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ABSTRACT 

Zinc selenide i s a I I - VI compound semiconductor with a vide band-

gap of 2.67 eV at room temperature, and i s therefore capable of emitting 

v i s i b l e luminescence. The main purpose of the research reported i n t h i s 

thesis was to study zinc selenide c r y s t a l s grown i n the depaJ^tment with 

the aim of developing a suitable material for the manufacture of red-

emitting electroluminescent diodes. I t i s hoped that these w i l l event­

u a l l y be cheaper and easier to produce than gallium arsenide-phosphide 

devices. 

The most sa t i s f a c t o r y means of reducing the r e s i s t i v i t y of sine 

selenide to values consistent with i t s use as a device (approx. 1 ohm 

cm.) was to heat nomina].ly undoped c r y s t a l s i n molten zinc. Measurements 

of the H a l l voltage and conductivity over the range 15̂ K to kOO^K 

revealed a shallow donor l e v e l (Ed = 0.012 eV) thought to be associated 

with unremoved trace Impurities of chlorine. 

Manganese was introduced into several c r y s t a l s to provide an 

e f f i c i e n t luminescent centre. The c h a r a c t e r i s t i c manganese emission 

band at 85°K was found to l i e at 587O % with a half width of O . I5 eV, 

Under 3 6 ^ % excitation, however, the manganese emission was swamped by 

a band a t 6^00 % attributed to copper contamination, and a broad band 

at 6 1 ^ % which appeared to be the self-activated emission of zinc 

selenide. The manganese emission could be Isolated when c r y s t a l s wmre 

excited i n one of the two c h a r a c t e r i s t i c excitation bands (̂ O'tO % and 

3370 %), A smaller excitation band was also observed at 4660 X* 

A l l samples, including those containing manganese, heated i n zinc 

to reduce t h e i r r e s i s t i v i t y , were found to emit the self-activated band 

only, thought to be the r e s u l t of chlorine Impurity. An Auger process 

was assumed to account for the disappearance i n semiconducting samples 

of the mamganese emission under photoexcitation and yet explain i t s 

appearance i n the emlBsion from electroluminescent diodes contadning 

manganese. 
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CHAPTER 1 

LUMIKESCENT HtOPERTIES 
OF THE I I - VI COMPOUNDS 

1.1 IMRODUCTION 

When an electron i s excited to a higher energy state i n a s o l i d , 

i t can return to i t s o r i g i n a l state by emitting the excess energy i n 

a va r i e t y of ways. For example, the energy can be released i n the form 

of phonons or can be used to promote a photochemical change. The energy 

can also be released i n the form of photons, i n which case the process 

i s known as luminescence. The term luminescence i s confined to radia­

t i o n w i t h i n the v i s i b l e region and i s used to describe the emission of 

a l l r a d i a t i o n which i s not purely thermal i n o r i g i n , such as incandescence. 

Electronic e x c i t a t i o n can be achieved i n a variety of ways. I f 

high energy particles are responsible f o r the emission the process i s 

known as cathodoluminescence or radioluminescence. I f the process i s 

the r e s u l t of an applied e l e c t r i c f i e l d , either D.C. or A.C., electro­

luminescence i s the appropriate term. Triboluminescenee can occur when 

a material i s subjected to n»chanical forces such as scraping or g r i n ­

ding, and chemiluminescence and bioliuninescence occur as a res u l t of 

certain chemical reactions. However, the process with which we shall 

be mainly concerned i n t h i s thesis i s photoluminescence. This occurs 

when the excitation energy i s supplied by means of incident photons which 

can be of various energies ranging from X-rays to infra-red radiation. 

Luminescence i s usually divided i n t o two broad classes. These 

are fluorescence and phosphorescence. The main d i s t i n c t i o n i s concerned 

( - 8 P50V 5973 ) 
N. SECTION y 



with the respective decay rates. Fluorescence i s ustially associated 
—8 

with decay times of the order of 10~ seconds and phosphorescence with 

times of several seconds. For intermediate times, however, the d i s t i n c ­

t i o n i s not clear cut and the temperature vari a t i o n of the decay times 

must be taken i n t o account. 

1.2 EDGE EMISSION 

Luminescent emission i n compound semiconductors i s usually divided 

i n t o two categories, namely edge emission and deep centre emission. 

Edge, or Ewles Kroger emission ( J . Ewles 1938» F. A. Kroger I94O) i s the 

term used to describe the luminescent emission associated with t r a n s i ­

tions with energy very close to that of the bandgap of the material, 

normally such emission i s quenched i n materials to which activator type 

impurities have been added to produce deep centre emission (see l a t e r ) . 

Although edge emission can be observed i n most I I - VI compounds at 77°K 

i t i s r e a l l y necessary to make measurements over a range of temperatures 

down to l i q u i d helium terai)eratures i n order to obtain useful information. 

Hitherto the most extensive studies of edge emission have been made 

on cadmium sulphide. A t y p i c a l emission spectrum i s shown i n figure 1 . 1 , 

(C. C. K l i c k 1953) . The emission consists of a series of very narrow 

bands wi t h widths a t h a l f height of approximately 0»005 eV. The bands 

are equally spaced i n energy and decrease i n in t e n s i t y and increase i n 

width towards longer wavelengths. There are two series of bands, one 

at high energy and one at s l i ^ t l y lower energy. This l a t t e r series 

appears as the temperature i s lowered towards 4*2°K. Pedrotti and 

Reynolds {^960) sviggested that the most intense peak at 4*2°K was asso­

ciated with recombination between an electron bound at a very shallow 

donor l e v e l , Ed = 0*02 eV, and a hole at a nei^bouring acceptor level 

some 0*14 eV above the valence band. This pair recombination model has 
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since been well established and lines resxilting from the recombination 

of individual pairs have been observed (Henry et a l 1969)« More w i l l 

be said about t h i s associated pair model l a t e r . As the temperature i s 

raised the high energy series begins to appear (figure 1 .1a) . This oc-

c\irs when the donor levels are emptied and the dominant emission results 

from recombination between free electrons and trapped holes. 

The narrow bands i n each series are found to be separated by ener­

gies equal to those of the longitudinal optical phonon (0*058 eV) so that, 

with the exception of the zero order band, each band i s associated with 

phonon co-operation and the radiative t r a n s i t i o n i s accompanied by the 

release of one or more phonons to the l a t t i c e . The bands which are mem­

bers of such a series are known as phonon replicas. Replicas have also 

been observed a t energy separations corresponding to those of transverse 

optical phonons. 

With cadmium sulphide there i s s t i l l no agreement as to the atomic 

configuration of the donor centre involved, t h o u ^ sulphvir i n t e r s t i t i a l s 

are thought to play some pajrt i n the process (Kulp and Kelley I96O). 

1.3 EXCITON EMISSION 

The emission spectrum shown i n figure 1.1b which was measured at 

4'2°K exhibits a further series of very sharp lines which appear on the 

h i ^ e r energy side of the edge emission but j i i s t below the bandgap energy. 

The series of lines i s hydrogen l i k e and i s att r i b u t e d to exciton recom­

bination. An exciton can be considered to be an electron-hole pair, 

boTind together i n a si m i l a r manner to components of the hydrogen atom. 

The allowed energies of free excitons can be represented by a set of 

levels with a series l i m i t which coincides with the bottom of the con­

duction bemd (figure 1 . 2 ) . The emission energies are given by 

R P 1 
n 0 0 ^2 m ^2 



where jj i s the reduced mass of an exciton, K i s the d i e l e c t r i c constant 

of the material, R i s the Rydberg constant, m i s the free electron mass 

and h = E the bandgap of the material. 

I f the valence band of the material i s s p l i t , as i t i s f o r example 

with the hexagonal I I - VI compounds such as cadmium sulphide and cad­

mium selenide, several series m i ^ t be expected corresponding to tramsi-

tions to each branch of the valence band. The reverse' transitions have 

been observed i n absorption measurements, f o r example on zinc selenide 

(Liang and Yoffe I967 b ) . 

An exciton can exist either as a free e n t i t y or bound to a native 

defect or impiority l e v e l . Bound excitons emit l i g h t of lower energy 

upon recombination, the difference of about 0*01 eV being equal to the 

binding energy of the free exciton to the defect. Since free excitons 

are mobile with a range of k i n e t i c energies, the associated emission 

bands have a half width of approximately 10"'^ eV, ten times wider than 

those associated with bound excitons. As the temperature i s raised, above 

l i q u i d helium temperatures, free exciton emission tends to dominate as 

the bound excitons are thermally freed. 

I t has been suggested that there are four d i f f e r e n t types of bound 

exciton i n cadmium sulphide which give r i s e to emission lines known as 

the I ^ , l^t and I ^ l i n e s . They correspond respectively to excitons 

bound to neutral acceptors and donors, and ionized donors and acceptors. 

However, an I ^ l i n e has not yet been observed. Study of the energy se-

paxations of the I ^ series of lines can provide information concerning 

the donor ionization energies of certain impurities. 

1.4 DEEP CENTRE EMISSION 

Nearly a l l phosphors which f i n d practical applications are made 

luminescent, that i s activated, Iby the addition of certain impurities. 
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ffith d i f f e r e n t impxirities phosphors can be prepared to emit l i g h t cover­
ing a wide range of wavelengths extending from the edge emission region 
to the i n f r a red. The addition of impurities can also be used to control 
other properties such as -ttie e f f i c i e n c y , decay rate and long term stabi­
l i t y . The emission from I I - VI compounds associated with pgarticular 
impurities or activators i s known as deep centre luminescence. I t usually 
consists of broad bands approximately Gaussian i n shape with half widths 
of the order of 0*3 eV. 

Models are used i n order to simplify the processes occurring i n 

phosphors and we sha l l now consider those models which cam be applied 

i n the case of non-localized t r a n s i t i o n s . 

1.5 NON-LOCALIZED TRAMSITIOHS 

I n llie majority of phosphors, luminescent emission i s accompanied 

by photoconductivity. This shows t h a t the electron transitions involve 

tiie conduction or valence bands of the phosphor as well as the. luminescent 

centre i t s e l f . This interaction allows energy to be transferred from 

point to point i n the c r y s t a l and iiie luminescent centre need not be any­

where near the point i n space at which the electron i s f i r s t excited. 

Other discrete levels w i t h i n the energy gap such as trapping levels are 

also involved together with levels associated with native defects which 

add considerable complexity to the processes involved. 

The impurities which produce luminescent emission are known as 

activators and co-activators. I n the I I - VI compounds typi c a l activa­

tors axe copper,silver and gold substituted f o r the metal atoms. Co-

activators can be either elements from group V I I such as chlorine or 

bromine s u b s t i t u t i n g f o r the group VI atoms, or group I I I atoms such 

as aluminium, gallium and indium on group I I s i t e s . I n most I I - VI 

compounds the name activator i s a synonym for acceptor and s i m i l a r l y 

a co-activator i s simply a donor. 



The f i r s t phosphor to be studied i n any great d e t a i l was zinc 

sulphide. I t i s fovuad that a f t e r zinc sulphide powder i s heated to 

about 1000°C with copper and sodium chloride, a br i f i ^ i t green lumine­

scence band near 5200 S. i s produced. I f s i l v e r i s used Instead of cop­

per a blue band near 440O 1 i s produced. I t was realised that the so-

ditmi chloride not only acts as a f l u x d\aring the f i r i n g , but also pro­

vides the chlorine ions which are irworporated i n t o the l a t t i c e of the 

zinc sulphide. The function of the coactivator i s to ensure charge 

n e u t r a l i t y . Every Cu"*" ion on a Zn"̂ ^ s i t e i s compensated by the net 

positive charge of a Cl~ ion on a S s i t e (Kroger and Hellingman 1949). 

This i s fxirther i l l u s t r a t e d by the fact that group I I I elements such 

as Al''"''"'' substituted f o r the Zn'^ can be used to provide the excess 

positive charge (Kroger and Dikhoff 1950) . The colotir of the resultant 

Ixuninescence i s found to depend mainly on the activator present. I f 

zinc sulphide i s f i r e d i n the presence of a coactivator only, a blue 

band near 46OO 2, known as self-activated emission, i s produced. Charge 

n e u t r a l i t y i s s t i l l maintained and the required negative charge i s pro­

duced by the formation of zinc vacancies (Prener and Williams 1956 b). 

Self-ooaotivated emission i s also possible where an activator i s com­

pensated by the formation of anion vacancies. 

1.6 MODELS FOR NON-LOCALISED TRANSITIONS 

Three models have been used as a basis f o r interpreting non-

localised luminescent tran s i t i o n s . These are i l l u s t r a t e d i n figure 1 , 1 . 

The Schon-Klasens model was f i r s t proposed i n 1942 (M. Schon 1942) and 

elaborated (H. A. Klasens 1955) ' The i n i t i a l excitation produces a 

free electron and a free hole. The Sefaon-Klasens model assumes that 

the hole beeches trapped at a localised l e v e l above the valence band 

and the emission i s a r e s u l t of a free electron recombining with the 

hole a t t h i s centre (figure 1,3A). 
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Lambe and Kli c k (1955) proposed the model i l l u s t r a t e d i n figure 1.3B 

I n t h i s scheme, the free electron i s trapped at a level below the con­

duction band, A free hole then recombines at t h i s level to produce 

the emission. This model was found necessary to account f o r the fact 

that the decay time of photoconductivity i n certain materials was grea­

ter than the luminescence decay time (Lambe 1955). 

Prener and Williams (1956 a) introduced a t h i r d model. They con­

sidered the emission to r e s u l t from the recombination of electrons and 

holes trapped a t localised centres i n the same region of the l a t t i c e 

( f i g u r e 1.3c). This associated pair recombination was f i r s t observed 

i n gallium phosphide (Hopfield et a l I963). Fine structure was resol­

ved corresponding to transitions between centres up to 30 ̂  apart. 

The low energy edge emission series which occurs i n cadmium sulphide 

and other I I - VI compoimds can also be explained using t h i s model. 

Pair recombination can be i d e n t i f i e d by means of time resolved spec­

troscopy. I n t h i s process the emission spectrum i s scanned as i t de­

cays and any s h i f t towards lower energy with time suggests pair recom­

bination. This i s because more distant pairs take longer to recombine 

and emit less energetic photons upon recombination. 

These three models, with suitable modifications, have been used 

to describe most of the emission observed i n I I - VI compounds but with 

most luminescent systems there i s s t i l l i n s u f f i c i e n t evidence unambigu­

ously to assign specific transitions to particular bands and defect 

levels. 

1.7 APPLICATION OF THE MODgLS TO ZINC SULPHIDE 

I n order to i l l u s t r a t e the applications of the three models we 

sh a l l consider t h e i r use with zinc sulphide, p a r t l y because zinc s u l ­

phide has been studied more extensively than any other I I - VI phosphor 

and also bec&uae many of the results are, or should be, of dir e c t r e l e ­

vance to si m i l a r luminescent processes i n zinc selenide. However, i t 



w i l l be demonstrated that there i s s t i l l l i t t l e unanimity of opinion 

as to the exact nature of many of the luminescent transitions i n zinc 

sulphide and further work i s s t i l l necessary to c l a r i f y the situation. 

When the copper i s used as the activator i n zinc sulphide, four 

main emission bands are observed a t 77°K. Some of the models which 

have been used to explain these bands are depicted i n figure 1.4» 

(a) Copper Blxie and (areen Emissions 

F i r s t l y we sh a l l consider the copper blue and green emissions 

which are the most d i s t i n c t and common. At 85°K the blue band i s found 

to have i t s maximum at some wavelength between 4300 X and 4440 i irtiereas 

the green has i t s maximum a t a value between 5160 X and 5250 i. The 

actual values depend^ on whether a group I I I or group V I I coactivator 

i s used. I n addition reported values vary from worker to worker. 

Possible explanations f o r the lack of agreement on the actual positions 

of the emission bands are (1) the observed bands may be a superposition 

of a number of sub-bands or (2) d i f f e r e n t samples may contain d i f f e r e n t 

imperfections w i t h i n the l a t t i c e , such as stacking faults and polytypes, 

which may a l t e r the detailed band structure of the material. The maxima 

of both the blue and green copper bands s h i f t towards longer wavelengths 

on r a i s i n g the temperature from 77°K "to 300°K, the blue by about 30 i 

and the green by about 100 £ . 

I t l a fo\md that the green emission dominates when approximately 

equal amounts of coactivator and activator are present. As the copper 

concentration i s increased, the bltie band becomes more pronounced. 

The green band i s sometimes at t r i b u t e d to a Prener-Williajns t r a n s i t i o n 

between an electron i n a coactivator centre and a hole localised at 

an associated copper centre (G. and D. Curie I96O). This interpreta­

t i o n i s supported by measurements of the time resolved spectrum (Shionoya 

et a l 1966). The dependence of the position of the emission peak on 
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the natvire of the coactivator can probably be explained using the model 

proposed by Prener and Weil (1959) to explain the similar e f f e c t on 

the s e l f - a c t i v a t e d band (see l a t e r ) . The blue emission has been consi­

dered to r e s u l t from a Schon-Klasens transition to the same copper l e v e l 

associated with the green band (G. and D. Curie I 9 6 O ) . 

Both bands have also been described i n terms of Schon-Klasens 

tra n s i t i o n s to d i f f e r e n t ionization states of the copper centre (Broser 

and Schulz I 9 6 I ) . 

The blue emission has even been attributed to a Lamber-Klick tran­

s i t i o n although t h i s i s tmlikely (Birman I96O). 

As can be seen, the actual defects and the transitions responsible 

for the copper green and bliie luminescence are s t i l l not d e f i n i t e l y 

known a f t e r over twenty years of serious study. 

(b) Copper Bed Emission 

Zinc sulphide containing copper also exhibits emission i n the red 

region of the spectrum, which consists of a band with i t s maximum a t 

6970 ^ a t 77°K. I n contrast to the blue and green emissions, t h i s 

band s h i f t s to shorter wavelengths on heating. The emission peak i s 

located at 6740 2. at room temperature. The red emission i s usually 

observed only when the activator to coactivator r a t i o i s extremely high. 

Shionoya et a l ( I 9 6 2 ) proposed that the emission was due to a lo c a l i s e d 

t r a n s i t i o n of the Prener-Williams type between a sulphur vacancy and 

an associated acceptor l e v e l due to the copper. However, EjS.R. ex­

periments by Dieleman et a l ( I 9 6 4 ) tend to show that the copper atom 

and the vacancy act as a complex producing a l e v e l below the conduction 

band, i n which case the emission would be associated with a LamberKlick 

type t r a n s i t i o n . Which of these two mechanisms i s correct i s s t i l l 

\mdecided. 
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( c ) Copper Infra-Red Bnlsalon 

The infra-red luminescence of zinc siilphide i s enhanced when copper 

i s incorporated and consists of two main bands located at aroxind 1-46 fj m 

and 1 '65 p m a t 77°K. There i s an additional smaller Tjand at about 

1 p m. The whole emission i a enhanced when the phosphor i s prepared 

under excess sulphur pressvire which i s thought to reduce the concentra­

tion of sulphiir vacancies leaving the copper i n an imcompensated state. 

This view i s supported by measurements on phosphors containing radio­

es 6s 
active Zn which slowly decays to Cu whereupon the infra-red emis­

sion gradually r i s e s (Scoser and Pranke 1965)- Several sviggestions 

have been made to explain the two major peaks. Broser and Schulz (I96I) 
associated them with Lambe-Klick transitions involving the ground and 

excited states of a hole bound to the copper impurity. Ullman and 

Dropkin (I96I) showed that the excitation responsible for the infra-red 

emission produced hole photoconductivity, thus supporting this view. 

A s i m i l a r model involving transitions from a single copper l e v e l to 

a s p l i t valence band was suggested by Bryant and Cox (I965). A com­

pletely different mechanism was suggested by Birman (I96I) who a t t r i ­

buted the emission to internal transitions between the energy level s within 

the copper ion which r e s u l t from c r y s t a l f i e l d and spin orbit s p l i t t i n g . 

I n f a c t the emission may be due to a combination of internal and free 

electron t r a n s i t i o n s . 

(d) Self-Activated Emission 

So f a r we have considered ainc sulphide to which an activator, 

namely copper, has been added. I f , however, zinc sulphide i s simply 

f i r e d so as to introduce a coactivator such as chlorine or aluminium, 

a blue luminescence band with i t s peak between 4710 £ and 4560 X at 
77°K i s produced. The actual value depends on the coactivator group 

used. The band i s very near to the copper blue emission but i t can 
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be e a s i l y distinguished since i t i s found to s h i f t to shorter wavelengths 

on heating, unlike the copper blue which moves to longer wavelengths. 

Kroger and Vink (1954) suggested that the centre consisted of a zinc 

vacancy whose surroundings had l o s t one electron, to compensate for the 

coactivator jaresent. A d i f f e r e n t model had to be proposed however 

because Bowers and Helcuaed (1955) f a i l e d to observe any paramagnetic 

resonance. Prener and Williams (1956 b) therefore suggested that a 

coactivator-vacancy complex was responsible for the ground state of 

a Sohon-Klasraas t r a n s i t i o n . Prener and Weil (1959) showed that a zinc 

vacancy was involved and also explained the variation i n peak position 

with coactivator group. This variation was considered a function of 

the d i f f e r e n t l a t t i c e s i t e s a t which the two types of atom (group I I I 

and group V I I ) substituted. 

E.S.E. measurements on S.A. zinc sulphide have iden t i f i e d a centre 

which, due to the presence of a trapped hole, becomes paramagnetic when 

photoezcited. fhia centre, known as the A-centre, consists of a zinc 

vacancy associated with the coactivator impurity (Schneider t965) and 

appears to be the centre also responsible for the S.A. emission. 

The s h i f t i n peak position with temperature has been explained 

i n terms of an increasing dissociation of the complex as the temperature 

i s r a i s e d . This would lead to increasing transitions from the conduc­

tion band to the isolated zinc vacemcies. 

' C l e a r l y the mechanisms used to explain the self-activated emis­

sion are very s i m i l a r to those used to discuss the copper red luminescence, 

and i n f a c t the l a t t e r i s sometimes known as the self-coactivated band. 

Both emission processes can be treated to some extent i n terms of the 

configurational coordinate model which i s described l a t e r . 

1.8 LOCALISED TRAM5ITI0N3 

When an impurity such as a transition element or a rare earth 



ion i s introduced into a I I - VI compound,the impxjrity emission and 

absorption processes are associated e n t i r e l y with electronic t r a n s i ­

tions within the atomic s h e l l of that ion. The c r y s t a l l a t t i c e plays 

a r o l a t i v e l y unimportant part i n the process. The excited electron 

does not interact with any free electrons or holes and the band struc­

ture of the material can be completely ignored. The host l a t t i c e , how­

ever, a f f e c t s the transitions v i a phonon interactions and c r y s t a l f i e l d 

s p l i t t i n g of the energy l e v e l s of the free ion. 

I t i s very d i f f i c u l t to interpret the broadening and shape of 

the emission and absorption bands of deep centre luminescence of the 

type described i n the previous section. The shape, width and Stokes 

s h i f t , that i s the f a c t that the emission usually occurs a t lower energy 

than the excitation, a l l depend on the interaction of the electronic 

state of the luminescent centre with lo c a l i s e d and non-localised pnonons. 

To take one extreme, for a very shallow donor with a binding energy 

of 0-01 eV the electron o r b i t a l can be considered to extend over many 

interatomic spacings suid only the host l a t t i c e phonons w i l l have any 

e f f e c t . However, i n the case of deeper l e v e l s , which the majority 

of important activators produce, the electron i s f a i r l y l o c a l i s e d and 

tends to i n t e r a c t with several l o c a l i s e d phonon modes as well as the 

l a t t i c e . Since these can have widely d i f f e r i n g frequencies the matter 

i s severely complicated and no suitable theories have yet been suggested. 

I n the other extreme however, when the electron can be considered to 

be t i g h t l y bound to the centre, as i s the case we are now about to 

consider, i t can be assumed that only the l o c a l i s e d modes interact. 

Usually i t i s assumed that only one type of phonon i s involved. This 

means that the form of the emission and absorption bands can be quite 

well predicted by means of the configurational coordinate model. A l t h o u ^ 

i t has been extended to cover more than one interacting mode, the equa­

tions which then r e s i i l t contain so many adjustable parameters that tney 

ajre of limited use. 



-13-

1.9 CONFIGURATIONAL COOHJINATE MODEL 

Htxe configurational coordinate model was f i r s t suggested by Seitz 

(1959) and has since been modified and improved (P. E. Williams 1953» 

OcC. K l i c k 1952). I t i s a very useful tool for the analysis of absorp­

tion and emission bands i n l o c a l i s e d electronic transitions. A typical 

configurational coordinate diagram i s shown i n figure 1.5. Plotted 

v e r t i c a l l y i s the potential energy of the system near the impurity ion 

for the electron i n the ground and excited states of the centre, taking 

into account both electronic and vibrational energy. This i s plotted 

against the configurational coordinate r , which i s a parameter speci­

fying the configuration of the ions around the centre. In a diffuse 

centre the configurational coordinate covild specify the positions of 

a large nvunber of ions aro\uid the centre, whereas i n the case of a centre 

with a wave function hot extending very f a r , i t might only describe 

the positions of nearest neighbour ions. For -tiie thallium ion i n po­

tassium chloride, for ejtample, the configurational coordinate i s simply 

the displacement i n Angstrom units of the C l ~ ions surrounding the th a l ­

lium ion. 

The configurational coordinate curve i s assumed to be parabolic, 

following a c l a s s i c a l harmonic o s c i l l a t i o n , the frequency of the simple 

harmonic motion being the same as the phonon frequency V . I n the 

simplest case the vibration i s associated with a breathing mode i n which 

the surrounding ions vibrate r a d i a l l y i n phase. According to c l a s s i c a l 

theories, the width of an emission band should be proportional to the 

square root of the temperature, and at absolute zero the emission band 

should have zero width. I n order to explain the f i n i t e width of the . 

bands a t absolute zero,quantum mechanical concepts are Introduced i n c l u ­

ding a zero point energy of h U. Allowed energies are thus quantized 

as shown i n figure 1.5« 

To help xmderstand the emission and absorption processes we s h a l l 
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use figure I.5. The electron i s i n i t i a l l y i n i t s groxmd state and the 

combined energy of the electron and vibrating ions i s represented by 

the parabola E^. The Pranck-Condon principle i a assumed to hold. This 

states that an optical t r a n s i t i o n can occur i n a madn. shorter time than 

•Uie l a t t i c e takes to respond to the change i n charge distribution. I n 

other words the absorption of energy and the electron transition can be 

represented by a v e r t i c a l l i n e on the configurational cooitlinat6 diagram. 

After the t r a n s i t i o n the system gradually reverts to i t s thermal equi­

librium positpn, E^, i n the excited state by interacting with and emitting 

a number, S^i of l o c a l i s e d phonons of energy h v ^ . I n -ttiis situation 

the energy of the system i s given by the curve Eg* the minimum of which 

i s T i s u a l l y displaced from 0, the direction depending on the r e l a t i v e 

movement of the surroxinding ions, on excitation. Boission can be repre­

sented by a v e r t i c a l t r a n s i t i o n which i s accompanied by the emission of 

a photon with energy h v , On reaching the ground state, the ions again 
is 

r e v e r t to their equilibrium positions dissipating'their excess energy 

as phonons, th i s time with energy hv^» The system then reverts to 

i t s equilibrium position 0. S i s usually of the order of 40 and the 

phonon energy i s around 0»015 eV. The distance r,, i s some representac­

tion of the displacement of the surrounding ions produced when the elec­

tron i s r a i s e d to i t s excited s t a t e . 

This representation of the emission and absorption processes shows 

that the emitted energy h i s always l e s s than the excitation energy 

h V^ because of phonon interaction, thus i l l u s t r a t i n g Stokes law more 

c l e a r l y than with non-localised transitions. With the l a t t e r transitions 

the energy l e v e l s within the forbidden gap are raised i n energy i n a 

polar s o l i d when an electron i s removed from the centre. Thus when an 

electron i s excited from a centre, the associated energy l e v e l i s raised 

and on recombination the energy emitted i s l e s s , the excess being emitted 

as l a t t i c e phonons i n a s i m i l a r manner to the l o c a l i s e d case. 
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As the temperature i s r a i s e d , the amplitude of vibration increases 

leading to a much wider range of coordinates and hence a wider variation 

i n energy. This means that transitions can occur ftom either side of 

the point of minimtim energy 0. The distribution of luminescent centres 

with respect to energy i s determined by Maxwell Boltzmann s t a t i s t i c s 

and therefore forms a Gaxissian di s t r i b u t i o n with a maximum number at 

0. I f Eg can be considered l i n e a r over the range of coordinates involved, 

the excitation band i t s e l f w i l l be Gaussian. I f , however, tiie minima 

are close together, that i s there i s l i t t l e e f f e c t on the surrovmding 

ions upon excitation, the resultant band w i l l be distorted towards 

higher or lower energy. This model applies eqiaally to the emission 

process. I t can therefore be seen that the symmetry of the absorption 

and emission bands i s related to -Uie Stokes s h i f t . 

Since the energy of the system i s quantized, the emission and absorp­

tion bands w i l l consist of a number of discrete l i n e s each associated 

with a t r a n s i t i o n between individual l e v e l s . Each l i n e w i l l be broadened 

by Stark f i e l d e f f e c t s and interaction with l a t t i c e and l o c a l i s e d pho-

nons ignored by the model. The sharp l i n e s making up these broad bands are 

analogous to the phonon r e p l i c a s seen i n edge emission except that i n 

t h i s case the phonons concerned are l o c a l i s e d . The individual l i n e s can­

not usually be resolved but a t very low temperatures, when the nmber 

of l a t t i c e and l o c a l i s e d phonons i s reduced, several l i n e s may be seen. 

The most intense l i n e normally, i s known as the zero phonon l i n e . This 

appears around l i q u i d helium temperatures when the excitation and emission 

take place beiween the zero point energy l e v e l s i n the excited and groxmd 

s t a t e s . The energies of emission and excitation are therefore the same 

and t h i s r e s u l t s i n the appearance of the zero phonon l i n e a t :the same 

energy i n both absorption and emission. Lines sometimes also occur at 

higher absorption energies and lower emission energies a t intervals cor­

responding to the energies of l a t t i c e optical and acoustic phonons and 

of l o c a l i s e d phonons. 
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Using quantum mechanical considerations, the wid'tti of the emission 

band at h a l f height can be calculated and i s 

W_ - Wo T 
hv 

^ 1 
2 

( 1 . 1 ) 

A s i m i l a r expression i s obtained for the width of the absorption band 

with replaced by y.j. 

I n eqiiation ( 1 . 1 ) Wo i s the width a t ha l f height at absolute zero. 

This i s s t i l l f i n i t e since the system w i l l s t i l l possess zero point energy. 

At low temperatures, when the system has relaxed to the zero point energy, 

the h alf width according to eqviation ( 1 . 1 ) becomes independent of tem­

perature. At h i ^ temperatures when 2kT.̂  » hUg the system reverts to 
"2 

the c l a s s i c a l approximation and Ŵ  oc T . By measuring the change i n 

h a l f width as a function of temperature i t becomes possible to obtain 

a value for the phonon frequency 

Normally a configurational coordinate diagram i s b u i l t up from 

empirical r e s t i l t s , f a r example the temperature variation of half width, 

\ the positions of the absorption and emission maxima and the Stokes s h i f t . 

Then from t h i s configurational coordinate curve, predictions aoari.iiw.jn&de 

as to other properties of itoe centre. However, the configurational. co­

ordinate cxirve has been calculated theoretically for the thallium centre 

i n potassium chloride ( F . E. Williams 1951 ) . The resu:j.ting curve has 

been used to predict the observed iTiminescent properties to a reiasonable 

degree of accuracy. Williams considered both the s i x nearest neighbouring 

chlorine ions to the thallium ion and the s i x nearest potassium ions. 

He then calculated the energy of the system taking into account the energy 

due to e l e c t r o s t a t i c . Van der Waals and exchange interactions between 

the ions when the electron was i n i t s ground and excited states. Although 

the treatment was necessarily simplified, i t s predictions were found 

to be reasonably accurate. 
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This model i s useful only when the transitions involved are highly 

l o c a l i s e d , ana hence i t applies to situations where the transitions take 

place within the impxirity atoms themselves. I n rare earth atoms such as 

feolnium and thulium, for example, the 4 f s h e l l i s only partly f i l l e d and 

i t i s possible for the electron to be excited within this s h e l l . Since 

the s h e l l l i e s deep within the atom, there i s very l i t t l e influence from 

phonons and the emission tends to consist of f a i r l y sharp l i n e s . 

Another cl a s s of luminescence activators which behave s i m i l a r l y 

to the rare earths are the t r a n s i t i o n elements such as vanadium, iron, 

cobalt, n i c k e l and manganese. However, since the electron transitions 

i n these ions take place i n the outermost 3d s h e l l , phonon interaction 

i s more important and as a r e s u l t the emission bands are broader. So 

far'most e f f o r t has been concentrated on manganese which i s an effective 

a c t i v a t o r i n numerous phosphor systems and i s responsible for an e f f i ­

c i e n t orange luminescence i n zinc sulphide. I n the ground state, ^S of 

the Mii''̂''̂  ion, the f i v e Jd electrons are aligned with their spins p a r a l l e l . 

On e x c i t a t i o n one electron spin i s reversed, giving r i s e to a f i v e fold 

degenerate l e v e l , which i s s p l i t by spin orbit interaction into the ^G, 

^P, ^D, ^ and '̂ S l e v e l s , i n order of increasing energy. The ^S l e v e l 

l i e s approximately 7*2 eV above the ^S l e v e l and i s therefore too high 

to be involved i n most optical transitions. Crystal f i e l d effects s p l i t 

these l e v e l s even f\irther to produce the l e v e l s involved i n ihe liiminescent 

t r a n s i t i o n s . The s i t u a t i o n resultinjs from a cubic f i e l d i s i l l u s t r a t e d 

i n figure 1 . 6 , (Orgel 1 9 5 5 ) . The observed emission r e s u l t s from the tran­

s i t i o n from the 4T.j (4G) excited state to the (^S) gro\jnd state. 

I n most nanganese activated phosphors the emitted lig ^ i t i s i n the yellow 

to orange spectral region although willemite, because of a different 

interaction with the c r y s t a l f i e l d , emits i n the green (Vlam 1949)* 

The absorption and emission bands i n manganese activated zinc sulphide 

are i l l u s t r a t e d i n figures 1.7 and 1.8 (McClure I965, Langer and Ibuki 

1 9 6 5 ) . 
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A l t h o u ^ many of the properties of these luminescent activators 

such as ran'*""'" are well known and the emission and absorption bands are 

e a s i l y explained, the actual locations of the energy l e v e l s of the ions 

wifh respect to the band edges of the host materials are veyy d i f f i c u l t 

to determine and generally not known. 

1.10 THSRMAL aOENCHING 

The liominescent e f f i c i e n c y of a phosphor i s found to remain f a i r l y 

constant as the temperature i s raised i m t i l a certain temperature i s 

reached a t which ilie e f f i c i e n c y begins to f a l l exponentially. This pro­

cess i s known as thermal quenching. I t i s caused by an increase i n non-

radiative recombination ptrocesses whi<di are more temperature dependent 

than the r a d i a t i v e processes. 

With zinc sulphide type phosphors the process i s usually interpre­

ted using the model shown i n figure I.9. I f the luminescent transition 

i s of the Schon-Klasens type as i n A, a t s u f f i c i e n t l y h i ^ temperatures 

an electron can be excited from the valence band to f i l l the empty state 

of the Ixminescent centre. The excited electron i n the conduction band 

cannot therefore recombine v i a t h i s centre. The electron w i l l thus mi­

grate u n t i l i t can recombine v i a a non-radiative centre. As the tempera-

tvace i s r a i s e d further, more centres eure f i l l e d and the luminescence de­

creases correspondingly. The luminescence ef f i c i e n c y varies with T 

as 

' ( 1 . 2 ) 
1 + C exp ( k l ) 

where C i s a constant and w i s the energy required to excite an electron 

from the valence band to the luminescence centre. Similarly, witii a 

Lambe-Klick tra n s i t i o n , 1.9B» the electron can be excited thermally 

from the luminescence centre to the conduction band before i t has 



Fig. 1-9. Models for Thermal Quenching of Non-Localized Emission Processes. 

b. c. 

Figl-10 Models for Eff iciency Reducing P r o c e s s e s in Localized Emission Centres. 
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s u f f i c i e n t time to recombine with a free hole. I n this case the energy 

w corresponds to the depth of the luminescent centre below the conduc­

tion band. By measuring the variation of the luminescence efficiency 

with, temperature i t i s therefore possible to obtain a value for w. 

The q\xenching t r a n s i t i o n produced can also be induced by optical 

means. Since the energy required i s quite low, infra-red radiation i s 

usually required. This process i s then known as infra-red quenching. 

Normally, the measured optical and thermal quenching energies are not 

i d e n t i c a l . This i s explained i n terms of the Franck-Condon principle 

which states that there i s time for the l a t t i c e to adjust i t s e l f to 

f a c i l i t a t e a lower energy tr a n s i t i o n during thermal excitation, whereas 

there i s i n s t i f f i c i e n t time during an optical transition. 

I n a l o c a l i s e d t r a n s i t i o n where the configurational coordinate 

model i s applicable, quenching can be explained using the models shown 

i n figure 1,10. Figure 1.10a indicates how quenching i s assumed to occur 

according to Mott (1940). Since the potential energy i s more dependent 

on configurational coordinate when the electron i s i n the ground state, 

the ground state parabola crosses the excited state parabola at some 

point X. As the temperature i s raised, the system reaches an energy-

corresponding to E above the equilibrium position and i t becomes possible 

for an electron to return to the ground state non-radiatlvely. The l u ­

minescence e f f i c i e n c y T) i s then given by 

^ = V V N ( 1 - 5 ) 
W C e x p 

where C i s a constant 

This equation i s c l e a r l y the same as that for non-localised transitions. 

I n figure 1,1 Ob a model i s shown which was proposed by Dexter, Kl i c k 

and E u s s e l l (1955) "to explain the liiminescence mechanism i n materials 

with low emission probabilities even at very low temperatures. Immediately 
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upon excitation the system w i l l possess an energy greater than that at 

the cross over point X> and hence on relaxation the electron w i l l pass 

t h r o u ^ the point X at which non-radiative reconbination w i l l occur. 

F.lnally a non-radiative material can be explained on the basis 

of the model proposed by S e i t z (1959)» eee figure 1,10c. I n t h i s case 

the minimum i n the excited state l i e s outside the ground state and forms 

a metastable l e v e l . Following excitation the electron w i l l either f a l l 

back non-radiatively a t X or become trapped with the system i n the con­

figuration represented by 0. I n that case, further energy must be pro­

vided to permit the system to reach X and allow the electron to f a l l 

back to i t s groiuid state. One Interesting deduction fvm the curves 

of figure 1.10b i s that a large Stokes s h i f t i s associated with poor 

luminescent e f f i c i e n c y . 

1.11 LroUHBSCENCE IN ZINC SBLgNIDE 

Hitherto the conpouncls zinc sulphide and cadmium sulphide have 

been investigated mainly and the Ituninescent properties of zinc selenide 

have received comparatively l i t t l e attention. This i s partly because 

of the d i f f i c u l t i e s which have been encountered i n growing c r y s t a l s r e -

producibly and of incorporating suitable impurities i n known and controlled 

qu a n t i t i e s . Recent improvements i n these techniques have resulted i n 

an increase i n i n t e r e s t , but r e s u l t s are s t i l l complex and their i n t e r ­

pretation i s s t i l l unclear. 

(a) Edge and Egciton Badssion 

The edge emission of zinc selenide c r y s t a l s l i e s i n the blue r e ­

gion of the spectrum i n the wavelength range 4400 S to. 4800 i . The f i r s t 

important work was carried out by Reynolds, Pedrotti and Larson (1961). 
They explained their r e s u l t s using the model proposed e a r l i e r for cadmium 

sulphide. Thus the two edge emission series were attributed to a bound 



to bound transition involving a donor level 0*015 eV below the conduc­
tion band and an acceptor level 0*12 eV above the valence band and a 
free to bound transition between a conduction electron and a hole bound 
}.- .t-up r-.a.m'^' acceptor. Resellts on hexagonal material have also been ex­
plained with the same model, though with slightly different values for 
the energy levels involved, (Gross and Suslina I 9 6 5 , Liang and Yoffe 
1967 a). Discrete distant pair recombination lines f i r s t seen in gal­
lium phosphide (Hopfield et al 196^) and later i n cadmim sulphide (Henry 
et a l 1969) have been observed i n zinc selenide (Dean and Merz 1969) -

Time resolved spectroscopy also supports the suggestion that the low en­
ergy series i s associated with distant pair recombination (lida I 9 6 8 ) . 

Exciton emission i n zinc selenide has been studied by several workers 
and the , I 2 and bound exciton lines have been identified (Park 
and Schneider I 9 6 8 , l i d a and Toyama 1971 , Merz et al 1972 ) . These results 
a l l suggest that the edge emission processes i n zinc selenide axe very 
similar to those proposed for cadmium sulphide, though the exact positions 
of the levels and nature of the centres involved are s t i l l not generally 
agreed upon. 

(b) Deep Centre Emission 
Some of the f i r s t work reported concerning the deep centre emission 

i n zinc selenide was by Leverenz ( 1950 )• Since then most interest has 
centred on self-activated and copper-activated material. Tables 1 . 1 , 

and 1 . 2 , summarize the work done i n these fields. 
Prom table 1 . 1 , self-activated material can be seen to emit i n the 

orange region of the si)ectrum although some uncertainty exists as to ihe 

actixal position of the band. There i s no agreement as to the centre 

responsible. Several workers suggest a zinc vacancy i s present.as in 

self-activated zinc sulphide, whereas others consider excess zinc is 

responsible. 
Table 1.2 shows the results obtained from copper activated material. 



TABLE 1-1 

Emission bands reported in self-activated zinc-selenide 

Peak 
Temji Posi-
°K tion X 

Temp 
°K 

Peedc 
. Posi­
tion 

Temp. 
K 

Peak 
Posi­
tion 
8 

Co-
Activator 

Mechamism 
Suggested 

Leverenz(1950>) 300 6500 r Chlorine Excess Zh 

Larach(1953) 
(Cathodolum.) 

300 6020 '- Chlorine 

Markovskii and 
Smirnova(1961) 

300 6250 170 6000 

Broser et. al.(1961) 4.2 6050 ' -. -

Gross and 
Suslina(1963) 

4.2 6000 -

Aven and 
Woodbury(1962) 

300 6000 — Zn Vacancies 

Asano et. al(1965) 300 6350 • . -

Aven and 
Halsted(1965) 

* 6000 Aluminium Zn Vacemcy-
Al pairs 

Mironov and 
Markovskii(1965) 

300 6450 80 6300 - Excess Zn 

Hoiton et.al.(1965) 4.2 ' 

4.2 

6240 

6410 

Bromine, 
Chlorine 
Aluminium 

Zn Vacancy-
Al pairs 

Halsted et.al.(1965) 25 6000 -

Lehmann(1967) 
.•• 

80 6230 Chlorine Schon-
Klasens 

Stringfellow and 
Bube(1968) 

85 6100 - - , 

Iida(1968) 300 6150 77 6100 Pair recom­
bination 

Asano et.al.(1968a) 77 6150 -
6200 
6420 

Asano et.al.(1968b) 80 
80 

6200 
6300 

Bromine 
Chlorine 

. — 

Meurkovskii --
et.al(1969)^ ' " 

_ •-—— : L 

300 6100 77 6150 Bxcess Zn 

Ten^. hot specified 

. / , 



TABLE 1-2 

Emission bands reported in Copper doped Zinc Selenlde 

Peak 
Temp. Posi-
°K 'tion o A 

Peak 
Temp. Posi-
°K tion o • A • 

Peak 
Temp. Posi-
°K tion 

8 
Co-

Activator 
Mechanism 
Suggested 

Leverenz (1950) 

Larach(1953) 
(Cathodolum.) '•-

Markovskii and 
Smirnova(1961) 

Morehead(1963) 

Aven and 
Halsted(1965) 

Asano et.al.(1965) 

Nakao (1965) 

Halsted et.al. 
(1965) 

Fujiwara euid 
Fukai(1966) 

Lehmann(1966) 

300 6450 

300 6500 

300 6400 

300 6350 

* 6450 

Fujiwara and 
Fukai(1967) 

Stringfellow 
and Bube(1968) 

lida (1969) 

Markovskii et.al. 
(1969) 

300 6500 

300 6450 

77 

78 

80 

80 

80 

78 

77 

6360 
5390 

6360 
5250 

Aluminium 

Schon-
Klasens to 
doubly ion-
izable centre 
Cu-Al pairs 

25 6360 
5300 

6200 
5350 
6360 
5300 
6360 
5280 
6390-
6425 . 

6360 
5420 

6300 

5320 

Chlorine 

Chlorine 

Iodine 

Indium or 
Gallium 

Indium 

k:16 (630CK 
6360 

77 6400 

77 

5700 
0^5340 
6400 
5350 

Cu-Cl pairs 

Schon-
Klasens 

Schon-
Klasens 

Schon-
Klasens 

Cu-In pairs 

Schon-
Klasens-Cu* 
Schon-
Klasens-Cu"*^ 
Cu-donor 
pairs 
Schon-
Klasens 
Curdonor 
pairs 

* Temp, not specified 
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The reported positions of the bands are f a i r l y consistent. In general 
a red and green band a,re present at 77°K and a single red band occurs 
at room temperature. However, the natures of the transitions responsible 
''^y-^. v.^xl"). Tjilmnwn. Suggestions include pair recombination to explain 
the low temperature red band and Schon-Klasens transitions to various 
charge states of the copper ion to explain both low temperature bands. 

Other activators which have received some attention include gold, 
which produces a band axound 7000 % (Markovskii and Smimova I 9 6 I ) , li­
thium (ibuki et al I967, Park and Chung 1971)> phosphorus and arsenic 
(Reinberg et a l I 9 7 I ) . 

The effects of irradiation with high energy electrons have revealed 
a large niomber of emission bands i n both the green and red regions of 
the spectrum which can be produced i n imdoped material simply by intro­
ducing native defects (Kiilp and Detweiler 1965) Detweiler and Kulp I966, 

Watkins 1971)* This shows that spectra associated with impurities may 
be affected by native defects present i n the phosphor, and that the con­
ditions of growth, for exaunple, may have an important effect on the re­
sultant emission. 

Manganese activation has received very l i t t l e attention, and the 
work that has been carried out has pcroduced widely differing results. 

Leverenz (1950) f i r s t reported a room temperature emission at 65OO i 
which he ascribed to manganese. Later, Larach (1955) obtained a room 
temperatxure cathodoluminescent band i n manganese activated material, 
centred at 5940 5, shifting to 605O 2 with chlorine coactivation. 

Asano et a l ( I 9 6 5 ) studied the effects of manganese chloride on 
the photolumihescence of zinc sulphlde-selenide powders. They concluded 
that, at room temperature, the manganese emission band shifted from about 
5900 % i n zinc sulphide to around 64OO X i n zinc selenide. A second 
paper involved measuring the excitation spectra of the phosphors and 
confirmed their previous results (Asano et al I968 a). 



Langer and Richter ( I 9 6 6 ) measured the optical absorption and e-
mlssion of manganese doped crystals at 4*2°K. They observed three ab­
sorption bands which they associated with three transitions within the 
man/ranese ion. They found the associated emission band at about 5815 A°. 

Apperson et a l ( I 9 6 7 ) attempted to correlate the photoluminescence 
and photoconductivily of manganese doped zinc selenide. They concluded 
that the ground and f i r s t excited states of the manganese ion lay within 
the bandgap, whereas the higher energy levels were within the conduction 
band. . They attributed a band at 635O i, at room temperature, to mangan­
ese. 

Thus i t can be seen that the position of the manganese emission 
band has been reported to occur at wavelengths ranging from 5815 ̂  to 
6500 Further investigation is therefore needed to clar i f y the situa­
tion. 

In conclusion, i t i s clear that despite the work carried out in 
the f i e l d of luminescence of zinc selenide, especially the considerable 
effort directed to?rards copper and self-activation, a great deal of dis­
pute s t i l l exists, not only concerning the mechanisms involved but also 
•Uie positions of (the emission bands themselves. Ttiia is also true i n 
the case of manganese activation although comparatively l i t t l e work has 
yet been done i n this f i e l d . 33ie problems axe partly connected with the 
d i f f i c u l t i e s of obtaining sufficiently pure starting material but also 
with the fact that the emissions due to various impurities tend to occur 
very close together, rendering the identification of individual bands 
veiry d i f f i c u l t . This is especially true i n the orange region of the 
spectrum. 



CHAPTER 2 

mAMSPORT HtOmTIES OP I I - 71 CQMPOUMDS 

2.1 INTRODUCTION 
In genera! the transport properties of a material involve both 

i t s thermal and electrical conductivity. This is because both processes 
are simply concerned with the transfer of energy. Many of the factors 
involved, such as electron-phonon interactions, are also common to both 
processes. In this thesis the electrical transport phenomena only w i l l 
be dealt with. Transport properties provide information concerning many 
of the basic properties of a material, for example the type and number 
of carriers involved, the effective scattering processes and the band 
structure. Some idea of the purity of the material is also obtained. 

I f mercury and oxygen are ignored, a l l the compounds formed from 
groups l i b and Vlb of the periodic table are semiconductors or semiin-
sulators with forbidden energy gaps ranging from about 1«6 eV to 5*8 eV. 
The presence of impurities forming donors and acceptorsj has a profound 
effect upon the eonduction processes. The carrier distribution in both 
intr i n s i c and extrinsic semiconductors, and its»variation with tempera­
ture is described below. 

2.2 CARHm EXCITATION IN AN INTRINSIC SEMICOHDUCTCB 
The diagram in figure 2,1 represents an intrinsic semiconductor 

with energy gap Eg. The density of electrons i n the conduction band 

n is given by:-
C • 

/

E 
S(E) P(E) dE (2.1) 



Conduction Band 

Valence Band. 

> S ( E ) 

Fig.2-1. Energy Band Diagram of an Intr insic Semiconductor. 
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where S(E) is the density of available electron states i n the conduc­
tion band and F(E) is the probability that a state w i l l be f i l l e d (Permi 
function). I f i t is assumed that the Fermi level Ê , lies well within 
the bandgap, since F(E) f a l l s off very rapidly with energy, Ê ^̂  can be 
replaced by co . This simply means that there is l i t t l e chance for an 
electron to be i n a state near E„^ and that the Important region is very 
close to EQ. : 

Close to thei bottom of the conduction band the density of states is given 
by:- . • ; " • • 

S(E = 
1 2 ' 

E - E ^ j ̂  dE ( 2 . 2 ) 

where ni , = effective mass of the electron near the bottom of 
e • 

the conduction band 
and h = Planck's constant 

The Fermi function Is 

F(E) - ^\ ( 2 . 3 ) 
exp ^ - ^ . 1 

kT 
where k = Boltzmanris constant 

2 

/ " ( 2 . 4 ) 

I t is assumed that (E- - E^) ̂  4kT so that the unity i n the deno-
L/ if 

mlnator can then be Ignored and Maxwell-Boltzmann statistics can be used. 

When the integral is eval\iated, i t Is found that:-

/ 2 i r m * k T \ | /E^- Ep\ 
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Similarly i t can be shown that the number of holes i n the valence band 

is given by:-

» 1 •2iTmj^kT\^ / ^ - V 
\ 

where mĵ  i s the effective mass of a hole at the top of the valence 
band. 

Since n^ must equal n̂ ,̂ the Fermi level can be obtained from ( 2 . 5 ) and 
(2.6) 

. ( \ + E A /m̂ *\ 
. = 2 + i kT log e (2.T) 

Therefore at a l l temperatures the Permit level is halfway between the 
conduction and valence bands, i f = m̂  . In general, however, m̂^ 
is greater than m * and the Fermi level rises slightly with increasing 

6 • 
temperature. 
Substituting equation ( 2 , 7 ) back into ( 2 . 5 ) and ( 2 , 6 ) the carrier den­

siti e s can be found. 

?JIM]2 L* . /Js\ (2.8) 
*Y exp-^^ "e ' % " ^ [ — } r e % j ' "^nikT 

This can be written as 

1 E 

Np and are known as the effective density of states i n the conduc­
tion and valence bands respectively. 

, 2fl-m^ kT ,5 



- 2 f— (2.10b) 

Equation ( 2 . 9 ) shows that a plot of logg " ̂  ̂  would produce a s t r a i ^ t 
line of slope *~ 2 * assumes that and do not vary rapidly 
with temperature. r 

2.3 CARRIER EXCITATIOM IH AN EXmiKSIC SEPJICOHDUCTCB 
Two situations which result from the Incorporation of impurities 

are shown In figure 2.2. Figures 2.2(a) and 2.2(b) represent a semicon­
ductor containing Njj donor atoms and acceptor atoms respectively. 
Normally, however, crystals, especially of I I - VI compounds, are not 
as stral^tforward as this. They tend to contain both acceptor and donor 
impurities as shown In figure 2.3^ I f Njj>N^ the acceptor sites are 
completely f i l l e d with electrons from the donor levels, thus producing 
a lower energy system. Similarly I f N̂  > N̂ j a l l the donor levels are 
empty. This situation la known as compensation and exists even at abso­
lute zero. The number of carriers actually available for excitation 
is given by the difference between Njj and N̂ . I f N̂ j > N̂  the material 
is n-type. I f li^ > Nĵ  I t Is p-type. 

In a compensated n-type semiconductor, the density of f i l l e d donor sites 
at teraperatuare T 

= density of donor sites x Perml function 

1 + - exp -, kT / 
The factor g jhich is Introduced Into the denominator, is known as the 
degeneracy factor and Is related to the number of possible ways in which 
an electron can enter a donor level. For a simple donor level, as in 
zinc selenide, g has a value of 2. 
Since the density of electrons i n the conduction band at temperature 
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/ 

Fig,2-2. Energy Band D iagrams of n-type and p-type Semiconductors. 

C.B. 

HA 

V.B. 

/ 

Fig.2-3^ Energy Band Diagram of a Compensated n-type Semiconductor. 
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T - n (2.12) 

and the density of electrons originally i n the donor states at 

(2.15) 
Then from (2,11), (2.12), (2.15) 

1 +exp 
+ n (2.14) 

kT 

S , 1 /ViM 1 
N,-N,-n-^; - 2 - P { - k ^ j = 2 

H^-n 

exp kT - exp kT 

1 
2 

exp Via kT , 
sxp ^̂ c - h\ 

kT 

bnt from (2.5) n = Np exp kT 

N̂  + n 

so that 

2n exp ^̂ c -kT J 

n (N, -f n) »o r c -s) 

EQ - E^ is the donor ionization energy E^ 

n(N. + n) N- E. 
T ^^P- kT (2.15) 

In this model i t is assvmied that there is no thermal excitation from 

either the valence band or acceptor levels to the conduction band or 

donor levels. This is usually true over the temperature ranges normally 

encountered. 
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At very low temperatures when n <Njj and n -'̂ N̂ , equation (2.t5) reduces 

to 

N- - N. N B, 
n » • i e x p - ^ (2.16) 

A 

I f the material is uncanpeneated, that is N̂  = 0 then at low temperatures 

where n <̂ rN_ 

(2.17) 

At h i ^ temperatures when a l l the electrons from the donor levels are 
ionized, the number of carriers is simply 

n - Nj j - N ^ (2.18) 

Equation (2.15) shows that I f a plot of logg n v is made for a com­
pensated semiconductor, a straight line of slope "-E^ Is obtained whereas 
with a semiconductor containing no compensating levels as described by 

E *'d 
equation (2.17) a line of slope " ' ' " 2 " is obtain«i. Care must therefore 
be taken to ensure the correct eqiiation is used. Again i n this model 
N_ is assumed to remain constant with temperature. 
c 

2.4 3EMI00NDUCTCR3 POSSESSING LEVELS AT MORE THAN ONE DONOR ENERGY 
I f a semiconductor contains, for example, two different impurities 

each producing levels with different ionization energies or an Impurity 
with two or more electrons capable of being ionized, the situation is 
as shown in figure 2.4. I t becomes necessary to modify equation (2.15) 
so as to sum the effects of each level. 

Some typical plots of carrier concentration against temperature 
are shown i n figure 2.5. I f Njj^<N^ a l l the electrons from the shallow 
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.Fig2-4 Energy Band Diagram of ah n-type Semiconductor containing 

Levels with different Ionizat ion Energies. 

loggH 
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Fig..2-5. Temperature Variation of Carrier Density n in an n-type 

Semiconductor a s represented by Fig. 2-4. 
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level and some from the deeper level f i l l the acceptor centres, the ma­
te r i a l acts as a compensated semiconductor with a donor ionization energy 
of E, and equation (2.15) câ n be used. I f N-, > N. tiie acceptor levels 
are f u l l y compensated, the material acts as a compensated semiconductor 
with a donor ionization energy Ê ^ and again equation (2.15) can be used. 
However, as the temperatmre is raised level 1, is emptied and the elec­
trons are raised from the uncompensated level 2. Now equation (2.17) 
should be used. I f the material co\ild not be cooled sufficiently, for 
example below the temperature T* in figure 2.5, i t would be impossible 

• "0 . 

to know whether a shallow donor was present and therefore which equation 
should be used. 

Doubly ionizable impurities can be treated similarly though care 
must be taken to ensure tliat the lower level does not act as an acceptor. 

2.5 SEMICONDUCTORS CONTAINING A HIGH DENSITY OF DONCR IMPURITIES 
Until now i t has been assumed that no interaction occurs between 

impurity atoms. However, when a certain donor concentration is reached 
the donor wave functions begin to overlap and a donor band, instead of 
a level, i s produced. This band can eventually overlap the conduction 
band and resxilt i n an effective ionization energy of zero. A plot of 
carrier ooncentration versxis temperature now results i n a horizontal 
straight line. In this case the Fermi level is within the conduction 
band and the assumptions mad6 earlier do not apply. The material becomes 
degenerate and Maxwell Boltzmann statistics cannot be used. 

2.6 CARRIER MOBILITY 
Apart from the carrier concentration, the other parameter which 

affects the transport properties of a material i s the carrier mobility, 
which is defined as the d r i f t velocity per \mit applied f i e l d . The mo­
b i l i t y i s an indication of the extent of the interaction between a carrier 



and i t s surroimdlngs. A factor which must be introduced is the relaxa­

tion time T which is a measure of the time between successive interac­

tions. 

In a metal, only electrons near the Fermi level need be considered 

and hence r is effectively independent of energy. For a metal, there­

fore, the mobility p is given by 

: (2.19) 
m 

where e = electronic charge j 
The effective mass m gives some indication of the interaction of the 
carrier with the regular periodic potential of the la t t i c e . In a semi­
conductor there are always a large number of empty energy states available 
in the conduction band, and hence electrons with a wide range of ener­
gies can take part in conduction processes. The suitable modification 
of equation (2.19) w i l l be dealt with later. 

There are several means by which carriers can be scattered. A 
short description of these processes i n relation to electrons w i l l now 
be given. Actual calculations are very complex and only the results 
are shown. In iall equations the e.s.u. system of units is used, and the 
resulting mobility should be divided by 500 to obtain i t in normal units 

2 
of cm /volt.sec. 

(a) Acoustic Phonon Scattering 
A quantized l a t t i c e vibration i n a crystal lattice is known as a 

phonon. Phonons deform the periodic potential of the lattice and hence 

cause localized changes i n the width of the energy giap. These changes 

produce variations in the kinetic energy of an electron as i t passes 

through the crystal and the resultant interaction is! known as acoustic 

phonon scattering. 



Bardeen £ind Shockley (1950) obtained the following eqiiation f o r the li­

miting mobility due to acoustic phonon scattering. 
1 

( 8 1 T ) ^ e h'̂ P Ĉ ^ (2.20) 
HA 

^ 2 * 2 / , „ ^ 2 m ( « ) • 

where p = density of the semiconductor 

C. = longitudinal acoustic wave velocity 
L 

= a measure of the change i n position of the conduction 

band edge due to changes i n volume of the u n i t c e l l . 
-3/2 

The most important feature i n this equation i s the T ' variation show­

ing that as the; temperature i s lowered the mobility should increase as 

(b) Optical phonon Scattering 

The v i b r a t i o n of adjacent atoms i n a u n i t c e l l i n antiphase produces 

an o p t i c a l phonon. I n compound semiconductors the f a c t that the adjacent 

atoms are oppositely charged allows an electros t a t i c potential to be 

associated with an optical phonon. The magnitude of thi s potential i s 

dependent upon the degree of i o n i c i t y of the bonding and is therefore 

quite important i n the I I - VI compounds. The effective charges on each 

ion, and hence^ the e l e c t r o n - l a t t i c e interaction, can be related to the 

difference between the s t a t i c amd optical d i e l e c t r i c constants. In a 

covalent material t h i s i s zero and there i s l i t t l e interaction. 

The theory behind optical mode scattering i s complex, especially 

at low temperatures, because then the energy transferred at each i n t e r ­

action i s not negligible i n r e l a t i o n to the energy of the electron, and 

basic relaxation time theories do not hold. However, Howaxth and 

Sondheimer (1955) have obtained an expression for the mobility, /JQpj » 

l i m i t e d by optical mode scattering 
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2 

where UJ i s the angular freqiiency of the L.O. phonon 

Z = the r a t i o of Debye temperature to temperature of the 
^ - tiuj 

c r y s t a l = " r " °^ kT 

a = 

a factor, varying as a function of Z from 0*6 to 1 

over the temperature range involved. 

the polaLTon coupling constant which i s given by 

1 
2 / * \2 . . 

(2.22) e" / m \ / 1 1 

where €oo and €5 are the optical and s t a t i c d i e l e c t r i c constants. 

At temperdtures above the Debye temperature, 0n , that i s fo r low 
2^ Ẑ  

Z the exponential term i n equation (2.21) can be expanded to Z + + . 
2 

and Z and the following terms can be ignored. The mobility w i l l then 
1/2 -1/2 

vary as a function of Z ' , that i s T ' . At low temperatures, however, 

the exponential term dominates and the mobility varies as exp Since 

the Debye temperature i s approximately 565°K for zinc selenide, the varia­

t i o n of mobili-ty with temperature w i l l depend on a combination of the 

two terms but w i l l be mainly exponential i n the temperature range involved 

i n most studies. 
(c) Piezoelectric Scattering 

P i e z o e l e c t r i c i t y i s the name given to the e l e c t r i c polarization 

produced by an applied mechanical stress. Thus an electrostatic poten­

t i a l accompanies an acoustic phonon and t h i s leads to piezoelectric 

scattering. A l l the I I - VI compoxinds are piezoelectric althoxigh those 

with the cubic structure are less so than those with the hexagonal phase. 



Harrison (1956) gives the mobility limited by piezoelectric scattering 

as 

0.044 P 
L 

1_ 
2 e C' m*2 ( k T ) 

(2.25) 

where C = Piezoelectric electromechanical couplixig constant 

€s = s t a t i c d i e l e c t r i c constant 

Ct = longitudinal acoustic wave velocity 

P = density of the semiconductor 
-1/2 

This equation results i n a T ' dependence of mobility. Later work by 

Zook (1964) i s i n agreement with Harrison's r e s u l t s . 
(d) Ionized Impurily Scattering 

Ionized impurity scattering results from liie interaction of elec­

trons w i t h ionized donor or acceptor centres or native defects, a l l of 

which produce a centre of charge. The process can be compared to 

Rutherford scattering of a-particles. The Brooks-Herring formula 

(H. Brooks 1955) i a given below f o r a compensated semiconductor. 

2^ f k T ^ ^ 
P i 

1 
1 
2 3 *2 m 

n + K 
where n"" = n + 1 -

log 

n + N. 

6m (kT) €s 
2- - i (2 .24 ) 

2 -

Nj = density of ionized impurities = 2N^ + n 

The e a r l i e r equation proposed by Cdnwell and Weisskopf (1950), which 

did not take i n t o account the screening of the charge cdntres b.y conduc­

t i o n electrons, was almost i d e n t i c a l except f o r the logarithmic term 

which was replaced by 

log 1 . / l ^ 



Thia/^effect therefore becomes more important as the temperature i s lowered 
3/2 

as shown by the T ' temperature dependence. 
dqTiation (2.24) holds only f o r singly charged centres, A factor 

—- whisre Z i s the charge state of the centre, must be introduced f o r raulbi 
Z 

ply charged centres such as native defects i n the I I - VI compounds. 

As the temperature i s lowered becomes smaller as carriers freeze out 

and the T̂ '̂ ^ dependence may not be observed,' 

Scattering;by electron hole c o l l i s i o n s , although less important, 

can be treated i n a similax manner to ionized impurity scattering and 

i s found to possess the same temperature dependence. 

(e) Meutral Impurity Scattering 

As the temperature of a semiconductor i s lowered, carriers freeze 

out i n t o t h e i r impxirity levels. The amount of ionizisd impurity scatter­

ing decreases and i s replaced by neutral impurity scattering. The i n t e r ­

action of the electrons with neutral impurity centres i s analogous to 

electron scattering by a hydrogen atom, Brginsoy (1950) obtained the 

following equation f o r the mobility l i m i t e d by neutral impurity scatter-

• * 3 
m e^ 

HN = 20N€sti5 (2*^5) 

where N = number of neutral impurity atoms/unit volme 

Defects which are not hydrogen-like produce deeper levels and more loca­

l i s e d wave functions. They therefore tend to have less effect than the 

shallow levels. Scattering due to neutral impiurities i s independent 

of temperature and i s most important at low temperatures. 

( f ) Crystal Imperfections 

Dexter, and Seitz (1952) liave shown that dislocations cause the 

l a t t i c e to d i s t o r t and so a l t e r the band structure. They found that the 

scattering e f f e c t depended on the density of dislocations per unit area 
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Ny and on temperature according to 

Grain boundaries are t h o u ^ t to become important i n scattering only at 

very low temperatures except i n extremely pooriquality material. 

2.7 THE HALT. EFFECT 

The temperature v a r i a t i o n of the carrier concentration and mobi­

l i t y can be seen to provide a great deal of information about a semicon­

ductor. The usual way to study these variations i s by measuring the • 

Hall c o e f f i c i e n t . . 

A rectangular block forms a suitable sample, with two current con­

tacts (1, 2 ) , two voltage probes (3, 4) and two Hall voltage probes 

(5, 6) connected to the edges as shown i n figure 2.6, A magnetic f i e l d 

B„ i s applied perpendicular to the large face. This f i e l d causes carriers z 
to be deflected horizontally i n the Y-direction u n t i l an e l e c t r i c f i e l d 

Ey i s set up. This f i e l d exactly balances the deflecting Lorenz force 

and an equilibrium state i s then reached. 

I f the forces on an electron are eqiiated at equilibrium, then 

Ey e ̂  (2.27) 

where v i s the electron v e l o c i t y 

The current density i s given by 
= n e v (2.28) 

where n i s the density of free electrons 

so that E » - S - i (2.29) I n e 
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The H a l l c o e f f i c i e n t R i s defined as the r a t i o of the e l e c t r i c to the 

magnetic f i e l d per u n i t current density, i.e. 

.'. from (2.29) 

B J R ^ 

R = - V (2-31) n e 

I f e i s taken as the magnitude of the electronic charge, the sign of 

R determines whether electrons or holes are responsible for the conduc­

t i v i t y , 

If'rom equations (2.29) and (2 .3I) 

.*. from figure 2,6 

T = bd ' ^ 

v„ d 
R = Y (2.32) 

Vy', the voltage set up between probes 5 and 6 i s known as the Hall v o l ­

tage. Since a l l four parameters i n (2,32) can be measured, R and hence 

n can be obtained. 

By measuring toe voltage between probes 3 and 4» V^, the conductivity 

0 can be obtained 

h - Oh 



The conductivity i s also given by the expression 6 = n e p 

from (2.31) <̂  = R 

.'. H = R6 (2.34) 

Therefore by measuring the Hall coefficient of a conducting medium i t 

i s possible to obWin both the c a r r i e r concentration and i t s mobility. 

I n equation (2.54) the absolute magnitude of R i s used so as to obtain 

a positive value f o r H • 

I f more than one lype of ca r r i e r i s involved i n the conduction 

process, f o r example^ i f the material i s i n t r i n s i c , equation (2.5I) rnilst 

be modified to 

P ~ TIT / 1 

Now the sign of R depends on the r a t i o of the hole and electron mobili­

t i e s . I f the r a t i o i s u n i t y , R i s zero. Normally i n the I I - VI com­

pounds one type of c a r r i e r i s always domlnajit and this problem rarely 

occurs. , 

2.8 SCATTEKIHG FACTCR 

In equations (2.27) and (2.28) the ve l o c i t y involved is an aver­

age value f o r a l l the electrons. However, since d i f f e r e n t i>rocesses 

are involvisd i n conduction and i n magnetic deflection, tiie average values 

are not i d e n t i c a l . As the ve l o c i t y depends on the relaxation time T, 

i t i s the averaging of T which i s of int e r e s t . I t i s found that T 

varies with energy thus 

r = B"^ (2.36) 

where S = a constant depending on the scattering processes i n v o l ­

ved. 
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Therefore the relaxation time must be averaged over.a range of energies. 

I n a metal and a degenerate semiconductor, only electrons of a single 

energy, the Permi energy, take part i n the transport processes and there­

fore the two averaging ptrocesses give the same re s u l t . Equations (2.27) 

and (2,28) are then correct. I n a non-degenerate seBdconductor electrons 

with varioois energies can take part and a factor r known as the scat­

t e r i n g f a c t o r , must be Introduced, r i s the r a t i o of the relaxation 

times averaged over energy f o r the two processes. 

where <v / i s an average over energy 

r i s found to be related to S as follows 

(2.37) 

i(ii4_i(i) 
r | - 3 

(2.38) 

For more information concerning the scattering factor, see Smith ( I 9 6 I ) 

When the scattering factor i s taken i n t o account, equations (2 .3I) and 

2.34) are modified to 

H » ~ (2.39) n e 

r 
R 6 (2.40) 

The mobi l i t y given by equation (2.34) i s known as the Hall mobility 

and that given by eqxiation (2.40) i s the conductivity mobility fJ^ , which 

i s obtained from conductivity measurements 

= HO (2.41) 



TABLE 2,1 

Y S r 
Scattering Mechanism ( fiocT^ ) ( raE~^) 

Acoustic Phonons _ 1 
2 

1 
2 8 

T<0D 
Optical Phonons 

exp 
1 

' 2 

complex 

complex 

complex 
1.03 - 1.10 
complex 

1.00 - 1.20 

Ionized Impurities . 1 
2 512 

Neutral Impurities independent independent 1 



r 

-ho-

1 . R6 (2.42) 

^ (2.43) 
Pc 

„ = 5 ^ (2.44) 

The value of S depends on the scattering process which i s dominant. 

Values of S and r f o r the d i f f e r e n t scattering mechanisms are given i n 

table 2.1. togethier with the temperature dependence of the mobility. 

I t i s clear that r i s always near unity and quite often i t i s simply 

ignored. 

2.9 TRANSPORT mOPERTIES OF ZINC SBLENIIE 

The majority of work carried out on the transport properties of 

zinc selenide has been that of Aven and his co-workers since about I962. 

Because as-grown zinc sfelenide has a high r e s i s t i v i t y which i s a t t r i b u ­

ted to compensation ef f e c t s , a l l measurements have been made on material 

heated i n molten zinc. This reduces the r e s i s t i v i t y by removing compen­

sating impurities such as copper (Aven and Woodbury 1962) and perhaps 

compensating native defects. 
2 

Aven and Woodbury (1962) obtained a value of 530 cm./v.sec. for 

the m o b i l i t y at room temperature of 1 ohm.cm. zinc selenide produced 

by heating undoped material i n zinc, i I n a l a t e r paper Aven and Segall 

(1963) reported measurements on undoped material heated at between 900°C 

and 1000°C f or one or two days i n l i q u i d zinc or a zinc plus aluminium 

melt, and chlorine doped rnaterial also heated i n zinc. The aluminium 

doped material was found to be degenerate with a carrier concentration 

18 3 

of about 10 cm" . Both the undoped and chlorine doped samples were 

found to have ca r r i e r concentrations of approximately 6 x 10̂ ^ cmT̂  at 

room temperature. However, the donor ionization energies of the undoped 
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and chlorine doped crystals were 0*008 eV and 0.19 eV respectively. 

M o b i l i t y measurements revealed a maximum of 700 cm?/v,sec. a t 100°K i n 

the aluminium doped sample. The chlorine doped and \andoped samples were 

not measured below about 200°K but with a l l samples optical mode scatter­

ing was shown to be the l i m i t i n g factor at temperatures down to about 

200°K. I n the aluminium doped sample ionized impurity scattering appeared 

to be dominant at lower temperatures, 

Measxirements have also been made on zinc selenide irradiated with 

high energy electrons and the resultant properties have been compared 

with those of samples f i r e d i n zinc under various conditions, (Lorenz, 

Aven and Siifoodbury 1963, Woodbury and Aven I9b4> Aven I964). I t appears 

that two donor levels can be produced depending upon the temperature 

of the f i r i n g , A shallow donor level 0.02 eV below the conduction band 

was observed both i n chlorine doped samples heated at 850°C i n molten 

zinc and i n crystals pretreated at 1050°C i n zinc plus aluminium and 

subsequently heated i n zinc alone at 900°G to 950°C. However, when either 

the chlorine doped cr y s t a l was heated at 1050°G i n zinc or the aluminium 

treated sample was not subsequently heated i n zinc, the influence of a 

le v e l a t between O-l eV and 0.16 eV below the conduction band became 

apparent, and the car r i e r concentration and mobility were approximately 

a factor of three lower. Once again impurity banding became evident 

i n altuninium doped crystals with a carrier concentration greater than 

approximately 2 x 10^^ cmT^. The deeper le v e l was also observed i n seun-

ples which had been irradiated with 1.5 MeV electrons. The samples could 

be alternated between the high and low r e s i s t i v i t y states by successive 

high and low temperatiire f i r i n g s , and the properties appeared to be com­

ple t e l y reversible. Temporary illumination of the high r e s i s t i v i t y cry­

stals at temperatures below approximately 100°K caused both the carrier 

concentration and the mobility to Increase. The level at approximately 

0.1 eV below the conduction band was considered to be a very deep 



acceptor l e v e l produced by a doubly negatively charged native acceptor. 

A selenixwi vacancy, which can be taken to act as an acceptor i f a cova­

l e n t bonding scheme i s adopted, associated i n some way with a halogen 

ion was believed to be the centre involved. 

Recent work (Avein 1971) has shown that a f t e r successive heatings 

i n molten zinc a t temperatures between 850°C and 650°C f o r a t o t a l of 

two weeks, the mob i l i t y can be increased to a maximum value of 12,000 

cm?/v,sec. at about 60°K. He concluded that the main reason f o r the 

increase was the elimination of the double acceptor defects. Carrier 
15 -3 

concentrations were of the order of 5 i 10 cm.'̂  and a value of 0*021 eV 

was obtained for the donor ionization energy. 

Pukuda and Pukai (1967) studied zinc selenide, heated at 900°C -

1000°C i n l i q u i d zinc f o r several days and obtained a maxinrum mobility 
2 

of 3000 cm./v,sec. They explained the scattering as a combination of 

o p t i c a l mode, neutral impxirity and ionized donor-acceptor dipole scatter­

ing. They also suggested that the leVel they observed 0 .Oil eV below 

the conduction band originated from a native defect. Smith (1969), how­

ever, carried put Hall Effect measurements on zinc selenide at tempera­

tures between 700°C and 1000°C under various zinc pressures and concluded 

that the low r e s i s t i v i t y , approximately 1 ohm.cm., observed i n material 

subjected to zinc treatment was due e n t i r e l y to the presence of donor 

impairities. He suggested that the zinc treatment simply removed compen-

aating acceptors and that the true r e s i s t i v i t y of pure zinc selenide 

a f t e r zinc treatment was approximately 10^ ohm.cm. I n a completely d i f ­

ferent arrangement, Sagar et a l (1968b) measured tiie piezoresistance and 

piezohall eff e c t i n zinc selenide and obtained a donor ionization energy 
of 0.019 3V. • ; 

I t therefore seems l i k e l y that two donor levels are involved i n 

connection with zinc selenide. One has an ionization energy of between 

0.008 eV and 0.023 eV, which i s i n the region of a hydrogenic donor l e v e l . 



whereas the other l i e s deeper at between 0*1 eV and 0*19 eV below the 

conduction band. The deeper level has been attributed to both chlorine 

impvurity and a native double acceptor l e v e l . The lower energy level which 

appears a f t e r low temi)erature treatment i n l i q u i d zinc, has been ascribed 

to native defects and also to unremoved donor impurities. 

•The si t u a t i o n concerning the mobility of zinc selenide i s much 

clearer. The room temperature mobility has been reported to have values 
2 2 from about 300 cm,/v,8ec. to 500 cm./v,sec, by several workers (Aven 

and Woodbury 1962, Aven and Segall 1963i Woodbviry and Aven 1964» Tsujimoto 

et a l 1966, Fukuda et a l I967, Ludwig and Aven 1967, Aven 1971, Heaton 

et a l 1972). The resTilts of Heaton et a l are the only ones to have been 

obtained on material not treated i n molten zinc and with a carrier density 
12 -3 

as low as 10 cm.-̂ . The predominant mobility l i m i t i n g process at hig^i 

temperatures appears to be scattering by optical phonons whereas below 

approximately 80°K, ionized impurity scattering and perhaps neutral 

impurity or dipole scattering begin to become dominant. Aven (1971) 

has obtained a m o b i l i l y of 12,000 cm,/v.sec, which appears to be the 

highest yet achieved. 
As regards p-type zinc selenide, the few results which have been 

reported have been mainly concerned with copper doped material. Mobi-
• ' 2 o ' 2 l i t i e s of 10 cm./v.sec. a t 200 C (Ave.t 1962) and 28 cm,/v.sec. at room 

temperature (Haanstra and Dieleman I965) have been quoted together with 

i o n i z a t i o n energies of apiiroximately 0*9 eV and O.7 eV respectively. 

Phosphorus doped material v/as found to be p-tjrpe with a mobility of tiie 

order of 24 cm?/v.sec. and a hole density of 4 x 10^ craT^ at 500°K, 

(Reinberg et a l 1971). The corresponding acceptor energy was approxi­

mately 0»7 eV. park et a l (1971) studied p-type li t h i u m doped zinc se­

lenide and again obtained similar values to those of the copper doped 
2 

material. At room temperature the crystals had a mobility of 23 cm,/v.sec. 
9 -3 ' 

and a ca r r i e r concentration of 2*7 x lO'̂  cm.^. Measvirements were made 



over the range 260°K - 340°K and an .^acceptor ionization energy of O.75 eV 

was obtained. 

I t thus appears that the three acceptor type dopants described 

above behave i n a similar manner as regards the height of the acceptor 

l e v e l above the valence band and the mobility, but the r e s i s t i v i t i e s are 

much too h i ^ f o r most applications, f o r example i n p-n junctions, mainly 

because of the large ionization energies involved. 



CHAPTER 3 

CRYSTAL GROIifTH AHD TREATMENT 

3.1 CRYSTAL STRUCTURE 

The bonding of the semiconducting elements i n group IV of the perio­

dic table such as germanium and s i l i c o n i s foimd to be completely covalent. 

However compounds formed from elements i n groups I and V I I such as potas­

sium chloride possess almost complete ionic bonding. The s h i f t towards 

Ionic bonding i s gradual and i n general the i o n i c i t y increases as the 

valency difference between the component elements increases. The compounds 

formed from elements of groups I I and VI can therefore be expected to 

be p a r t i a l l y ionic and p a r t i a l l y covalent i n nature. Zinc selenide can 

be considered as either Zn Se , i n which case each ion possesses a com­

plet e l y f i l l e d sub-shell and the bond i s ionic, or Zn~~Se'*̂  i n yrhich both 

ions posseiss four valence electrons and the bonding i s covalent. The 

degree of i o n i c i t y increases with the electronegativity difference between 

the two elements. The electronegativity difference of 0-9 f o r zinc sele­

nide can be compared with 2.2 f o r potassiim chloride, 0-5 f o r gallium 

arsenide and zero f o r the group IV elements. A l t h o u ^ the bonding i n 

the I I - V I compounds i s mainly covalent, the ionic influence cam be seen 

i n the large bandgaps, low mobilities and high melting points r e l a t i v e 

to the I I I - V compounds and group IV elements. . The covalent nattire i s 

seen i n the tetrahedral bonding which i s a re s u l t of the highly directional 

SP^ o r b i t a l s formed by the shared electrons as i n the group IV elements. 

The tetrahedral o r b i t a l arrangement produces two main crystal struc­

tures i n the I I I - V and I I - V I groups of compounds. These are the hexagonal 



or wurtzlte structiire and the cubic or zincblende structure. Zinc ae-

lenide normally exists i n the cubic form. The zincblende structure i s 

very s i m i l a r to that of diamond which has two interpenetrating face cen­

tred cubic l a t t i c e s . I n zinc selenide d i f f e r e n t ions occupy the points 

of the two sub-lattices. Zinc selenide has a l a t t i c e parameter, that 

i s a cube edge, of 5-67 X and a nearest neighbour distance of 2*45 

3.2 CRYSTAL GHCWTH 

There are three important methods of growing crystals of the I I - V I 

compounds, namely growth from the melt, growth from, the vapoiir and growth 

by chemical transport. Growth of zinc selenide from the melt i s d i f f i ­

c u l t as i t s melting point of 1500°C prevents the use of s i l i c a . Moreover 

the vapour pressure over zinc selenide a t this temperature i s 1 '8 afcnos-

pheres and this also introduces problems. Despite these d i f f i c u l t i e s 

crystals have been grown s a t i s f a c t o r i l y from the melt (Fischer 1959, 

Tsujimbto et a l I966). 

Vapour phase transport and chemical transport are much more prac­

ticable methods and both have been employed to produce the crystals which 

were used during the work reported i n this thesis. These techniques 

w i l l now be described. 

(a) Preliminary treatment 

Zinc selenide powder from one of three sources was used as s t a r t i n g 

material, B.D.H. Optran zinc selenide was used to produce the majority 

of crystals a l t h o u ^ several early crystals were grown from Derby Lumi-

nescents material. L a t t e r l y some crystals were grown from powder pre­

pared i n t h i s laboratory by the d i r e c t combination of Metals Research 

5N zinc and seleniiim f n the form of vapour at 1150°C. 

Each of these zinc selenide s t a r t i n g materials was f i r s t p u r i f i e d 

i n a flow run process. The powder was heated i n a s i l i c a tube i n a stream 
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Fig. 3-1. Vopour Phase Transport Crysta l Growth Systiem. 



of high p u r i t y argon a t 600°C f o r twelve hoiirs to remove a l l v o l a t i l e 

impurities. The temperatiire was then raised to 1160°C f o r about a wieek. 

This cauaed the powder to sublime along the tube to a cooler region and 

l e f t any non-volatile impurities behind. The zinc selenide crystallized 

out i n the form of small platelets about 4 nnn. sctuare which were used 

as the basis f o r the following c r y s t a l growth procedures. 

(b) Vapour Phase Growth 

The crystals were grown by the method developed by Burr and 

Woods (1971) from the o r i g i n a l method of Clark and Woods (1968). A t y ­

p i c a l growth system i s i l l u s t r a t e d i n figure 5.1• About 20 grams of 

flow run platelets were used as the charge and about 0*2 grams of either 

zinc or selenium were held i n the t a i l . The tube was evacuated to 10"^ t o r r 

and mounted v e r t i c a l l y with the charge at 1150°C and the t a i l at 550°C ' 

when \i8ing zinc or 560*̂ 0 when using selenium. The t a i l charge was neces­

sary to control the pressure of one of the components and maintain a 

near-stoichiometric composition of the vapdur i n the growth region of 

the capsule. The tube was raised iat about 5 cm. per day f o r about a week 

and 1 cm. diameter crystals between 5 and 4 cm. long were produced. 

Indiiira, gallium and aluminium dopants were added d i r e c t l y to the charge, 

copper was introduced either as the metal or the selenide and chlorine 

was introduced i n the form of zinc chloride. Manganese was introduced 

as. the metal, the selenide or the chloride i n the charge or as the chlo­

r i d e i n the t a i l . 

Several saunples were produced using a horizontal vapour transport 

method. With th i s arrangement a 6 mm. sealed tube was held, i n a 1100°C -

200°C temperatvire gradient. No t a i l was used and transport was d i f f i ­

c u l t to control, which led to poor crystal q i i a l i t y . Dopants were added 

d i r e c t l y to the charge. 

(c) Chemical transport 

With the chemical transport method iodine was used as the transporting 
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agent. The technique was based on the method described by Nitsche (I96O). 

Some 4 grams of charge material with 4 milligrams of iodine were placed 

at the hotter end of a s i l i c a tube which was held i n a temperature gra­

dient of 850°C - 800°C f o r seven days. Crystals approximately 5 mm. 

i n diameter and 1 cm. long grew at the cooler end. Manganese was added 

to the charge as the metal. 

Although the boules produced by vapour transport were of good qvia-

l i t y and were transparent, they were found to be composed of a number 

of c r y s t a l l i t e s i A s l i c e from a p a r t i c u l a r l y poor sample i s shown i n 

figure 3.2. A number of twins as shown i n figure 3.3 were also present. 

The crystals grown by iodine transport appeared to bebf much higher 

q u a l i t y . This i s probably because the crystals produced by chemical 

transport were grown below theUnstable phase tr a n s i t i o n temperature 

near 1050°C where faulted and mixed cubic-hexagonal crystals tend to 

form. Thus the crystals studied i n this thesis were predominantly cubic 

a l t h o u ^ those grown by vapour transport probably contained a small amount 

of hexagonal component. 

3.3 SAMPLli PRBFARATION 

Experimental samples were cut from most crystals with a diamond 

saw. Delicate crystals or i n t r i c a t e cuts, however, visually necessitated 

the use of a reciprocating wire-saw (Rtushby and Woods 1970). 

After samples had been cut or ground using carborundum powder, 

reflection'electron microscopy shov/ed that the surface was considerably 

damaged. Surface damage introduces surface states which produce a large 

number of discrete levels within the forbidden gap. These levels pre­

vent the production of ohmic e l e c t r i c a l contacts and also act as non-

rad i a t i v e recombination centres, thus reducing the photoluminescent e f f i ­

ciency. I n order to remove this damage an etch must be used. 

The etch recommended by Sagar et a l (1968a) was used most frequently. 



Fig 3-2. C r o s s S e c t i o n through a Boule of Z n S e Ga showing Polycrystal l ini ty 

(x4-5.) 

Fig . 3-3. A r e a of Z n S e S l i c e showing Twinned Regions and Grain Boundary. 

( "200 ) 



I'he procedure was to immerse the c r y s t a l i n an 0.49̂  solution of brcmine 

i n methanol f o r one to two minutes. The crystal was quickly washed i n 

methanol and then immersed i n carbon disulphlde f o r about f i v e minutes 

to remove the compound of bromine and selenium which tended to form as 

a red deposit on the sxxrface. I f the red deposit persisted i t was ground 

away and the c i y s t a l was re-etched. F i n a l l y the sample was washed i n 

chloroform to aid drying and prevent drying: stains. The etchant was 

foiind to produce a s l i g h t l y matt svirface as a large number of p i t s were 

formed (Gezcl and Woods 1972). The surface was examined by r e f l e c t i o n 

electron microscopy and found to be completely free from surface damage, 

, A second method of etching used the etchant f i r s t described by 

Hemmat and Weinstein (1967). A concentrated solution of chromic oxide 

i n orthophosphoric acid was prepared. An approximately equal volume 

of concentrated hydrochloric acid was then added and the sample was im­

mediately iimnersed i n the solution which remained active f o r about ten 

minutes. A f t e r f i v e minutes of continuous a g i t a t i o n the crystal was 

removed, washed f i r s t i n d i s t i l l e d water and then i n iso-propyl alcohol 

to prevent drying stains. This etch produced a highly polished surface 

rendering the sample transparent. Although the etch did not remove sur­

face damage as well as bromine i n methanol, the e l e c t r i c a l and optical 

results obtained were i d e n t i c a l irrespective of the etch used. 

• ' " J : 
3.4 IKTRODUCTIOM AMD BXTRAGTIOM OF IMPDRITIB5 

Aven and Woodbury (I962) showed that trace impurities of copper 

and s i l v e r could be removed from zinc selenide by heating the crystals 

i n molten zinc. The impurities were more soluble i n the zinc than i n 

the c r y s t a l and hence segregated out i n t o the zinc. Later Markovskil 

et a l (1969) used the method i n reverse to introduce copper i n t o zinc 

selenide crystals. I t was therefore decided that this procedure should 

be used to p u r i f y samples or-to introduce a range of dopants. A method 
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was therefore devised by which crystals could be heated i n a solvent 

of l i q u i d zinc, zinc alloys or selenium i n order to either purify or 

dope samples. 

The treatment was carried out i n a s i l i c a tube as i l l u s t r a t e d i n 

figure 3,4. Before use a l l s i l i c a was washed i n acetone, concentrated 

n i t r i c acid and then chromic acid. F i n a l l y i t was washed i n acetone 

and baked f o r a day at 100°C, A s l i c e fran, a capillary tube was used 

to prevent the c r y s t a l f l o a t i n g on the melt and also to f a c i l i t a t e the 

separation of the c r y s t a l from the melt a f t e r treatment. The tube was 

evacuated and flushed with argon several times and f i n a l l y sealed at a 

pressure of 10"^ t o r r . The seal to the s i l i c a rod nearest the crystal 

was made only a f t e r the tube had been evacuated to prevent oxidation 

of the sample. Either Koch Light or Metals Research 5N zinc or Metals 

Research 5N selenium was used. Five grams of molten zinc were used to 

t r e a t about 0-1 grams of zinc selenide. Any metallic dopant such as 

indium, copper or aluminium was simply added to the zinc charge. The 

tube was suspended v e r t i c a l l y smd kept at 850°C i n the case of zinc and 

i t s a l l o y s , and 650°C when selenim was used. At the end of a week the 

tube was inverted to separate the crystal from the melt and was cooled 

to room temperature withi n about a minute. Prior to this treatment the 

crystals were either etched or cleaved to remove svirface damage and the 

zinc was found not to s t i c k to the surface on inversion. Samples fo r 

e l e c t r i c a l measurements were subsequently etched before the contacts 

were applied whereas the luminescent properties were studied without 

etching. 

iVhen i t was necessary to heat a sample alone, exactly the same 

procedure was followed:, apart from the solvent, as regards time, tempera­

ture and evacuation of the tube. 
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GHAPTBB 4 

EXPEBIMEHTAL IHOCBDURE 

4.1 LUMIMBSCEIiCE MEASUREMENTS 

(a) Apparatus 

An Optica 4 NX grating spectrometer was used i n conjunction with 

an Oxford Cryogenics cryostat vrtien measurements were made using l i q u i d 

helium. The automatic recording spectrometer was equipped with an E.M.I, 

photomultiplier type 9781 R with an extended 8.5 photocathode. The cryo­

st a t had a helitmi capacity of about 1-5 l i t r e s and the sample block was 

d i r e c t l y cooled. The cry s t a l was held i n contact with the sample block 

by means of indium solder and maintained at a pressure of less than 

10"^ t o r r . 

The majority of the measxirements, however, were made using a Barr 

and Stroud double monochrbraator type VL.2 f i t t e d with Spectresil A qua-

l i t y prisms. This was used either to analyse the l i g h t emitted from the 

c r y s t a l so as to obtain the emission spectrum, or as a source of mono-

chr o m a t i c l i g h t to enable excitation spectra to be measxired. The experi­

mental arrangements are shown diagramraatically i n figures 4.1 and 4.2. 

At a l l times the detector was an E.M.I, photomultiplier type 9558 with 

a t r i a l k a l i S.20 photocathode. The photomultiplier was run at voltages 

up to 100OV obtained from a Brandenburg photomultiplier power supply 

model 472 R. The output from the collector was earthed via a 10 K.ohm 

load r e s i s t o r and the voltage across the r e s i s t o r was taken both to a 

Philips valve voltmeter type P.M. 2440 and the input of a Brookdeal 

lo c k - i n amplifier type 401. The reference voltage f o r the amplifier 

was obtained by allowing the raultibladed chopper across the entrance 



s l l t of the monochromator to interrupt a l i g h t f a l l i n g on a photodiode 

fed from the internal 9 v o l t supply of the amplifier. The output from 

the amplifier was taken to a Honeywell 12 inch chart recorder. The lock-

i n amplifier was used to obtain a l l the results. The Philips meter was 

used to ensure that no strong l i g h t was reaching the photomultiplier 

and f o r preliminary mirror alignment. Either a 40 or a 2 bladed chopper 

was driven from a synchronous motor via a f l e x i b l e drive. The resulting 

chopping frequencies were either 200 or lOcps, 

The cryostat used f o r the measurements down to l i q u i d nitrogen tem­

peratures was an open sided copper enclosvire with a s i l i c a window at one 

end and a vacuum i n l e t at the other. Plates holding various f i l t e r s 

were used to provide a vacuum t i g h t seal a t the side. The sample block 

was also made of copper and could be rotated about a v e r t i c a l axis to 

face any dir e c t i o n . I t was d i r e c t l y cooled by l i q u i d nitrogen contained 

i n a nickel*-sliver cylinder above i t . A copper-constantan thermocouple 

was held i n contact with the block and showed that the temperature rea­

ched 85°K with l i q u i d nitrogen present. Heating was carried out vising 

an external 25 watt heater Introduced into the nickel-silver cylinder. 

Temperatures up to 400°K could be obtained. During operation the pres­

sure i n t h i s cryostat was reduced to 10"^torr by means of a rotary pump. 

(b) Sample ixbeparatlon 
Both cleaved and etched samples were used. Both techniques were 

found to give i d e n t i c a l results. I t was necessary f o r any svirface damage 

to be removed by etching p r i o r to measurements otherwise the luminescence 

was considerably reduced, probably as a res u l t of the presence of non-

ra d i a t i v e recombination centres at the surface. Crystal dimensions were 

of the order of 4 x 2 x 1 ram. Samples were held i n contact with the 

block by silicone vacuum grease which proved satisfactory at a l l tempera­

tures encountered. The grease did not i t s e l f produce smy emission. 
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(c) Emission Spectra 

Figure 4«1 shows the experimental arrangement used f o r measuring 

the emission spectra of the crystals. Light from a 25O watt compact 

source mercury lamp was focussed onto the sample and a Chance 0X.1 f i l ­

t e r was used to isolate the 365O ̂  mercury l i n e . A 1 cm. path lengtti 

of 10^ copper sulphate solution plus a Chance HA.3 heat absorbing f i l t e r 

were used to remove any infra-red radiation which might have produced 

quenching or stimulation effects. !Bie emission from the crystal was 

scanned at about 4OO i per minute i n the direction of shorter wavelength. 

The s l i t s were normally set to admit a bandwidth of about 50 1, Several 

B-pectra were obtained using lower energy excitation. I n these cases 

a Bid table Interference f i l t e r was substituted f o r the 0K.1 f i l t e r and 

the mercury lamp was replaced by a 25O watt 24 v o l t quartz-halogen pro­

j e c t o r lamp so as to produce a continuous spectrum. The chopping f r e ­

quency was always l e f t a t 200 cps, 

(d) Excitation Spectra 

To obtain the excitation spectra the apparatus was rearranged as 

shown i n figure-4.2. The quartz-halogen lamp was nsed i n conjunction 

with the monochromator to produce a monochromatic beain of l i g h t yrhich 

was directed onto the c r y s t a l . I n order to isolate the luminescent emis­

sion from the excitation a combination of f i l t e r s was used. This con­

sisted of a Chance glass f i l t e r and a ci r c u l a r Barr and Stro\id i n t e r f e r ­

ence f i l t e r arranged to have a bandwidth of about 350 % at 6000 £ and 

270 £ at 5300 £. When observing orange and red emissions an 0R.1 Chance 

f i l t e r was used and when the green emission was of interest an ar.2 f i l ­

t e r was used. Once the emission band had been excited the interference 

f i l t e r was adjusted to provide a maximum signal. 

The chopping frequency was found to have an effect on the resul­

t i n g excitation spectrum and hence occasionally both frequencies were 
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used. The variations and reasons f o r them w i l l be 'described l a t e r . 

I n order to provide s u f f i c i e n t i n t e n s i t y to excite the sample, the 

s l i t s of the monochromator had to be opened r e s u l t i n g I n a bandwidth 

of 200 5. Again the spectrum was scanned at about 400 2 per minute to­

wards shorter wavelength. 

. (e) Expression of Results i 

The shape of an emission curve depends upon the units used to des­

cribe the Int e n s i t y of the emitted l i g h t . Almost invariably the inten­

s i t y i s expressed i n r e l a t i v e terms since i t i s extremely d i f f i c u l t and 

usually unnecessary to know the absolute value. I n most experimental 

data the i n t e n s i t y i s expressed as the r e l a t i v e emitted energy per u n i t . 

wavelength i n t e r v a l I ^ . I t can also ôe expressed i n terras of energy 

per u n i t frequency I n t e r v a l l y , or number of photons per u n i t energy 

of emitted photons I h y These l a s t two forms are more of theoretical 

i n t e r e s t and can i n f a c t be related to I ^ . 

The units used to describe the emission int e n s i t y decide the form 

i n which the abscissa i s represented. I f Ihyis chosen, the abscissa 

w i l l be expressed i n terms of energy, usually electron v o l t s . As stated 

however, I x i s the most common form i n which the intensity i s expressed 

and therefore the abscissa i s usually i n the form of wavelength, either 

Angstrom units or microns. 

Results i n this thesis are expressed i n terras of Ix plotted against 

wavelength i n the form of Angstrom un i t s . How I x was obtained from the 

o r i g i n a l data w i l l be explained i n section ( f ) . 

I n a l l the results quoted i n this thesis, the half-width of a par­

t i c u l a r band i s taken to be the f u l l width of the band at half height. 

( f ) Correction Factors 

The experimental results must be corrected f o r various factors which 

may be unique to a par t i c u l a r series of experiments. For example, with 
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the emission spectra two variables existed. They were the spectral sen-

s l t i y i t y of the photomultiplier and the dispisrsion produced by the spec­

trometer. The former was obtained by comparing the emission from a con­

tinuous source seen by the photoaniltipller with that seen by a vacuum 

thermopile. Since the l a t t e r measiures the emission d i r e c t l y i n terms 

of energy, the true response of the photomultiplier could bie obtained. 

The disipersion of -toe spectrometer i s & function of the prism material 

and values were supplied by the msmufacturer. These values gave the 

v a r i a t i o n i n bandwidth with wavelength and thus enabled the signal to 

be corrected f o r u n i t wavelength i n t e r v a l . I t was therefore possible 

to obtain a correction factor to enable I ^ to be found. 

With excitation spectra the variable factors were the dispersion 

of the prism material emd the spectral d i s t r i b u t i o n of the exciting l i g h t . 

These were measured together by the photomultiplier to obtain I ^ . The 

re s u l t i n g excitation spectra were therefore expressed i n terms of emis­

sion i n t e h s l l y f o r eqml excitation energy per u n i t wavelength i n t e r v a l . 

4 . 2 HALL EFFECT MEASUREMENTS 

(a) Apparatus 

A brass cryostat b u i l t i n t h i s department was used to house the 

sample during a l l measurements which did not involve l i q u i d helium. 

For the l i q u i d helium measurements a stainless s t e e l , Oxford Cryogenics 

cryostat was used. However since i t was only used occasionally and was 

based on a similar design to the brass cryostat i t w i l l not be described 

here. The nitrogen cryostat i s i l l v i s t r a t e d i n figure 4 . 3 . Liquid n i ­

trogen was held i n a container of about 1 l i t r e capacity, connected to 

the sample block by a 60 cm. n i c k e l - s i l v e r tube which formed an exchange 

space. This space could be evacuated or f i l l e d with helium gas when 

necessary. A s i l i c a window was provided opposite the sample and i f r e ­

quired the sample covUd. be illuminated via a mirror mounted at 4 5 ° to 
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i t on one of the magnet pole pieces. The illumination consisted of a 

48 watt tungsten lamp focussed onto the sample through a copper sulphate 

f i l t e r . The window was kept covered during measurements unless other­

wise stated. A 5 watt heater was wound d i r e c t l y onto the copper sample 

block as shown, and temperatures of up to 400°K could be readily obtained. 

Two copper-constantan thermocouples were used to monitor the temperature. 

One was mounted d i r e c t l y on the block, the other was connected to the 

sample holder. The reference jxinction f o r the thermocouples was held 

at n^K i n a dewar of l i q u i d nitrogen. The sample holder was held onto 

the block by a mechanical clamp. Nonaq stopcock grease was found to 

provide the best theirmal contact between the block and the sample even 

at the lowest temperatures encountered. A l l e l e c t r i c a l connections were 

made v i a a 12-way glass to metal seal a t the top of the cryostat. The 

pressure i n the cryostat was maintained below 10~^ t o r r by an Edwards 

1 inch o i l d i f f u s i o n pump. 

When measurements were made i n the range 400°K to about 120°K, 

the intercharge space was f i l l e d with heliimi gas at an excess pressure 

of about 1 a-bnosphere. Below 120°K l i q u i d nitrogen was gradually added 

to the interchange space. I f the space was f i l l e d with l i q u i d nitrogen 

and p\imped on with a rotary pump, a temperature of 65°K could be attained. 

The magnet used was b u i l t i n the department and possessed 5 cm. 

diameter tapering polepieces. I t was a i r cooled and produced a f i e l d 

of 2 kilogauss across a 5*5 cm. gap. ; 

. The f i v e probe method was used f o r making measurements (figure 4.4). 

This was employed as several samples were too small f o r the more common 

six probe method to be used successfully. The e l e c t r i c a l supply to the 

sample was v i r t u a l l y a constant current source derived from a 60 v o l t 

battery. A Philips voltmeter type G.M.6020 was used to measure the va­

rious potential differences. I n making the Hall measurements the stan­

ding voltage between the probes was backed-off usirig a Pye portable po­

tentiometer i n series with the voltmeter. I f backing-off voltages greater 
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Fig.4-i. Contact Arrangement used on Samples for Hall Effect 

Measurements. (5-Probe Mettiod.) 

Fig.4-5. Typical ZnSe Hall Effect Sample. (x2) 
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than 1 •5 v o l t s were needed a 9 v o l t g r i d bias battery was added. The 

current normally uised was 5 mi 11 lamps and Hall voltages ranging from 

50 m i l l i v o l t s ; to 0*01 m i l l i v o l t s were encountered. Similarly the voltage 

across the conductivity probes varied from about 15 volts to 10 m i l l i v o l t s . 

(b) Sample Preparation 

The sample dimensions were of the order of 8 x 2 x 1 mm. The rec­

tangular bar cut Ifrom the boule was f i r s t ground with 600 grade carbo-

fundum powder to obtain f l a t and p a r a l l e l sides. I t was then etched 

as described i n Chapter 5 to remove surface dsunage. Contact material 

was either indium or l i q u i d indium-gallium a l l o y . Both components were 

supplied by Johnson Matthey as spectrographically standardized and con­

tained less than 5 p.p.m. metallic impurity. The indium was pressed on to 

the c r y s t a l surface a t the required points whereas the a l l o y had to be 

brushed on with a f i n e wire. The crystals were subsequently heated to 

about 250°C fo r 5 to 4 minutes i n an atmosphere of oxygen-free nitrogen. 

This process diffused s u f f i c i e n t metal into the crystal to form both 

an ohmic and mechanically strong contact. 

The sample was then fixed to a glass microscope cover s l i p as shtjwn 

i n figure 4 . 5 , u s i n g Durofix cement. The sample was not shorted out 

as the r e s i s t i v i t y of the cement was several orders of magnitude greater 

than that of the sample. However good thermal contact was made to the 

coyer s l i p . 

I E l e c t r i c a l oontact to the crystal was made by fine copper wires 

soldered to the cover s l i p with indium. The wires were fixed to the 

contacts simply by insertion when using the a l l o y . When indium contacts 

were used the wire was connected with Johnson Matthey a i r drying s i l v e r 

paste type P3P.51. A further indium dot was soldered on to the cover 

s l i p to take a thermocouple dviring measurements. 
The current contacts onto the crystal were made as large as possible 
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both f o r strength and uniformity of current flow. The remaining probes 

were made as small as possible so as not to short out the c r y s t a l . A 

minimum diameter of about 1 mm. was necessary, however, to produce a strong 

bond. Both indium and indium-gallium were found to produce ohmic contacts 

on low r e s i s t i v i t y material. Crystals with r e s i s t i v i t i e s higher than 

about 10^ ohm.cm. began to show s l i g h t l y non-ohmic current-voltage plots 

and i t seemed impossible to make ohmic contapt to undoped material with 
12 

a r e s i s t i v i t y ofabout 10 ohm.cm. However since almost a l l the mea­

surements were made on low resistance samples the contacts could be con­

sidered ohmic over the whole temperature range studied. Indium was used 

to contact the majority of samples since i t produced a much stronger 

mechanical bond than the a l l o y . 
(c) Expreasion of Results 

Equations 2.32 and 2.33 were used to calculate the Hall coefficient 

and conductivity. The material was assumed to be compensated with only 

one type of carrier present and hence equations 2.3I and 2.34 were used 

to obtain values f o r the carrier concentration, n, and the mobility p. 

The scattering factor was assumed to be equal to unity unless other­

wise stated. The results were plotted i n the usual form, that i s 

log n V. 2 and log p v. log T, so as to i d e n t i f y the donor ionization 

energy and the scattering processes from the slopes of the resulting 

curves. 
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GHAPTEB 5 

PHOTOLUMIMESCENCE RESULTS - MON-LOCALISED CEmES 

5.1 imODUCTIOH 

The results of the luminescence studies have been divided i n t o two 

parts. The present chapter deals with irapvirities which are known to pro­

duce non-localised luminescence centres, f o r example copper, alumini\im 

and indium while the following chapter i s concerned solely with the lumin­

escent properties of the activator manganese. Details of the growth con­

dit i o n s of a l l crystals described i n this chapter are given i n table 5«'' • 

I n the figures i l l u s t r a t i n g the emission and excitation spectra of the 

various crystals, the i n t e n s i t i e s are i n a r b i t r a r y units and the spectra 

obtained at 85°K and room temperature are not shown to scale. 

5.2 COFPEK ACTIVATION 

Copper impiirity i s considered f i r s t since i t s presence w i l l be shown 

to have quite important effects upon the limiinescence properties of many 

of the crystals examined during the course of this work. 

Copper was introduced i n t o two boules during growth. Crystals 158 

and 169 were grown with 1000 p.p.m. copper selenide and I j ^ copper metal 

i n the respective charges. Crystal I69 was dark green i n body colour 

and appeared to contain a large quantity of precipitate, which was pro­

bably copper. Under 365O S excitation at 85°K thi s crystal emitted a 

single green "band at 5300 £ with a half width of 0*21 eV (.figure 5 . I ) . 



TABLE 3.1 CRYSTAL 6B0WTH CONDITIONS 

Cr y s t a l No* Starting I f a t e r i a l Dopant T a l l Conditions 

D - No T a l l 

' •? • . ' -D Zn 

25 S - Zn 555°C 

iô f • D . . ' - ' ^ Zn 555^0 

122 D ZnClg Zn 555°C 

123 • D- ZnCl^ Zn 555°C 

135 Op 0.05gm8ZnCl2tO. 2ingm8CuSfr • Zn 555°C 

136 Op 0*2 gm8ZnCl2+0.2ingmSCuSe Zn 555*0 

139 D In Zn 555°C 

140 D 20 mgms Ga Zn 555°C 

Ilf2 D In Zn 555^0 

150 D 2 mgms Ifl Zn 555*̂ 0 

152 D 2 mgffls I n Zn 555°C 

153 D 2 mgmsMnSe-t-20mgiBsAl Zn 555°C 

158 ; Op . 20 mgms CuSe Zn 555°C 

169 D 0.2 gms Cu Zn 555°C 

171 \-\ Op - BSe 335°C 

172 Op Se 360°C 

173 Op - Se 385°C 

177 Op Zn 555**C 

181 Op 2 ogms I n Zn 555**C 

187 Op 20 Bgms Al Zn 555*'c 

188 Op 2 mgms Ga Zn 555°C 

197 s - Se 310°C 

909 Op 16 mgms I Iodine Transport 

Mass of ZnSe Charge » 20 gms for Vapour Phase Transport 

k gms for Iodine Transport 

D 3 Derby Luffllnescents 1 
Op o B.D.H. Optran 
S a Synthesized from Elements. 
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There was no measurable emission at room temperature. Crystal 158 was 

transparent with a yellow body colour and was found to emit i n two bands 

at 85°K (fi g u r e 5>1). A green band was observed at 5450 %. with a half 

width of 0'20 eV together with a red band with the same half width at 

6340 S. At rooni temperatvire a single red band at 64OO £ with a half width 

. of 0*28 eY was observed. 

Measurement of the excitation spectrum of the green emission of 

169 was only possible at wavelengths shorter than 4750^ due to the over­

lap i n wavelength of the excitation and the emission being monitored. 

The only band detected was at.approximately 4440 % and probably corres­

ponded therefore t o di r e c t band to band excitation. The bandgap of zinc 

selenide a t 85°K i s approximately 2'8 eV which corresponds to excitation 

r a d i a t i o n of wavelength 4430 ̂ . At room temperature the band gap decresises 

to about 2-65 eV with a corresponding excitation wavelength of 468O 

More information was obtained from crystal I58 however. When the 

red band was monitored at 85°K the excitation spectrum revealed a broad 

band a t about 5100 % together with a peak at approximately 4500 i. When 

the measurement was carried out at the higher temperature of 130°K, the 

low energy excitation band increased by a factor of about f i v e . This 

suggests that the low energy band i s associated solely with the red emission 

and decreases when the green band begins to dominate. The green emission 

was excited by l i g h t w i t h i n a broad band which appeared to be composed 

of sub-bands at 4600 %. and 4750 X. 

I n order to study the effects of copper doping further, several 

samples from the undoped boule I7I were heated f o r a week at 850°C i n 

molten zinc containing various concentrations of copper. The excitation 

spectra of these crystals measured at 85°K can be seen i n figure 5*2. 

The long wavelength band at 5100 %. mentioned previously became quite pro­

minent. I t appeared to be b u i l t up from two sub-bands i n the region of 

5100 i.and 4700 The emission spectra of these three crystals measured 
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at 85°K under )b5U £ excitation are shown i n figure 5 .3. The orange band 

appeared to s h i f t to lower energy and became narrower as the copper con­

centration increased, with the crystal heated i n zinc plus ^Ofo mole copper 

the emission peak lay at 64OO £ and had a half width of 0*22 eV. The 

corresponding half widths of the 4% mole and 0'4^ mole crystals were 0'25 eV 

and 0*28 eV. Evidence w i l l be ijresented to show that the increase i n width 

and the displacement of the emission to h i ^ e r energy with decreasing 

copper content are duel to the appearance Of a second orange band sui)erim-

posed on the copper emission. This second band w i l l be shown to be the 

self-activated emission of zinc selenide. The high energy excitation 

band Observed near the bandgap i n the samples heated I n zinc plus 0*4^ 

and 4°/o copper i s probably associated w i t h t i i s s e l f activated emission. 

The high energy copper emission observed i n crystal.158 was also . 

detected i n the sample heated i n zinc plus 10 at.70 copper and also to a 

lesser extent i n the 4-% copper sample. The maximum was again found to 

l i e at about 5400 X. 

I n an attempt to resolve the low energy emission band, l i g h t of 

wavelength w i t h i n the low energy excitation band was used to excite the 

crystals. Light passed by a 5300 2 interference f i l t e r was found to iso­

late and excite the emission most e f f e c t i v e l y . At 85°K a l l crystals 

mentioned so f a r , except I69, were found to emit a narrow red band at 

6400 S with a half width of 0-20 eV when excited by this f i l t e r e d l i g h t . 

On heating to room temperature this band shifted to longer wavelength , 

to about 6460 £ and increased i n width to about 0'28 eV. This i s con­

sidered to be the resolved low energy emission band associated with copper 

and i s i l l u s t r a t e d l a t e r ( f i j i u r e 5.9). 

Further details of copper activation w i l l be discussed a f t e r the 

effects observed i n some undoped and chlorine doped samples have been 

considered. 
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5.5 SBLF-AOTIVATION 

I n ordor to study the effects of heating zinc selenide i n l i q u i d 

zinc only, samples from the same boule as that used f o r the copper d i f f u ­

sion studies were heated i n l i q u i d zinc f o r the same time and a t the same 

temperature, that i s one week at 850°C. The re s u l t i n g crystals, which 

had become green i n body colour, were luminescent i n the red region again 

but now the emission consisted of a broad band centred at 6I5O 1 at 85°K. 

On heating to room temperature the band increased i n width from.about 

0-28 eV to 0*4 eV and shifted to about 6O5O 5 ( f i g u r e 5.4.)• This s h i f t 

towards higher energy with increasing temperature i s i n the. opposite direc­

t i o n to that observed with the low energy copper band and i s i n the sane 

d i r e c t i o n as the s h i f t iof the self-activated blue emission i n zinc sulphide. 

I t i s reasonable to assvune therefore that the red band with a maximum at 

6150 £ a t 85°K i s the self-activated (S.A.) emission of zinc selenide. 

The excitation spectrum of this crystal consists of a band at 467O 2 

a t 293°K which s h i f t s to 446O 1 when the crystal i s cooled to 85°K 

(f i g u r e 5.5). The position and s h i f t of the wavelength of this band 

with temperature suggest that i t i s probably associated with a band to 

band t r a n s i t i o n ^ 

I t i s clear that heating i n zinc was not responsible f o r the long 

wavelength excitation band at 5IOO S observed i n the samples heated i n 

zinc plus copper, i n fa c t when a piece of the. copper doped boule I58 

was heated i n l i q u i d zinc, the subsequent emission and excitation spectra 

were i d e n t i c a l t o those of the undoped, zinc treated c r y s t a l . This agrees 

with the results of Aven and V/oodbury (I962) who extracted copper from 

zinc selenide.using molten zinc. When l i g h t with a wavelength of 5300 2 

was Used to excite the zinc treated crystals, no emission was obtained. 

The high energy excitation bands near the bandgap energy i n the crystals 

heated i n zinc plus 0-4?" copper and zinc plus 4̂< copper are clearly a t t r i ­

butable to the presence of S.A. emission which also increased the width 

of the emission band. 
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The temperaturft dependence of the poeitlon and width of the S.A. . 

band was studied using the undoped c r y s t a l s 7 and 171 after thay had been 

heated i n zi n c . The variation i n the position of the emlBsloii maxLouffl 

i s shown I n figure 5*10 together with the r e s u l t s of other c r y s t a l s which 

w i l l be dealt with l a t e r . The variation of the emission: band width with 

temperature i s shown I n figure 5.11 with some resulti) fr^oa other c r y s t a l s * 

The band width changes f a i r l y l i n e a r l y with temperature by about 

6 X lO"'^ eV/**K, However, the position of the emission peak I s almost 

Independent of temperature u n t i l the temperature f a l l s below about 170°K 

thereupon the band s h i f t s to longer wavelengths. 

To summarize the main r e s u l t s so f a r , i t appears that copper act i v a ­

tion produces a red emission band a t 6400 S at 85°K with a corresponding 

excitation band at about 5100 A green emission band associated with 

copper i s sometimes observed a t 85°K either at 5300 X or 5̂ *50 X. When 

c r y s t a l s which emit the 6^00 % copper band are heated i n l i q u i d zlnCf 

t h i s emission i s removed and replaced by a broad band at 6150 ̂  at 85^K 

which bas an ilxcltatlon peak at approximately band^p energy. This 615O % 

emission was found to s h i f t to higher energy on warming and I s assumed 

to be the S.A. emission of zinc selenide. 

CHLORINE COACTIVATION 

Chlorine was Introduced Into several boules during growth by adding 

zinc chloride to the reservoir attached to the growth capsule. Two crys­

t a l s were studied, 122 and 123. Both bad an orange body colour and under 

3650 % excitation emitted broad bright orange bands (figure 5 .6) . The 

bands were I d e n t i c a l at room temperature with a maximum at 6^0 % and a half 

width of 0.295 eV but at 85°K the positions of the maxima differed by about 

100 X. Cr y s t a l 123 emitted a band at 616O X with a ha l f width of 0.30 eV 

whereas 122 emitted a narrower band (0.26 eV) at the longer wavelength of 

6250 %, The excitation spectra of the two c r y s t a l s were very different 

(figures 5 .7 / 5 .8 ) . The excitation spectrum of c r y s t a l 122 at 85°K con­

s i s t e d of a main band at 5150 % with a shoulder at approximately '•700 %, 
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The main feature of the excitation spectrum of crystal 123, however, was 

a peak at 4400 2 corresponding to bandgap excitation. There was a sub­

si d i a r y hand at 5150 S together with a band at approximately 4800 1 which 

was only revealed when the excitation was chopped at 10 c.p.s. This pro­

bably in f e r s that t h a t particular excitation process i s associated with 

a recombination process with a long response time. I t was not possible 

to measure the excitation spectrum of crystal 1̂23 a t room temperature. 

The excitation spectra of crystals 122 and 123 can be explained i f 

i t i s assumed that copper or a centre with i d e n t i c a l properties, i s present 

i n both these crystals. This would explain the appearance of the long 

wavelength excitation band at about 5150 at 85°K which was observed 

previously i n both the as-grown copper doped sample and the crystals treated 

i n zinc plus copper melts. 

When l i g h t with a wavelength of 5300 £ was xised to excite the two 

chlorine doped crystals, a narrow band at 64OO 2. similar to the red copper 

emission, Tiras observed. This was especially prominent i n crystal 122 

(fi g u r e 5»9)« The temperature v a r i a t i o n of the position of the band maxi­

mum and the h a l f width of t h i s red emission i s shown i n figures 5»10 and 

5.11. fiesults from a number of crystals apart from 122, including some 

known to contain copper, are also shown. I t appears that the behaviour 

of the red band emitted by crystal 122 i s i d e n t i c a l to that of the other 

cry s t a l s . I t i s concluded therefore that t h i s long wavelength band i s 

associated with copper impurity i n a l l cases. The halfwidth of the copper 

band i s much less than that of the S.A. emission and varies by 4 i lO'̂ êV/̂ K. 

The maximum of the emission s h i f t s from about 64OO i. at 85°K to 648O 1 

at 293°K a t the rate of 1-1 x 10"^ eV/°K. 

The excitation band at the bandgap i n crystal 123 i s probably asso­

ciated with the S.A. band. The presence of the S.A. band i n t h i s sample 

caused the emiasipn measured under 365O 2. excitation t o appear to consist 

of a bsmd at a hi^xer energy than that of 122 which contained a larger 
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copper (6400 £) component. 

After chlorine doped crystals were heated i n molten zinc, the emis­

sion under 3650 £ excitation was found to be iden t i c a l to that of undoped, 

zinc treated crystals which was discussed i n section 5.3 (figure 5.4). 

Thus, the position of the emission band, i t s halfwidth and the variation 

of each with temperature (figures 5.10, 5-11) were identical f o r both chlo­

r i n e doped and undoped crystals following heating i n zinc. However, the 

exc i t a t i o n spectra were d i f f e r e n t (figures 5.12, 5 . I3) . That of crystal 122 

measured at 85°K a f t e r the zinc treatment revealed a prominent band at 

4850 1 w i t h a shoulder at approximately 455O X. I n the excitation spectrum 

of c r y s t a l 123 a f t e r the zinc treataent, the 4550 X band was more prominent 

with a long wavelength t a i l i n the region of the 4850 X band. The 485O S 

band, which i s probably the same as that observed at about 4800 X i n the 

untreated chlorine doped crystaie, i s ascribed to the presence of chlorine. 

I t would appear from the magnitude of the 485O X band i n figures 5.12 and 

5,13, that crystal 122 contained considerably more chlorine thaii crystal I23. 

Excitation with l i g h t i n the region of the 4850 X band produced exactly 

the same emission band as excitation a t 3^50 X. 

I n order to investigate further whether copper was introduced along 

with the chlorine during growth, two crystals were studied which had been 

grown i n the presence of 5 p.p.m. copper, i n the form of the selenide, 

and 1200 p.p.rai. chlorine ( c r y s t a l I35) or 5OOO p.p.m. chlorine ( c r y s t a l I36) 

i n the form of zinc chloride. The excitation spectra of these two crystals 

(figures 5•14,. 5.15) are very similar to the spectrum pf the chlorine doped 

sajnple number 122, with the ,,5150 X band clearly v i s i b l e , and that at 4850 X 

more prominent i n c r y s t a l I36, which was grown with the higher chlorine 

concentration. These spectra support the view that copper entered the 

boule to produce the 515O X excitation band, iixespective of whether copper 

was added to the Charlie. The emission under 3650 X excitation at room 

temperature was almost i d e n t i c a l to that of sample 122 f o r both crystals, 
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hut a t 85°K crystal I36 omitted a bund £it.6l60 X i n comparison with the 
6250 X band emitted by. .crystal' 122. This i s probably due to the influence 
of the 3.A. emission and i s connected with the fact that the short wave­
length excitation bands are more prominent i n the spectrum of crystal I36 
than i n that of 122. Crystal I35 however, emitted a main band at 565O X 
with a shoulder at approximately 6200 X. This may have some connection 
with the band to band and 46OO X excitation processes which can be seen 
i n figure 5«14, although no excitation spectrum f o r this emission '.ras 
obtained. 

After heating i n l i q u i d zinc, a piece of crystal.136 was again found 

to emit the usual S.A. band but the excitation spectrum was almost iden­

t i c a l to that of crystal 122 a f t e r the zinc treatment (figure 5.16). 

The emission from crystal I36, excited by 5300 X l i ^ t , was found 

once again to consist of the narrow red band identical to that associated 

with copper. The v a r i a t i o n of half width and peak position i s again shown 

i n figures 5.10 and 5.11. 

In sumfnary, i t appears that when chlorine i s introduced into a boule, 

copper tends to enter simultaneously. The position of the resultant emis­

sion band i s therefore governed by the r e l a t i v e intensities of the 64OO X 

copper band and the 6I5O X S.A. band. Similarly, the excitation spectrum 

i s mainly a combination of the copper band at 5150 X, a band at 4850 X 

associated with chlorine, and the peak near the bandgap energy' similar to 

that seen i n undoped material a f t e r being heated i n zinc. When the copper 

has been removed by heating tlie crj'-stal i n l i q u i d zinc, the chlorine exci­

t a t i o n band at 4850 X i s well resolved and the S.A. emission associated 

with the chlorine coactivator i s observed. This emission band i s identical 

to the S.A. emission described i n section 5.3 when undoped material i s 

heated i n zinc. 
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5.5 lODIME CQACTIVATIOM 

Figure 5.I7 i l l u s t r a t e s the emission spectrum under 365O 1 exci­

t a t i o n of crystal •)09, which was grown using tne iodine transport method. 

The luminescence a t room temperature with i t s maximum at about 63BO S' 

v/as very weak but when the sample was cooled to s l i g h t l y below room tem­

perature an intense band at about 6O5O 2. was seen. On cooling further, 

the band shifted back towards longer wavelengths and at 85°k was located 

a t 6180 1. This l a t t e r behaviour i s again characteristic of an S.A. 

emission band which at 85°K was very similar to that emitted by zinc 

treated crystals (figure 5 . 4 ) . The excitation spectrum (figure 5.18) 

revealed that the long v/avelength band at 5150 2 characteristic of -Uie 

chlorine and copper doped crystals was f a i r l y i n s i g n i f i c a n t compared with 

the higher energy bands which v/ere similar to the S.A. excitation bands 

already described. This suggests that the amount of copper i n this sample 

was less than i n previous crystals so that the absence of the overlapping 

copper emission band allowed the S.A. emission to be detected without any 

treatment i n l i q u i d zinc. 

After the crystal had been heated i n l i q u i d zinc the emission was 

almost, unchanged except at room temperature where a small trace of copper 

impurity may have been removed leaving the S.A. band even more clearly 

defined at 6O50 2. The excitation spectrum a f t e r the zinc treatment, 

which i s shown i n figure 5*19» i s almost ide n t i c a l to that of the chlorine 

doped cr y s t a l 122 a f t e r zinc treatment•(figure 5 . 1 2 ) . The low^energy copper 

exc i t a t i o n band i s absent and the 4880 2 band i s much more prominent. 

This 4880 2 band seems to be analogous to the 4S50 2 band i n chlorine 

doped crystals and i s thus att r i b u t e d to the presence of iodine within 

the c r y s t a l . 
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. 5 .6 ALUJCEMim COAGTIYATIOH 

Aluminilun was introduced into zinc selenide botiles during growth 

by vapour phase transport, simply by adding aluminium metal d i r e c t l y to 

the charge. The crystals were normally of orange body colour although 

there was some tendency f o r green colouration to occur w i t h i n a predonii-

nantiy orange boule. This was probably due to uneven incorporation of 

the dopant during growth. The red material was found to nave a r e s i s t i v i t y 

of approximately 5 x 10^ ohm.cm. at room temperature i n the dark. This 

was f i v e orders of magnitude less than that of the green material under 

the same conditions. I t was therefore assumed that since aluminium should 

act as a donor, the red material must contain the majority of the aluminium. 

A red piece of crystal 187, grown i n the presence of 1000 p.p.m. alxininium, 

v/as taken as a representative example. The emission spectrum of crystal 187 

under 365O 5 excitation consisted of three main bands at 85°K (figure 5.20). 

They v/ere the edge emission at 465O 1, a green band at 5570 2 and a red 

band a t 6320 1. On increasing the temperature to 293°K the blue and green 

bands were quenched and the red band shifted to 64OO 2. (figure 5.20). 

The i i a i r width of the green and red bands at 85°K were. 0-21 eV and 0*22 eV 

respectively. 

The excitation spectrum of the. red band at both 295°K and 85°K 

consisted of a very broad long wavelength band centred at approximately 

5150 S together with a more intense band near the bandgap (figure 5 . 2 1 ) . 

Excitation v/ith 5300 S lii-^ht once again r e v e a l e d the 64OO 1 copper emis­

sion. This suggests t h a t under 5^50 X excitation the observed emission 

contained some long vTavelength copper component. The excitation spectrum 

of the green.band r e v e a l e d a small band at about 4750 2 i n addition to 

the main band at the bandgap which was identical to that which excited the 

red emission with maximum efficiency. 

'//hen the crystal was heated i n molten zinc the resulting excitation 

and emission spectra v/ere ide n t i c a l to those of xindoped material heated 
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i n zinc (figures 5 . 4 , 5.5). 

Aluminium was then introduced in t o a piece of crystal I 7 I by heat 

treatment i n a solution of lO^ii mole aluminivnn i n zinc. This procedure 

proved extremely d i f f i c u l t since the .melt always attacked the s i l i c a tube 

and usually caused i t to break whilst the zinc was molten. Only one 

run was concluded successfully and '±.e r e s u l t i n g crystal was found to 

behave d i f f e r e n t l y from previous samples containing grown i n aluminium. 

The excitation spectrilm shown i n figure 5 .25 can be compared with that 

of figure 5.5,which was obtained from a piece of the same crystal heated 

i n zinc only. With the post-doped aluminium sample an extra band was 

observed with i t s maximum at 4300 2. at 85°K. This was probably the same 

band seen at about 4750 S i n the excitation spectrum of crystal 187 contain­

ing grown i n aluminium. The excitation spectrum also exhibited a long 

wavelength t a i l which may have been associated with copper contamination. 

This suggests that not a l l the copper was removed int o the melt, perhaps 

because of the aluminium content of the melt or because the melt was not 

i n good contact with the sample for. a f u l l week. There may have been some 

other factor which also prevented the tube cracking. 

The emission under 365O 1 excitation (figure 5 . 22 ) shifted towards 

lower energy when the temperature vras reduced, as did the S.A. emission 

band. However, the emission band.maximum was displaced towards longer 

vvavelengths r e l a t i v e to the previously observed S.A. emission i n chlo­

rine or iodine doped samples. The band maximum lay at 6350 2. at 85°K 

and about 6260 S at 295°K. There was therefore a displacement to lower 

energy of about 0 '065 eY r e l a t i v e to the halogen doped S.A. crystals. 

This 6350 S band i s assumed to be analogous to the S.A. band reported at 

approximately 4700 £ i n aluminium doped zinc sulphide. The variation i n 

ha l f width with temperature of the red aluminium S.A. band i s shown i n 

figure 5»11 a-nd i s clear l y very similar to that of the snorter wavelength 

S.A. emission. The reduction i n width at temperatures above 293°K i s due 
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to the narrower copper band beoqning more prominent. This interaction 

of the copper band i s also shown i n the plot of peak position versus tem­

perature i n which a 6440 X band i s prominent a t 350°K and where the band 

tends to s h i f t towards longer wavelength above about 260°K (figure 5»10) . 

The emission spectrum of the zinc plus aluminium treated crystal 

\ f i g u r e 5•22) also contained a suggestion of a short wavelength t a i l at 

85"'K which may have been an indication of the presence of the 5570 X 

band which was more prominent i n the emission spectrum of 187. 

I t i s conclixded that aluminium produces an S.A. emission similar 

to that of the halogens but displaced by about 200 2. towards longer wave­

lengths as i n zinc sulphide. At 85°K an excitation band a t 4800 1 appears 

which i s analogous to the 4850 1 bands i n the chlorine and iodine doped 

crystals. When grown i n t o a crystal of zinc selenide,aluminium produces 

a green band at 5570 5, as well as the S.A. and copper bands. This green 

band appears to be excited primarily by bandgap radiation. 

5.7 IMDIUM COACTIYATIOM 

Indium was grown i n t o several boules by adding the metal to the 

charge. A l l such crystals had a yellow-orange body colour. At 85°K 

a l l the crystals emitted both a green and an orange band. Figure 5.24 

shows the emission spectrum under 3650 2. excitation, of crystal 181 which 

contains 100 p.p.m. indium. The green band was centred at 56OO £ whilst 

the orange band was at approximately 63OO 2.. At 293°K a broad orange 

band, with i t s maximTim at 6200 X was observed. The position of this rocp 

temperature band varied from one crystal to another becavise of the influence 

of other sub-bands. Edge emission near 46OO £ was also exhibited by some 

crystals. 

The excitation spectra f o r the two emission bands of this crystal 

are shown i n figure 5 .25 . The room temperature spectriim consisted simply 

of a single, sharp peak at 467O £, which i s approximately the bandgap 
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energy at 293°K. At 85°K the broad band centred at about 4700 £ appeared, 
together with a peak corresponding to bandgap excitation. The 4700 £ 
band appeared to consist of more than one component. The excitation spec-
triam of the green band revealed a small band at about 4850 £, together 
with a peak a t 4530 £, a l i t t l e less than bandgap energy. 

The red emission band shown i n figure 5 ' 2 4 shifted tow£u:ds lower 

energies when the crystal was cooled. This again i s typical of S.A. 

emission but the band was displaced s l i g h t l y towards longer wavelengths 

compared with halogen doped crystals as was that associated with the 

S.A. emission i n the alumini\un doped sample. Since the copper excita­

t i o n band was i n s i g n i f i c a n t (figure 5 • 2 5 ) , the copper red emission i s 

u n l i k e l y to have been responsible f o r this displacement to longer wave-

lengldi. I n f a c t , i f substantial copper emission had occurred, i t would 

have tended to displace the room temperature peak to a wavelength longer 

than that observed a t 85°K since the copper red band does not begin to 

quench u n t i l approximately room temperature (see section 5 . 1 0 ) . This 

would therefore oppose the s h i f t which was observed and therefore confirms 

that i n sample 181 the influence of copper was negligible. The band which 

sh i f t e d from approximately 6300 £ at 85°K to 6200 £ at 293°K i s therefore 

most probably the S.A. emission associated with indium. 

. Although the red and green bands were observed i n a l l crystals, even 

those containing 1000 p.p.m. indium, the ratio of the two bands was found 

to vary from crystal to cirystal and the red band often appeared only as 

a shoulder on the green, especially i n those samples containing small 

quantities of indium. 

I n an attempt to c l a r i f y the effects of incorporating indium, several 

indium doped samples were studied a f t e r they had been heated i n molten 

zinc. This, however, led to the formation of a heavy black precipitate, 

probably of indium. This w i l l be discussed i n greater d e t a i l i n Chapter 7 , 

when the e l e c t r i c a l properties are discussed. The precipitate was so 
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dense i n most crystals that the luminescent emission was considerably 

reduced. However, crystal 139, which appeared to be l i g h t l y doped, pro­

duced only a small eunount of precipitate, and when raeasxirements were made 

on th i s sample the emission and excitation spectra were found to be iden­

t i c a l to those obtained previously with undoped crystals following hea­

t i n g i n zinc (figures 5 .4» 5»5)» That i s an S.A. emission band was pro­

duced, but i t was not i d e n t i c a l to the indium S.A. emission as seen i n 

cry s t a l 181. 

Attempts were next made to introduce indium in t o crystals, a f t e r 

growth, from suitable solutions. Pieces of crystal I7I were heated at 

85°K f o r a week i n melts of indium plus zinc containing up to 20^ mole 

lndi\im. This process did not appear to introduce indium, since the resul­

t i n g e x c i t a t i o n spectra were again Identical to those of crystals heated 

i n zinc alone. Furthermore, the S.A. emission band which resulted lay 

a t 6I5O X a t 85°K, not at the longer wavelength of 63OO .2 as would be ex­

pected wi t h indium as coactivator (figure 5 « 2 4 ) . Subsequently, a crystal 

was f i r s t heated i n zinc only to remove any possible copper conteunina-

t i o n and was then heated i n indium alone at 850°C. This led to the com­

plete solution of the c r y s t a l . Uo crystals doped with indium after growth 

could be obtained therefore. 

Pieces of crystal I39, containing grown i n indium, which had been 

treated i n li q v i i d zinc were subsequently heated i n either molten selenium 

at 650°C, or vacuum at 850°C. Both procedures caused the precipitate to 

disappear, but the emission from such crystals was di f f e r e n t from that 

Of the as-grown crystals. Green and red bands were produced, but they 

occurred a t 636O 2. and 5475 2 at 85°K. This i s reminiscent of the emis- . 

sion spectrum of the copper selenide doped crystal 158 (figure 5«1)« 

Furthermore, the excitation spectrum at 85°K revealed a prominent band 

at 5100 2, which has been assumed to be characteristic of copper impttrity. 

With 5300 2 e x c i t a t i o n , the 640O £ band, which was absent a f t e r the zinc 
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treatment, was once again clearly observed. I t appeats therefore, that 

heating both i n selenivim and i n vacuum introduces copper int o the crystal. 

I f any indium emission were present, i t would almost certainly be masked 

by the copper emission. Moire w i l l be said about these results i n section 

5.9> when imdoped material i s discussed. 

I n summary, therefore, indium produces an S.A. Koission at about 

6300 £ at 85°K (figure 5.24), which i s very similar to the aluminium 

S.A. emission (figure 5.22), although i t was not possible to isolate 

the band from the neighbouring copper band. Similarly, the associated exci­

t a t i o n band couid not be isolated, but by analogy with the aluminium S.A. 

band ( f i g u r e 5.23), may l i e w i t h i n the broad band centred at 47OO £ ( f i ­

gure 5.25). At 85°K a higher energy green band a t 56OO £ i s also emitted. 

This, again, i s similar to the band emitted by aluminium doped material 

a t 5570 £, but the corresponding excitation peak now l i e s at 4530 £ , 

not at the bandgap. Heating i n zinc appears to precipitate the indium 

as a black deposit and cause i t to take no further part i n the emission 

and ex c i t a t i o n processes. Although heating i n selenium or vacuum leads 

to the disappearance of the precipitate, subsequent limiinescent proper­

ti e s appear to be dominated by copper impurity. 

5.8 GALLIUM GQAGTIVATIQN 

Ga-llium doped boules were prepared by adding gallium metal d i r e c t l y 

to the charge. This led to crystals with an orange body colour. The 

emission under 365O £ excitation at 85°K. from crystal 188, which contains 

100 p.p.m. gallium, consisted of green and red banau at 563O £ and about 

6350 £ (fi g u r e 5.26). This i s very similsir to the emission spectrum of 

the indium doped crystal number 181 (figure 5.24j. At room temperature 

a single red.band at 625O £ was observed. I n more heavily doped crystals, 

the green band was absent at 85°K and only a red band at approximately 

6200 £ remained. 
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The excitation spectrum of crystal 188 at 85°K indicated the pre­

sence of the low energy copper excitation which i s responsible f o r the 

long wavelength t a i l . However, the main featiire was a broad band at 4800 £, 

which was probably composed of two sub-bands, together with a peak at 

4400 2 corresponding to bandgap excitation. When the green emission was 

monitored, a sharp peaik waa seen j u s t below bandgap energy at 4550 £ . 

There was also a shoulder present at about 4850 £. Once again this exci­

t a t i o n spectrum i s very similar to that of the indium doped sample 181 

(figure 5.25) apart from sin apparently higher copper content. 

As i n the case of indium doped-crystals, zinc treatment produced 

a dense black precipitate i n the crystal doped with 1000 p.p.m. gallium, 

number I40 , and the emission and excitation spectra were again identical 

to those of undoped crystals following zinc treatment. Subsequent heat 

treatment i n vacuum or selenium removed iiie precipitate, but caused the 

luminescence to become dominated by the copper emission as before, although 

the green emission band was not present at 85°K. The excitation spectrum 

was i d e n t i c a l to that of the indium doped crystal a f t e r similar treatment. 

Excitation by l i g h t with a wavelength of 5300 £, both before heating i n 

zinc and. a f t e r heating i n selenim or vacuum, once again revealed the red 

emission centred at 64OO £ . 

5.9 UKDOFED CliYSTALS 

The body colour of undoped crystals varied between boules, from 

green to orange. Occasionally, this variation occurred within a single 

boule, the colour gradually changing along the length of the boule. The 

Ituninescent emission was also found to vary considerably from boule to 

boule, but crystals could be grouped i n t o several d i f f e r e n t classes. 

(a) Crystals 25 and IO4, which possessed a yellow-green body coloxir, 

luminesced only when cooled below room temperature and at 85°K emitted 
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a single band a t 5300 2 with a halfwldth of 0-22 eV. The excitation spec­
trum of 104 tevealed a single band at about 4480 2. which probably corres­
ponded to bandgap excitation. 

(b) C r y s t a l s 2, 7 sind I75 which had an orange body colour emitted a single 

red band a t 645O ̂  a t room temperature. When cooled to 85°K the band 

increased i n widlii from 0-28 eV to 0•3^ eV, and shifted to about 6I5O 2. 

The excitation spectrum of c r y s t a l 7 (figure 5.28) revealed a prominent 

broad band a t about 5IOO £ at 293°K and a sharp bandgap peak at 85°K. 

Excita t i o n by l i g h t with a wavelength of 5300 1 again revealed the 64OO 2 

copper band and the excitation spectrum confirmed that the long wavelength 

copper emission was the dominant feature a t 293°K, When the temperature 

was reduced the band increased i n width as -tile S.A. emisslMi began to 

predominate, and at 85°K the main component of the emission appeared to 

be the S.A. band; The s h i f t i n peak position was therefore due mainly 

to the S.A. band, which swamped the longer wavelength band. 

( c ) As ajtt indication of tne variation between boules, i t was found that 

the end of c r y s t a l 7 which was grown l a s t was green i n colour and Iximinesced 

d i f f e r e n t l y from the orange end. At 293°K this green end again emitted 

a red bsmd a t 6450 X, with a halfwidth of 0-28 eV, but a t 85°K a green 

band at 5420 £ with a halfwidth of 0'2 eV became dominant, whilst the red 

band shifted to 6325 £ and narrowed to approximately 0*18 e7. The longer 

wavelength band was probably again influenced by the presence of copper. 

The excitation spectrinn of the green emission consisted of a broad band 

composed of sub-bands a t approximately 4750 £ and 4550 i . 

(d) C r y s t a l 172 was found to emit i d e n t i c a l l y to 7 at 293°K, but a t 

85°K, i n addition to the red emission, a green band with a halfwidth of 

0*21 eV was observed at 5350 £, instead of at 5420 £ as before. 

(e) Crystals 171 and 177, which were yellow-orange i n body colour, 
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revealed a different character yet again. The emission at 293°K was again 
a band a t about 638O 1 of 0̂ 27 eV halfwidth. At 85°K two bands which 
were emitted could not be resolved, but appeaired to l i e a t about 6100 £ 
and 5600 S. A very intense edge emission was also produced by I 7 I . 
The emission spectrum of c r y s t a l I 7 I , which was the c r y s t a l used i n the 
majority of zinc treatments, i s shown i n figure 5•29 and this can be com­
pared with the emission a f t e r the various heat treatments carried out 
previously. The corresponding excitation spectrum revealed several bands 
(figure 5.50). At room temperature i t consisted of a sharp peak near 
the bandgap a t 468O S. which was probably associated with S.A. emission. 
There was a s l i g h t t a i l towards longer wavelengths, and excitation within 
th i s t a i l a t 293°&. again produced the 6480 £ emission band. When the 
c r y s t a l was cooled to 85°K the excitation spectrum contained at le a s t three 
bands apsirt from the long wavelength copper band. The peaks which occvirred 
near the bandgap were probably associated with the S.A. band although 
the green emission also appeared to be excited by l i g h t of similar energy. 
The lower energy bands associated with the green emission were probably 
detected as a r e s u l t of p a r t i a l monitoring of the orange band, which was 
too close to be completely excluded. 

( f ) F i n a l l y , a piece of the yellow boule, number 197 was studied. This 

was grown from zinc selenide powder synthesized i n this laboratory from 

semiconductor grade elements. The emission at 295°K consisted of an asym­

metric broad band of halfwidth 0-32 eV, which had a maximum at 5800 £. 

An unresolved orange band also appeared to be present. At 85°K the emis­

sion shifted to 565O -2 and narrowed to 0'19 eY. A long wavelength shoul­

der, caused by a band at about 64OO £ was also observed. 

(g) After samples from boules Y» IO4 and I7I had been heated i n molten 

z i n c , they were found to behave i d e n t i c a l l y , despite the f a c t that they 

had emitted completely different bands previously. Each emitted only 



the S.A. band (figure 5.4) and the excitation spectra showed the 4650 £ 

room temperature peak and the 4480 £ peak at 85°K (figure 5.5). 

Bbccitation by l i g h t with a wavelength of 53OO £ did not produce 

the 6400 £ copper emission as i t did i n a l l the untreated c r y s t a l s . 

(h) When the undbped c r y s t a l s were heated i n selenium or i n a vacuum, 

the r e s u l t s were si m i l a r to those obtained with indium or gallium doped 

c r y s t a l s . The emission from samples of I 7 I , treated i n various ways, i s 

shown i n figure 5.31 and should be ccmipared with the emission from untreated 

material (figure 5.29). Heating i n vacuum at 850°C for one week had the 

l e a s t e f f e c t . The long wavelength band was increased and shifted towards 

longer wavelength whilst the yellow band was unchanged. After heating 

the sample i n seleniim for a week at 650°C, the low energy band became 

even more prominent and moved s l i g h t l y more towards longer wavelengths, 

wh i l s t the yellow band shifted towards the green and peaked at 556O £. 

Thei most obvious r e s u l t s were apparent when a c r y s t a l pretreated i n zinc 

was heated i n selenium. The emission was very similar to that observed 

when copper was introduced from the melt (figure 5.3) . At 85°K i t con­

s i s t e d of a red band at 64OO £ and a green band at 5440 £. The corres­

ponding excitation spectra (figure 5«32), revealed the prominent band 

near 5IOO £, previously associated with copper, especially i n both the 

selenium treated c r y s t a l s . Even i n the c r y s t a l heated alone, this exci­

tation band was more prominent than i n the untreated cr y s t a l (figure 5 .30). 

The excitation and emission spectra of c r y s t a l I7I heated i n zinc and then 

selenium were i d e n t i c a l to those of the inditun doped c r y s t a l I39 heated 

i n zinc amd then selenium. This supports the view that the Indium emis­

sion i s swamped a f t e r such treatment. When l i g h t with a wavelength of 

5300 £ was used to excite a sample from boule I 7 I ) which had been heated 

f i r s t i n zinc then i n selenium, the red band which was emitted was found 

to behave I d e n t i c a l l y to that observed i n c r y s t a l s known to contain copper 
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as regards the variation of halfwidth and peak position with temperature 

(figures 5»10, 5.11^. I t must be remembered that before the selenium 

treatment the c r y s t a l emitted only i n the 6I5O i S.A. bauid and that no 

red emission was observed nhen 5300 2. excitation was employed. This i n ­

crease i n the copper red band was also observed i n a piece of cr y s t a l I04, 

which previously emitted only i n the 5300 £ band and then was found to 

emit an additional 656O £ band after i t had been heated i n vacuum. I t 

therefore seems l i k e l y that copper i s diffused into crystals during heat 

treatment, especially when heated i n seleniimi. The treatment i n selenium 

also caused the body colour of a l l the cry s t a l s to become orange-red. 

( i ) ; To summarise, the emission from undoped material appears complex. 

Emission i n the orange and red regions appears to consist of a combina­

tion of S.A. and copjier bands, but the various green and yellow emission 

bands have no such simple explanation. The orange S.A. band, which lay 

at 6150 X at 85°K, was produced when undoped c r y s t a l s were heated i n zinc. 

Heating alone or i n vacuum appeared to cause copper contamination. 

5.10. THERMAL (̂ UENGHÛ G 

I t was explained i n section 1.10 that from measxirements of the 

quenching of the photoluminescent emission produced when the temperature 

of a c r y s t a l i s raised, i t i s possible to obtain a value for the energy 

of the luminescent centre r e l a t i v e to either the conduction or the valence 

band. This technique was used on several c r y s t a l s and the r e s u l t s w i l l 

now be explained. 

When i t i s required to monitor the quenching of a particular band 

i t i s necessary to ensure that only one emission band i s being monitored. 

This was accomplished by using a suitable wavelength for the excitation. 

For example, when the copper emission was studied, l i g h t with a wavelength 

of 5300 £ was used, but for the S.A. emission the mercury wavelength of 
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3650 £ was satisf a c t o r y , since there appeared to be only one luminescent 
emission process present i n such c r y s t a l s . 

I t i s also necessary to ensure that the excitation band does not 

s h i f t from the wavelength of the exciting l i g h t as the temperature i s 

rais e d , thus changing the excitation efficiency. Ttiis was not part i c u l a r l y 

important for the copper emission, since the corresponding excitation band 

was f a i r l y wide. V/ith the S.A. emission, 365O £ l i g h t excited the crys­

t a l within the short wavelength t a i l of the excitation peak a t both 293°K 

and 85°K. At 365O £ there i s very l i t t l e variation i n efficiency with 

wavelength and hence there i s very l i t t l e e f f e ct as the excitation band 

s h i f t s with temperature. I f , for example, excitation a t 4500 £ were used, 

there would be a considerable effect when the temperature was raised as 

the excitation band shifted to 4700 £ . 

I t i s also necessairy to ensure that the maximum of the emission 

band i s always monitored as i t s h i f t s with temperature. I n practice this 

was a r e l a t i v e l y imimportant point because of the large bandwidth of the 

spectrometer and the comparatively small s h i f t s which were observed. 

Wavelength corrections were, however, made during meastirements. Similarly, 

the v a r i a t i o n i n s e n s i t i v i t y of the system with wavelength was negligible 

over the small wavelength changes involved and no correction factors 

were necessai^r. 

(a) Self-activated Emission 

The thermal• quenching ciirves of the emission from several c r y s t a l s 

heated i n zinc and which therefore emitted i n the S.A. band, are shown 

i n figure 5.33. The c r y s t a l s behaved i d e n t i c a l l y except for the \mdoped 

sample I7I heated i n zinc plus aluminium which w i l l be discussed l a t e r 

i n t his section. The intensity decreased very slowly as the temperature 

was raised to approximately 240°K and then f e l l off more rapidly, dropping 

by about three orders of magnitude by 400°K. 
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From equation 1.2 the luminescence efficiency T) i s given by 

1 + C exp 

I f Iq i s the emission intensity before quenching occurs and I i s the i n ­

tens i t y a t temperature T, the efficien c y i s also given by 

1-r 

_ I 
1 + C e x p ^ 

-0 ^ ' w - - 1 - C exp ^ 

^0 . , 1 Therefore a plot of log^ ( - 1) versus ought to produce a li n e of 
W 

slope - -. 
. • I 

When the curves i n figure 5.33 were plotted i n the form log ( ~ - 1) 

versus as i n figure 5.34> the resultant curves appeared to be composed 

of two straight l i n e regions. The slopes of the high temperature regions 

gave act i v a t i o n energies of 0'44 eV for 122 (Zn), 0-41 eV for 7 (Zn), and 

0-38 eV for 902 (2<n). The low temperature regions gave corresponding 

energies of 0'05T eV, 0-028 eV and 0-045 eV. 

There are two possible explanations for the quenching energies 

observed. Two quenching processes may be acting. That aotivatod at the 

lower temperatures would have low quenching efficiency as well as low 

energy, whereas the higher energy e f f e c t must have a much higher e f f i c i ­

ency. The energies obtained for each process are the same for each sample, 

within experimental error, and the quenching processes appear to be iden­

t i c a l irrespective of the i n i t i a l dopant. The second p o s s i b i l i t y i s 
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that the slow decrease i n eff i c i e n c y at low temperatures i s due to some 

ef f e c t other than quenching, such as the displacement of the excitation 

spectrum as mentioned e a r l i e r and that only one quenching process, that 

of higher energy, i s ac t u a l l y present. 

The l e s s pronounced thermal quenching of the luminescence of the 

c r y s t a l treated i n zinc plus allmiinium i s almost certai n l y the r e s u l t of 

Interference from the 64OO £ copper emission. This 64OO £ band was found 
to be present at h i ^ temperatures when the halfwidth and peak position 

of the S.A. emission were studied as a function of temperature ( f i g u r e B 5.10, 

5 .11). I n section (b) i t w i l l be shown that the copper emission quenches 

much more slowly and at a higher temperature than the S.A. emission and 

thus becomes dcaninant a t high temperatures. Due to the presence of the 

copper emission, no attempt was made to calculate the quenching energy 

associated with the aluminium S.A. band. 

(b) Copper Emission 

Figure 5.35 i l l u s t r a t e s the thermal quenching cwcveB far several 

c r y s t a l s which exhibited the copper emission a t 64OO £ when excited with 
l i g h t with a wavelength of 5300 £. The samples chosen include both those 

deliberately doped with copper and those i n irtiich the copper had entered 

the l a t t i c e unintentionally, for example the indium and aluminium doped 

c r y s t a l s . Ttiexe i s a considerable variation from sample to ssunple and 

no pattern seems obvious. However, i n none of the crystals did the emis­

sion begin to be quenched u n t i l above approximately;280°K and most cr y s t a l s 

continued to emit even well above room temperature. The red band i n the 

copper selenlde doped c r y s t a l I58 was qxienched very rapidly a t j u s t above 

room temperature whereas the c r y s t a l heated i n zinc plus copper showed 

no quenching whatsoever up to 405°K. 

When the quenching curve of c r y s t a l I58 was pl o t t e d i n the form 
^0 1 

of l o g g ( ^ - 1; versus -, as for the S.A. emission, a quenching energy 

of 1-0 eV was obtained. Similar plots for c i y s t a l s 122 and I 7 I heated 
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I n zinc then selenium gave energies of 0-55 eV and 0«63 eV respectively. 

The emission from the majority of c r y s t a l s quenched a t too high a tempera­

ture for a complete quenching curve to be obtained. However, i t appears 

that the quenching energy involved must be quite large, partly because 

of the energy values obtained from the three c r y s t a l s j u s t mentioned amd 

partly because of the h i ^ temperatures a t which quenching occiirred. 

I t seems that there must be some additional process present ^ I c h i s not 

taken into accoxmt i n the simple quenching theory of Chapter 1. 

The s i r a i l a r i t y of the quenching curve of the undoped c r y s t a l heated 

i n zinc and then selenium to the other ctirves i n figure 5.35, including 

those known to contain copper, adds support to -ttie suggestion that heating 

i n selenium somehow introduces copper into the sample. 

The high quenching temperature of the 64OO £ band i s responsible for 

the dominance of the copper excitation and emission bands i n most crys­

t a l s a t high temperatures. I t i s also the reason why, with 365O £ exci­

tation, the emission of the majority of cr y s t a l s tends to s h i f t towards 

longer wavelengths when the temperature i s raised, 

( c ) Emission i n the Green Region 

Very few measurements were made on the quenching properties of the 

green luminescence bands. Reliable r e s u l t s could not be obtained from 

those c r y s t a l s which emitted an adjacent orange band, such as the indium 

and aluminium doped c r y s t a l s , due to overlap, but r e s u l t s have been ob­

tained with fo\ir green emitting c r y s t a l s . 

The 5300 £ emission band of the copper doped sample I69 quenched 

very sharply above 130°K with an activation energy of 0'3 eV. The 5460 £ 

band i n the copper selenide doped c r y s t a l I58 v/as however quenched more 

gradually above approximately 170°K with a corresponding activation energy 

of 0-37 eV. 

Two xmdoped c r y s t a l s , I04 and 7, were also studied. The 5300 £ 



-83-

eraiesion from IO4 was t'ound to f a l l rapidly aoove 120°K with a quenching 

energy of 0*22 eV. 'ilie 5420 2 band of c r y s t a l 7 was not quenched i j n t i l 

the temperature exceeded 160°K when an energy of 0-26 eV was obtained. 

I t thus appears that the green emission bands axe quenched, i n 

general, with lower activation energies than the red bands, as would be 

expected. I t also appears -tiiat the shorter wavelength 5300 2 band i s 

associated with a lower quenching energy than the 54^0 2 and 5420 S bands. 

5.11 SUMMARY 

(a) Self-activated Qnission 

Self activated emission has been observed i n the presence of a 

va r i e t y of coactivators, for example chlorine, iodine and aliominium. 

However, there appeared to be only two d i s t i n c t emission processes (see 

table 5*2). Both produced very broad bands which shifted to lower energy 

upon cooling, the opposite of the usual s h i f t with energy gap variation. 

A h i ^ energy emission occurred a t 6150 £ at 85°K and 6O5O % at 293°K, 

when tiie coactivator was chlorine or iodine or when the c r y s t a l was simply 

heated i n zinc. A low energy emission a t 6350 2 a t 85°K which shifted 

to 6260 2 a t 293°K was present when aluminium acted as the coactivator . 

and a very similar band was produced as a r e s u l t of iridium coactivatiori 

and possibly also gallium. This i s a situation similar to that which 

occurs for the S.A. emission of zinc sulphide where group I I I coactivators 

produce lower energy emission than that associated with group V I I dopants 

(Prener and Weil, 1959). The s h i f t to longer wavelengths on cooling i s 

also t y p i c a l of S.A. zinc sulphide. 

Several differences were observed however i n the excitation spectra 

when the various coactivators were present. Zinc selenide simply heated 

i n zinc was found to possess an excitation band a t 4480 2, that i s approxi­

mately bandgap energy, with a t a i l towards longer wavelength. However, 



TABLE 5.2 

ailSSION BANDS OBSERVED IN ZINC SELENIDE DURING PRESENT INVESTIQATION 

Position of Emission Band % Position ol' Exed Ltation Band % 
EMBslon Band Dopant 293°K 85°K 293°K 

Copper- Red Cu 6480 6400 5350 5150 

Copper-Green Cu 5300 4440 

Copper-Green Cu 5*̂ 50 -^4600 

i •. . ' ^4750 

• S.A.. 6050 6150 4650 4480 

. ; S.A. ^ CI 6050 ' 6150 4700 *4550 

4950 4800 

S.A. I 6050 6150 •-4700 *4600 

5100 4890 

• S.A. • . Al 6360 4700 -4550 

4900 4800 

•[-./j^^juv In -•6200 *630O 

Group I l l - G r e e n Al 5570 4450 

Group Ill - G r e e n .>;in. ̂  5600 •' - . . • 4530 

Group I l l - G r e e n Ga 5630 'f550 

Undoped-Green V- 5650 

Undoped-Oreen • • ^ 5600 

Undbped-Green 5420 " • , - • 
* 4550 

-4750 

Undoped-Green 5350 

Undoped-Green 5300 4480 



-84-

with iodine, chlorine and aliuniniiim a lower energy excitation process 

was active r e s u l t i n g i n the excitation band a t about 4800 S.. An S.A. 

emission band co\ild not be completely resolved i n the indium doped mater­

i a l because of the overlapping copper emission and subsequent zinc treat­

ment caused the indium to be precipitated. However, an S.A. band similar 

to that produced by altiminium did appear to be present (figure 5 .24) . 

I t i s c l e a r that i n a l l these samples at l e a s t two excitation processes 

contribute to the' same emission process." In the impurity coactivated 

samples the band edge excitation process appears to be of re l a t i v e i n s i g ­

n i f i c a n c e . 

The higher energy emission observed af t e r imdOped material i s heated 

i n zinc i s the same as that reported by Aven arid Woodbury (I962) to be at 

6000 2 a t room temperature after purifying zinc selenide by zinc extrac­

tion. Markovskii e t a l (I969) ^BO reported a similar room temperature 

emission at 6IOO 2 which shifted to 615O 1 at 77°K i n zinc selenide heated 

i n zinc.. 

l i d a (1968) investigated the S.A. band i n zinc treated material 

and attributed the emission to pair recombination involving a le v e l appro­

ximately 0•35 eV above the valence band. However, the corresponding exci­

tation spectrum consisted solely of a bandgap excitation peak with no 

long wavelength t a i l as observed i n the present study. 

Eolton et a l (I965) obtained a broad emission band a t 6240 £ at 

4'2°K from zinc selenide coactivated by chlorine or bromine, without zinc 

treatn»nt. This almost c e r t a i n l y corresponds to the band which i s located 

a t 6I50 % a t 85°K pairticularly as they also observed a s h i f t to higher 

energy when the temperature was raise d . They also found the S.A. emission 

associated with aluminium to be displaced to lower energy by about 200 £ 

as i n the present work. A l o c a l i s e d transition between a zinc vacancy 

and the coactivator was again suggested to be the electronic process i n ­

volved. However, the corresponding excitation spectrum of chlorine coac­

tivated material a t 77°K consisted of a band a t approximately 466O % 
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together with a bandgap peak and Helton et a l considered the S.A. emission 

to be associated with the lower energy excitation. Their exoltatlon 

spectrum i s sin d l a r to the excitation spectrum of chloxlne doped material 

obtained a f t e r alnc treatment ( f i g 5.12) except that the PO'i^ions of 

the long wavelength bands d i f f e r by 15O 2. They postulated that the low 

energy band was associated with excitation between donor and acceptor 

p a i r s , a mechanism which I s not employed i n the present study. No 

excitation spectra of bromine or aliuDlnium doped material were I l l u s t r a t e d * 

The majority of so-called S.A. emission bands observed by other 

workers, for example Leverenz ( 1950), Markovskil and Smimova (1961), 

Asano et a l (1965) and Mironov and Markovskii (1965), i r e almost c e r t ­

a i n l y influenced by the long wavelength copper band and are similar to 

the emission observed i n the present work from several undoped c r y s t a l s 

p r i o r to zinc extraction. 

Table 1.1 shows that; most work has been carr i e d out on undoped 

material. Where zinc extraction has not been employed the r e s u l t s 

appear to be Influenced by the longer wavelength copper emission* 

Chlorine has received the most attention of the inQ)urlt7 coactlvatbrs 

but once again thie r e s u l t s seem to be influenced by copper. The re s u l t s 

of Holton et a i d 9 6 5 ) and I l d a (1968) agree quite well with the present 

r e s u l t s although there are some differences with respect to the long 

wavelength excitation band. Aluminium coactivation bias received l i t t l e 

attention apart from the work of Holton et a l and Aven and Halsted (1965) 

whose emission beoids d i f f e r i n position by approximately ^*00 i . The 

present r e s u l t s are more nearly in agreement with those of Holton et a l . 

Although bromine coactivation has ijeen mentioned by Holtbn et a l , there 

have been no reports of S.A. emission with other coactivators, for 

example iodine and indiiun. , 

Since the mechanism of the S.A. emission from zinc sulphide i s 

reasonably well understood and has been attributed to zinc vaciuicles 
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a s B o o i a t e d With cpactivator atoms, i t seems highly probable that a 6imil«^ 

process should occur i n zinc selenide. Both uadoped and chlorine doped 

ziJLG selenida produce the same emission band a f t e r sine treatment and so 

i t would seem that either the chlorine i s playing no p a r t i n the process 

or i t i s present i n both types of material. However, since group I I I 

and group V I I impurities produce different emission bands i t I s clear 

that the ooactiyator does ^lay an iotportant part i n the luminescent 

process and i s not simply acting i n - a compensiitiEig role^ Therefore the 

most l i k e l y escplanatlon i s that trace impurities of ohlorine or similar 

group V I I elements i n the undoped material a r e responsible for the S.A. 

emission observed* The energy l e v e l diagram shown i n figure 5.36 can be 

used to eicplain the excitation and emisislon processes quite well. The 

ooabtivator l e v e l 0 i s probably i d e n t i c a l to the donor l e v e l observed 

i n the regloit 0.1 eV to 0.3 «V during Hall effect measurements on 

samples containing various donor impurities (see chapter 7). In undoped 

material the nudber of ooactivator l e v e l s wotild be quite small and the 

main eleetronio excitation would occur across the bandgij^ or to the 

shallow donor l e v e l s observed during Hall effect meaisureaients on c r y s t a l s 

heated i n zinc and attributed to the hydrOgenic donor l e v e l associated 

with chlorine. A free electron would tend to migrate within the l a t t i c e 

u n t i l i t reached a coactivator atom where i t would f a l l into the l e v e l C. 

S i m i l a r l y the freie hole would migrate u n t i l i t became trapped i n the 

zinc vacancy l e v e l , whereupon radiative pair reooiabinatlon would occur* 

The excitation spectrum would therefore tend to possess W maximum at 

energies d o s e to the energy gap with perhaps a t a i l towards longer 

wavelengths due to excitation d i r e c t l y to the C l e v e l (aee figure 5.3)* 

As the niifflber of coactivator centres increased however, excitation ^ 

d i r e c t l y to the l e v e l C would tend to Increase l a opposition to direct 

band to band excitation and the longer wavelength excitation woxild 

become more important (figure 5*13) and would f i n a l l y become the dominant 
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proeess (figures 5*12, 5*l6)* Despite the change I n the excitation process 

the emission would be expected to remain the same, as indeed i t i s observed 

to do. Doping With iodine led to sim i l a r r e s u l t s (figure 5.19). The 

lower energy eadssion band produced by aluminium ooactivatlon can be 

explained using the same process postulated for the S.A. emission i n 

zinc sulphide, that i s on a basis of the different l a t t i c e s i t e s on which 

the group I I I and group V I I elements enter the c r y s t a l (Prener and Well 

1959)* A si m i l a r model to that used to explain the chlorine S.A. emission 

can also be used to explain the aluminium S.A. emission (figure 5*36)* 

Indium also caused the emission to occur at lower energies and can there­

fore be considered to act i n a sim i l a r manner to aluminium, which i s 

once again i n agreement with the model proposed by Prener and Weil for 

zinc sulphide. 

Severed factors must be considered i n order to obtain the various 

energy values shown i n figure 5*36 and the folldwing energy l e v e l diagrams* 

In figure 5*36 the energies of the electron transitions to the conduction 

band land the shallow donor l e v e l were arrived at by assuming the bandgap 

of zinc selenide to be 2.8 eV and the hydrogenlc donor ionization energy 

to be approximately 0.03 eV. The value of 0.22 eV for the depth of the 

l e v e l C below the conduction band prior to excitation was obtained by 

considering the aiiaxlmum of the low energy exoltatlon band (4800 2) 
observed i n chlorine doped c r y s t a l s heated i n zinc to correspond to the 

tr a n s i t i o n from the valence band to t h i s l e v e l . The energies of the 

radiati v e transitions i n both the chlorine and aluminiuiB samples wsre 

obtained simply from the wavelengths at which the maxima of the respective 

emissionfi^bands occurred although a coulombic contribution which i s not 

known ought to be included. The energy of the zinc vacancy l e v e l r e l a t i v e 

to the valence band was obtained from the thermal quenching data and the 

depth of the chlorlnf donor l e v e l a f t e r relaxation was therefore obtained 

siaqply from knowledge of the bemdgap energy. However the depth of the 
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^oaor l e v e l was also compared with the value of 0.33 aV obtained for the. 

donor ionization energy of chlorine using Hall effect measurements* Simi­

l a r methods Involving energies obtained from both excitation and emission 

spectra and thermal quenching data were used i n conjunction with any 

other relevant i n f o r i D a t i o n i n order to construct the remaining energy 

l e v e l diagrams. 

The main necessity for heating zinc selenide i n zinc to produce 

the S.A. emission i s to remove t h e copper impurities responsible for 

the 6400 X emisisioh which tends to swamp the S^A. band* This i s c l e a r 

since various samples exhibit S.A. emission even without zinc extraction 

because o f t h e i r low copper content (figures 5.17i 5.24)* The treatment 

may however tend t o increase the number of zinc vacaneiesi and hence S.A. 

emission centres, by removing the copper from zinc s i t e s . The zinc 

vacancies appear to remain i n the c r y s t a l i n equilibrium with the zinc 

solvent as was found by Aven and Halsted (1964). I t would therefore 

seem l i k e l y thai the proposal by Mironov and Markovskii (1965) and 

Markovskii et a i d 9 6 9 ) that excess zinc i s responsible for S.A. emission 

i s incorrect* 

As the temperature i s raised there are three possible explanations 

for the s h i f t of the emission band towards higher energy* The f i r s t i s 

that suggested by l i d a who considered tbat the (sleetron can move from 

One chlorine ion to another more read i l y at higher temperatures and since 

the probability of recombinlng v i a neighbouring centres i s higher than 

that between more distant centres, more of the short distance transitions 

should occur a t the higher temperatureis. Since the l a t t e r produce higher 

energy emission, t h e emission band should s h i f t to higher energy upon 

warming. Alternatively the electrons may recomblne i M l s t they are i n 

the C o n d u c t i o n band, u t i l i s i n g t h e i r kinetic energy to produce higher 

energy emission. I M s i s s i m i l a r to the model proposed by Hoi ton et a l * 

The t h i r d explanation i s that of Shionoya et a l (1964) yiho explained the 
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s h i f t On a ba s i s of the configurational coordinate model* Their model • 

seems unlikely since i t predicts that the excitation band should s h i f t i n 

the opposite direction to the emission band and t h i s effect was certainly 

not observed with manganese activation which can undoubtedly be analysed 

I n terms of the configurational coordinate model (chapter 6)* Further­

more, the work of H.J. 6 . Meyer (see Goede and Outsche 1966) leads to an 

equation idiich predicts a s h i f t to lower energy of both the emission and 

excitation bands upon warming and thtis contradicts Shionoya's suggestion. 

I t therefore seems more probable that the s h i f t i s due to a combination 

of the f i r s t two mechanisms and tfhat the variety of reoombination proeesses, 

involving variously spaced donor-acceptor pairs with some contribution 

from free electrons, contributes towards the large halfwidth observed* 

The thermal quenching energy of approximately O.'f eV almost c e r t ­

a i n l y corresponds to excitation of valence electrons into the zinc 

vacancy l e v e l s although the nature of the lower quenching energy i n the 

region of 0*03 eV does not appear cl e a r and i t may well be spurious, 

(b) COPPER EMISSION 

( i ) Three emission bands, thought to have been the r e s u l t of copper 

acti v a t i o n have been observed here i n zinc selenide (see Table 5*2)* 

With the red emission at 6'fOO 2, although i t i s possible that two d i f f ­

erent centres may be responsible for i d e n t i c a l emisision bands, i t seems 

more l i k e l y that,the emission was the r e s u l t of copper i n a l l c r y s t a l s , 

even where i t had not been intentionally introduced. For example, with 

the undoped sample of zinc selenide heated i n zinc and then selenium, 

i n t e r s t i t i a l selenium or zinc vacancies could produce an acceptor l e v e l * 

However the properties of the emission band as regards i t s half width, 

peak position, and temperature variation together with i t s excitation 

spectrum are so si m i l a r to the properties of the copper emission band 

that the centre i s either i d e n t i c a l or, more l i k e l y , i s i n fact due to 

oopper entering the c r y s t a l diuring the heat treatment* Since i t has 
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been shown by Markovskii et a i d 969) that the low energy copper emission 

i s produced by as l i t t l e as 0.1 p.p.m. copper i t would seem that i f copper 

i s to be avoided, zinc selenide must be heated i n the presence of li q u i d 

zinc which then acts as a . getter euid dissolves any cbpper i n pireference 

to tbe zinc melenide. I t was not possible to detect oppper chemically i n 

samples thought to contain small quantities because of the l i m i t s of the 

atomic absorption spectroscopic technique which was approximately 20 p*p*m* 

From the measurements on the chlorine and the Indium doped boules i t 

would appear that the amount of copper entering the l a t t i c e depends on 

the amount of donor impiirity added. For example, botile 122 which poss­

essed a prominent low energy copper excitation band, was found to contain 

more chlorine than c r y s t a l 123 which was r e l a t i v e l y uniaffected by copper 

i o p u r i t i e s , the S.A. band being much more prominent and not swamped by 

the copper red band* This tendency of the copper to enter the l a t t i c e 

with donor impurities i s probably associated with the cpBipensating nature 

of zinc selenide* 

There au:>e at l e a s t two possible models to expledn the copper red 

emission* They are analogous to the two models used to describe the 

copper green emission i n zinc sulphide and are I l l u s t r a t e d i n figure 

5*27* The f i r s t i s a Schdn-Klasens model involving the copper l e v e l 

approximately 0.86 eV above the valence band whilst the second i s based 

on a pa i r recombination model involving a shallow copper acceptor l e v e l , 

due to a different charge state of the copper ion, and a donor l e v e l * 

Both models have previously been proposed (Table 1.2) but no definite 

choice can be made since time resolved spectroscopy has shown a s h i f t 

t y p i c a l of pair.recombination i n one case (Fujiwara and Fukai 1967) and 

no s h i f t i n another ( l i d a 1969). The Schdn-Klasens model would appear 

to be more probable because the high thermal quenching energies obtained 

would be associated with the excitation of valence electrons into the 

deeper 0.86 eV l e v e l . Furthermore the red emission was unchanged 
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regardless of which donor, chlorine or indium for example, was present* • 

This observation d i f f e r s from that of Kroger and Dikhoff (1950) on zinc 

sulphide coactlvated with elements of groups I I I and V I I * The deep copper 

l e v e l , 0*86 eV above the valence band, i s probably the same as that 

reported by Strihgfellow and Bube (1968) as the Cu* l e v e l . They placed 

the l e v e l 0.72 eV above the valence band but assumed an energy gap of 

only 2.7 eV* The photoconductivity measurements reported i n the f o l l ­

owing chapter, which can be explained on a basis of the Sehdn-Klasens 

model, might tend to support a pair recombihation model. More experi-

meints of t h i s type however are necessary before one mechanism can be 

preferred to the other. The s h i f t to lower energy with increasing temp­

erature i s almost certa i n l y a r e s u l t simply of the reduction of the 

energy gap* 

(11) The high energy green emission, which i s excited by bandgap 

radiation may be produced by a Schon-Klasens transition to a copper l e v e l 

approximately 0*46 eV above the valence band (figure 5»38)* This i s . the 

same model as that proposed by Stringfellow and Bube although they placed 

the oopper l e v e l , suggested to be due to a substitutional Cu ion, 

0.35 eV above the valence band. Once again t h e i r value of 2.7 eV for the 

bandgap may be responsible for t h i s difference. I f a pair recombination 

model were assumed to be responsible for the copper red emission t h i s 

shallow copper l e v e l would be the grotmd state of the transition. How­

ever i f t h i s were so, the copper red and green bands would be expected 

to be seen simultaneously and t h i s does not occur. Furthermore the 

quenching energies would be expected to be identicad whereas i n fact 

they d i f f e r by at l e a s t 0*5 eV. This adds further support for the Schon-

Klasens model i n explaining the copper red emission. 

( i l l ) The 5450 2 emission i s l e s s easy to explain. The excitation 

energies of both 2.7 eV (4600 2) and 2.6 eV (4750 2) appear to produce 

t h i s emission band. I f these excitation transitions transfer electrons 
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from the valence band to the donor l e v e l s , the ground state copper l e v e l ' 

would need to be l e s s than 0.3 eV above the valence band* This would 

appear to be much too shallow an acceptor l e v e l and would not agree with 

Cu** l e v e l responsible for the 5300 % emission. Also i f the Cu*"*" l e v e l 

were involved i n both the 5300 % and the 5̂ 50 % emissions both bands j* 

might be expected to be observed simultaneously and t h i s did not happen* 

The most l i k e l y p o s s i b i l i t y i s that the copper entered the l a t t i c e i n t e r -

s t i t l a l l y i n a similar manner to that described by Shionbya et a l (1965) 

for zinc sulphide, where i t would act as a donor. Thla would then allow 

a Lambe-Kliok type t r a n s i t i o n (figure 5.38) from a deep popper donor 

l e v e l approsdmately 0.5 eV below the conduction band* The higher energy 

excitation would then be to ah excited state of the i n t e r s t i t i a l copper 

ion* This i n t e r s t i t i a l Introduction of copper might e:q>lain the fact 

that the 5̂ 50 % band appeared when zinc selenide was heated i n zinc 

containing large quantities of copper and also appeared simultaneously 

with the copper red band (figure 5*1)* zinc vacancy s i t e s may have 

been completely occupied by copper atoms after treatment i n zinc melts 

containing a high concentration of copper, the excess necessarily entering 

i n t e r s t i t i a l l y * 

The thermal quenching data agree reasonably well with the models 

proposed to explain the two green bands although the values are s l i g h t l y 

l e s s than would be expected. I t must be temembered however that the band-

gap and energy depths a l t e r considerably at the higher temperatures at 

which quenching occurs. Fiurthermore the measured thermal quenching ener­

gies are normally l e s s than the corresponding opticad energies because of 

the Franck - Condon effect, 

(c) GROUP I I I GREEN EMISSION 

The green emission bands of c r y s t a l s containing the group I I I coactivatdra 

which occurred i n the region of 56OO % (see Table 5.2) do not appear to 

have been reported previously. They were usually more prominent i n the 
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l i g h t l y doped boules eince the more heavily doped boules tended to be 

dominated by the usual S.A. and copper red bands. The corresponding 

excitation consists of a t r a n s i t i o n almost at the bandgap for indium 

and gedlium doped material and at the bandgap with aluminium. The 

s i t u a t i o n i s complicaited because several green bands ean^ occur i n the 

region of the group I I I emission i n undoped c r y s t a l s * The 56OO 2 

emission, therefore, might simply be the r e s u l t of the group I I I elem­

ents producing some form of native defect following their entry into the 

l a t t i c e although the influence of a donor l e v e l associated with the group 

I I I elements cannot be ruled out. t' 

(d) UNDOPED MATERIAL 

Often nndoped zinc selenide was foimd to emi* a green band at 85°K. 

The position of t h i s band varied from 5300 2 to 565O 2 and sometimes 

occurred together with emission i n the orange to red region. Since 

measurements were not made s p e c i f i c a l l y on these green emission bands 

and t h e i r corresponding excitation spectra were not always monitored, 

i t I s not possible to give any models for the processes involved* Three 

of the bands involved, those at 5300 2, 3'*Z0 2, and 56OO 2 may correspond 

to bands already observed i n copper doped samples and material contain­

ing group I I I i npUritles and i t i s possible that copper may again be 

influencing the emission or a l t e r n a t i v e l y native defects may be respons­

i b l e . However there i s r e a l l y i n s u f f i c i e n t information to ascribe the 

emission bands to any s p e c i f i c process and more work i s necessary before 

t h i s can be done. 
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CHAPTBR 6 

PHOTOmgNESCENCE RESULTS - MANGANESE ACTIVATION 

6.1 INTRODUCTIOH 

Attempts were made to introduce manganese into zinc selenide i n 

the hope that i t wovdd act as an e f f i c i e n t activator i n electroluminescent 

diodes subsequently fabricated from such material. Manganese was chosen 

since i t i s well proved as an e f f i c i e n t photoluminescent activator i n -

such materials as wlllemite, the halophosphates and zinc sulphide and 

has a l s o been used successfully i n zinc sulphide electroluminescent panels 

(Vecht 1970). I t was expected that the emission would occur i n the y e l ­

low to red spectral region, partly by analogy with the position of the 

emission band produced i n zinc siilphide and partly as a r e s u l t of the 

orange and red bsmds reported to be emitted by zinc selenide containing 

manganese (section 1.11b). Since there i s no agreement whatsoever as 

to the true position of the manganese emission from zinc selenide and 

since the majority of reported results have been obtained using powder 

samples, the present work should also help to c l a r i f y the situation. 

Once again, i n the fig\ires i l l u s t r a t i n g the emission and excitation 

spectra the i n t e n s i t i e s are i n arbitrary units and the spectra obtained 

a t 85*̂ K and room temperature are not shown to scale. Details of the 

growth conditions of the c r y s t a l s described i n this chapter are given 

i n table 6 .1 . 

6.2 DOPING TECHNIQUES 

(a) Two boules, I4I and I60 were grown by vapour phase transport i n 



TABLE 6.1 

CRYSTAL CROtyTH CONDITIONS 

C r y s t a l No. st a r t i n g 
Material Dopant T a i l Conditions 

141 D 20 mgm MhSe Zn 555°C 

160 D 0»2 gm Mn Zn 555°C 

I65 Op 0.2 gm MnClg Zn 555°C 

170 Op 0.1 gm MnClg Zn 555°C 

213 Op MnClj + 20 mgm Mn Zn 600°C 

S3.3 Op 3 mgm MnClg Sublimation 

SS .4 Op 30 mgm MnClg Sublimation 

902 Op 2 ragm 1 + 40 mgm Mn. Iodine Transport 

Mass of ZnSe Charge « 20 gm for Vapour Phase Transport 
3 gm for Sublimation Runs 

4 gm for Iodine. Transport 

D = Derby Luminescents 

Op » B.D.H Optran 
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the presence bl' 1000 p.p.m. manganese aelonlde and maxiganeae metal 

respectively. The emission from both crystals vmder 365O X excitation 

at 295°K was found to consist of a single, weak red band. Crystal I4I 

emitted a band of halfwidth 0'30 eV at 6420 S and crystal 160 a band of 

halfwidth 0*27 eV at 6475 ̂ « These bands appeared to be very similar 

to those fovind i n the majority of crystals described i n the previous 

chapter and were probably a superposition of both the copper and the S.A. 

bands. When cooled to 85°K, crystal I 4 I emitted a green band at 5280 1 

(0*21 eV halfwidth) together with an orange band at 63OO X (0*20 eV half -

width). The emission from crystal 160 at 85°K consisted of two very 

weak bands at 5470 ^ (0*26 e7 halfwidth) and 634O 1. Because of the 

r e l a t i v e insignificance of the orange bands and the presence of the green 

bands at 85°K i t was thought probable that very l i t t l e or no manganese 

was present i n these crystals. Later neutron activation analysis of 

c i y s t a l 160 showed i t to contain only 0*5 p.p.m. manganese. I t was there­

fore concluded that the manganese cannot be introduced in t o a vacuum 

sublimed boule from either the metal or i t s selenlde. 

(b) An attempt to introduce manganese by d i f f u s i o n i n t o an undoped 

c r y s t a l from a zinc plus manganese melt, as was accomplished with copper 

and aluminium, also proved unsuccessful. A black deposit was formed 

on the surface of the zinc selenide. This was probably manganese sele-

nide or some similar compound. 

(c) Several boules were grown by vapour phase transport with manganese 

chloride present i n either the reservoir or the charge. The resultant 

boules possessed an orange body colour and were foiind to emit a bright 

orajige band a t both 293°K and 85°K. The emission from crystial I65, grown 

with I f o majigianese chloride i n the reservoir, had i t s maximum at 635O X 

whereas that from c r y s t a l I70, grown with ̂  manganese chloride i n the 

t a l l , lay a t 625O 2.. Two other cirystals, grown with 1^ manganese chlo­

ride i n the reservoir and charge had maxima a t 646O 2 and 6440 i. 
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respectiyely. Halfwidths were of the order of 0«3 eV. When cooled to 

85°K the bands became a l l g h t l y narrower, approximately 0»28 eV wide, and 

shift e d to higher energy. The emission from crystals I65 and I70 at 

85°K lay a t 6I5O 5 i r t i i l s t that from the other two crystals occurred at 

6200 i. Although the cr y s t a l with the lowest manganese content emitted 

at shorter wavelengths than the others, t h i s was probably the r e s t i l t of 

i t s lower chlorine content and hence a lower copper content. This effect 

was observed previously when chlorinB doped material was studied. 

I n most respects manganese chloride doped ciystals behaved i d e n t i - . 

c a l l y to crystals grown i n the presence of zinc chloride. However, when 

the excitation spectrum of the orange emission was measured a major d i f ­

ference was observed. At 85°K, i n addition to the peak corresponding 

t o bandgap excitation there were two well-defined excitation peaks at 

about 5050 S and 5350 1. These peaks were much more pronounced for cry­

s t a l 165 than f o r 170 (figure 6.1) and are t h o u ^ t to be associated with 

manganese. 

I n order to study the manganese excitation and emission spectra 

more easily, crystal 213 was grown with a higher manganese content. 

This was achieved p a r t l y by r a i s i n g the reservoir temperature to 600°C 

and therefore producing a higher p a r t i a l pressure of manganese chloride 

i n the growth region, and part l y by adding manganese metal to the charge 

material. The resultant crystal again had an orange body colour and 

emitted a bright orange band under U.V. excitation at both 293°K and 

85°K as before. However the band was shifted s l i g h t l y towards longer 

wavelengths, i t s maximum occurred at 6250 £, with a halfwidth of 0*29 eV 

at 85°K. When the excitation spectrum at 85°K was measured (figure 6.2) 

i t was found to consist of a small peak at tiie bandgap at approximately 

4400 £ plus the two manganese bands at 503O i and 5370 1, The two sharp 

peaks were found to be more pronounced than those of crystal 165» and 

atomic absorption analysis showed that crystal 213 contained I7OO p.p.m. 
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mangajiese compared with 600 p.p.m. i n crystal 165 and 100 p.p.m. i n cry­

s t a l 170. At room temperature the excitation peak at the bandgap disap­

peared and the manganese bands broadened so that they could not be re­

solved ( f i g u r e 6.2). At 85°K the halfwidths of the h i ^ and low energy 

manganese excitation jeaks were 0*11 eV and 0«15 eV respectively. 

When l i g b t with a wavelength of 53OO 1 was used to excite crystal 

213 the spectral emission d i s t r i b u t i o n shown i n figure 6.3 was obtained. 

At 85°K, i n addition to the broad red band at 64OO 2 observed previously 

i n the majorily of crystals, there was a narrower band a t 5870 2. When 

the wavelength of the exciting l i f i ^ t was changed to 5200 2, the 5870 2 

band was reduced: considerably and becaae of comparable intensity to the 

6400 2 copper band. The two excitation wavelengths correspond approxi?^ 

mately to the maiijiium of the low energy manganese excitation band (5300 

and the minimum between the two excitation bands (5200 2 ) . I t can there­

fore be assumed that excitation w i t h i n the manganese excitation band 

was respohsible f o r the production of the 5870 2 emission, which woiold 

appear to be the characteristic manganese emission. I n the preceeding 

chapter an excitation band at 5200 2 associated with copper, wafs reported 

Copper was probably also present i n crystal 213 and excitation within 

t h i s band led to the 64OO 2 emission. Excitation with l i ^ t with a wave­

length of 5000 2 also produced the 5870 2 manganese emission band, sugges. 

t i n g that the two excitation bands are associated with the same manganese 

emission process, llhe emission spectrum obtained n^en 365O 2 excitation 

was employed was apparently a combination of the copper emission, the 

manganese emission and the S.A. emission, which i s strongly associated 

with the bandgap exci t a t i o n . 

(d) I n an attempt to introduce even more manganese into zinc selenide, 

several further crystals were grown by rapid sublimation i n a sealed 

tube with manganese chloride present. Zinc s41enide platelets mixed 
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with 0.19^ mahganese chloride were sublimed to produce a yellow polycry-

s t a l , SS.3. The excitation spectrum of this c r y s t a l i s i l l u s t r a t e d i n 

figure 6.1. The manganese bands are barely v i s i b l e and the major exci­

t a t i o n appears to occur across the bandgap. The crystal was l a t e r ana-

lysed and found to contain only 20 p.p.m. manganese. This estimate of 

the manganese content agrees qiiite well with the observed excitation 

spectrum. Zinc selenide mixed with Afd manganese chloride did not trans­

port along the tube and insteswi the charge sintered to a deep red and 

orange mass (sample SS.4). The excitation spectrum of this material 

revealed prominent manganese peaks but the crystals were too non-uniform 

to be accvirately analysed and were extremely polycrystalllne. . 

(e) F i n a l l y boule 902 was produced using the iodine transport method 

i n which zinc selenide platelets plus manganese metal were transported 

using iodine. The boule had a deep orange body colour and was of h i ^ 

c r y s t a l l i n e q u a l i t y . When excited by 365O 2. l i g h t at 293°K i t emitted 

a broad red band at 6550 ̂  with a halfwidth of 0*36 eV. When cooled 

to 85°K the band-narrowed to O.3I eV and shifted to 625O i (figure 6.4). 

The exc i t a t i o n spectrum of thi s crystal revealed once more the prominent 

manganese excitation bands (figure 6.1). There was ho evidence of a 

band to band excitation peak although there was a small peak at 467O A°. 

This did not appear to be the same band that was responsible f o r the 

shoulder observed i n the spectra of crystals SS.3 and 170. This shoiilder 

was probably associated with the S.A. and chlorine excitation bands which 

can be seen i n figure 5.9. The peak at 467O X therefore i s pUobably 

another msuiganese excitation band. At 293°K the excitation spectrum 

of c r y s t a l 902 was almost i d e n t i c a l to that of crystal 213 (figure 6.2). 

The two manganese bands were again unresolved and displaced to longer 

wavelengths compared with t h e i r positions a t 85°K. 

When l i g h t chopped at 10 cpa was used to excite crystal I65, i t 
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was foiuid that the excitation peak at the bandgap and the shoulder at 

4700 i increjksed almost tenfold r e l a t i v e to the manganese peaks. Chop­

ping frequencies h i ^ e r than 200 c.p.s. did not appear to produce any 

fvir-Uier changes. The ianganese bands were ithetefote resolved most easily 

when the exciting l i g h t was chopped at 200 c.p.s. and consequently this 

frequency was used to obtain the excitation spectra of a l l manganese 

doped crystals. 

When crystal 902 was excited by 5300 X l i ^ t the narrow band shown 

i n figure 6.5 was observed. At 293°K the band lay at 5920 2 and had a 

halfwidth of 0*18 eV. When the crystal was cooled to 85°K the band nar­

rowed to 0*13 eV and shifted s l i g h t l y to higher energy, f i n a l l y l y i n g 

a t 5870 S. The 64OO i copper band was present only as a long wavelength 

shoulder. By comparison with figure 6.3 i t i s clear that the laanganese 

content of crystal 902 i s much higher than that of 213 i n r e l a t i o n to 

th * copper content. Chemical analysis showed that crystal 902 contained 

1% manganese and hence a l l ihe manganese added pri o r to growth had entered 

the c r y s t a l . The halfwidth of the manganese emission band (figure 6.6) 

i s considerably smaller than that of the S.A. emission and of the copper 

band, ( f i g u r e 5.''1)' The width was found to vary by 3*1 x 10"'* eV/°K 

and. was therefore less temperature dependent than that of the S.A. and 

copper bands. A p l o t of the position of the emission band naximum versus 

temperature (figure 6.6) shows that the manganese band s h i f t s by 

5*6 X 10"^ ey/°K which i s p r a c t i c a l l y negligible. 

• • . ' I 
6.3 MEASUREMENTS AT LIQUID HELIUM TEMFEBATURES 

The emission from crystals 213 and 902 imder 530O 1 excitation 

was also measured at temperatures down to approximately .15°K using an 

Optica spectrometer. Measurements of halfwidths down to 15°K showed 

that the width remained constant a t approximately 0*14 eV a t temperatures 

below 100°K. This i s the r e s u l t of a l l the excited electrons being confined 
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to the zero point energy level i n the oonfigurational coordinate model 

as described I n Chapter 1. The energy of the phonon which interacts 

i n the excited state can therefore be obtained by applying equation 1.1 

- Wo 

r I"* 
^ - Wo coth Z 2 

1 Z 2Z^ when expanded coth Z * ^ + ^ - 45 + ^45 

At low T, Z i s large and coth Z —»• 1 .*. Wj—* Wo 

At high T, Z i s small so that terms a f t e r ̂  can be, neglected 

Ŵ  = Wo 

Ŵ  = Wo ^ (6.1) 

Thxxfl i f the square of the halfwidth i s plotted as a function of tempera­

ture, the phonon energy hy can be obtained from the slope of the s t r a i ^ t 

l i n e portion of the p l o t i f Wo i s known. Prom a plot of ttie square of 

the halfwidth versus tOraperature f o r the manganese emission from crystal 

902 a value of 0-032 eY or 258 cmT' was obtained f o r the energy of the 

phonon imrolved. 

I n the emission spectrum of crystal 213, two sharp lines at 5545 2 

and 5565 2 were observed at 15°K. They could not be clearly resolved 

however beca,use of overlap of the excitation £̂ d the emission bands. 

The higher energy l i n e may well have been the zero phonon l i n e of emission 

with the 5565 2 l i n e a phonon replica althoxigh i t i s possible tiiat any 

line s of higher energy s t i l l may have been swiwiped by the exciting l i f i ^ t . 

No lines were observed i n the emission from c r y s t a l 902. 
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6.4 THBATMENT IM ZIRC OR SELENIUM 

Sinoe, i n order to produce electroluminescent diodes, the reels-

t l v i t y of zinc selenide must be reduced by heating i t i n molten zinc, 

. the effects of this zinc treatment upon the manganese luminescence pro­

cesses were studied using crystals 213 and 902. The emission, under 

3650 1 excitation from both crystals a f t e r they had been heated i n mol­

ten zinc was Id e n t i c a l to that from a l l other crystals lareated s i m i l a r l y 

whether they o r i g i n a l l y contained manganese or not. That i s to say, one 

band only was observed at room temperature with a maximum at 6O5O 1 yrhich 

shifted to 6150 2. when cooled to 85°K. The excitation spectrum of cry­

s t a l 213 following the zinc treatment i s shown i n figure 6.7. The two 

manganese excitation bands have been completely removed and the sipectrum 

i s very similar to that of the chlorine doped crystal 122 a f t e r heating 

i n zinc ( f i g u r e 5.12). The 4800 2 band characteristic of chlorine i s 

again present. No manganese excitation bands either could be found with 

c r y s t a l 902 a f t e r i t had been heated i n zinc. I n fa c t i t s spectrum was 

almost i d e n t i c a l to that of the undoped crystal 909 grown by iodine trans­

port a f t e r i t had been subjected to the zinc treatment (figure 5.19). 

Analysis of crystal 902 a f t e r i t had been heated i n zinc showed, however, 

that i t s t i l l contained the same amoxint of manganese as. before that t r e a t ­

ment. Samples of cr y s t a l 902 which had been heated i n zinc, were sub­

sequently heated I n vacuum or i n selenivmi. As a resul t the manganese 

exc i t a t i o n bands reappeared and sm excitation spectrum identical to that 

p r i o r to the zinc treatment was obtained. However, excitation by 5300 £ 

l i g h t did not resolve the manganese emission band as well as before the 

zinc treaianent and excitation of the selenium treated crystal at 85°K 

by 3650 £ l i g h t produced a band a t 6440 £ with a halfwidth of 0-24 eV. 

This i s much narrower and at a longer wavelength than the emission from 

untreated material smd seems to agree with the previously observed effect 

that the copper emission increases a f t e r heat treatment i n vacuum or 

selenium. 
SECTION 
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6.5 PHOTOCONDUGTIVITY 

The photoconductivity of crystal 902 (figure 6.8) was stiidied i n 

order to discover whether excitation w i t h i n the two manganese bands led 

to photoconductivity. . The apparatus used was v i r t u a l l y i dentical to that 

used to obtain the luminescent excitation spectra. That i s , a chopped 

l i g ^ t so\irce was passed through the monochromator onto the sample which 

had 100 V D.C. applied across i t . The current through the crystal was 

taken throvl^^ a 1 megohm ^resistor and the voltage produced across this 

r e s i s t o r was fed to the phase sensitive detector. Therefore the signal 

being monitored was characteristic of the actual phbtocurrent and did 

not include the backgroiind dark current due to thermal excitation. Cur-

rents of the order of 10 amps could be measured. 

At 85°K, with a chopping frequency of 200 c.p.s., a single peak 

at 4450 2 dominated the spectral response of the photoconductivity of 

c r y s t a l 902 ( f i g u r e 6 .8 ) . With 10 c.p.s. excitation a small photocurrent 

was observed at longer wavelengths but i t was s t i l l negligible i n com­

parison with that at the bandgap. At 293°K the spectrum consisted of 

two shoulders at approximately 5500 2 and 4900 2 superimposed on the 

maximum response a t the bandgap. When the temperature was raised to 

360°K the 5350 2 and 4900 2 bands became more prominent and at 400°K 

they completely dominated the photoconductivity spectrum. The positions 

of these two longer wavelength bands do not coincide with those of the 

manganese bands a t the same temperature (f i g u r e 6.2) and i t i s f e l t that 

they are more l i k e l y to be associated with the copper and the iodine 

impurity bands described i n the previous chapter. The absence of the 

manganese bands from the photoconductivity spectrum at 85°K indicates 

that the excitation process responsible f o r the nanganese emission i s 

not associated with photoconductivity so that no electrons are excited 

ftom the ground state of the manganese ions i n t o the conduction band. 
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The appearance of the excitation bands attributed to copper and iodine, 

as the temperature i s raised, can be explained as follows. I f an elec­

tron i s excited to the iodine donor l e v e l , at low temperatures i t w i l l 

tend to recorabine d i r e c t l y with a hole. The electron w i l l therefore 

take no part i n conduction processes. As the temperature i s raised, 

however, the electron w i l l be more l i k e l y to be excited into the conduc­

t i o n band and w i l l therefore contribute towards the conductivity u n t i l 

i t recombines. Therefore a t low temi)eratures only hole photoconduction 

w i l l occur wheireas at h i ^ e r temperatures the electron w i l l also take 

part. The same argument can be applied to an electron excited from the 

copper l e v e l to the conduction band when hole conduction w i l l only assist 

electronic conduction at higher temperatures. I n both cases the tempera­

ture a t which the conductivity begins to rise i s associated with the 

temperature at which thermal quenching of the luminescence begins. 

6.6 CQMPARISOiJ WITH MANGAMS3B CHLORIBE . 

In order to ensure that the emission associated with manganese 

i n zinc selenide was not, i n f a c t , due to precipitated manganese chlo­

ride or manganese iodide, a sample of manganese chloride was examined. 

Since the chloride i s luminescent only when anhydrous, the seunple was 

f i r s t melted i n a s i l i c a tube and sealed o f f from the a i r . 

When excited by 565O X radiation at room temperature, the sample 

emitted an asjTnmetric band at 64OO X with a halfWidth of 0-29 e? 

(fi g u r e 6 .9 ) . When cooled to 85°K th i s band was gradually replaced by 

a longer wavelength band at 6800 X with a halfwidth of 0-26 eV. Very 

si m i l a r bands were seen under 5300 X excitation. The excitation spec-

tnrni a t 293°K revealed broad bands at approximately 56OO i, 46OO K and 

4200 2. ( f i g u r e 6 .10). When copied to 85°K, bands were seen at 5550 £, 

4600 If 4150 5, 3700 S and 3650 X. These bands again correspond to transi­

tions w i t h i n the manganese ion but they do not coincide with those ob­

tained f o r the manganese ion i n zinc selenide (figure 6 .1) . Furthermore 
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the emission bands are also d i s s i m i l a r j d i f f e r i n g by almost 1000 X at 

85°K and 500 X at room temperature. 

The f a c t that two emission bands were observed might suggest that 

a BUbstanoe other than memganese chloride was present withi n the tube, 

perhaps formed when the chloride was melted. This may have been respon­

sible f o r the s l l ^ t discrepancies observed between present results ajid 

those of Klick and Schulman (1952). Although the higher energy bands 

observed by Klick and Schulman correspond quite well to those observed 

i n the present study, the longest wavelength excitation band they observed 

lay at 5200 2. hot 5550 2. The two emission bands may alter n a t i v e l y have 

been associated with recombination from two separate manganese levels, 

the lower energy t r a n s i t i o n being quenched a t room temperature. 

However, since neither the results of Klick and Schulman nor those 

obtained i n the present study of manganese chloride agree with the results 

obtained from manganese activated zinc selenide, i t . can safely be assimied 

that the results reported i n this chapter are i n fa c t those of manganese 

activated zinc selenide. 

6.7 THHUHAL (̂ DENCHIHG 

As described i n section 5«10, suitable excitation m^lst be used to 

isolate the required manganese emission. A l t h o u ^ l i ^ t with a wavelength 

of 5300 X was. used t h i s also excited the copper band i n most samples 

and hence only crystal 902, with a negligible copper band, could be stu­

died with confidence. Light with a wavelength of 5500 £ was also sa t i s ­

factory since i t lay wi t h i n the low energy excitation band a t a l l tempera­

tures used (figure 6 .2 ) . 

The CTirve which i l l u s t r a t e s the quenching produced i n crystal 902 

i s shown i n figure 6 .11. There i s a gradual decline from 85°K to approxi­

mately room temperature whereupon the int e n s i t y begins to f a l l o f f more 

ra p i d l y . This i s very similar to the behaviour of the S.A. emission 
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( f i g u r e 5.55) and indeed, when the r e s u l t i n g curve was plotted i n the 

form l o g - 1 versus ^ (figure 6.12), two quenching energies of 

0'Q25 eV and 0 '55 eV were obtained. These are similar to the values 

obtained f o r the S.A. material. Once again the lower energy effe c t may 

be associated with some incidental process such as a s h i f t of the low 

energy excitation band or i t may be an actual low efficiency quenching 

process. 

6.8 DISCUSSIOK 

A l l the crystals which contained manganese emitted i n a broad orange-

red band when 365O Z excitation was employed (figure 6.4). Measurement 

of the excitation spectra of thiig emission f o r a l l such crystals, how­

ever, revealed a coimnon feature, namely the two sharp peaks i n the green 

region ( f i g u r e 6.1). At 85°K these lay at approximately 5040 X and 5370 1 

and increased with increasing manganese content (figure 6.1). A h i ^ r 

energy peak at 466O X was also observed i n the crystal containing ̂ % 

manganese. Bxcitation with l i ^ t with wavelengths within the two green 

ex c i t a t i o n bands, either at 5300 X or 5OOO X resulted i n the emission 

of a narrow orange band at 5870 X (figures 6 .5, 6.5). This band broa­

dened from 0«13 eV at 85°K to approximately 0-20 eV a t rocmi temperature 

and was cl e a r l y much narrower than t y p i c a l emission bands reported i n 

the previous chapter. At 293°K the band lay a t 5910 X and hence had 

only a s l i ^ t temperature dependence. This emission i s clear l y associa­

ted with the manganese impurity w i t h i n the c r y s t a l . The luminescence 

observed imder 565O 1 excitation i s broadened by the additional S.A. 

and copper bands which obscure the manganese emission. 

The majority of previoxis workers on the emission of manganese ac­

tivated zinc selenide appear to associate manganese with a red emission 

band i n the region of 64OO 2. at 293°K, (Leverenz 1950, Asano et a l 1965* 

1968 a, Apperson et a l 196?). Such ancemlsiion i s very similar to that 
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observed xmder 365O X excitation i n the present crystals (figure 6.5) 

and i s almost c e r t a i n l y affected to a considerable extent by the 650O 1 

copper band reported i n the previous chapter. Asano et a l (I968 a) stu­

died the excitation spectra of mixed zinc sulphide-selenide phosphors 

activated with manganese chloride. They observed sharp manganese exci­

t a t i o n bands i n the sulphur r i c h samples but these disappeared as the 

selenium content was increased u n t i l i n zinc selenide a shoulder only 

was observed at approximately 5200 1. This probably corresponded to the 

copper excitation band (figure 5»7)« When 5300 £ excitation was used 

the red copper band, not the manganese band, was produced. I t therefore 

appears that there was either considerable copper contamination i n t h e i r 

samples, perhaps due to the f l u x employed, or the manganese (approximately 

^<j(,) was not entering the selenide. Apperson et a l (196?) obtained an 

excit a t i o n band at approximately 5050 £ and a shoulder at 5500 £ at 85°K 

which may have been associated i n some way with manganese. Bowever the 

emission was again reported to be a t 63OO £ a l t h o u ^ the wavelength of 

the e x c i t i n g l i g h t was not given. This emission was probably again af­

fected by copper impurities although no details of crystal preparation 

were given and thus no explanation i s . possible. Early cathodolianlnescence 

measurements by Larach (1955) ̂ 7 l^ve revealed the manganese emission 

at 5940 £ at roOTi temperature although the addition of chlorine appears 

to have introduced S.A. emission centres. 

Langer and Richter (1966) carried out optical absoirption measure­

ments a t 4«2°K on melt grown zinc selenide containing O-Ij^ manganese. 

They observed two absorption bands at 4995 £ and approximately 5500 £ . 

A zero phonon l i n e at 4757 £ corresponded to an unresolved t h i r d band 

at somewhat shorter wavelength. These three absorption bands almost 

c e r t a i n l y correspond to the excitation bands observed at 504O £ , 5370 £ 

and 4660 £.in the present work, the s l i g h t s h i f t being attributable to 

temperatiire differences. They also reported that the corresponding emis­

sion band lay a t approximately 5815 £ although no further details were given. 
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The present results, therefore, are i n agreement only with those 

of Langer and Richter. The three excitation bands are probably associa­

ted with transitions from the ground 6A.̂  state to three excited levels 

w i t h i n the manganese ion, and are 6A^—»4T^, 6A^—>4T2 and 6A^—»4A^,4E 

i n order of increasing energy (figure 1.6). Transitions to higher levels 

are not obsoirved because of the onset of excitation across the bandgap 

as shown i n figure 6.2. The orange emission band i s due to the tr a n s i ­

t i o n from the lowest excited state to the ground state, that i s 4T^—*• 6A^, 

as i n zinc sulphide. 

The thermal quenching measurements led to a quenching energy of 

the order of 0-33 eV. This»probably corresponds to the energy required 

to excite the electron from the minimum of the excited state i n the con-

f i g u r a t i o n a l coordinate model to the point at which the ground state 

curve intersects i t (figure 1.10a). Photocapacitance measurements by 

Braun et a l (1973) place the manganese ion ground state 0*6 eV above the 

valence band* This would put the 4T^ level very close to the conduction 

band and the quenching energy of 0-025 eV may be associated with the trans­

f e r of electrons from the 4T^ level to the conduction band. 

From the temperature dependence of the halfwidth of the manganese 

emission, a value of 258 cmT̂  was obtained f o r the energy of the phpnon 

which coupled with the manganese ion i n the excited state. This i s i n 

the region of the energy of the longitudinal optical phonon of zinc se­

lenide which has been reported to be 242 cmT̂  from edge emission studies 

(Reynolds et a l I 96 I ) and 250 cmT̂  from infra-red r e f l e c t i o n measiirements 

(Aven et a l I 9 6 I ) . Leuager and Richter also concluded that the manganese 

ions were coupled to the l a t t i c e phonons and obtained a maximum energy 

of 242 cm7^ from the separation of phonon replicas. I t therefore seems 

most l i k e l y that the longitudinal optical phonon i s responsible f o r the 

dominant interaction with the manganese ion. 

The mechanism by which the manganese emission disappears a f t e r 
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crystals have been heated i n zinc i s not clear. The excitation bands 

reappear with t h e i r o r i g i n a l i n t e n s i t y when the crystal i s subsequently 

heated i n vacuum or selenium and therefore the manganese i s not removed 

from the crystal i n t o the melt. This conclusion i s also supported by 

atomic absorption analysis before and af t e r zinc treatment. I t seems 

un l i k e l y that ihe manganese was precipitated i n a similar manner to i n ­

dium and gallium since no second phase was v i s i b l e even i n the 1^ man­

ganese sample a f t e r zinc treatment. A suggestion by Allen et a l (1975) 

i s t h a t , because of the high concentration of free electrons a f t e r zinc 

treatment, the energy released by the manganese ion produces hot elec­

trons by an Aiiger process rather thain v i s i b l e emission. Absorption meâ -

sxirements on a sample of boule 213 heated i n zinc support this view since 

the aero phonon absorption l i n e i s s t i l l v i s i b l e , showing that the man­

ganese ion must remain i n i t s o r i g i n a l state (Jones and Woods 1973). 

I t i s clear from the present results that up to 1'̂  manganese can 

be successfvilly incorporated i n t o zinc selenide crystals during growth. 

Growth from the vapour phase, i n the presence of manganese chloride, can 

be used, but with the iodine transport method, a h i ^ e r concentration 

of manganese can be introduced. The excitation and emission processes 

hiave been unambiguously i d e n t i f i e d and eire ascribed to internal treinsi-

tions w i t h i n the manganese ion. 
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CHAPTEB 7 

fiESULTS OP HALL WFECT MEASURMENTS 

7.1 IMROKJCTION 

The majority of crystals, whose transport properties have been 

studied, have already been discussed i n Chapter 5 and details of th e i r 

growth conditions and d o p i i ^ leyels Were given i n Table 5»1. I n the 

present chapter i n t e r e s f i s concentrated mainly on samples containing 

group I I I impurities and the effec t that heating i n zinc has on their 

properties, although some mention of chlorine doped material i s made 

towards the end of the chapter. 

7.2 Uin)OEBD MATBtlAL 

As pointed out i n Chapter 2, iindoped zinc selenide has a very hlgji 

r e s i s t i v i t y suid the majority of work has been carried out on crystals 

heated i n molten zinc. Boule number 7 was investiga.ted and a sMiple 

from the end which exhibited green luminescence, that i s the end which 

was formed l a s t , was found to have a room temperatijre conductivity of 

5 X 10"^^ ohm''lcmT̂  i n the dark. This i s t o t a l l y unsuitable f o r Hall 

e f f e c t measurements. However, when strongly illuminated by white l i g ^ i t , 

passed through a copper sulphate f i l t e r , the conductivity was found to 
- ' i -1 -1 

increase to 5 x 10 ohm. cm. . This enabled the Hall effect to be ob-
12 -3 

seirved and values of the carrier density of 2 x 10 cm. and mobility 
2 

of 200 cm./v,sec. were obtained. These figures are only intended to give 

an estimate of the transport properties since both the mobility and car­

r i e r density were strongly dependent on the l i ^ t i n t e nsity and many 
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secondary effects such as hole conduction and quenching phenomena may 

have been present simultaneously. 

I n order to reduce the dark r e s i s t i v i t y , samples from both ends 

of boule 7 were heated i n molten zinc a t 850°C f o r a week. I n both cases 

the room temperature conductivity w£is found to have increased to approxi­

mately 3*5 ohmT̂ cmT̂  and the transport properties were easily measured. 
2 

At room temperature both samples had a mobility of approximately 400 cm./v.sec. 

and a ca r r i e r density of 6 x 10^^ cmT̂ . On cooling to 70°K the carrier 

densities f e l l giradiaally to 1 x 10^^ cmT^ but whereas the mobility of 

the o r i g i n a l l y orange luminescent sample reached a maximum of 900 cm./v.sec. 

i n the region of 90°K, that of the o r i g i n a l l y green luminescent sample 

reached 2000 cm?/v.sec. a t 70°K and was s t i l l increasing as the tempera­

ture was lowered even fu r t h e r . I t w i l l be shown i n tiie next section that 

the most l i k e l y explemation f o r t h i s behaviour i s -tiiat neutral impi;irity 

scattering was acting as a mobility l i m i t i n g process i n the former sample. 

The temperature v a r i a t i o n of the mobilities and carrier densities of these 
samples can 

from several 

be seen i n figures 7.1 and 7.2, together with the results 

other samples which w i l l be considered l a t e r . 

7.3 INDIUM DOPED MATERIAL 

(a) Doping from solution 

Undoped zinc selenide samples were heated i n molten zinc plus d i f ­

ferent amounts of indium at 850°C for a week i n a similar manner to the 

luminescent samples described i n Chapter 5» i n an attempt to diffuse 

indixmi i n t o the crystals. Samples from the green luminescent portion 

of botile 7 were again used as the basic material and two indium concen­

trations were used, 3 mole ̂  and 25 mole ̂ . The r e s i s t i v i t y was reduced 

considerably and the room temperature mobilities of the 39$ and 2% indium 
2 2 samples were 550 cm./v.sec. and 500 cm./v.sec. Corresponding carrier 
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denisities of 3«5 x 10^^ cmT̂  and 1 •6 x 10^^ craT^ were obtained. I n both 

samples the mobility reached a maximum at about 60°K and then f e l l as the 

temperature vras lowered further. The maximiim mobilities were of the 
2 2 

order of 2400 cm./v.sec. and 1400 cm./v.sec. respectively. The tempera­
ture v a r i a t i o n of the c a r r i e r density was found to be identical f o r each 
sample down to 50°K although only the 25^ indium doped sample was studied 
below t h i s temperature. Figures 7.1 and 7*2 show how the mobilities 
and c a r r i e r densities of the two samples varied with temperatvire down 
to 65°K and figures 7 '3 and 7.4 show the extension of t h i s variation 
down to 17°K f o r the 25^ indium sample. 

According to equation 2.44 the value of n obtained d i r e c t l y from 

measurements of the Hall voltage should be multiplied by the scattering 

factor r to give the true carrier density. Down to approximately 100°K 

the scattering process w i l l be shown to be associated with optical pho-

nons and hence the value of r should be taken to be unity (see Table 2 .1) . 

However, below i00°K ionized impurity scattering seems to predominate. 

For t h i s scattering process r has a value of 2 and therefore the true 

c a r r i e r density i s a factor of 2 greater than the value obtained experi­

mentally. When corrections f o r the scattering factor were applied to 

the v a r i a t i o n i n c a r r i e r density with temperature, the less steep curve, 

shown dotted i n figure 7.4» was obtained. By f i t t i n g equation 2.15 to 

several points of the s t i a i g h t l i n e portion of t h i s ctirye i t was possi­

ble to obtain values f o r the donor and acceptor impurity concentrations 

together with the donor ionization energy. A value of 0-17 m was cho­

sen f o r the electron effective mass (Marple I964) and this led to a va­

lue f o r the effective density of states of 0'34 T̂ *̂  x 10^^ cmT̂ . 

Njj - was taken to be 2 x 10^^ cmT^, this being the carrier density 

at hiyh temperatures with a l l the donor levels empty. The best f i t to 

the curve shown i n figure 7.4 was obtained with values of 
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E, » 0^012 eV 
d. 

- 1.05 I 10^'' cmT̂  

= 8.5 X 10^^ cmT̂  
A 

The following values were obtained from measurements on the sample heated 

i n zinc plus 55̂  indium 

E, " 0*015 eV 
a 

- 1.23 X 10 """̂  cmT̂  

N, o 8-3 X lo"*^ cmT̂  A 

Because of the s i m i l a r i t y of a l l the curves shown i n figure 1.2 i t seemed 

very probable that the same donor level was present i n a l l tiie samples 

heated i n molten zinc whether or not indium was present i n the melt and 

that the indium was playing no part i n the process and did not diffuse 

i n t o the zinc selenide. This f a c t was i n agreement with the apparent 

i n a b i l i t y to introduce indium i n t o zinc selenide as shown during the 

luminescence studies (see Chapter 5), and atomic absorption analysis, 

although not cpncluBive, showed that the indittm concentration was below 

the l i m i t of detection which was 70 p.p.m. I t was therefore concluded 

that the same donor le v e l was responsible f o r the low resistiyj.ties of 

a l l samples mentioned So far and the donor ionization energy of the sam­

ples heated i n zinc alone was taken to be an average of the values obtained 

above, that i s 0*0125 eV. The corresponding impurity concentrations 

i n the sample of boule 7 heated i n zinc alone were found to be 

Njj = 1 0 5 X 10̂ ''̂  cmT^ 

N, = 6*5 X lo""^ cmT̂  A 

I t i s in t e r e s t i n g to note that despite the f a i r l y low r e s i s t i v i t i e s obtained 



i n these crystals, th^re was s t i l l a high degree of compensation present. 

For the c r y s t a l heated i n zinc plus indium, below approximately 

50°K the carrier density ceased to f a l l o f f as a function of temperature 

and flattened o f f at a value j u s t less tiian 10^^ cmT-̂  ( f igure 7 . 4 ) . 

As the temperature was reduced fvirther there appeared to be a s l i g h t 

increase i n carrier density. This behaviour i s similar to that observed 

i n cadmium sulphide (Crandall I968) and can be explained by a non-metallic 

impurity conduction process i n which the electrons frozen i n t o the donor 

levels can hop between successive unoccupied donor levels without the need 

to be excited i n t o the conduction band (Mott and Twose I 9 6 I ) . There 

were always s u f f i c i e n t unoccupied donor centres available f o r the hopping 

process to occur even at these low temperatures, because of -Uie high 

degree of compensation present i n the material. 

I n order to understand the vari a t i o n of mobility with temperature 

of the sample heated i n zinc plus 25^ indium (figure 7.3) i t i s necessary 

to obtain sane order of magnitude values f o r the mobility as limited by 

the various scattering mechanisms described i n Chapter 2. 

(1) Acoustic mode phonon scattering 

2 12 2 Assvirae pĈ ^ = 1.06 x 10 dynes/cm. (Aven and Segall I963) 

Ei = 4 eV (Aven and Segall I965) 

m* = 0.17 m (Marple I964) 

Equation 2.20 can be rewritten as 

. J 
^ ^ = 1.74 X 10® T ^ cm?/v.sec. (7 .1 ) 

This process would therefore r e s u l t i n a mobility much higher than that 

observed i n the present work, fo r example, even at 400°K iJie mobility 
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2 would be over 20,000 cm./v.sec, and this mechanism can be ignored. 

(2) Piezoelectric scattering 

Assxime Cs » 9*1 at approximately room temperature (Berlincourt 

et a l 1965) 

C = 1 *5 X 10^ stat.coul./cra^ (Berlincourt et a l I963) 

Equation 2.23 would therefore reduce to 

= 5*8 X 10^ T ̂  cm?/v.sec. (7*2) 

O 2 

At 300 K thi s equation woidd lead to a mobility of over 200,000 cm./v.sec, 

several orders of magnitude higher than values shown i n figure 7*3 and 

hence t h i s process can also be ignored. 

(3) Neutral impurity scattering 

Simplification of equation 2.25 leads to 
10^° 2 

= 2.7 X cm./v.sec. (7*3) 

I t seems possible that neutral impurities might therefore be a factor 

determining the mobility. For example, i t would only need approximately 

100 p.p.m. of some impurity to r e s t r i c t the mobility to values below 

270 cm./v.sec. Because of the d i f f i c u l t y i n obtaining a value f o r the 

density of neutral impurities t h i s equation i s rather limited i n use 

but the process might be quite an important l i m i t i n g factor i n some cases. 

(4 ) Optical mode scattering 

A value of 0*54 can be obtained f o r a the polaron coupling con­

stant from equation 2,22 using values of 5*75 f o r €co (Aven, Marple 
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and Segall I 9 6 I ) and 9'0 for € 5 . The l a t t e r was obtained by interpola­

t i n g between the room temperature res u l t of 9*12 obtained by Berlihcourt 

et a l (1965) and a value of 8.66 obtained at 4°K by Roberts and Marple 

(see M. Aven 1971). The temperature variation of €g mentioned by Aven 

(1971) has negligible e f f e c t over the range 100°K to 300°K. I f 0-54 

i s substituted f o r a i n the equation proposed by Howarth and Sondheimer 

(equation 2 .22) and a value of 4*8 x ^0^^/Bec. i s taken f o r ai , the 

following simplified equation i s obtained 

HOPT = 300S^^(exp z - 1) Z ̂  cm?/v.Bec. (7 .4) 

v/here Z = = -^l^, (see f o r example Aven, Llarple and Segall I96I 

f o r energy of L.O. phonon). I f the mobility i s calculated using this 

equation the cxirve. shown i n figure 7.3 r i s i n g from 3OO cm?/v.sec. at 400°K 

to 1600 cm?/v.sec. at 140°K i s obtained. This i s i n quite good agreement 

with the experimentally obtained results. Optical mode scattering also 

appears to be the most important scattering mechanism above approximately 

140°K i n a l l the samples heated i n zinc (figLu:e 7 . 1 ) . 

(5) Ionized impurity scattering 

As the curves i n figure 7.3 demonstrate, the mobility variation 

above 1 4 0 \ can be explained on the basis of scattering by optical mode 

phonons. However, at lower temperatures some other process appears to 

take over and cause the mobility to f a l l quite rapidly with decreasing' 

temperature. This i s the region i n which ionized impurity scattering 

would be exi)ected to become dominant. I f the relevant constants are sub­

s t i t u t e d i n t o equation 2,24, the Brooks-Herring formula, the following 

s i m p l i f i e d equation i s obtained 

2 17 T 
H i - 6 . 1 x 1 0 ^ |-

Ir -1 

e log 1-94 X lo^'^ r i 

(7.5) 
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where n'is obtained as described i n Chapter 2. 

I t must be remembered that equations 7*1 to 7*5 give values for 

the conductivity mobility jj ̂  described i n Chapter 2. When optical mode 

phonon scattering i s the l i m i t i n g process, the scattering factor r « 1 

and therefore the Hall mobility * p^. Howeverj i n the present 

case the scattering factor r has a val\xe of 2 and the mobility obtained 

from equation 7.5 must be multiplied by t h i s factor to obtain the Hall 

mobility shown i n figure 7*3* 

I f values obtained f o r N^, and n i n crystal 7 heated i n zinc 

plus 2'^°/o indium, are substituted i n t o equation 7 .5 , the curve i l l u s t r a ­

ted i n figure 7*3 i s obtained. The centres are assumed to be singly 

charged. This curve can be seen to provide quite good agreement above 

30°K but below this temperature the equation appeared to break down due 

to a rapid increase i n the logarithmic term, since a rapid increase i n 

mobility was predicted. Even the simpler Conwell-Weisskopf equation, 

which does not take i n t o account the screening of scattering centres 

by the c a r r i e r s , broke down at a similar temperature and there does not 

appear to be a suitable equation f o r t h i s low temperature region. Below 

30°K the mobility f e l l much more rapidly as the temperature was reduced 

than would be expected from ionized impurity scattering. When the mo­

b i l i t y was plotted i n the form log jj v 1, i t was found that below approxi­

mately 50°K the pl o t was linear (figure 7.5)* This variation can be 

represented by an eqviation of the form 

|j = A.exp - j ^ (7*6) kT 

where A and W axe constants. 

This type of behaviour i s typical of a hopping process such as that 

which occurs i n non-metallic impurity band conduction. The term W re­

presents the energy barrier which the electrons must overcome i n order 
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to hop from centre to centre. The gradient of the linear portion of 

figure 7.5 i a equal to - x 2-305, the l a t t e r factor introduced to con­

vert log H to log g p . This allowed a value of 0.007 eV to be ob­

tained f o r the barrier height. 

I t i s therefore clear that the mobility of the sample heated i n 

zinc plus 2^0 indium, which can be considered identical to a s^p l e hea­

ted i n zinc alone, can be explained on a basis of optical phonon i n t e r ­

action above approximately 150°K and ionized, impurity scattering from 

about 30°K to 100°K. The intervening region from 100°K to 150°K i s ac-

covmted f o r simply by a combination of the two scattering processes adding 

i n the manner 

c 

Below JÔ K the mobility was limited by a hopping process associated with 

a b a r r i e r height of 0*007 eV. Such behaviour i s typical of non-metallic 

impurity band conduction and i s i n agreement with the conclusions drawn 

i'rom the carrier density measurements. 

Tbe varioTis samples whose mobilities are plotted i n figure 7.1 

can be seen to behave very s i m i l a r l y to the 25^ indium treated sample, 

the mob i l i t y of which i s shown as a continuous l i n e obtained from figure 7.3* 

The results agree quite well with the optical phonon scattering theory 

at high temperatures but there i s a considerable spread at lower tempera-
2 2 tures, w i t h the mobilit i e s l y i n g between 700 cm./v.sec. and 2000 cm./v.sec. 

at 80\. This sijread i s almost certainly due to the di f f e r e n t concen­

trations of ionized impurity centres. I n f a c t , i f the mobility predicted 

by the Brooks-Herring formula at 70°K i s calculated f o r the green lumi-

nescent sample of boule 7 heated i n zinc alone, a value of 2000 cm./v.sec. 

i s obtained. This i s almost double the mobility of the crystal heated 

i n zinc plus 25̂ 5 indium and i s i n good agreement with the experimentally 
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observed value. The orange luminescent sample of crystal 7 a f t e r being 

heated i n zinc, was found to contain the same donor and acceptor densi­

ti e s as the green luminescent sample heated i n zinc and hence the same 

concentration of ionized impurities at any temperatxire. However, the 

maximtum mobility was a factor of 2 lower and i t seems l i k e l y that neutral 

impurity scattering may have been acting as a l i m i t i n g process since 

only 10 p.p.m. of a neutral impurity would have produced such an ef f e c t . 

The reasons f o r the lower mobilities of indivim and g a l l i m doped crystals 

139 and I40 w i l l be dealt with l a t e r . 

(b) Doping dxiring growth 

When indium metal was introduced in t o zinc selenide boules during 

growth the r e s u l t i n g boule was found to have a conductivity high enough 

to enable transport measiirements to be made. For example, sample 3 of 

boule 139 had a conductivity of 2*0 ohmT̂ cmT̂  a t room temperature, which 

f e l l to 0*17 ohmT̂ cmT̂  at 70°K. This was i n f a c t the most hig^ily con­

ducting sample studied apart from samples heated i n molten zinc. The 

second ssunple studied, nvunber 4» had a room temperature conductivity 

of 0*1 ohmT^cinT^ which f e l l to 5 x 10~^ ohmT̂ cmT̂  when cooled to 70°K. 

The amount of indium i n boule 139 could not be determined although atomic 

absorption analysis showed i t to be less than 50 p.p.m. Measurements 

were made on two samples from boule 139 as stated and the resvilts were 

found to be somewhat d i f f e r e n t . The variation of carrier density with 

temperature of the two samples i s shown i n figure 7*6. There i s a con­

siderable difference between the values of c a r r i e r density of the two 

samples, sample 3 having approximately three times more free electrons 

than sample 4* The p l o t of carrier density i n sample 3 showrt i n figure 7*6 

was modified as shown to allow f o r the vari a t i o n i n scattering factor 

w h i l s t that of sample 4 was multiplied by two,siiiQe ionized impurity 

scattering appeared dominant over the whole range (figure 7.7). When 



o 
0) 
1_ 
1_ 
o 

U) OJ 
n. E o 

0) to 
c 

N 

0) 

c 

c 
0) 
a 

L. 
o 
o 

c 
o 

o > 
(U 
L. 

D 
a 
0) 
a. 
E 
h-
U3 C< 

. 

l l 



in 
CL 
E a 
10 

in 
c 
N 
<u 

I a. 

cn 
o 

o 

o 
X 
«4-
.O 
'c o 

o > 

0) 
a 
E 

Ll 
o 
m 

0| 



-119-

the curves i n figure 7*6 were analysed using equation 2 . I5 , the following 

values were obtained 

Sample 3 

0*021 eV 

= 5*6 X 1 o l ^ cmT^ 

N A 2*4 X lo"*^ cmT^ 

Sample 4 

. 0*021 eV 

=, 1.24 X 10̂ "̂  cmT̂  

N, = 1*06 X 10̂ ^ cmT̂  A 

Some error may be present i n these values because of the r e s t r i c t e d tem­

perature range over which the measurements were made but the fa c t that 

the values f o r are the same seems promising. The difference i n donor 

impurity density i s only a factor of two and wotdd correspond to indium 

concentrations of ro\ighly 5 p.p.m. and 10 p.p.m. These values wo\ild tend 

to agree with the atomic absorption analysis and the difference could 

easily be the resvilt of imeven d i s t r i b u t i o n of indium within the boule 

during growth. 

Figure 7*7 shows the mobility variation with temperature for the 

two samples and clearl y there i s a difference between the scattering 

processes involved. The mobility of sample 3 behaved i n a similar manner 

to that of the crystals studied previously although the maximum mobility 

of 750 i s lower than that of the undoped zinc treated samples. The mo­

b i l i t y of sample 4 behaved i n a completely d i f f e r e n t manner, f a l l i n g from 
2 2 a room temperature value of 160 cm./v.sec. to less than 15 cm./v.sec. 

at 70°K. These values are considerably smaller than previously reported 

mobility values i n zinc selenide. 

I f the donor and acceptor impurity densities are substituted into 
2 2 the Brooks-Herring eqiaation values of 4200 cm./v.sec. and 1000 cm./v.sec. 

are obtained f o r the mobilities at 75°K of samples 3 and 4 respectively. 

Although these values are greater than the experimentally observed values, 
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the theoretical value f o r the mobility of sample 4 i s considerably less 

than that of 5 because of the higher degree of compensation and this i s 

i n agreement to a certain extent with experiment. I t seems l i k e l y , how­

ever, that there i s a further scattiering process present which i s reducing 

the m o b i l i t i e s to these low values. The only l i k e l y process i s neutral 

impurity scattering. Since these crystals had not been heated i n molten 

zinc i t i s very l i k e l y that they should contain a considerable number 

of impurity atoms, including those such as carbon, s i l i c o n or oxygen which 

could either have been present i n the s t a r t i n g materials, including the 

indium, or introduced during growth. A t o t a l concentration of only 100 p.p.m. 

impurities woiild be s u f f i c i e n t to'produce the sort of mobility seen i n 

sample 4. Such a concentration of the stated impurities, which would tend 

to have l i t t l e e f f e c t e l e c t r i c a l l y , i s not r e a l l y excessive considering 

the source of s i l i c o n and oxygen with which the crystal i s i n contact 

during- growth, and indeed of two boules analysed mass spectrographically, 

one was found to contain 200 p.p.m. s i l i c o n and the other 90 p.p.m. 

Neither carbon, nor oxygen could be measured by t h i s method because of 

(a) contamination from the graphite used to bind the sample and so pre­

vent i t becoming charged, and (b) the unavoidable presence of oxygen 

i n the system. Sim i l a r l y , atomic absorption analysis was incapable of 

measuring carbon and oxygen concentrations because of the nitrous oxide 

plus acetylene flame used to vapoiirize the samples, and the minimum de­

tectable s i l i c o n conceintration v?as over 200 p.p.m. The two crystals re­

ported above therefore remain the only ones analysed f o r s i l i c o n and no 

crystals v/ere measured a f t e r they had been heatisd i n zinc. A further 

p o s s i b i l i t y i s that some of the indium present i n the boiile was i n t e r ­

s t i t i a l and that irrespective of whether tiie centres were charged or neu­

t r a l , the resultant scattering may have been more than that from an equi­

valent number of substitutional ions. 
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A second indium doped boule, number 152, grown i n the presence 

of 100 p.p.m. indium, was also studied. Atomic absorption analysis showed 

that a l l the indium had entered the boule but i t was found to have a 

low conductivity of 3 x 10~^ ohmT̂ cmT̂  a t room temperature which f e l l 

to apptroximately 7 x 10"^ at 170°K and hence r e s t r i c t e d measiirements 

to w i t h i n a l i m i t e d temperature range. The room temperature value of 
1 4 - 5 

the c a r r i e r density was 4 x 10 cm.-'̂  when corrected for the scattering 

factor, considerably less than that of the previous sample despite the 

higher indium content. The carrier density f e l l o f f rapidly with tem­

perature as shown i n figure 7 .6. Since the saturation carrier density 

Njj - coxild not be obtained, that i s a l l the donor levels could not 

be emptied, an approximate value f o r the donor ioniaation energy was 
obtained by assuming the slope of the cxirve log n v to be equal to 
E 
d X 2 .305. The value obtained was 0*2 eV. Although there may be con-

k 

slderable error i n t h i s value, i t i s obviously d i f f e r e n t from that ob­

tained from measxirements on bo\ile 159' Attempts were made to calculate 

values f o r N̂^ and using equation 2 .15, but a s l i g h t variation i n E^ 

produced a large v a r i a t i o n i n these parameters and no r e l i a b l e figures 

could be obtained^ A value could therefore not be obtained for the the­

o r e t i c a l mobility associated with ionized Impurity scattering. However, 

the? experimentally observed values were extremely low, f a l l i n g from 
2 o 2 50 cm./v.sec. at 36O K to less than 20 cm./v.sec. at jus t below room 

temperature. This v a r i a t i o n i s again characteristic of ionized impurity 

scattering although the value of 5O cm./v.sec, i s much too low to be 

explained using the Brooks-Herring equation. Even 100 p.p.m, of active 

indium, that i s 10^^ cmT^, almost completely compensated by 9 x lO^^cmT^ 

acceptors would only r e s u l t i n a mobility of 700 cra,/v.sec. a t room 

temperature, which i s considerably greater than that observed. I t there­

fore seems as i f there i s another major scattering process present or 

that the Brooks-Herring formula ceases to work luider these conditions 
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of high doping levels and high temperatures. A similar calculation using 

the Gbnwell-Weisskopf formula gives a value of around 1100 cm./v.sec. 

t'rom the results of the c a r r i e r density measurements on crystals 

139 and 152 i t appears that indium can form two donor levels, a shallow 

one at 0-021 eV, and a much deeper one at approximately 0'2 eV. I n the 

case of the heavily doped crystal a large number of compensating acceptor 

levels could have been introduced with the indium thus emptying the shallow 

levels and allowing only fae deeper level to play any part i n the e l e c t r i ­

cal properties. Thermal excitation of electrons from the deeper level 

i n c r y s t a l I39 would be negligible i n compariison with the number of free 

electrons excited from the shallow level and hence the influence of the 

deeper l e v e l would not be expected to be seen. The deeper l e v e l , approxi­

mately 0*2 eV below the conduction band could either be associated with 

some form of indium complex, perhaps involving a native defect, or i t 

cotild correspond to the ionization energy of a second electron from the 

indium which could act as a double donor. The very low mobility cannot 

be explained by ionized impurity scattering theories and there must either 

be a high density of neutral impurities present or the scattering theories 

must break down under these conditions. 

(c) Treatment i n Zinc 
Indliam doped boules were also investigated a f t e r being heated i n 

molten zinc. This had a profound effect on the physical api)earance as 

well as the e l e c t r i c a l properties. The crystals which were o r i g i n a l l y 

a transparent brown i n colour became either darkened, i n the case of boule 

139, or completely blackened i n the case of crystals containing larger 

quantities of iridium. A Hall sample a f t e r such trea-bnent i s shown i n 

fig u r e 7 .8 . This can be compared with the as grown sample shown i n figure 4.5« 

When slices of the blackened sample were studied using a transmission 

o p t i c a l microscope dark precipitates could be seen. These were assiomed 



Fig. 7-S. Z n S e - I n ( Z n ) Hall E f f e c t Sample showing Black Precipitate produced 

a f t e r heating in Z n . 2 ) 
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to be indium metal and this precipitation of the dopant as a second phase 
was i n agreement with the results reported previously during the lumine­
scence studies. This behaviour i s also similar to that seen when crystals 
of zinc selenide grown from indium and gallium solution were treated i n mol­
ten zinc, althovigh no details of the precipitates themselves were given 
(Wagner and Lorenz I 9 6 6 ) . More w i l l be said about the nature of the pre­
c i p i t a t e s i n the next section. 

The e l e c t r i c a l properties of crystal 139 after i t had been heated 

i n zinc were found to be very similar to those of the undoped crystals 

heated i n zinc as i s shown i n figure 7-I and figure 7.2. The conductivity 

was increased by a factor of two due to an increase i n both mobility and 

carrier density and the slopes of the cvirves shown i n figure 7.2 seem 

to sviggest that, the donor level involved i s the sane as that present i n 

the undoped zinc treated crystals, that i s the level with an ionization 

energy of 0*012 eV. I t thus appears that, as i n the luminescence measure­

ments, the effects of the indium are completely removed due to the pre­

c i p i t a t i o n . A sample doped with 100 p.p.m. indium, number I50, was also 

heated i n zinc. A p l o t of log ri v was again found to be similar to 

that of c r y s t a l I39 heated i n zinc with a room temperature carrier density 
17 —'5 2 of 10 cmT although the maximm mobility was only 820 cm./v.sec. A 

possible explanation f o r t h i s lower mobility i s a combination of optical 

phonon and ionized impurity scattering as before, plvis some effect from 

the indium precipitate. 

I t therefore seems that although the carrier density of indium doped 

samples i s increased by heating i n zinc, this i s solely a r e s t i l t of the 

p r e c i p i t a t i o n of the indium as a second phase and the introduction of 

the shiallow 0*012 eV donor level as seen i n undoped m a t e r i a l . The mobility 

increase i s probably due to a combixiation of the removal of neutral im­

p u r i t i e s and ionized impurities consisting of indium donors and compen­

sating acceptors, a l t h o u ^ the indium precipitate when densfe did seem, 

to cause some scattering. 
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7-4 GALLIUM DOPED MATERIAL 

(a) Doping during growth 

Two gallium doped boules were investigated, nmber I40 containing 

1000 p.p.m. gallium and 188 containing 100 p.p.m. Hoom temperature con­

d u c t i v i t i e s were approximately 5 x 10~^ ohmT̂ cmT̂  f a l l i n g to around 

2 X 10~^ ohmT̂ cmT̂  a t 150°K. This again r e s t r i c t e d measurements to a 

narrow temperature range. These low values of conductivity agree with 

the report by Wagner and Lorenz (I966) that zinc selenide containing 
1 9 - 5 

5 X 10 ^ cm. gallium atoms had a r e s i s t i v i t y of 3OO ohm.cm. at room 

temperature and led to th e i r conclusion that the material was highly cam-

pensated. 

The v a r i a t i o n of car r i e r density wi t t i temperature i s shown i n figure 7.9 

Since once again the ca r r i e r density did not saturate at h i ^ temperatures 

and hence a value of - could not be obtained, an estimate of the 

donor ionization energy was obtained fran the slope of the ciirves i n f i ­

gure 7«9» Values f o r the donor ionization energy of samples 5-and 4 of 

boule 140 and a sample from boule 188 were 0*13 eV, 0»065 eV and 0*07 eV 

respectively. As f o r the indium doped samples, the crysta,l containing 

the least amount of impurity, that i s 188, possessed the highest carrier 

density which was 4 x 10^^ cmT^ at room temperature when a scatteriiig 

factor of 2 was assumed. This i s probably the result of lower compensa­

ti o n i n the more l i g h i j y doped sample. The mobilities of a l l the samples 

were very low and f e l l very rapidly with decreasing temperatvcre (figure 7 .10) . 
2 

The room temperature values were a l l below 100 cm,/v.sec, and that of 
2 0 

sample 4 f e l l to below 2 om,/v.sec. at I50 K. Once again t h i s tempera­

ture dependence, approximately a T̂  v a r i a t i o n , and the very low values 

of the mobility cannot be explained simply on a basis of ionized impurity 

scattering unless the formulae are incorrect and some other scattering 

process sucn as neutral impurity scattering must be ixcesent. The mobility 
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Fig. 7 - 1 1 . Transmission Photomicrograph of ZnSe.In 139 heated in Zn. 

x 3 5 0 ) 

Fig. 7 - 1 2 . Transmiss ion Photomicrograph of ZnSe In 1 5 2 heated in Zn. 

( x 3 5 0 ) 



Fig. 7-13. !350) 

F i g . 7 - U . ( X 1 6 0 0 ) 

Spira l Precipitates seen in Z n S e I n 152 after heating in Zn. 



F i g . 7 - 1 5 , x 3 5 0 ) 

Fig.7-15. x 1 6 0 0 ) 

Triangular Prec ip i tates seen in ZnSe: In 1 5 0 after heating in Zn. 



Fig.7-1^. ( x 3 5 0 ) 

Fig 7-18 ( x i e o Q ) 

s tar Shaped Precipitates seen in Z n S e - I n U 2 after heating in Zn. 
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The most l i k e l y reason f o r the precipitation of the metal would 

be to maintain charge n e u t r a l i t y when acceptor impvirities were leached 

out i n t o the zinc. Alternatively the zinc may simply have displaced the 

group I I I atoms from the zinc s i t e s , a l t i i o u ^ this\seera8 less l i k e l y , 

since the zinc would need to diffuse completely into the c r y s t a l , removing 

ainc vacancies as well aa displacing the indium or gallium, and th i s would 

not seem to agree with the conclusion from the luminescence studies that 

the S.A. emission i s associated with zinc vacancies. Further work, especi­

a l l y on single crystals aligned i n known directions i s necessary to imder-

stand the reasons behind the various precipitate shapes. 
r 
1 . 

7.5 ALUMIHIT3M JOEEID MATERIAL 

As grown aluminium doped zinc selenide was found, i n general, to 

have a very low conductivity, of the order of 10~^^ ohmT̂ cmT̂  which pre­

vented any transport raeasxirements being made. Even the h i ^ e r conducti-

v i - ^ material which was used f o r luminescent measurements, of which only 
—6 —1 —1 

small samples were available, had a dark conductivity of 2 x 10" ohmT cmT 

at room temperature and wap unsuitable. A sample of boule 153 which 

was grown i n the presence of 1000 p.p.a. aluminivjm plus 100 p.p.m. man­

ganese selenide was studied a f t e r i t had been heated i n molten zinc i n 

order to reduce i t s r e s i s t i v i t y . The manganese selenide can be considered 

to have had no effect on the properties of the boule (see Chapter 6). 
- 1 - 1 

The room temperature conductivity was increased to 1-2 ohm. cm. af t e r 

the treatment but the properties appeared to be dominated by the shallow 

donor le v e l approximately 0-012 eV below the conduction band, as i n the 

case of the inditim and gallium doped samples (figure 7•2). Since no pre­

c i p i t a t e was v i s i b l e i t seems probable that the aliuninium was leached out 

of the seunple in t o solution i n the zinc. 

An aluminiiun doped sample was prepared, however, by heating a piece 

of boule 171 f o r a week at 850°C i n a melt of zinc plus 10^ mole aluminium. 



-129-

This treatment was carried out i n the same tube as the sample used for 

the luminescence measui'ements. This aluminium doped sample ??as found to 

have a conductivity of 2*7 ohraT̂ cmT̂  at room temperature which f e l l to 

approximately 0-4 ohmT̂ cmT̂  at 70°K. This high conductivity was mainly 
18 —^ 

the r e s u l t of a high caiirier density of 1'2 x 10 cmT"̂ . This value was 

obtained by assuming that ionized impurity scattering was dominant and 

that the scatteiring factor was equal to 2. The temperature variation of 

the c a r r i e r density was very interesting, since i t remained constant down 

to at least 70°K (figure 7.19). This would suggest a value of zero f o r 

the donor ionization energy. This behaviour i s typical of crystals with 

a very h i ^ concentration of carriers. The value of carrier density above 
1 8 — 5 

which zinc selenide can be considered degenerate i s approximately. 10 . cmT . 

At th i s concentration the energy level produced by the donor impiirity 

can be considered to have broadened int o a band due to the overlap of 

the wave functions of the donor electrons and have i n fact merged with 

the conduction band. This behaviour i s known as metallic impurity band 

conduction (Mott and Twose I96I), and i s not the same process as that 

which was observed at very low temperatures i n the undoped zinc selenide 

(section 7.3a). I n this process, charge transport occurs by normal con­

duction methods within the impurity band not a hopping mechanism. The 

mobility of the samples was again f a i r l y low and f e l l from a value of 
about 30 cm?/v.sec, to 4 cm?/v.sec. at about 70°K (figure 7'20). A mo-

2 
b i l i t y of 30 cm./v.sec. at room temperature would be produced, according 

1 9 - 5 
to the Brooks-Herring equation, by a density of 5 x 10 ̂  cm.^ donor cen-

19 

tres almost completely compensated by 4*8 x 10 acceptor centres. This 

concentration of impurities, about 5OOO p.p.m., i s not excessive considering 

the h i ^ concentration of aluminium i n which the crystal was heated and 

the degenerate behaviour observed. Values could not be calciilated at 

low temperatures becatise of the breakdown of the Brooks-Herring equation 

a l t h o u ^ the experimentally obseirved mobility varied approximately as 
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a T̂ ^̂  power as would be expected i f ionized impurity scattering were 
dominant. The behavioiu: of this alvuninium doped crystal i s the same as 
that seen by Aven and Segall ( I 9 6 3 ) who also found the carrier density 
to be independent of temperature although the mobility they reported was 
that of a much more l i g h t l y doped sample containing only 10^^ cmT^ car­
r i e r s and was very similar to that' of xmdoped zinc treated material with 
a maximm of 7OO pm.^/v.sec. at 100°K. 

7 . 6 CHLQRIHE DOPED MATFBTAT. 

Boule 1 2 3 , which appeared from liuninescence measiirements to contain 

very l i t t l e chlorine, was the only chlorine doped crystal studied, as 

i t vfas available i n large enough pieces f o r Hall samples and was of f a i r l y 

low resistance. Two samples from the boule were studied. At room tem­

perature the conductivity of sample 2 was found to be 3 x 10~^ ohraT̂ cm."̂  

and t h i s f e l l to 10"^ ohmT̂ cmT̂  when cooled to around 190°K. The room 

temperature carrier density was approximately 10^'^ cmT^ and from figure 7«21 

a value of 0 ' 3 3 eV was obtained f o r the donor ionization energy. No cor­

rections have been made for the scattering factor r , since the scattering 

processes are not clear. The behaviour of the sample was strange since 

below 250°K the c a r r i e r density appeared to r i s e . This behaviour also 

occurred when the c r y s t a l was measured under illumination. The carrier 

density was over an order of magnitude h i ^ e r but again began to r i s e on 

cooling below 250°K: and saturated at approximately 2 x 10^^ cmT̂  at lower 

temperatures. The r e s i s t i v i t y of sample 3 i n the dark was several orders 

of magnitude higher than that of sample 2 and hence measiirements were 

only possible under illumination. However, the carrier density behaved 

i d e n t i c a l l y to that of sample 2 upon cooling, reaching a minimum at about 

the same temperature and remaining constant at about 2 x 10^^ cmT^ at 

low temperatures (f i g u r e 7 » 2 1 ) . This would tend to suggest that the be­

haviour i s a function of the chlorine impurity and not some form of con­

tact behaviour, f o r example. The mobility v a r i a t i o n i n sample 2 (figure 7 ' 2 2 ) 
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2 i s i n t e r e s t i n g since | j f a l l s from I50 cm./v.sec. at room temperature 
to 60 cm?/v,sec. at about 200°K, but then begins to r i s e again as the 
temperatiire i s reduced below 250°K. Under illumination the mobility of 
sample 2 rose to a maximum of 350 cm^/v.sec. at about 200°K and then ap-
peared to approach a constant value of about 200 cm./v.sec. on cooling 
fur t h e r . The mobility of sample 3 under illumination was approximately 
an order of magnitude lower (figure 1.22). When cooled below room tem­
perature the mobility f e l l gradually, but below approximately 160°K i t 

2 2 

rose from about 8 cm./v.sec. to 25 cm./v.sec. The behavioiu: of the carrier 

density and mobility suggests that some other conduction process may occar 

below approximately 200°K. This may be related i n some way to the high 

density of compensated donors present, although the actual reason i s un­

clear. Once again there i s no clear reason f o r the low mobility of sfiunple 3 , 

since i t i s too low to be accounted f o r by ionized impurity scattering 

and mechanisms similar to those seen i n the gallium and indium doped crys­

tals must be present. 
When a sample of boule 125 was studied a f t e r i t had been heated i n 

zinc, the results were once again unclear. The carrier density a t roran 
1 7 - 5 

temperature was 3 x 10 cm.- and this appeared to decrease upon cooling 

as i f the same shallow donor level encountered i n a l l previous zinc treated 

samples was once again present figure T.2). I t was shown i n Chapter 5 

that chlorine i s not removed from a crystal subjected to a zinc extrac­

t i o n and hence the lev e l 0«33 eV below the conduction band must s t i l l 

have been present. However, the number of electrons ionized from this 

l e v e l would be negligible i n comparison with those from the shallow level 

and hence only the shallow level would appear to have any effe c t . The 
2 

m o b i l i t y of the sample was extremely low, i n the region of 2 to 3 cm./v.sec. 

and remained constant down to 85°K. This behaviour once again cannot 

be explained although the high density of donor centres may be relevant. 
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7-7 NUMMARY 

(a) The cryatals heated i n molten zinc had properties similar to those 

of crystals studied by the majority of previous workers (see Chapter 2 ) , 

That i s , thei mobility was limited by optical phonon interaction at tem­

peratures greater than about 100°K, leading to a room temperature value 

of 400 cm^/v.sec. Below 100°K ionized impurity scattering caused the 

mobility to decrease. The mobility i n this temperature region has received 

veiry l i t t l e attention from other workers and no satisfactory explanations 

have been given. The mobility below 100°K varies much more rapidly than 
3/2 

T ' which would be expected i f ionized impxirity scattering were active 

over the whole range, although the Brooks-Herring eqviation predicts the 

mobility down to about 40°K. Below th i s temperature the mobility f a l l s 

exponentially and i s l i m i t e d by a hopping process associated with a non-

metallic impurity band type of conduction. 

A value of 0*012 eV was obtained for the ionization energy of the 

donor l e v e l involved. A l t h o u ^ t h i s i s less than the depth of a hydro-

genic donor (approx. 0«03 eV) i t i s similar to previously reported values 

even though most workers do not take into account the scattering factor. 

A degree of impurity banding i s almost certainly responsible f o r the small 

value of the donor energy and i n fact the isolated level would appear to 

be siraple hydrogen-like. I n the discussion of luminescence i t appeared 

that the S.A. emission was associated with donor impxirities remaining after 

the zinc extraction and forming deep donor levels approximately 0-5 eV 

below the conduction band, perhaps associated with a complex centre. 

Two levels are therefore involved, and the shallow level revealed by mea­

surements of the Hall c o e f f i c i e n t could be the hydrogenic level of the 

same unremoved impurity. This would agree with the results of Smith (1969) 

concerning low resistance crystals treated i n zinc. The chlorine might 

also be acting as a double donor with two electrons cajable of being ionized. 
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The shallow l e v e l would again be hydrogen-like whilst the deeper level 

would correspond to ionization of the second electron. Present samples 

were found to be highly compensated with average values of 10 cm.'̂  and 

6 X 10^^ om"̂  f o r the donor arid acceptor concentrations. This high degree 

of compensation led to f a i r l y low maximum mobilities i n the region of 

2000 cm./v.sec. Crystals containing indixun or gallium, after being heated 

i n zinc, behaved i d e n t i c a l l y to undoped, zinc treated crystals as regards 

•the magnitudes of.the donor energies and mobilities. The metal dopant 

was apparently completely precipitated and tended to decorate what were 

probably c r y s t a l l i n e imperfections. The e l e c t r i c a l properties thus appeared 

to be controlled by the same donor level as i n the nominally undoped 

crys t a l s . 

(b) Before they were heated i n zinc, the crystals containing indium 
2 

or gallium possessed very low mo b i l i t i e s , sometimes as low as 20 cm./v.sec. 

This behaviour i s very d i f f i c u l t to explain on the baisis of ionized im­

pur i t y scattering as described by the Brooks-Herring equation and this 

equation may not be v a l i d at the h i ^ impurity concentrations and h i ^ 

temperatures involved. Alternatively some other scattering process, per­

haps due to neutral impurities leached out i n the zinc treatment, may 

be present. 

There appeared to be donor levels i n two d i s t i n c t regions. The two 

l i g h t l y indixim doped samples gave'values of 0*021 eV for the donor depiii 

whereas the more heavily doped samples gave values ranging from 0«065 eV 

to 0-13 eV for gallium impurities and 0*2 eV f o r indium. The effect of 

l i g h t on the galliiun doped samples was to increase both the mobility and 

cairrier density considerably, and this behaviour was very similar to that 

reported by Lorenz et a l ( I 963 ) and Woodbury and Aven ( I 9 6 4 ) . They foxmd 

that chlorine doping tended to favour the production of the deeper of 

two levels and explained a level 0*1 eV below the conduction band on a 
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basis of a doubly negatively charged level of a native acceptor together 
with a chlorine ion, known as a centre. The deeper level found i n the 
indium and gallium doped samples may well have been analogous to this level 
although a double donor model f o r the indium and gallium would also explain 
the two levels. The centre responsible f o r the 0-021 level may have 
been the hydrogeriic l e v e l associated with substitutional indium i n addi­
t i o n to the level associated with the residual impurities as i n the undoped 
zinc selenide. I t seems l i k e l y that the two levels were present i n both 
the indium doped bo\iles but that the additional indium led to the produc­
t i o n of extra corapisnsating acceptor centres which then emptied the shallow 
donor levels. • / 

(c) Aluminiui-n was the only group I I I element which could be introduced 

from a zinc melt. This was fortunate since as-grown aluminium doped sam­

ples had very h i ^ r e s i s t i v i t i e s and were unsuitable f o r transport mea­

surements. The c r y s t a l doped from a zinc solution was found to be degen-
18 —5 2 erate with a carrier density of 1'2 x 10 cmT'̂  and a mobility of 30 cm./v.sec. 

at room temperature. The degeneracy was probably the result of considerable 

impurity banding of the hydrogehic l e v e l . The mobility appeared to be 
2 

l i m i t e d by ionized impurity scattering and f e l l to a value of 4 cm./v.sec. 

at 80°K. These resvilts are similar to those of Aven and Segall (I963) 

although they i-ave no mobility values f o r t h e i r highly doped sample. 

(d) The behaviour of chlorine doped zinc selenide was very unusual and 

cannot be s a t i s f a c t o r i l y explained. Prom approximately 400°K down to 

250°K the carriers appeared to be excited from a donor level about 0'3 eV 

below the conduction band. This i s of the same order m the depth of the 

bromine level below the conduction band reported by Bube and Lind (1958) 

from the temperature v a r i a t i o n of the dark conductivity, and probably 

corresponds to the level involved i n the S.A. emission and disc\xssed 

i n section 7.7a. The mobility was once again f a i r l y low with an average 
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value of 150 cm?/v.sec. i n t h i s temperature range. Below 2 5 0 \ the beha­

viour altered completely and the reason for the increase.in mobility and 

carr i e r density with decreasing temperature i s unknown. Although some 

form of thermal quenching may have been responsible for the variation 

observed under il l u m i n a t i o n , this woidd not account f o r the behaviour 

i n the dark. 

The e l e c t r i c a l properties of chlorine doped zinc selenide heated 

i n zinc were also dominated by a shallow donor level similar to that at 

0»012 eV i n the other zinc treated crystals. However the carrier density 
1 7 - 3 

was considerably higher with a room temperature valuie of 3 x 10 cm.̂ . 

The shallow level i s probably the hydrogenic donor level associated with 

chlorine which, as the luminescence studies show, might well be the im­

p u r i t y present i n imdoped material a f t e r zinc extractions. This would 

imply that chlorine i s responsible f o r the S.A. emission as well as the 

low r e s i s t i v i t y which results from the zinc treatment. The value of donor 

ionization energy d i f f e r s from that found by Aven and Segall (I963) who 

obtained a value of 0*19 eV i n similar material, but agrees with measure­

ments by Lorenz et a l (1963) and Woodbury and Aven ( I964 ) . The material 

studied by Aven and Segall might well have been more highly compensated, 

with the shallow donor le v e l substantially empty. However, the value 

of the mobility obtained from the present work was extremely low and i s 

d i f f i c u l t to explain, a l t h o u ^ i t may have been associated with the high 

c a r r i e r density, which almost certainly produced considerable impurity 

banding. 
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CHAPTER 8 

CONCLUSIONS 

8.1 SUMMARY OF RESULTS 

The main aim of the research reported i n this thesis was to inves­

tigate zinc selenide grown i n this department with special reference to 

obtaining a material f o r use i n fabricating electroluminescent diodes. 

Various possible ways of introducing manganese were studied and 

i t appeared that the two techniques which allowed manganese to be incor­

porated i n useful amounts were ( 1) vapovir phase transport i n the presence 

of manganese chloride and (2 ) chemical transport using iodine vapour 

i n the presence of manganese metal. The l a t t e r method resulted i n the 

better q u a l i t y crystals with higher possible manganese concentrations 

but only small boules could be produced. The vapour phase transport method 

however, enabled f a i r l y large boules to be grown. 

The emission band associated with manganese ions i n zinc selenide, 

although masked by other impurity bands, was unambiguously i d e n t i f i e d as 

l y i n g at 5910 at room temperature. On cooling to 85°K i t shifted to 

5870 2. and was reduced i n width from 0«20 eV to 0-13 eV. This i s much 

narrower than most otlier emission bands which were observed. From the 

hal.fwidth v a r i a t i o n with temperature i t was deduced that longitudinal 

o p t i c a l phonons were responsible f o r the main l a t t i c e interaction with 

the manganese ion. The excitation processes were shown to occur within 

the manganese ion i t s e l f since transitions between the 6A^ ground state 

and the three higher energy levels covild be observed i n the green region 
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of the excitation spectrum and thus no resonance transfer, f o r example, 

was present. . 

When meuiganese doped zinc selenide was heated i n molten zinc i n 

order to reduce i t s r e s i s t i v i t y f o r the production of electroluminescent 

diodes, the photoluminescence associated with the manganese disappeared. 

The manganese was not removed from the boule or precipitated as a second 

phase, and the most plausible explanation seems to be that the high density 

of free electrons allows Auger de-excitation of the manganese ion i n pre­

ference to photon emission. However i t appears that photon emission s t i l l 

occurs i n electroluminescent diodes, since the concentration of electrons 

near the contact i s so low i n the depletion region that the Auger process 

fortvmately does not occur (Allen et a l 1973)• 

I t i s therefore clear that the emission associated with manganese 

i s f a i r l y well ujiderstood and good quality zinc selenide containing high 

concentrations of manganese can now be produced quite easily. 

A f t e r zinc selenide was heated i n zinc, the only emission band which 

was then v i s i b l e was the S.A. band. V?hen the group V I I elements, chlorine 

and iodine, were present the emission at 85°K consisted of a broad band 

at 6I50 2 which shi f t e d to 6O5O S on heating to room temperature. The 

ha l f width of this band at room temperature was '0«40 eV. When the group I I I 

element aliminium was present as coactivator the band was found to be 

displaced to longer wavelengths by approximately 200 X i n a similar manner 

to the S.A. emission from zinc sulphide. Indium appeared to act i n the 

same way as aluminium. Undoped crystals behaved s i m i l a r l y to material 

containing group V I I atoms, a f t e r zinc extraction,and i t i s reasonable 

t o assume that small quantities of residual impurities of group V I I ele­

ments, probably chlorine, are responsible f o r the emission. The presence 

of residual donor iiripurities was also suggested by Smith ( I 969 ) who a t t r i ­

buted the low r e s i s t i v i t y of zinc treated material to the presence of donor 

impurities l e f t i n the c r y s t a l . A pair recombination model has been assumed 
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f o r the S.A. emission, recombination occurring between a donor level i n 

the region of 0-3 eV below the conduction band and a zinc vacancy approxi­

mately 0-4 eV above the valence band. The 0*3 eV level may be related 

to the deeper donor level revealed by Hall effect measurements and may 

be the r e s u l t of either a donor complex or the doubly ionized state of the 

donor atom. 

The S.A. emission band was observed i n some zinc selenide SEunples 

p r i o r to zinc extraction although this treatment did help to enhance the 

resolution of the band. This was probably because the number of zinc 

vacancies was increased s l i g h t l y on removal of the copper impurity. The 

major factor, howeverj was the removal of the red emission band which 

lay a t 6400 S at 85°K and tended to swamp the S.A. band. The long wave­

length red band could be jxroduced by heating zinc selenide i n melts of 

zinc plois copper and also by heating i n selenium. I t was observed i n almost 

every c r y s t a l and was excited p r e f e r e n t i a l l y by 5300 X l i g h t . The emission 

was a t t r i b u t e d to the presence of substitutional copper which may have 

been introduced from a variety of sources such as the s t a r t i n g materials 

or from the silica-ware during growth. Thermal quenching was not apparent 

u n t i l the temperature reached 300\. I n consequence the copper red band 

tended to dominate the emission spectra of most crystals at and above 

room temperature when 365O ^ excitation was employed. The luminescence 

mechanism would seem to be of the Schon-KLasens type although pair recom­

bination can not be ruled out. 

I t i s not possible to offer an explanation f o r many of the emission 

bands which lay i n the green region of the spectrum, f o r example those 

observed i n iindoped zinc selenide, and i t proved d i f f i c u l t to distinguish 

betv/een those associated with native defects and those caused by impuri­

t i e s . 

A major problem encountered when constructing an energy level diagram 

f o r a particular luminescent process i n this material i s the d i f f i c u l t y 
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i n obtaining an accurate value for the energy gap. This i s complicated 

by the f a c t that the peak i n the excitation spectrum corresponding to 

bandgap excitation i s often displaced by contributions from surface effects 

(Gergely I963) and thi s also causes d i f f i c u l t i e s i n distinguishing bandgap 

transitions from those involving shallow donors. There i s also a problem 

of deciding whether to take the tr a n s i t i o n energy as corresponding to- the 

maximum of an emission or excitation band or whether to consider the energy 

of the threshold. I n a l l cases the beind maximum was chosen although 

t h i s may have led to errors especially where the conduction or valence 

band was involved i n transitions. 

The most satisfactory means by which low r e s i s t i v i t y zinc selenide 

was produced was to subject undoped material to the zinc extraction pro­

cess. This resulted i n crystals with conductivities i n the region of 

1 ohm.cm. which i s very satisfactory f o r the production of l i g h t emitting 

diodes. The low resistance results from shallow donors with a level ap- , 

proximately 0*012 eV below the conduction band. I n untreated zinc selenide 

t h i s l e v e l would have been present but emptied by compensating acceptors. 

The zinc treatment simply removes some of the acceptor centres although 

the material remains f a i r l y well compensated. The 0*012 eV level i s pro­

bably also associated with residual impurities as suggested by Smith ( I969) 

and i s probably a simple hydrogenic donor l e v e l . Further support f o r this 

assximption i s the value of arovuid 0*027 eV obtained o p t i c a l l y by Merz 

et a l ( I 9 7 2 ) f o r the ionization energies of various substitutional donors 

such as the halogens and group I I I elements. The lower energy obtained 

i n present results i s probably the resul t of impurity banding of the donor 

l e v e l . 

When zinc selenide was grown with donor impurities added deliberately 

the conductivity was found to be lower than that of material simply heated 

i n zinc a l t h o u ^ much higher "ttian that of as-grown undoped crystals. 

Impurities, especially when introduced i n high concentrations encomraged 
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th* Introdttotloii of compeziBating l e v e l s , as demonstrated by Itudnescence ' 

studies, and these again compensated the shallow donor l e v e l s . Levels 

l a the region of 0.2 eV below the conduction band were foun^ I n such 

material and these may have been associated with the donor coisplex or 

the double ddnor nature of the liapiudtles, and are probably Involved i n 

the S.A. emission processes. Although heating c r y s t a l s i n zinc plus 

aluminium resulted i n a higher donor density than heating i n sine alone, 
i 

I n f a c t the material became degenerate while the mobility was reduced so 

that the r e s u l t i n g conductivity was almost I d e n t i c a l . Attempts to remove 

compensating centres from Indium and gallium doped material by zinc t r e a t ­

ments were unsuccessful because of the precipitation of the dopant as 

a second phase. 

The n o b i l i t y of samples heated I n sine was c l e a r l y limited by three 

processes. At temperatures greater than about lOO^K, optical phonon 

Interaction appeared to be dominant. The room temperature mobility was 

approximately 400 cmf/v.sec. Below 10o\ scattering by Ionised liq>urltles 

became more Important and the mobility began to f a l l as the temperature 

was reduced further. The maximum mobility was within the range 1000 to 

2000 emf/v.sec. Below ô'̂ K the conduction mechanism changed to a hopping 

process Involving compensated donor centres and the mobility began to 

decrease exponentially with reduction I n temperature. Before c r y s t a l s 

were heated I n zinc t h e i r a b i l i t i e s were very low. No eiqplanatlon of 

t h i s r e s u l t has been found. 

8.2 FUTUKE WOBK 

In order to understand the mechanisms Involved I n the luminescent 

processes, several additional techniques would be of use. In order to 

Id e n t i f y d e f i n i t e l y pair recombination processes such as the S.A. emission 

and to c l a r i f y the copper red emission, time resolved spectroscopy would 

be Invaluable. A pair recombination process I s recognised by a wavelength 



s h i f t of the emission band with time a f t e r the excitation pulse. I f the 

photooonductive and luminescent excitation spectra of samples were obtained 

simultaneously t h i s would also help to i d e n t i f y pair recombination and 

localised t i a n s i t i o n s . Chopped excitation, such as that used when studying 

the manganese doped samples, should enable the photoconductive response 

to be obtained even f o r reasonably low r e s i s t i v i t y material. 

Infra-red quenching of the various luminescent emission processes 

would enable the optical depths of the luminescent centres to be obtained 

very accurately and at fix e d temperatures as opposed to the method of 

thermal quencning. Thermal quenching i s f a i r l y inaccurate, gives the 

thermal as opposed to optical depth and i s an average value over a range 

of temperatures. The Barr and Stroud monochromator could easily be used 

f o r such a purpose i f a d i f f e r e n t prism material, f o r example sodium chlo­

r i d e , were substituted and interference f i l t e r s were used to excite and 

monitor the emission of in t e r e s t . 

Although the manganese emission has been f a i r l y well understood i t 

might be of interest to carry out excitation and emission spectra measure­

ments down to 4°K i n order to resolve the phonon structure. Electron spin 

resonance measurements perhaps under photoexcitation might also provide 

further information concerning the.ionic transitions. 

With the Hall effect measurements, the energies of the deeper levels 

observed i n the doped crystals p r i o r to zinc treatment could be obtained 

much more accurately i f measurements were extended to lower temperatures. 

This would involve much more sensitive measiirement techniques since the 

r e s i s t i v i t y increases considerably at low temperatures and perhaps an 

A.C. method involving phase sensitive detection would be more suitable. 

Use of single c r y s t a l samples and boules prepared from zinc selenide pro­

duced from semiconductor grade elements might lead to a better understanding 

of some of the phenomena observed. 

I n a l l the wor3c carried out on zinc selenide, the results would 
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undoilbtedly be much more readily understood i f a sensitive means of ana­

l y s i n g the material chemically were available. Although mass spectro-

graphic analysis would be more sensitive than the atomic absorption tech­

nique used during part of this work, neutron activation analysis would 

appear to be the ideal means by which the presence or absence of low im­

pu r i t y concentrations of such as copper ajid chlorine and the i r effects 

could f i n a l l y be v e r i f i e d . Such an analytical technique would assist the 

understanding of the properties of zinc selenide much more than a l l the 

previous suggestions i n this section. 
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