig . 5 . 5 . b. Opti cal microphotographs of sampl e III . 
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sample III 120 ( x90 ) . 

Fig . 5 . 5 . c . Opt ica l microphotographs of sample I II . 
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sample rv 2 (x1450) . 

Fig . 5 . 5 . d . Electron scanning microphotog raphs of sample IV . 



samrl e rv
5 

(x2050 ). 

s8mple rv 10 (x2040) . 

Fig . 5 . 5 . e . Electron scanning micro photoLra hs of saffi ple IV . 



s ampl e rv 120 (x 20 60 ) . 

Fig . 5 , 5 . f . ~lectron s c~nr ine □i c r opho t t r?ph s of s .rn ple IV . 
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sampe ( a, ), (x390 ) . 

sample b , ( x 390) . 

Fig . 5 . 5 . g . Electron microg raphs of se l enium crystallized a t 
0 

T=140 C. during 2 and 5 min . , samples (a) and (b ) 

Photog raphs are taken from the surface . 
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Chapter VI. 

Discussion of the results. 

6.1. Liquid state. 

In fig.5.2.a. it is seen, that the conductivity data of selenium 
material coming from the same ampoule are not consistent with 
each other. The material,which is deoxygenated 5 times with the 
method of Kozyrev (code I) produces the second time (Ib) data 
which correspond with a lower content of oxygen, relating the 
oxygen content to the discontinuity at the melting point 
(see table 5.2.1.). 

Doing the same for material, deoxygenated by our own method 
(code II) gives for the second time (IIb) values corresponding 
to a somewha·i; higher content of oxygen. 

i::.::~1Jjuri found i.'OLl:~tive v.:1~.w-,c; tc,r hi:; !'.1:tt;:r.i.1:11 ::n tho li.-1uid. ct.xtc, 

fro:: ~-,hich t!1e J:i t:.:: ccrrc;;;~'ond to our rc::;ults, o'.:>t:1incd fro,:1 L1. 

Our results and the remarks mentioned above can now be related 
to the data and the ideas, which were discussed in chapterIII 
about the influence of adding oxygen to purified deoxygenated 
material. It seems justified that by adding a "few" oxygen the 
activation energy of the conductivity increases and the sing 
of the current carriers changes from negative to positive. 
It seems that the oxygen (acceptors) neutralizes the negative 
current carriers (electrons). By adding "more"() 1-10 p.p.m.) 
oxygen the activation energy decreases again. 
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6.2. Supercooled state. 

From our measerements in the supercooled state it is possible . . 

to extrapolate the conductivity from the melt to the supercooled 
state. 
From this f~ct it can be concluded, that the structure is the 
same in both cases, which is consistent with data obtained 
from· specific heat measurements and the polymerisation theory. 

The results mentioned above agree with the assumptions made 
about the influence of oxygen on the conductivity in the 
liquid, supercooled liquid and glassy state. 

6.3. Polycrystalline state. 

As already menttoned in section 3.4.1. the conductivity 
measurements were carried out on the same sample crystallized 
at different temperatures. 
From our results (fig.5.2.b. and 5.2.c.) it is seen that the 
conductivity is a function of the crystallization temperature 
and the oxygen concentration. 
According to the literature the nucleus density is high and 
the rate of crystallization is low at lower temperatures (T 140°c.) 
This means, that the number of grain boundaries is relatively 
larger then at high crystallization temperatures. 

In single crystals it is found (Stuke (5) and Lemercier(6)) 
that the activation energy is higher in material with a greater 
number of defects. 
This is 13 in correspondence with the fact,that the activation_ 
energy for samples ·crystallized at low temperatures is larger 
than for material crystallized at high temperatures. 

Moreover the exponentail behaviour of the conductivity stats at 
lower temperatures then for samples crystallized at high 
temperatures. 
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Our results show a great oxygen dependence of the discontinuity 
at the melting point, but an influence of the crystallization 
temperature can not be neglected. 

6.4. Measurements during the crystallization process. 

The influence of two mechanism of crystal growth on the 
cond~ctivity can be demonstrated by the two slopes of the curve 
presented in fig.5.3.b. 

f 

These two_ mechanisms seems to correspond with a primary and . . 
secondary crystallization process as proposed by Crystal. 

The combination of the conductivity measurements at T=20°c. 
and the photographs of optical and electronscan methods makes 
clear ~hat after 10 minutes the conductivity has reached its 
maximum and the sample is completely crystallized. 
This fact is of great importance to be sure, that our 
polycrystalline material is completely crystallized before 
we started our conductivity measurements. 

6.5. Concluding remarks. 

I. Our measurements and discussion have elucidated the 
apparent contradiction between the barrier model and 
the results of deoxygenated selenium material. 

II It is necessary to measure qualitatively the oxygen content 
of our samples to draw definite conclusions. 

III To clarify the mechanism of mobility and origin of the 
current carriers thermo e.m.f. and Hall measurements 
have to be carried out on purified selenium with 
different amounts of oxygen. 



---- - -------, 

-63-

References. 

1. D.C. Koningsberger, thesis, 1971, University of Technology, 
Eindhoven, Netherlands. 

2. Internal report II, P.C.U. Rieter, 1971, Department of 
Physics, group N.L.,University of Technology, Eindhoven, 
Netherlands. 

3. Internal report III, w. Jeuken, 1971, Department of 
·Physics, group N.L. ,University of Technology, Eindhoven, 
Netherlands. 

4. P.T. Kozyrev, Sov. Phys. Sol. State, 1959, l, 102. 
5. J. Stuke, Recent Advances in Selenium Physics, p35, 

Pergamon Press, 1965. 
6. c. Lemercier, thesis, Universit~ de Paris, France. 
7. T.0. Tuomi, Acta Poiyt. Scand. Phys. incl. Nucleonics 

Series 56, 1968. 
8. C.H. Griffiths, H. Sang, The Physics of Selelnium and 

Tellurium, Pergamon Press, p135, 1969. 
9. R.G. Crystal, J. Polymer. Sci., 1970, ~' 1755. 
10. R.G. Crystal, J. Polymer. Sci., 1970, ~' 2153. 
11. G. Willers, thesis, 1970, Technishen Universitat Berlin, 

Berlin, Germany. 
12. H. Gobrecht, G. Willers, D. Wobig, J. Phys. Chem. Solids, 

1971, ll, 2145. 
13. H. Gobrecht, G. Willers, ·D. Wobig, z. Phys. Chem., 1972, 77, 

197. 
14. D.C. Koningsberger, G. Willers, J.H.M.C. van Wolput, 

D. Wobig, will be published in Trans. Farady Soc. 
15. D.C. Koningsberger, .D. Wobig, G. Willers, will be published 

in J. Am. Ceram. Soc. 
16. H. Gobrecht, P. Bratter, G. Willers, s. Baum, J.~Re,dioanal. 

Chem.,1970, 2,, 271. 
17. M.H. P~labon, Comptes Rendus, 1921, 173, 295. 
18. W.H. Henkels, J. Appl. Phys., 1950, ll, 725. 
19. W.H. Henkels, J. Maczuk, J. Appl. Phys., 1954, 25, 1. 
20. F. Eckart, Ann. Phys., 1954, 14, 16. 
21. G.B. Abdullaev et al, Sov. Phys. Sol. State, 1964, .§_, 786. 



22. E.B. Gadzhiev, Ch. M. Askerrov, G.M. Aliev, Phys. Stat. 
Sol., 1968, 29, K47. 

23. H. Schweikert, z. Phys.,1950, 128, 47. 
24. G.M, Aliev, D. Sh. Abdinov, S.I. Mekhtieva, Sov. Phys. Dokl., 

1966, 11., 305. 
25. W.H. Henkels,J. Appl. Phys., 1951, ~' 1265. 
26. C.H. Champness, R.H. Hoffmann, J. Non Cryst. Sol., 1970, 

!, 138. 
27~ K.W. Plessner, Proc. Phys. Soc., 1951, 64, 681. 
28. W.E. Spear, Proc. Phys. Soc. ,1960, 76, 826. 
29. J. Heleskivi, T. Stubb, T, Suntola, J.Appl. Phys., 1969, 

.49., 2923. 
30. H.P. Grunwald, R.M. Blakney, Phys. Rev., 1968, 165, 1006. 
31. H. Rich~er, F. Herre, z. Naturf., 1958, 13a,174. 
32. R. Kaplow, T.A. Rowe, B.L. Averbach, Phys. Rev. , 1968, 

168, 1068. 
33. E. Mooser,.W.B. Pearson, Canadian J. Phys., 1956, 34, 1369. 
34. A.I. Gubanov, Quantum Electron Theory of Amorphous 

conductors, Consultants Bureau New York, 1965. 
35. W.A. Lacourse, V.A. Twaddel, J. Non Cryst. Sol., 1970, 

1, 234. 
· 36. G. J11ka, A. ?Aatulions, A. Sakalos, J. Viscakas, Phys. Stat·. 

Sol., 1969, 36, K121. 
37. H. Gobrecht, D. Gawlik, F. Mahdjuri, Phys. kondens. Materie, 

1971, 11, 156. 
38. L.J. van der Pauw, Philips Res. Repts., 1958, 13, 1. 
39. F. Eckart, Recent Advances in Selenium Physics, p85, 

Pergamon Press, 1965. 




