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ABSTRACT 

" 

, A study of the gro1th of monocrystals of "tellurium and 

selenium-tellurium alloys by 'the Czochralski met~od has been 

made, together with measurements of the photoconductivity in 

such materials. In tellurium, , it was found that large 

temperature gradients occur within a growing ïngot which cause 

an in~rease in the- concentration of lattice defects. This / 1 

concentration can b~ reduced by subsequent annealing. An etch 

pit orientation effect was observed' enabling '- the growth 
t 

direction of an ingot to b~ determined, arising from a-

correspondence between preferential growth and e~ching planes. 
/ 

Pnotocond'uctivity in tellurium. at 77 Kwas 
,,-----

decreasèd by abrasive polishing of the sam~les 

f6und to ,~e 
/ 

and increased 

by annealing. Transient photoconductivi ty was' found to be 

characterized approximately by two time constants, one of the 
t 

order of microseconds and the other tens of microseconds. The 

largest D* detectivity measured on the samples was l.3xlO
ll 

cm Hz
l / 2 w- l at 3.5 ume Crystals of S~xTel_x werr 

, 
prepared by the Czochralski method ,for ~e-rich and 

Se-rich 'compositions with O<x<O .1 and O.95<x<l.O. 

For intermedi~te compositions 
ô 

O.1<x<O.95 with 

it was not possible to obtain Czochralski-ing~ due to a 

~ fneniscus rupture problem arising from excess selenium at the 

growing interface. In this case crystallographically alignèd , 
samples were obtained by a slow cooling method. Measurements 

on the Se Tel alloys showed a 
x // -x 

continuous wavelength 

" , ~------'-' ---' 
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displacement of the photocond1:lptivity maximum from 3 ... 7 to 

about 0.8 pm in going from tellurium to selenium. This was 
,; 

accompani~d by an increase of sorne 5 ,orders of magnitude in 

the photoresponse, in the photoconductive decay time constants 

and in the electr ical resistivity. From the results the 

estimated enexgy gaps were found to çhange continuousl,y from 
/ 

tellurium to:selenium with a possible change 6f slope starting 

near 40 at.% Se. 

/ 

• 
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Une étude de la croissance de monocristaux de tellure 

et d' alliages séléni~'-tell~re par là méthode - de Czochralski 
- l 

ainsi que de leur photoaonductivité respective a été 

effectuée. Il a été déterminé oquie des gradients d~ temp-érature 

elevés sont présents lors du tiJ;age 
'l'-

du barreau,-ce qui çause 

une augmentation de la concentration des défauts dù reseau 
• 

cristallin. Ces derniers peuvent être sUbséquamment éliminés 

par recuit. Un effet d 'orientatio~des figures d 'atta~ue -a o 

~ ~ 

êté observé permettant de détermine/i:- la direction de 
• 

tirage, 

relié à une ,oorrespondance entre les plans de croissance et 
, / 

de décapage préférentiels. Il a été observé que la 
~ 

photoconductivité· dans le. tellure à 77 K a été diminuée par un 

polissage abrasif des échantill,ons et qu' elle a été augmentée 

par le recuit. Il est démontré gué la photoconductivité 
> -_/ , 

• transitoire peut ~tre décrite de façon approximative au moyen 

de deux constantes> de tempE:!, l'une de ' l'ordre de 
, 1 

microseconde et, l'autre de 1 tordra de la dizaine 

la 
\ 

de 

microsecondes. La détectivité D * la plus importante mesurée 

sur les échantillons est de_ 1.3xlO Il cm 'Hz l / 2w-·l à /3.5 }lm. 

Des cr istaux de SexTe l-x ont été prépa,rés par la méthode de 

Czocnralski pour d~s 
_/ 

compositions r'iches en • tellure ou en 

sélénium c'est à dire pour O<x<O .1 et O.95<x<l.O. 

En ce qui a " trait aux ~omposi tions intermédiaires, soit 

O.1<x<O.95, il n'a pas été possible "d'obtenir des 
~ ~ 

barreaux-Czochralski 
o 

1 Q 
1 

dû â un probli!m 

, ' 

de rupture 
.-/ 
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du" m~nisque issu d'un 
1 

excès de ~€l€nium à l'interface de, 

croissance. Dans, ce cas, 
,'1 

des €chantillons 

cr istallog r aphiqu"ement alignés 'r\ ont 
'1l ' été obtenus par 

refroidissement lent./ Des mesu~es effectués' sur ces 
1 \ / 

échantillons ont démontré un déplacement continu du maximum de 

photocon!fbctivité en fonction de la ~ongueur, d'onde, de 3.7 pm 

, à environ, 0.8 pm en allant du tellure au sélém.um. Le tout 

êtait accornpagn€ à 'une augmentation de quelques 5 ordres de 
/ . ~ .. 

grandeur de la photoconductivité, des const1hntes de t!=!mps, 

ainsi que de la -résistivité. A partir des résultats ,il a été 

constat€ que l~/"gap" énergétique estimé, var iait de façon 

continue en allant du sél€ni~m 'au tellure avec un changement .. 
de" pente débutant aux voisinage de 40% d'atomes de Se • 

. j 

," 

l ' 
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CHAPTER 1 INTRODUCTION 

" o 'tt :l , 
, i 
\ ' 

/ 

Tellurium is al semie~nc;tuetor with a number speel~1ly' 
o \' ,-

interes-~ing properties,\ sorne of which arise from its trigonal 
'\ 1 . 'lt' ' 

crysta1 structure. The'" -llillttice consists' (Fig. 1.1) of para11el 
/ \> il - ~ 

helical chains, of a~oms w'~~h the first and fourth atoms in the 
)1 \.. r 

s~me ang~lar position buf'disp~~ced along -the thre~-f~ld axis 
'V / 0 

by the distance c. The point group is 0 3 , whieh is the same 'as 
,1 ".!", \ 

that'of 
~ J ... .\ ~ • 

except that this is observed, \~ ly beyond the absorptiQll e,?ge near 
" , 

4 pm wavelengtp. Teliur ium ls birefr ingent 'with the very large 
~ 

--' 

values of refraetive index of n =4.8 anq n/l-6. O.' It ls a~so 
\ 1. , , 

dichroic, notably at the~bsorption edge and at 11 _pm, where 
) " ' 

. 

'there' is an--_, ,~bsorption b~nd for Elle but not for ELC. The 

eleetr ical conductivi4-is anisotr6pic wi t,h a valué a10ng the 
" 

J 

c-aids twice that perpendieù1ar to it. It shows a double' 

reversal of the sign of the Hall coefficient and has always 

been found to be extr insicalll," p-type at l'iquid nitrogen" 
1 

temperature. The substance is strongly piezoelectrie and sb~ws 
J ... /' 

appreciable nonlinear optical 'effects with·' the passage of 

infrare.d laser radiation; in \~part i.cUlar 5.3 pm wavelength 
,~ o{ / ., f < 

second harmohie radiation can \he generated. from a 10.6 llm 
1,' r 
1 \ 

laser bearn. Sorne of. the basic \~~rameters of .. ,\ . 
1isted in Table 1.1. More detail~ of physieal 

\ '-
\ ' 

~~\ -''\ ", 

given in 'ref. [1.1] • 

\ 
\ 

telluri-um 
, .-/ 
\ pr?perties 

\ 
\ 

\ 

are 
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2 
o 

While thé 

tha t ' between them 

bonding along the atomic chains is strong, 

is weak, so ?t'hat cleavage readily takes 

place aloJ1,g prism planes. This 3~o means that lattice damage 
r \ 

easilyoccurs and that the material is 'very sensitïve to 

handling. Fo~ this reason, measured ~hysical properties are 

affected by the preparation procedure of the samples and hence 
o 

there is often doubt about the magnitude of so~e published 

data on teilurium. There isth~s a need, not only for the 
, 

measurement of the parameters·of - new physical phenomena, but 

also for a 'repetition of previously reported measurements , / 

using samples prepared under known conditions. 1 
'\ 

With an energy gap of 0.33 eV, tellurium s1Pws 

light· having a 
... 

phetoconductivity 
~ - ~ 

illuminated with when 
, . 

wavelength less than about 4 pm. The effect is more prominent 

at liquid nitrogen temperature than at room temperature. Sorne 

s~udies have al~eady been made te understand and characterize~ 

tpe effect and~ other work, has been done 'to evaluate tellur ium, , 

in a preliminary way, as an infrared detector material for use 

near 3.5 pm wavelength. However, in aIl previous work the 

material~used would have~ontained impe~fections due te the 
• 

methods used te prepare 
'f // 

the samples and thereforè it was 
"/{YIf/ 

consid~~ed appropriate to embark on a new program to grow 

crystals af tellur~um, to understand the conditions needed for 

minimizing def~cts and ta obtain a new characterizatian of 
~ 

p~atoconductivity in the material. This farms part of the 

'1 
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work to be gescribed in this thesis. 

In this program, the work on the growth of tellurium 

crystals consisted of a study of- the effect of ~emperature 

gradients . in the ingots during Czochralski pulling on 
-' 

extrinsic transport properties. These were also measured after 

annealing to remove the defects. In the coursè of the se 

investigations and in sorne previous studies by the author 

[1.2], etch pit studies were made and a curious orientation 

effect was found. In the present thesis, this has beenŒurther 

studied. 

The measurements of photoconductJvity on t.elluri"um were 
1" 

do ne at liquid nitrogen temperature over the wavelength region , -
between about l to 4.5 ~m, where the,effect is most sensitive, 

and in these studies the influence of factots s.uch as sample 

thickness, surface treatment ànd temperature w,as investigated. 

Transient measurements to determine decay times were aiso 

carried out. In addition, an examination was made of factors 

relevant to the possible use of tellurium as an infrared 

d'etector material, namely noise, low frequéncy IE;sponse and 

photoconductive spèEtral detectivity. 

The preparation and preliminary study of crystalline 

selenium-tellurium alloys forms the other part of this thesis. 

Selenium i8 a semiconductor, which, in its trigonal form, has .. 



( 

4 

a reported energy gap of 1.85 eV [1.3]. Like tellurium it has 

many interesting properties [1.3] but ln addition it also has 

important practical Jppl!cations. It has been es~ablished 
that selenium and tellurium form a complete solution in aIl 

proportions in both the liquid and solid phases. Therefore, 

" this offers the pos~ibility of obtaining crystalline 

semiconductors with tailored energy gaps over the wide range 

from about 0.3 to sorne 2 eV. Such alloys, if they could be 

• " made in controlled single crystal form, might. be luseful for 

/ 

appiicéJtions 
. 

energy gaps, requiring special such as for 
. 

infrared detectors and solarîcells. The alloys could also be 

useful scientifically in elucidating, for instance, the 

change-over from the direct band gap of tellurium to the 

indirect one of selenium. For these reasons a program was 

ini tiated with the objectives to grow SexTe l-x crystals by the 
i 

Czochralski mehtod an-p thence to measure the ban.d gap changes 

from photoconductivity measurements. As will be seen in 

chapter 5 of this thesis, growth by the Czochralski method 

proved tor(be exceedingly difficult for the aJloys compared to 
j, 

pure tellurium. This, was because of/ an inherent problem 

requiring a growth rate and a temperature stability quite 

beyond the possibilities of the 

pushed to its limits. 

... 
growtp apparat~s, even when 

/ 

Despite the diHiculties, 

Czochralski-grown crystalline alloys were obtained at Te-rich 

and Se-rich compositions. ,For intermediate compositions, 

however, another method was used to obtain samples which, 

. , . ' .. J . SM' 1 • -

/ 
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while not 
, ~.; 

completely > monocrystal11ne, were 

5 

f 

suff~ciently 

aligned crystallographically for the optical and electrical 
/ 

measurements. The photoconductiv!ty measurements, which were . " . 
the first made-~n such a~loys below room temperature, show 

very nicely the shift of the characteristics with change of , 
composition from tellurium to selenium. A calculation was also 

made of the absorption edge 
_/ 

of each alloy from ~the 

photoconductivity to observe the change of energy gap with 

composition. 

/ 
While the Se Tel investigation x -x 

forms a smaller 

portion of this thesis and represents only a preliminary 

stage in the study of such materials, this work is considered 

by the author to' be the Most significant contribution 

presented here. In the course of the w?rk, for instance, 

selenium single crystals were prepared for the first time in 

this laboratory, a result which could open up a new area of -
> -----

study. 

Since the Czochralski method was the main technique 
1 

used in the crystal growth- workfof this thesis and since a 

treatment of it will not be given in qther chapters, a brief 

description of the apparatus is now given. Greater de'tails are 

availab1e in reference [1.2]. The tellurium in a quartz beaker 

'(Fig. 1.2) is first melted under an argon or argon-hydrogen 

atmosphere by radio frequency induction heating, where 

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

_/ 
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currents are induced directly within the material itself. This 
'" 

is done from a work coil surrounding the main growth chamber, 

which is. made of Py~ex or quartz. A background temperature is 
---'" 

provided by resistance h~ating from, a fIat wire woûnd around 

tWe growth chamq~r. A monoerystalline seed, held in a chuck at 
~ 

the'end of a vertical rotating pull, rad, is slowly lowered 
," , 

into the melt and after dipping, is slowly withdrawn 

verticallY •. !f suitable temperature conditions prevail, the 

tellurium freezes uniformly on to the seed in such a way that 

a boule or ingot with a diameter larger th an that of the seed 

can be "pulled" from the melt. 

Finally, it might be h~lpful as a guide ta the reader 

to sketch out briefly the structure of the thesis chapter by 

chapter. While the arder of the chapters is important, it is 

quite possible ta read sorne of them béfore the preceding ones. 

The author~s, work on tellurium for) the M.Eng. "degree is 

briefly ~eviewed in chapters 2 and 3. Beginning with chapter 

~, a brief historical survey is given of work don~ firstly on 

the Czochralski growth of tellurium, secondly on melt growth 

of and ,thirdly and fourthly' on alloys Se Tel x -x 

photoconductivity on tellurium and the ,alloys. Next in chapter 

3 the interesting etch pit orientation effect is reviewed and 

further work is presented~ In chapter 4 the study is reported 

on the influence of temper'ature gradients ·'in tellurium ingots 

during growth on extrinsic transport properties. Chapter' 5 
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/ 

/ ' 7 

describes the efforts to grow crystals of the SexTe l ':x alloys • ..../ t 

The apparatus and methods used for photoconduçtivity 
) ~ ~ 

measurements are described in chapter 6, -while the results of 1 

such measurements are presented in chapter 

tellur ium and in chapter 8 for the alloYs. ln 

7 for pure 
..../ 
9, 

apsorption coefficients are calculated and hence energy gap 

values are determined. Finally, the results of the thesis are 
'\ 

summarized in chapter 10. 
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Sorne Physical Constants of Tellurium 

Atomic nUmber 52 

Atomic weight 127.6 

Lattice parameters a = 4.457'2 A 

C = 5 .~9290 A 
/ 

Normal melting pcünt 452°C -./ 

Normal boiling point 990°C 

(~ 
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Fig~ 1.2 Diagram showing the arrangement of the Czocnra1ski 
growth chamber. 
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CHAPTER 2 HISTORIC 

2.1 Introduction 

In this chapter a review is given 
~ 

work done in the area of the thesis. It 

'\ ~. ~ 

\ 

, " 

history of' 

',first1y of a 

presentation of the past work on the growth of te1lurium 

crysta1s by the Czochralski method, ~followed by a reviewof 

the growth from the melt of Se Tel alloys. x -x Then, previous 

wor)t on photoconductivity in Te a?d S~'xTel_x al~oys is briefly 

reviewed. 

In the review of Czochralski work on tellurium, more 

words have been given on the author's previous work than on 

that of others. This is not because of its greater importance, 

but because of the relevance to this thesis. In addition, it 
l 

should be ~entioned that the survey on work done on pure 

selenium does not pretend to be exhaustive, since the emphasis 

in the present work has been more on te11urium. 

2.2 Czochra1ski Growth of Tellurium Crystals 

Crystal gr~wth of tel1u~~um using the Czochralski 
-', 

method was first reported in 1954 t!by Weidel [2.1], who grew 
" \ 

single~çrysta1s having a width of about 1 cm and a length of 

several cm, where the pUlling direction was paralle1 to the 

./ 

~~_IP.--------------------------

11 
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c-axis. Three years later in 1951, Davies [2.2] grewerystals 

from tell.urium melts at pullin9 ~ates between 2 and 5 cm/hr. 

He reported that a necked-in seed seemed to yield the 'high~st 
f 

percentage of single crYstals. In 1962, Link [2.3) reported a 

. growth study on Czochralski tell.urium . crysta1s and, fo!;' the 

first time, pointed out the al ternate lar,ge and .-smal1 faces 'of 

ingots pu1led in the c-direction. In 1963, Keezer [2.4) 

d~scribed a very detai1ed crystal. growth s~udy. He found that 

it was important to have good' al.ignment of the seed because a 

misor ientation by more than 10 resul ted in unstab1e cryàtal 

growth. He also pointed out that temperature control to 
. 

better than ±O.loC was neCessary for uniform crystal growth. 

Tel1ur~um crysta1s were a1so reported to have been grown in 

directions both para11el and perpen'dicu1ar to the c-axis in 

12 

. ~ 

the sixties by Shalyt et al [2. 5 ) in the USSR and by Ishiguro 

et al [2.6] in Japan. 

-
In 1969, Grosse [2.7] found that Czochralski growth 

resu1ts were better with the remQva1 

occurred on the me1t surface. Ab9ut 

of the scum, which often 
/' 

the 'same time, Kolb and 

Lau~ise [2.8] grew crystals usin9 the Czochra1ski method with 
1 / 

resistance heating and found better resu1ts at the slower 

growth rates. Cerc1et [2.9], also in 1969, grew crystals at 

pull rates between 1 and 2 cm/hr. He round that the quality 

of the crysta1s was impro~ed by ann~al ing a t 
/ 

360Oc. In 1973, 

Dufresne and Champness [2.101 reported crystal growth in 
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·r (. directions bath parallel and perp.;;;'dlcular 10 the c-axis. They' 

a1so foup.d that the yie1d of crystal growt1\ was improved with 
J 

, . 
t 
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a thin neck in the initial stage of the' crystal pulling. 

Cerc1et [2.11], in 

certain amount of 

monocrysta11inity 

'pull rate. 

1973, grew ingots from me~ts containing a 
_/ \ .. 

impuri ties and confirmed ~n '~inctease in 

with decrease of impurity c~~tent and of 

In 1978, a detai1ed study of te11urium crysta growth 

by the Czochralski method was reported by Shih and Cha pness 

'[2.12] ar;ising out of the experimental work for the autlî r's 
./ 

M:Eng thesis rI. 2] • The study was started by adopting most f / 
/ 

the previously reported important growth conditions, namely a 

narrow neck, a g~od alignment of the seed, a clean me1t 

surface (removal of the scum) , a background heating unit, a 
~ 

, 
high purity raw -material and 

scheme. Wi th the above-mentioned 

the successfu1 rate in producing 

. \ 

à good temperature control 

cond,itions, it was found ~a.t 
tellur!um single crystals w~ 

on1y about:- ~O" even with a long (more tha~lO mm) and thin 

(less than 0.5 mm) neck (~ee Fig. 2.1(a». Further study-was 
, 

then performed by c~nsidering the importance of temperature 

changes in the growth chamber, especially that in the seed. 

\\The temperature s~udy revealed tha~ polycrystallinity of the 

d,\~stal resul~ed if the seed was subjected to a too j rapid 

te~perature change during the seed dipping proces,s. A 

proc~dure ~ involving a slow seed lowering rate and a relatively 

/ 

{ 
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background terilperature ,was thus established for 
~ 

1 

subsequen,t studies. The improved procedure proved to .be very 
• 

successful in producing single crystals and', in the program, 

more than 30 ingots were grown wi thout further necking. AlI 

of these were found tb be completely single erystals, 

corresponding to a 100% yield. Fig. 2.1(b) shows a single 

crystal with a thick neck grown in this series. 
/ 

Using the improved star!ting procedure" effects of other 

growth conditions on the crystal were studied 1 by the prese~t 

author [1. 2]. It was found that polycryst'allini ty was produced 

with a high pulling rate (more th an 3 cm/hr) and a low 

background temperature r(less tha-n 350°C). Good quality 
J< 

crystals were readily grown~t a high background temperature 

(about 400°C). For the growth direction paralle-l to the 
.-/ 

c-axis, it waS' a1so observed that the ratio of the width of 

the three lafger faces to that of the three smaller ones was 

increased wi th increase- in the pul.ling speed. For the growth 

direction perpendicular to the c-axis, a similar relation was. 

found between the ratio of the larger axis to the smaller one 

and the crystal pulling speed. 

~4 J 
1 

In a study of etch pits on tellurium [1.2], it '\las . ./ 
. 

first confirmed that a correlation existed between mechanical 

damage (and 
, / 

hence dislocations) and etch pit density. 

However, some interesting features regarding the orientation 

/ 
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of the etch pi ts on the basal and .the pr ism _~ anes we~'~"",> 
'>" '-''>, """" 

observed. This' effect will be described in more d tail in 
» 

chapter 3. 

2.3 Growth of Se Te Crystals 
x' l-x '/ 

Most of the previous ~o k .to 
) 

SexTel_x alloys has been gone us ng 

prepare single crystal 

the Bridgman method or 

methods simi1ar to it. One of the . rst reports was that of 

Loferski [2.13] iil 1954, ~ho prepared~ crystals up to about 16 ----
at.' Se by t~is Methode At the Se-rich end of the range, 

( 

\ 
Keezer, Griffi\ths and Vernon [2.14) grew cry~tals by the 

Bridgman method, from 100 to 97 at.' Se using l' ·TI or-K--in the 

melt to Iower viscosity by shortening the Iength of Se chains. 

Sutter [2.15], inJ !969 grew Bri man'crysta1s of composition 

~ to 90 at.% Se, while Shiosaki nd Kawabata [2.16] '(1971) 

used seeding in their Bridgman metho to 

containing 70 to 100 at.' Se, with grow '" , ' 

mmthr. A Bridgman -' 'and a zone-leveli,ng 

• Cl 
opealn monoc~stals 

rates of 0.2 t\ 1.5 
\ 

thod was usep by 

Beyer, MeIl and Stuke [~.17] in 1971 to 0 tain crysta11ine 
../ 

samp1es Dver the who1e range wi th growth, rates from ' 0.1 to 5 

mm/hr, for tbe Se~rich mixtures, tbey added l' or K to the 

melt to, reâuce, viscosity. Crystals from 10 to 90 a .% Se were~ 

grown in 19'75 by Bahl and Chen [2.18] with the Br id'lm n metbod 

at:. a lowering rate of 0.4 mm/hr. The l3ridgmi!n.method w a1so 
f 

used in 1978 by Bhatt and Trivedi [2.19] ,to obtain crystal ~of 

1 

~ , 1 

/ 
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10::at.% Se from a melt containîrig 

of 4. 5 mm/hr. 

1% Tl, with a lowering rate 

. ./ 

~ While the Czochralski method, as mentioned alf.<>ve, ~as 

been very ~ successfully used to obtain monocrysta1s of , 

te11urium, it appears that only Keezer and co-workers have 

reported serious attempts to grow atloy c rys ta1 s 
• 1 

by this 

Methode Using a pull rate of l mm/hr, Keezer, Griffiths and . '--

Vernon [2.14] were able to.obtain monocrysta1s with 0 to 5 
J 

at.% Se in 1968. They found polycrystal1ine growth for Sé 

concentrations higher than 5 a t. %, w~~ch was ascribed to 
""" '''--~ 

constitutional super~ooling. 'In 1967, Keezer, Wood and Moody 
r 

[2.20] grew monocrystals of, 100 at.% Se by the Czochralski 

method using selenium melts doped with chlorine and bromine at 
1 

pull raies of âbout 0.2 mm/hr and doped with Tl at rates up to 

2.5 mm/hr. 

Regarding the crystal structure 

Grison [2.21] considered the two possibilities shown in Fig. 

2.2. In one of these, the Se and Te atoms are in different 

but paralle11lelices (Fig. 2.2(a», while in the other, each 

helix contains a mixture of Se and Te atoms (Fig. 2.2(b». The 

experimehtal X-ray evidence lead Grison to favour the latter 

----~--~--------------------------------------------------------~----------
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2.4 Photoconductivi ty in Te 

Photoconductivity has been known in te1lurium for more 

than half ê! century. In 1925" Bartlett [2.22] first showed 

that the effect in thin films' was larger at, liquid oxygen 

temperature th an at room ~mperature. Sorne years later Moss 

[2.23] found the photoconductivity maximum to lie at a 

wave1ength near 1.3 pm for cooled thin teIIur ium films 

evaporated on glass substrates. However, the first resu1ts on 

bulk crystal samples were reported by Loferski [2.13'] in 1954. 

These samp1es were obtained tfy cleaving a Bridgman-grown ingot 

containing randomly oriented crystals, fo110wed by abrasive 

gr inding and po1ishing wi th final chemical etching. Edwards, 

Butter and McGlauchlin [2.24] published resu1ts in 1961 on 

samples prepared by vapour phase 9 rowth and by c1eaving a 

Czochralski-grown crystal. On one of their vapour-grown 

samp1es they reported a detectivi ty a t 77 J( and at a 

wave1ength of 3.4 pm which was essentia11y background limited. 

Vis [2.25] also studied photoconductivity on bulk samples, 

which were prepared by aix;-brasive cutting from silees e1eaved . 
'from tel,lurium Czochralski-grown crysta1s, fo11owed by 

chemical etching. In addition he studied the dependence of 

noise on frequency and temperature [2.26]. In 1966, GrOBse and 

Winzer [2.27] made a detai1ed study of photoconductivity in 

\ 

• ru .......... ~ 
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bulk samples cut abrasively from czoch~alSki cr~stals followed 

by - etching. They observed the decrease in response wi th 

decrease of wavelength below 3.5 pm and found this to be more 
/ 

rapid for the orientation with the electric vector E of the 

radiation perpendicular c-axis of the 
~ 

for to the sample than 

that wi th E parallel to i t. Grosse and Winzer also showed the 

importance of the surface r ecombination velocity (s) in 

tellur ium, which they determined from the shape ,of the 

spectral dependence of photoconductivity. 

In aIl the previous work mentioned, abrasive action \lias 

involved in the preparation of the samples and while chemical 

etching was often carried out, lattice damage would no't have 

been entire1y removed. The first complete avoidance of 

abrasive preparation was in work in this laboratory [7.1]. 

Using such samples, this study showed~ how sample thickness 

changed not on1y the magnitude of the photoconductivity in 

tellurium but also caused a wave1ength shift in i ts peak 

value. 

2.5 Photoconductivity in Se Te
1 

Al10ys x -x 

Photoconductivity in selenium was discovered in 1873 by 
" 

Smith [2.29], who observed a decrease inyhe résistance of a 
- " 

selenium bar after illumination with light. Sinee then there 

have been Many photoconductive measurements made on 
• 1 

/ 

\,'.~, -...'. 
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polycrystalline selenium but data on monocrystalline trigona1 

material has been limited. Prosser [2.30] in 1960 found two 

photoconductive maxima, one near 0.6 and the other near 0.7 
_/ ,i 

pm 1 the latter peak shi fted to shorter wavelengths with 

decrease of temperature from 295 to 95 K. 

temperature shi ft of the 0.7 pm peak was reported by Hemila 

and Tuomi [2.31]. This peak. was also measured at 93 I< by 

Stuke [2.,32] in 1964. He observed another peak ne~r 1.1 pm, 

whose magnitude was found to be very sensitive to plas,tic 

deformation of the sarnple. A more complete discussion of 

photoconductiyi ty and alli~d phenomena in trigonal selenium 

can be found in the article "Optical and E1ectrical Properties 
------

of Selenium" by J. Stuke [1.3]. ' 

Compared ,to te1lurium and selenium, very litt1e work / 

has been reported on photoconductivi ty of SexTe l _x alloys, 
" 

whether polycrystalline or monocrysta11ine. In fact the only 
, 

paper on monocrysta11ine a110ys appears to be that of Ressler 

and Sut-ter [2.33 ] in 1967. These workers measured 

photoconductivi. ty at roo. ternpera~ure on 10 sarnples ranging in 

composition from 10 to 90% Sel they, found the long wavelength 

maximum to shift from about 3.4 to 0.8 pm over this range. 

.. / 
/ 
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Tellurium single crystals (a) grown under fast 
approach and low background temperature with a long 
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CHAPTER 3 ORIENTATION OF ETCH PITS ON TELLURIUM 

3eî Introduction . ' 

The study of etch pits in semiconductors is interesting 

principally in order to determine the extent of dislocations 

present. The same is true in tellurium but it has been found 

that, in addi tion, the etch pi ts on certain planes show ail 

interesting orientation effect. It is this aspect which·is of 

special interest in the present chapter. 

Etching in tellurium can be performed by thermal and 

chemical means (3.1,3.2]. Chemical polish etching is a fast 

etching procedure ta produce a smooth fIat surface, uaùally 

carried out wi.th chromic-ni tric or chromic-hydrochloric 

solutions. These etches were used in the prep.aration of 

surfaces of samples for the measurements in chapters 7-and 8. 

Howev~r, details concer,ning their action have been discussed 

elsewhere (3.1,3.2] and they will ~ot be further discussed 

here. In this chapter, only chemical etch pi ts produced by 
../ 

slow etching will be treated. More apes::ifically, the -intereat 

ia in the orientation of the four-sided e.tch pits on the priam 

22 

planes and the three-sided pi ta o!); the basal planes. These, _/ 
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it will be shown, define a unique sensé ,along the c-axis. 

3.2 Review of Experiments on Chemical Etch pits 

3.2.1 Four-sided etch pits 

If the prism (lOÏO) planes of a tellurium crystal are 

treated wi th sulfur ie acid at ISOoC for about 5 minutes, 

four-sided etch pits are develope.d, an example of whi~h' is 
, , 

shown in Fig. 3.1. These pàrticular etch pits were first 

reported by Blakemore, Schultz and Nomura [3.3] on eleaved 
/ 

tellurium surfaces. They pointed out that the pi ts were not 

symmetrical about the c-axis but that ~the longest edge was 

parallel to this direction. They suggested the 

planes to. be (1100), (1013), (0.111) and (0111). 

From the work of Blakemore and Nomura 

Herrmann [3.5] it 
... , 
was found that there were 

four internaI 

[3.4) and of 

two types of 

4-sided pi ts, which were .the mirror images of each other. 

However, only one type was found on· one crys tale It was shown 

by Blakemore and Nomura [3.4] that one type occurred 0ll..!' a 

crystal with a right-handed helix of atoms and the other on a 

left-handed crystal. The handedness of the 
~ , 

crystals involved 

in these studies was found by Nomura [3.6] by determination of 

the sense of rotation 'of the plane of polar ization of light 

passing along the c-axis of the sampies. Berrmann [3.5] 

23 
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pointed out that the acute angle of the pit;.s pointed in 
/ 

opposite --directions on t.he adjacent prism faces. Be also 

reported that the etching produced hi1ls on one grown surface 
9 

and p(ts on the' opppsi te para11el surface. This latter fact 
.-

has not been confirmed by subsequent work and in any / case 
1 

appears to be inconsistent with the symmetry of ,the crystal. 

In the studies of Koma, Takimotp and Tan~a (3.7] on1y pits 

and no hi1locks were found on opposite planes and this has 

also been the experience of the writer. The Japanese workers 

clearly ïdentifj:ed mirrar image pits from right- and 

left-handed crystals and a1so atternpted to explain the ,etch 

pit shapes from an àtomic mode1 invo1ving the following 

-assignmentof internaI planes (16501, (1451) , (0551) "and 

-(l67l). These c1early differ from the earlier assignment made 

by Blakemore, Schultz and Nomura [3.3]. 

-In 'connection with the three equiva1ent (10_10) and 

three (ïOlO) prism planes, on which the four-sided etch pits 

are formed, these are the large 1ateral facets in Czochra1ski 

crystals pulle~ in the c-direction. Link [2.l+- found that 

three of them, symmetrically arranged, were 1arger than the 

other three. The writer [2.12] showed I1so that the ratio of 

the width of the large face to that of the small face can be 

increased by incréasing the pull rate • 

Further work, in the laboratory of the writer [3.8] on 

24 
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the four-sided etch pi ts, confirmed, the following facts, (1)' 

that the acute angle of the pits points in opposite directions 

on alternate prism faces, (2) t~at the lar~est edge of a pit 

is parallel to the c-axis and (3) that the pits on 
/ 

right-handed crystals are the mirror images of those on 

left-handed crystals. In addi tJon, however, a new feature was 
, -

observed, namely that the acute angle of the pi ts' always 

pointed towl!rds the mel t end of the ingot on the three large 

faces and always pointed towards the seed end on the three 

smailer faces. Thus, despi te the' fact that the. crystal 

structure of teilurium.-does not distinguish a sense along the 
----

c-axis, it is possible to determine the growth direction of a 

crystal from the etch-pi t orientation. 

3.2.2 Three-sided etch pi ts 
,­
" 

The basal plane, not being a .cleavage surface, has to 
~ 

be cut and polished. The best way to do this is to use one of 

the fast acting polish etches. A slow acting etch' will th en 

bring out pits which "ar,e often hexagonal or triarlgular in 
~ shape. 

Etching experiments on the (0001) plane were studied by 

Di Persio,' Doukhan and Saada [3.9], who first reported 

hexagonal etc~ p,it,susing a"mixtJ're of H3P0 4, H 2804 and cr03 
_- t 

at about IS0oC. The edges of the etch pits we1,:e observed to be 

1_----.-__ - / 
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'para11el to the planes of the crystal. A simi1ar etch, used qy 

Ahmed and Weintroub [3.1] was found ta bring out triangu1ar or 

hexagonal etch pits on (0001) surfaces. Hexagonal pits were 

also found by Doukhan and Farvacque [3:10] using a mixture of 

H3P04 and Cr03 0 (250 gm: S gm) at ISOoC. The effect of the 
-

phosphoric-chromic etchant was confirmed by El Azab, 

McLaughlin and Champness [3.2], who a1so reported triangular 

as weIl as hexagonal etch. pits. These rescilts were further 
." 

confirmed by Kalinski a~d Lehmann [3.11] who found that'the 

hexagonal etch pits eventual1y became triangular after 

_prolonged etching at 160°C for about 20 minutes. 

3. 3 Presen.t Work 

J The further jwork done in this laboratory to 

characterize the etch pit orientation effect ia now described. 

/ 3.3.1 Four-aided pi ts on (1010) surfaces 

It was found that if a piece of tellurium, cut from a 

c-grown crystal, was used as the seed to grow another crystal 

and if the seed sense was the sarne as that of the orIginal 

crysbal, therr the large faces ·..()f the new crystal grow fromthe 

large faces of the seed •• This ie illustrated schematica11y in_ 

Fig. 3.2(bl, where the etch pits point downwar,ds on the large 

faces of both ingot and seed. The resu1t was a1so previously 

t, 

" 
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demonstrated by necking and expanding the ingot diameter 

during growth (by adjustingthe temperature), which yields a 

crystal, whe,re the large faces on ei ther side of the necked 
_/ 

region correspond to each other. 

Three growth_runs were next made where t~e "seeds" were 

"inverted", that is, the sense was reversed with respect to 
Iii 

crystals from which they were origina11y cut. Thua, in the 

seeds, the four-sided etch pits, had they been present, would 

point upwards on thé three large faces and downwards on the 
.. 

small·faces. The runs were a1so carried out at a faster pull 

~ate than normal to obtain an eccentricity (ratio of the width 

of larger face to small face) of about 2 in order to ensure 

unambiguous resu1tsT The resulting crystals a11 had small 
JI 

'faces dev~oped fram the large faces of the seed and large 

faces from the sma11 faces, as indicated diagramm~tically in 

Fig. 3.2(a). An actual photograph of an ingot and seed after 

such growth is shown in Fig. 3.3. Thus, ir~spective of the 

---direction of the etch pits on- the seed, the etch pits on the 

grown crystal always point,d6wnwards o~ the large faces. 

-
It was also interesting to know whe~her the formation 

of a large orjsma1l face was determinEiIP by the j three metal 

~~screws in the seed chuck due ta a fast heat f10w through the 
/ 

screws. Therefore, in the above-mentioned experiments, two 

runs were made with the screws in contact with the three,large 

27 
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faces of the seed and one with the screws in contact wi th the 

three smaller ones. AlI the three crystals were found to have 

large faces developed from smal.l faces of the seed. Therefore,_ 

the position of the screws had no effect' 0l\r' the._ de;J~lO ment Of,+ 

the large and small faces and no influence on th latera1-
1 

growth rate of the crystal. 

In order to investigate the influence of seed rotation 

rate on the crystal shape, two more crystals (CZ-77-20 and 

CZ-77-2l) were grown at pùll rates of 10 and 1S mm/hr 

respective1y. During the growth, the rotation .rates were 

changed from 3 to 3S rpm in 6 steps. Fig. 3.4 shows a plot of 

the ratio 

the seed rotational r 

no change in the 

short s~de of the two crystals against 

It '1s s~en that there is essentially 

s the rotational rate is ill'creased 

from 3 to 35 rpm. It was also veri,fie/' by rever.sal of the 

sense of rotation, that thi~ had no effect on the 

, configuration of faces and orientation of ,etch pits. 

3.3.2 Three-sided pits on (0001) planes 

The uncertainty about the" desi9na.tio~ of the internaI 

planes of the four-sided etch pi ts makes the understanding of 

their shape some",hat difficu'l.t. It was thought, however, that 
f '. 

it might be simpler to,' interpret the triangular or heXagonal 
Q 

pits on the (0001) basal pla~s. 

. -
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Therefore, a wafer was chemlcaliy cut perpendlcular to, 

the c-axis of ingot CZ-80-4, which had a clearly .defined 

'difference between large and small prism . faces. The· (Q.OOl) 

surfaces of the slice were chemically PolishedJ with a BN0
3

, 

ct03 , B20 solution (10:5:20 by weight). ' The wafer waa then 

immersed in phosphoric chromij: soluti99' (200: 5 by weight) "At 

l400
C for 20 seconds. This brought out hexagonal etch pi ts on 

t~e (0001),., surface, as shown in F.ig. 3.5. It is noted, in 

reference to the i'ndic~ted orientation of the ingot 

cross-section, that the three larger sides of the pi ts (on the 

surface faci~g the melt end) were adjacent (and parallel) to 

the three shorter sides of the crystal pri,sm faces. 'On the 

surface facing the s~ed end, however,(not shown) the opposite 
/ 

was true, namely that the, longer sides of the hex~gonal pits 

were adjacent to the larger aides of the cryst.al. Thus (as in 

the case of the four-sided pi ts) the conf igur ation .e~les t'he 

growth direction to be determined,' the J surface facing the melt 

end is clearly distinguishable .from that facing the seed end. 

29 

in 

. Longer etc~ng on t~e basal planes produced a revers~lh 
the pi t configuration but the uniqueness of the growth~ \"-, 

1 

sense was maintained. The small hexagonal pi ts vere removed 

vith tbë chromic nitric polish-etch (1 minute at 2S oC). Then 
j 

the aample was etched for 30 minutes at 140°C in the 
-

phosphoric-chromic solution. The longer etch produced larger 

triangula'r etch pi ts as shown in P 19. 3.6. This time, however, 

• 
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the sides of the triangles (or the long sides of very 0 

eccentric hexagons) were adjacent (and para1le1) to the large 

prism p1anes~of the,crysta1 on the surface facing the me1t and 

-------adjacent to the sma11er planes on the surface facing the seed. 

Thds, whi1e the correspondence betWêe~ pit edge and crystal 

prism face was opposite to that ' for the sma1l hexagonal pits, 

the surface facing the me1t end was again distinguishab1e from 

the surface facing the seed end. 

In the case of these larger triangular pits, it was 

possible to estimate the angle of the three internaI planes. 

Th~s was do ne by measuring microscopically their depth by 

focusing first on the 10west point 'Of the pit' and then on the 

immediate surroundi,-ng surface." From the depths of- 4 pi ts on 

each of the two surfaces, the average'angle between the 

c-:plane and the pyramidal planes was found to be '55,0. 

3.4 Discussion 

It is clear that the, growth direction in a grown 

te1~urium crystal pu1led in the c-direction by the Czochralski 

method can be determined from ei ther the, conf iguration of the 

four-sided etch pits on the prism planes or the,three- or 

six-sided'pits on 

whi1e growth was 

"P. 

the basal planes. It has 

vertical in the C zochr alsk! 

been assumed that 
If;" 

method, gravit y 

p1ayed no role in providing a special sense to the pits. 
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During the earlier stages of the experimental work 

i~volving only the four-sided etch pits, some discussions took 
, 

place with professor P. Grosse of the Technischen Hochschule 

in Aachen. He suggested that the orientation effect was due to 
- -

preferent~al growth on the three pyramidal «lOl~), (1101) and 
-(0111» planes and slower growth on the other three pyramidal 

- - -planes «1101), (0111) and (1011» • The latter planes have a 
. 

higher surface density of atoms than the former surfaces. 

This explanation would explain many of the observed facts. 

The three slower, growing planes would generate the three 
- -larger prism faces, of a growing crystal «1100), .-------' 

(0110) and 

(1010» 'and the threte faster growing planes would lead to the 
- -three smaller 'prism faces «1010), (1100) and (0110». In 

growth from the other end of the ingot, the same configuration 
\ - - -would result again in the three «1011), (1101) and (0111» 

planes, producing large prism faces but now they would develop 

from where small ,faces existed before. This would be true 

whether-the crystal was grown from the liquid or the vapor or 

whether growth takes place vertically or horizoptally. In a 

vapor-grown crystal, such as that shown schematically \n Fig. 

3.7, the predominant grçwth end is that where the large 
-

pyramidal plâne is adjacent to a large pr,ism plane. Growth'at 

'the same rate at both ends would of course yield prism planes 

of equal width. 
,'---

\ 

A photograph of an actual vapor-g'rown tellurium crystal 
'~ 

3~ 
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is shown in Fig. 3.8, which was obtained by a sublimation in a ,----
quartz tube over a periQd o~ about 80 hours, where the prism 

and pyramidal planes are clearly seen. In this case, it would 

appear that predominant growth was . from the right-hand enq. 

Fig. 3.9 shows a view of this same crystal, rotated so that 

one of the large pyramidal planes is seen side-on at bath 

ends. Measurement of the angle between this plane and the 

basal c-plane gives 55°. If the cfa ratio is taken as 1.33 

-1 2 c 0 
[3.12] then the angle should be tan ([3 a) or 56.9. This is 

also close to the value of 55° for the measured angle of the 

internal planes in the long-etched triangu1ar pits. 

Thua, if the larger (slower growing) pyramidal planes 

result in the larger prism planes during Czochralski growth, 

the internaI planes of ~he long-etched triangular pits must be 
-(lOll) , (1101) and (0111) planes and th us paral~el to the 

faster growing pyramidal planes. On / the other hand, the larger 

pyramidal planes in the short-etched hexagonal pits may weIl 

- - -be the slower growth (1101), (0111) and (1011) planes but the 

angles here were 
ç; 

not measured, due ta the very small size of 

the pits. The correlation of etch planes on the (0001) 

surfaces with growth planes thus explains the orient~tion 

effect. It is suspected that a similar correlation applies 'tQ 

the four-sided pits but this cannot be confirmed until the 

internaI planes have' been definitely determined. 
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Fig. 3.2 Diagram showinq the crystal faces developed from the 
seed for growth in the c-direction and indicating 
the orientation of the 4-sided etch pits1 (a) g~owth 
from an "inverted" seed, (b) growth from a "rtormal" 
seed. 

" ' , 



-- -~------------------------_. - -~ -- .... -.. ----,.."'.....-. ..-..... ~-~~- -. ... --~ .... 

:1 '--

\ 

\ 

't-

~ 

\" 

.J. "' .. 

t'r 3. "'f ~~ •• 

\ 

"'1<-

\ Pull direct ion 
, 

·1 cm 
'-' ----

i IUIfIWf.ZB __ 5 

1- Crystal seed~ 

Fig_ 3.3 Photograph of a tellurium single crystal grown from 
an "inverted" s~ed. It ls seen that the large face 
CL) of the crystal has developed from the, smal~ 
face(S) of the seed. 

u. . .m75 

-L 

~ 

...... ~~~~.....-~~ 

, .. 
'l , 
~ 

1 
~ 
i 

i 
! 
~ 

1 
il 
1 . 1 

~\ 

\ 

w 
Ut 

$ 

" 

\ ~ ~ 

! 
! ' 
t 
1\ ' 



, 
~..:::..:; _·_·_~_1 ~~_ 

~-'l __ 
__________ iI"'1~ .... ttWltilii;;: _ ..... <_~~_~J.....,. :;;:;:;;a::;"'"""*"+-tîMfUi4'f'( 

()' 
\;...y 

\. o 

1.5 
\ ~L,~S , 

r- À CZ-77-20 QÂ ~ 

el, CZ-77- 21 
f 

L r ! ~ \ 
" 5 A À À 

~ A A • • . ~ • • • • • 
• 1 . 1 - , 

f 
\ 1 " I! '-

1.0 \ t- -1 1 
i 
1 

At 

1 
? 

1 t 
, 

\ 1 J \ 

0 10 \'20 130 40 
Seed Rotation Rate ( rpm ) 

'- \ 

\ 
Fig. 3.4 Plot of the ratio of the long face to the short face 

(LIS) 'against 'seed rotation rate for two cry~tals 
grown parallel to the c-axis. w 

'7;. C7\ 

~\~,~.~,~~~!,~~,j}·f~'~~~;~i.,~~c~m~~'~,;~~~r;-~,~~~~~~~----...................... ----------------~--................ ------------------.. ~ .... ------,. .. ~ .. II 
~ .... _~~ .. ..., ~-i'~~~ 1: 

I~ 



1 

* \ 
l 
1 
1 

'i 
l 
f 
~ 

f 

1 , 

1 

! 
.i 

f 

1- 1 

f 
1 -, 
~ 

·i~~ 
" .?, ... 

," 

() 

0
, 

- - . -

10JJm 

Melt end 

Fig. 3.5 Enlarged view of hexagonal 
surface after etching for 
phosphOric-chromic acid. 

/ 

ts on the (0001) 
a,t 140CC in 



J. , 
-....--~ /-.;;:.. ----- -- " 

~ ____ ..... ___ ...... _~ .... -.\";>01',""'~""",,""~ ~~_~ .. '"""_ ........ ...... H , 

H ~ ~ __ ""-,"""'''''''~'_''~_'~'''''''''.....".. _ ... ~ ._~~ ~"",""~ ..... ~.",.,r-- ... t ;-.....,...,,~~~~ 

('J 
"-' ~ 

. \ 
"- Seed 81 

end Q~Î ~ 
1/ 1 ,. 

// 1. 1 
~ , 

~ ,.."" 1 1 
",,' 1 1 
/' 1 1 1 

1 1 1 1 

1 1 / ' 
1 1 1" l , 

'. '~s. ....... _.:.... • .... ""IlW!! ... ___ 1 " 1 
1 r---A 1 

1 

\ 

1 1 I~ J,'J View trom 
1 1 1 1 

se-ed end 1 L _ 1 1 
1 , -,; 

\ . 

1 "\ \ 'Ir \ \ 1 c-axis 
20 JJm 1, . \ 1 t 1 \ 1 

Melt 
l , 

\ 1 . '1" 
end 'L " -- j ----:--

Fig. 3.6 A schematic diag-r.pm and photographs 
orientation of th~ ,triangular etch 
(0001) surfaces of a c-grown crystal. 

, , 

View trom 
melt end 

20fJm 

showing the 
pits on the 

1 
\. 

~ 

IN 
Q) 

\ 

f 
j 
1, 

!li! 

\ 

) 

l ' j 
1 

1 

~ 
1 
! 
! 
f 
1 • 



,-~,--/ 

i 
! 
i 

rA 
i 

1 
! 

1 

1 

! 

l, 
i \ 

,~ 
-./ 

.... 

'~ 

, ...,.-... ~" , <!! , 

- -- -...---~.~ --~ ....... ""' ..... ~- ~~-" ..... --

~ 

,\.. 

.. 

c-axis 

- , -

Fig. 3.7 
'~/' 

An idealized tellurium crystal 
phase (taken from [2.7). 

~ 

'''" ~ ~~_~~ ~~ .... _ ~_ ',,"'- - .. r..,...., ~~"""--""""""_'l"'f~ ___ r..-_.~ ...... __ ~~ _~~ __ ~ ... ___ 

t""'l 

\ ' 

,,-

• 

<li 

" 

grown from the vapor 
\ 

\ 

'-'-f~~~~ 

" 

W 
\D 

'-P 

~ .. 
~ 
:1 

I~ 

1 " 

~ 

()J 

{ 
----.;:." 

\ , 
1 

, 
1 
~ 
\ 
1 , 
1 

,j 



" 
" 

" 

"'-

\ 

'--

"-

\ , 

'''~...,9 .. '!>". ~ ~, .... "'~ __ _ 

\ 

p 
,....., 

3 
3 

l, 

,t.· ~I:;f 

[ ~ 

" 

\ 

c-axis 

1 
,; 

cl 

" 

Fig. 3.8 A tellurium crystal grown from ~he vapor ph~se 
showing the growing faces. 

/ 

. , 

:> 

\ 

01::00 
o 

\. 



1 
~ 

1 , 
~ , 
~ 

1 , 
j 

~ 
l' 
r 
" , e 

Î 

1 
i 

t 
f 
~ 
~ 

. "$ 
" i 
~ 
} 

, , 
.\ 
'1 

l: 
$ 
f 

~ ; 

_t~ ............. ~_ 

..-.,. 

,,_ .... ~ 

'" 

). 

. \ , 

\ 

\.. 

! 
3 

\ \ 
\. 

\ 

'" 

',,-

--
~ 

~~ .. 

Fig. 3,.9 A side view of the vapor-grown crystal of' Fig. 3--.8 
with the angle between the larger growing planes and 
the {lOiO) planes measured to be 34±O.So . 

\ 

. pe:&-.« etdf'p'_.-H e .... ~ ....... ....,. . .......-.4 .... " ~--'"'----"".--;~-~,:_'-"\'~"''''._'''''''''''~~.~''_'''._ ..... - .... ---

~ 

'" 

..: 

" 

'" 

-/ 

"".. ..... 

" 

) 

t 
3: 
" .; ... 
~! 

,~ 
--: 



if 
~ ~~",œ1!\"",*"" 4XAiJi,*,ItWIHO. tu Li ............ L h HU!.-" 1.'1 Il • J 1 1 .71 lU. 

42 

~ 
\ Cl 1 
Î 

. 
CHAPTER 4 EPFECT OF TEMPERATURE GRADIENTS 

\ , 
DURING GROWTH OF TELLURIUM 
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4.1 Introduction 

It was briefly described in chapter 2 how, in recent 

work in this laboratory, a technique was developed for the 

routine growth of tellurium crystals by the Czochralski 

method, which gave essentially a 100% yield, by avoiding 

thermal shock in the seed. At the sarne time, it is also well 

known that to obtain the highest values of extrinsic Ball 

mobility and magnetoresistance at a temperature of 77 K, it is 

necessary to anneal the tellu~ium crystals above 3500 C for 

several hours [4.1,4.2]. This process apparently removes po~t 

defects which scatter or tr ap the holes. 

It was initially believed by the writer that the 

improved Czochralski process . produced cry-;'tals with a low 

concentration of point defects which were th~s in an 

"annealed" state as grown. However, it was later realized 

that - the Czochralski pulling process inevitably involves 

temperature gradients and that thesemight be large enough 
Q 

even under the "best" growth conditions, to cause strains from 
j 

differential expans.ion. Work wa~ therefore carried out to 
, 

estimate the temper ature gr adients wi thin a growing crystal • 

The s tudy ,i nVÇ)l ved firstly making temperature 
\ 

measur\ements 
\ 
\ 

. '! 
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within the crystal during special growth ru~s and cGmparlng 

these wi th temperatuce values calculated < fram a simplified 
\ 

heat flow Modele Secondly, sampie-s were~ut from' three 

crystals grown with different temperature.gradients arising 

from different > background temperatures ., Transport 

measurements were then made on them at 77 K before and after 

annealing_ The results show that strong temperature g~adients . 

43 

do arise during growth and that these introduce defects in the 1 l 
crysta1 which l,ower the extrinsic Hall mobility. However, 

\ 

these defects may be removed by subsequent annealing. 
\ 1 

j 

4.2 Temperature Distribution D~ing Growth 
'--~, 

In a typical Czochralski growth run, heat flows 410ng 

the growing crystal from the melt and is lost froma the ingot 

surface an;Jrough the~neck. Temperature 9radients therefore 
~~ \ \ 

must exiat thin the ingot. To see what magnitude these vould, 

be, the temperature distri~ution was m~asureà durlng growth of 
~ J • \ 

tellurium, as described below. A calculation~was thÉm done on 

the basis of a theory developed by Brice (4.3)\ and' the 'results 

_compared wi th the experimentally det:-~ined prifiles. 

• ~-

4.2.1 Temperature measurements in a growing tellurium crystal 

(a) Methodj 

j 

.. 
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A c-grown undoped telluriurn crystal, about l~~ in 

1ength and 1.6 cm in width, was specially prepared for the 

temperature profile measurernents. Five l mm diameter holes 

were dr illed to var ious d~hs in the crystal perpendicular to 
~, 

the (1010) planes, as shown in Fig. 4.1. Then insulated 

calibrated iron~constantan thermocouples, O.2S-mm diameter, 

wer~ inserted into the holes. The crystal_ with'these inserted 

thermocouples, was mounted in th,e seed holder of the .. 
Czochralski puller. The .crystal waf? then dipped into a melt of 

undoped tellurium under an atmosphere of argon. After slight 

me~-pack at the start of growth, the position of the crystal 

was adjusted 50 that the therm9couples were located about 0.5 

cm above the me1 t surface. The crystal length was then 

extended by a fur.ther ~5 cm by vertica~ pulling at 1. 7 cm/hr. 

The background heater was set 50 that a thermocouple mounted 

o in the argon was 300 C: this thermocouple was located about 1 

cm from the inner Pyrex chamber wall and 5 cm above the plane 

of the melt surface. Because of the prese~ce of the inserted 

thermocouples, the crystal could not be rotated. However, the 

crucible was rotated at 8 rpm. During the run, the tempe-rature 

of the five /inserted thermocouples 'fas, measured using a-

Hewlett Packard model 3462A digi tal , voltmeter at 'different 

times from the s'tart of ~he growth. The cold junctions were 

kept in a stirred ice-water mixture. Fol1owing this growth 

run, the crystal was melted back to·the sam~ starting position 

and a new grow€lt run was made wi th the same tcondi t;ions except 

/ 

o 
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that the background temperature was raised to a new value of 

360°C. with this completed, a third run was made with the 

background temperature set at 400°C. 

(b) Experimental results 

The temperatures (T) wi thin the ingot, measured at,.-a 

. radial position r=0.6 em from the cezu:ral axis, are plôtted as 

a function of the vertical distance (z) from the melt surface 

in Fig. 4.2 for the three 
1 

background temperatures o~ TB =300, 

360 and 0 Sinee the temperatures within the tellurium ·400 C. 
../ 

were recorded at 'different times, the distance z was taken as 

the product of pulling rate and time from the staIt of gr,Owth, 

plus 0.5 cm. It is thus assumed in this plot that the 

temperature var iation along the ingot is independent of time. 

\ This will be true if the total heat IOf:!s from th,e ingot does 

not depend on its length or posLtion in the growth chamber. As 

expected, the axial temperature decrease with distance ls 

larger a t lower background ternper ature and the "largest 

gradient is near the solid-liquid interface, ie, near z=O. The 

axial gr adients are specifically plotted ~~ainst z on 

log-linear scales in Fig. 4.3, where th~ values were obtained 

from a smooth curve drawn through the points dn Fig. 4.2. It 

is noted that with' a background temperature of 300°C,. the 

gradient near z=O was of the order of loooe/cm, which 

undoubtedlY mus t be considered a large value. Fig. 4.4 shows a _____ - .f 
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semilogari thmic plot of ~-TBF against z, where T BF is a 

background temperature obtained by fftting equation (4.5) (see 

section 4.2.2(a» to the experimental results in Fig. 4.2. 

A plot of the meaS'Ured temperatures as a function of 

radial pos i tion r is shown in Fig. 4.5 for the three 

background temperatures. The values were taken when the 

thermocouples were situated at z=lO mm above the melf surface. 

The plot assumes radial symmetry, of the temperat.Jres wi thin 

the ingot. From smooth curves drawn through the pointsl radial 

temperature gradients were determined and these are plotted 

against r in Fig. 4.6. The largest gradients occur near the 

ingot surfaee-, where the magni tude for the two lower 

background temperatures is some loooe/cm. I~ should be 

mentioned that measurement errors are larger in this region. 

4.2.2 Calculation of temperature distribution 

(a) Theory 

Thf! rate of change of heat in a body ~,er uni t time and 

per unit volume i8 given by: 

AT = , (4.1) 

~I 



() 
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where P, Cp' and Re are respectively the density, specifi5 heat 

and thermal conductivity of the material involved. In the case 

of a growing crystal, Brice [4.3] has consi~ered' that steady 

s tate therma~ condi tions ~apply"', namely • 11 TI àt=O, so tha t 

equation ( 4 • 1) r educes to v-2.rc O. If the temperature 

distribut*.Ï.on is cyli'ndrically symmetrical, the excess 

tempe~aturE:~~=T-TB at ~adius rand height z is obtained from, 

a2 e 1 as 'a 2e 
--+- -+- = 0 
'ar2 r ar az2 -, 

(4.2) 

where TB is the surrounding ambient or background temperature • 
. 

In Brice's treat~.[~.3] the following i?Oundaryconditions 

were ass'umed to ~ (Fig. 4.7) to a circular rod 

representing the crystal of radius a and length L. 
~ 

(i) eceM =TM-T B at zaO,where TM is . the temperature at the 

solid-liquid .interface, 

(ii) 
a e 

K 
car 

at r = a, 

'" In the case of a crystal growing at a velocity v in the 
z-direction, the term' llTI At may be taken as 
(aT/at) +v( aT/az) • Brice [4.3] has i~dicated that v ( aT/az) 

can be neglected if 8e:Kc/[~(vpcp) ]»1. In the present 
case, this in-equa1ity is weIl satisfi,d with the left hand 
side having a value of the or der of 10 • 

, 
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,a e 
(ii i) + E a = o at z = L, 

a z 

where ES =E(T-TB)'is the'rate of heat 10ss per unit area from 

the surface of the rod arising from radiation, convection and 

conduction into the sur-rounding gas. In condition (iii), 
,1 

conduction through the crystal neck is neglected. 

with these boundary condi tions the solution of equation 

( 4 • 2) i s [ 4 • 3,'4 • 4] : 

Œncosh[a '(L-z) l+hsinhla (L-z)] 
n n 

, (4.3) ancosll Ca L) +hsinh (a L) 
ç n n 

where h= e:/K , Jo is a zero order Bessel function of the f irst 
c 

kind and an represents roots of the equation 

Bere Jb is 

ex J' (a' a) + hJo (ana) = 0 non 

the derivative of Jo. It 

then it can be show!l,-that equation (4.3) .reduces to, 

a=a m 
l~ (hr2/2a) 

1- (ha/2) 
expl- (2h/a) 1/2z] 

" 

, 

(4.4) 

(4.5) 
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indicating an exponential decréase of temperature along the 

ingot axis. '- ' 

(b) Estimation of h 

Calcu1~tion shows that in the present case the surface 

heat 10ss coefficient h has contributions from conduction and 

convection in the argon gas surrounding the ingot which can be 

neglected in comparison with the effect of radiation. The net 

rate of radiative heat 

cylinders of radii rI and 

exchange between two ooncentric 

r2 having respectively temperatures 
l 

Tl and T2 and emissivities el and e2 is given by [4.5]: 

-0 
T 4 T4 

jQ,rad = 0 (4.fi·) 
l rI l 1 2 

+ -( l ) 
el r 2 e 2 

.J-
where 0 0 i8 the Stefan-Boltzmann cQnstant. 

In the present work, the ave rage r adi us of the 

tell.!.1rium cr-ystal (hexagonal cross-section) was rI =0.8 cm and 

i.ts emissivity i8 el= 0.56' [4.6']. The corr~sponding. values for 

----the çylindrical Pyrex growth chamber were r2-4. 75 Cql and 

run with 
o . . 

a 360 C background 
, 
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tempera~ure ie. T2-633 K, the average temperature at the ( 
/ 

surface of the ingot "as found to be Tl- 655 K. Substituting 
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these numbers, -3 -1 -1-1 together wi th K'c =5xlO cal cm sec K for 

tel1urium at 500 K [4.6] into equation (4.6) gives the 

following value for h , 

h = 

Despi te the T 4 dependence in equation (4.6), calcQlation shows 

that a 40% change in T l -T2 gives onl}' a 3% change in h, so 

that practically speaking, this value can be taken as constant _/ 

for the fixed background temperature-/T2• 

(c) Compar ison of exper imental and ca1culated profiles 

Using -1 
h=0.2 cm 'and a=0.8 cm, equation was , 

solved numerical1y to obtain values for an. On substituting 

these values into equation (4.3) wi th r=O. 6 cm and L=5 ~ 5 cm, 
. 

it was found that the second (n=l) an'd ~igher order (n>l) 

terms were less than 5% of the first (n=O) term .. for aIl valués 

of z. Thus only the first term was important. further, since . ,-
(aclh ) 2 ~ 10 

1 

and Lao C! 4, equation (4.5) was used ta fit the 
1 

----~ 
experimental resul ts in Fig. 

1 
4.2. Each CJ,lrve was fitted with 

two parameters T
BF 

the background temperature and TMF the 

temperature at z·O. The resulting TB:r values are seen ta lie 

20 ta 30~ above the measured background temperatures TB' while 

the T
MF 

values are 7 to 27 0 ,below the melting point of 

/ 
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tellurium (452°C). The lines indicated in Fig. A.3 were also 

calculated wi th these values of TBF and T
MF

• While these 

calculated ~ lines describe the trend of the experimentally 
• determined gradients, the absolute agreement with them is only 

fair. In 

" 
Fig. 4.4 calculated lines 'are also shown 

J 

sarne TBF and"IMr values in the exact equation (4.3) 

using the 

and the 

approximate equation (4.5). It :ls clear that the difference 

between them is . small and that the experimental values of 

T-TBF ~ecrease approximately exponentially wi th z. 

Câlculated curves using the sarne TBF ~nd TMF parameters 

are shown for the radial temperature and temperature gradient ~ 
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~i stributic.}n 'in Figs. 4.5 and 4.6. It is apparent here that ,,1 
the agreement wi th the experimental points is not good. 

The disèrepancy between the experimental and calculated 

profiles arises from over-simplified boundary conditions 

assumed in the Brice theory. In / the present case _ the 

as s umpt ions constant background temperature and 

negligible heat loss through t!'le crystal neèk may not be 

valide Sorne of the disagreement must be due to error in ,. , 

temperature measur ement from heat los ses along the 

thermocouple wires. Never-the-less, the measurements do give 
. 

the magni'tude of the / temperature gradients in the tellurium 
./ 

/ 
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crystal during ,growth.! 

4.3 Crystal Growth, and Transport Measurements 

J 

4.1.1 Crystal and samp1e preparation 

Three complete single crystals were grown under the 

same background temperatures of 300, 360 and 400°C employed in 

the runs descr ibed in section 4.2.1 but wi thout the inserted 

thermocouples and wi th rotation of the seed at 6 rpm. A 

photograph of the three crystals is shown in Fig. 4.8. In each 

case, the crystal was expanded from the seed, after the start 

of growth, to a constant diameter of about 1.6 cm, which was 
J 

mai ntai ned for 1. 5 hour s wi th a pull rate of 1. 7 ·cm/hr. The 

diameter was then gr adually reduced to about a mil1imeter over 

a per iod of about 2, hour s. This tapering was done to avoid 

the effect of the sudden temperature fa,~l when the ingot is 

separated from the melt. After the melt s'eparation, the 
, , 

crystal was gradua1ly cooled to room temperature over a period 

of about 4 hours. 

• Two rectangular samples, having approximate dimensions 
3 

of 2xlx8 mm, were cut from each crystal using an acid saw. 

One sample was cut with its long axis paralle1 and the other 

perpendicu1ar to the c-direction, as indicated schematica11y 

in the inset to Fig. 4.9. Each sample was etched in a mixture 

/ 
" 
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of Cr03:HCl:H20, in the ratio 1:1:2 by weight, for about 5 

minutes to remove surface layers e. This was followed by a 3 

minute inunersion in 30% Hel soll\tion and a rillse in deion':lzed 

water. P1atinum wires, 0.002 inch in diameter, were attached .' 
b to each'end using solder of composition 50%Sn, 47%Bi, and 3%Sb 

J 

for current leads. For voltage probes, two platinum wires of 

the same diameter were melted into one si.ge of the sample and 

ft M 

one into the other. The sample was then 'mounted in a Teflon j 

ho1der and p1aced in a dewar' bétween the poles of a 

conventional etect~omagn~t for transport measurements. 
J 

4.3.2 Transport measurements , 

With a current (I) of 0.2 mA through the sample and a 
J 

"weak" transverse magnetic field of 4 kG, Hall coefficient 
~). 

(RH) anq ~lectrical conàuctivity (O") were measured at 77 K. 

Transverse magnetoresistance (llp/p 0) was a1so measured at 9 

kG. The. apparent ~xtrinsic hole concentr~tion Po was taken as 
, 

1/ (Ruq), where q ls the electronic charge, and the' hole 

mobility as RuO' e Anisotropy was confirmed for 0' (between l 

parallel or perpendicular to the --c-axis) but essentia1ly no 

anisotropy was found for RH" 

It assumed that -the m'aximum axial and radial -was 
, 

temperature gradients experienced by the samples during growth 

were the same as those measured in the firet part of this 
'~ 

I -' , 
9 _,~. ~.~ .:>t ......... Jlk~A.i).:~{'J..~ L1 TlI Il 1 x- t _,,1) _ •. r ! li J 
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ChJPter ~section 4.2). With 

against maximum tem~erature 

this assumption, Po is plotted 
..// 

gradient in Fig. 4.9 for each of 

the three background temper_atures. It is seen that 
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increases with decrease of j temper~ture gradient, either axial f 

or radial. 'Fig. 4.10 shows a plot of Rao against maximum 
" 

tempera~ure gradient. Because of the anisotropy of a, two sets 

of RHo values are plotted. In either case it is evident that 

the Hall mObility pro9uct decreases with increase of gradient'. 
) , 

Extrapolation of the trend to the ordinate in Fig. 4.10 
< • 

indicates an ~ cr value, for 1 parallel ta c-axis, of sorne 5,000 
2 -1 ... 1 

cm volt sec This would seem to correspond to a crys tal 

grown - with no temperature gradients and thus no thermal 

stresses. However, higher values have been reported [4.1,4.2] 

in the 1iteratùre for tel1urium after annea11ng, so that it 

would appear that not aIl the c~ier-scattering defects are 
/ 

gradient-related. For instance, imperfections can result from 

fluctuations of the sOlid-liquid 

instability of the melt [4.8). 

4.3.3 Annealing experiments 

For annealing ---experiments, a 

interface due to f'1ow 
.... 

further'tellurium piece 

was cut from each of the three crystals. Each of these was 

p1aced in a quartz ampoule and sealed off under argon gas at a 

-_____ -pressure of 300 Torr. The', ampoule was then pl'aced in a 
~ 

, 

, 

/ 
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Lindberg Heviduty furnace and the - temperature increased to 
o 

390 C over a period of about 3 hours. It was then maintained 
/ 

at this temperature to within 
o 

t2 C for 150 hours, following 

which the ~emperature was reduced to room temperature over 

about 24 hours~ The ampoule was,then broken open and a Hall' 

sample was'- cut from -the annealed piece in such a way that none-
~-

of the o~iginal surfaces of the p~ece formed the faces of the 

sample for measurement. Hall coefficient, electrical 

conductivity -and transverse magne~oresistance were th en 

measured on each of the three .samples. The results are given 

in Table 4.1. 

It ls noted from the table that for aIl three 

background temperatures 
~ ~ 

during growth, annealing produced an 

Increase\ of the Hall mobility by about a factor of two. 

Transverse magnetoresistance was also increased _ but by a 

smaller amount. The direction of change of Po was not as 

consistent but the final value after annealing was essentially 

the sarne for all three samples. 

4.4 Discussion and Conclusions 

The'present studies clearly show that to avoid defects 

which affect the extrlnsic transport propertie~, it is not 

enough to grow a tellurium crystal under ~he l "best" 

conditions1 it is also necessar'y to give the material a 

lU 1111 • 1 
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subsequent /annealing treatment. 'In this case, Rua values 

approaching about 10,000 cm2vo.1t-1sec-1 (for 1 #c) can be 

obtained at 71 K. The tnterpretation of the transport résults 

after annealing does not appear to be simple because the 

increase in Hall mobility ia not accompanied t:>y a large 
, 

increpse in magnetoresistance, as would be expected from a 
, 

one-carrier theory. Never-the-le~s, since both Rua and Ap/po 

increase, it appears that the heat treatment reduces the 

concentration of the point defects. Therelatively small 

change in the magnetoresistance suggests that the mean free 

path of the carriers ls on1y 1ittle affected. The large 

increase i~ Hall mobili ty is thus due to a niacroscopic 

mObi1ity increase, which could arise from a decreae in the 

densityof traps.rather than of microscopie scattering centres 

of the holes. 

The' decrease of Hall mobility with decrease of - ' 

background temperature during growth is thus interpreted às an 

increase in the concentration of scattering, or trapping 

centres. This in turn is ascribed to the increase in maximum 

temperature gradient wi thin the ingot vi th decrease of 

background temperature, as established in the first part of 

this chapter. Imperfections would be creatéd by stresses from J i 
differentlal expansion in il strong temperature ,gradient., An i 

albrnative explanation ls that, wi th a Iower background 

temperature, the rate of coollng w!th tlme lS,More rapid 

J .. ":t~'.:-.'_"'!'''!':.1f-~"",~tl:'.!!'I,:~' ,~I.;IIIJ,";.tIlllF .. : "ZII!II( "' ••• '_'''14.: _1 ........ 1 __ z .. , ...... __________ _ 
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during' growth and that this causes a quenching-in c,'f defects 
~ . 

created at ,higher temperature. 

• 
In the f irst part - of! thi s chapter there vas only 

limited agreement between temperature profiles measured and 

calcul.ated. 'l'he discrepancy between theory and experiment is 

due probably'to over-simplification in the boundary conditions 
/ 

of the theory. However, a closer agreement was not pu,sued in 

this ar~~:e!he study s~ th", intention vas 

tbe , .. agni:, ~ of the measured ~r·adients.-

~> 

j 

/ 

." 
/ 

only' to verify 
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Table 4.1 

~ 
Il 

1 

·1 
ç 

Transport Parameters on Annealed and Unannea1ed Samp1e~. 

\ 
1 

** . R_~d * \ -li 
Samp1e Annea1ed \ at 4 kG 

2 -1 -1 No. (cm volt sec ) 
, . 
l 

78-10-2 , No 2,750 
': 

-=- 6,510 18-.10-5 Yes . 
\ 

\ ~3~940 18-11-2- No 
l 

" 

78-11-5 Yes 9,420 

, 
78-12-2 No 4,230 

- . 
78-12-5 Yes 8,560 

" 

'1 

* At 3900
C for 150 hOurS':'..: 

c-
\ 0' 

f 
" 

=> 

'-::--". 
\ 

iF 6PSC ,:;. ~\~~-~:.~' -1 =- ~ .. 

PO=l/11te 
at 4 kG 
(101~èm-3) 

1.09 

~ 1.29 

1.54 

1.24 
~ 

3.69 

1.25 

\ 
\ 

** Ille. 

** ().p/p o 
at 9' kG' 

(%) 

7.8 

8.~ 

7.3 

9.0 

, 
8.4 

10.5 

Crystal Growth Conditions 

Background 
TemperatUre, (OC) 

300 

360 

400 

,J 

o 

Maximum Axial 
Gradient, (O~/cm) 

, . ,\ 

120 

70 
'\ 

20 

" 

V1 
Q) 

1 

1 
1 

1 
~ 1 1 /( 1~ 1 

( 

1 
1 
f 
1 1 
! 
1 

1 
l' 

~ 
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Fig- 4.2 Temperature, measured ~t r-O.6 cm 'withln ~ tellurium 
ingot auring extension of its length by Czochralski 
growth, plotted against z, the vertical distance 
from ,the sOlid-l,j.quid interface, for three àifferent 
background temperatures. 'The solid lines eorreJipond 
to equ.tion (4.3) with the parameters T and T • ______ BF MF 
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h=O.2cm-1 r=O.6cm 1 

Exac t eq.( 4~ 3), 
/ 

• - - - - Approx.eq.( 4.5) , 

T
B

,( oC) 

~ 

• ~ 300 
~ 

• 

• 

o 1 2 ]' '.4 . 5 
DISTANéE FROM ivlELT, zl(cm) 

Axial temperature gradient within te11urium ingot, 
obta.ined from 8" smooth curve through the points o~ 
Fig_ 4.2, plotted against z, for the three 
background temperatures. The solid lines correspond 
to equation (4.3) and the broken lines to 
approximate equation~(4.5)J "the parametersi TBF and 
T '0 are from the fit in Fig_ 4.2 • MF . 
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h= 0.2 cm-1, r= 0.6 cm 

Equation (1,.3) 

Equation (4.5) 

1 ~ ____ ~ ______ ~ ____ ~ ____ ~~ ____ _ 

o 1, 2 3 4 5 
DISTA.NCE FROM tv1ELT 1 z 1 (cm) 

Fig. 4.4 Plot of T-TBF , the excess temperature' over the 
fitted background temperature, against z. The solid 
lines correspond to equation (4.3)' and the broken 
lines to approximate equation (4.5), with the fitted 
parameters T and ,T from Fig. 4.2. 
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Fig. 4.5 Temperature, measured at' z=l cm within tellurium 
ingot during extension of its length by Czochralski 
growt~plotted against r, the radial distance from 
the ingot éentre, for tbree background temperatures. 
The solid lines correspond· to equation (4.3) with 
the parameterSa.TBF and TMF fJom Fig- 4.2. The 
broken lines are smooth curves through the 
èxperimental poihts. 
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background temperaturês. "l'he solld lines are 
calculated fro. equation (4.5) using the parameters 
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CHAPTER 5 CRYSTALLINE GROWTH OF Se Te 1 ALLOYS x -x 

5.1 Introduction 

As deseribed ear1ier in ehapter 2, the most suceessful 

attempts at erys tal growth f rom 
. 

the me1t of 

. have been by the Bridgman me.thod. However, wi th th~ suceess of 

obtaininq monocrystals of pure' te1lurium routine1y by the 

Czochralski method, it was wondereJi- if the same technique ot" 

avoiding thermal shock in the seed would be suecessfu1 to grow 

SexTe1-x crystals. Aëcording1y, growth attempts were madé by 

the Czochra1ski method using the slowest pull ,rates pOssible 0 

and the resu1ts are describéd in this chapter. As will be 

s~en, the growth of Se-Te a110ys is much more difficult---than 

~that o~ tel1urium and monocrysta1s were on1y obtained at the 

ends of the composition rangè, that is for the .Te-rich and 

Se-rich a110ys. For intermediate compos i tions , where 

crystalline samp1es were needed for the photoeonductivi ty 

measure'ents to be presented in chapters 7 and 8, a slow 

coo1ing method was used. These samples, while not 

monocrystal1ine, Showed an appreci:b1e degree of ~erystal.1iDe 

alignment. 

The chapter begins wi th constitutional supercooling, 

considerations to demonS1::rate the need for slow ~rowth. tfext 

,the Czochralski resuits and the slow cooling· resu1ts 
-

are 

ct 
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J 
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presented. F~nally , the evidence for monocrystallinl ty and 

compGs i tion of the alloys i s 9 i ven. 

5.2 Limi tlng Growth Rate Considerations 

When growth proceeds from a mel t wi th a solute having a 

distribution coefficient less than unit y, the dopant ls 

rejected into the melt at the solid-liquid interface. This 

will result in a liquid layer containing a higher dopant 
1 

concentration near the interface and cause the freezlng point 

ta be lowered in this regiol'Ï. The variation of . the freezing 

point with .distance into the melt, therefore, will not be 

----linear but will have the shape shown in Fig. 5.1. If the 
~ 

. temperature gradient Is small (such aS' line 1 in Fig. 5.1), 

then there ls a reglon, shown shaded, where the liquid' is 

supercooled and in which spontaneous random crys.tallization 

can take place, resulting in polycrys.tallinity. This is known 
-t .... 

as constitutional supercoo1ing. If, however, the temperature. 
. ~ 

gradient is large enough, such as line 2 in Fig. 5.1, then the 
, 

" effect can be avoided. 'l'his can be shown to apply if [5.1), 

/ 

Jt-' --- < , (5.1) 
G 

where G Is the' temperature gradient at the sOlid-liquid 
-

interface, v Gis the growth rate, D2, i s the di ffus i vi ty of the 
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solute in the melt, Cs afid CR. are the._so1ute coneent.r.tions ln ~ 

-the' solid and liguid respectively, and m is the àlope of the 

llqufdus ~ine a~_ Cr Thus, fram in~ality (5.1), th~e growth 

. rate vG should. be lov and the temperature g~ient G ul be 

large for I!ingle crystal growth. P -

\ - . 

The phase diagranlof the selenium-tellurium system was 

reported by Lanyon and HOokings [5.2] , ------ (' to conslst 
t 

..../ , 
of simple 

liquidus and solidus curves as shown in Fig. 5.2. Ùsing the 

data (C III C and ml given in the phase diagram ana further 
/

' h S 
o '-6 2 

assuming G-20 /em and D,,- 2xlO cm Isec, Keezer, Griffiths and 

Vernon [2.14] calculated the 1imiting growth rate vG,maxgiven 

by inèqUali ty (5.1'. The variation of vG ma is shawn by the , x , 

solid line in Fig. 5.3, where the large increases in magnitude 
. -

.near pure Se and pure Te are due to reductions in Cs-C t. 
---

It ls thus evident fram Fig.' 5.3 that very lov growth 

rates down to about 0.1 mm/hr are required for monocrystall.ine 

growth of the Se-Te a110ys. Wbile such rates are samewhat 

below the capability of the usuar- Czochralski apparatus, othe 

present growth rexperiments were undertaken because the 
". .. 

1 imi ting curve in Pig. 5.3 was based only on estbaate4 data. 
, 

For *instance, if the estimated. diff\ts~on coefficient were 

larger, the limitikg growth velocity woul4 a1so ~l:arg.r. In, 

any case, the predicted_ supercoo1ing doea not neceaaarlly 

l, 
'. 1 
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completely r~le out monocrystalline growth. 

5.3 Grovth Procedures 

1.." 
, 'The qrovth experiments' in this study were carried out .. 

in the Czochralski p'uller used for pure tel.lurium but modified 

for very lov pulT rates by the use of an ~dditional' step-down 

g~ar box. The h~atipg was obtained fram rf induction either 

", directly into the melt or into the Metal crucible base. 

Additfonal "beat waB/ pr~vided frdm tbe s:riP beater wo~n~ 
-:"., 

around the growth chàmber, as shawn schematically in Fig. 1.1. 

Weiqhed amounts of tellurium and selenium (nominal 

purity - 6-9's and 5-9's respectively) for ... the alloys were 
o ' 

introduced inOO' ~ a si11ca crucible. After melting vi thin the 

Czochralski châmber,· thê mixture vas maintained at a 

temperature of about 50ét above ~ge, meltin~ point and stirred 
./ . .. , 

to ensure homogeneity of 
, ~ 

the,.,--l iquid by the rotation of 
l 

an 

'off-axis 'I:Qd of '~ iiQn diameter turning at about~60 rpm. During 
. 

the pulling, 'il, rotating" seed of pure Je vaS' used for ~the 

i 
-:, 

T~:-rich alloys and ,a second one for the Se-ricl'i alloys. The 

'rotation and vertical "pull rates were ~ften ' changed frOID ~un 

, 1 

( 
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to run. 

5.4 Te-rich Alloys 
, \ 

~ 
AlI the growth runs 'lor the Te-ric~ al10ys were carried 

-
out "1 

wl~h pulling in the c-direction. Ingots from melts 

containing up tc? 8 at.' Se were obtalned wi thout special 

.. d1fficu1 ty using a vertical pull rate of about 5 mm/hr. 

However, wi th a pull rate .. of 10 mm/hr, an ingot (not shown) 
. . 

from a ~ at.% Se melt, showed a depression on one o-".f its prism 

faces and striations on aIl ,of th/m. For growth runs from 

me1 ts wi th more than 8 at.' Se i t was found ~that thé meni scus 

between the liquid surface and the seed would 

that is, as the seed was slowly raised after 

. short iiq'&'id. co1umn would beco~e thinner and 

o~ten br~ 
immersion, the 

-----then col1apse, 

preventing the formation of an ingot. However, twi th special 

care and patience, ingots were obtained from melts containing 

up to 16 at.. % -ie. Wi th mel ts containing larger concen~ra tions, 

repeated at~empts_$howed that it was impossible to obtain an 

ingot. 

v The cause of this breaking away of the meniscus would 
''1' 

appear to be as_follows. From the phase diagram (Fig. 5.2), it . 
i5 clear that at a .. given. temperature, there will be a higher 

?-' 

concentration of Se in the 1iquid immediate1y adjacent to the 

freezing .. interface than in the bulk of the melt; this excess 
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selenium alloy will tend ta remain at this location because 
J 
its diffusion is slow and because it has a smaller density 

~ 

than the bulk melt and thus will float. Accordingly, the 

" liquid alloy close to the seed will have a lower "freezing 

point tha,n the rest ~of the melt. "Thus, when the temperature 

has been adjusted to be slightly above the melting point of-! 

the bUl'k melt,J~t will be well above that of the liquid within 

the meniscus, so that thesolid-liquid interface rises (see 
/ 

'Fig. 5.4). As the seed is moved upwards, the interface also 

rises. Eventually, however, the weight of the liquid column 

exceeds the surface tension and contact with.-!be melt i5 lost. 

----
It was hoped that the addition 9f thallium, by lowering 

viscosity, would help to increase the diffustoh of the excess 

selenium away from the interface. Accordingly, two runs, one 

with 1% and the other with 0.01% Tl in a 10 at.% Se. melt, were 

made buVthe problem was not alleviated. Table 5.1 gives the 

growth parameters of the ingots' gro~n. It~ is' to be noted that 

ingot CZ-86, obtained from a 16 at ~, Se mel t, was grown at the 
/ 

J'te of 0.4 mm/hr. A photograph of thi: ingot is shown in Fig.~ 

5. S. 

Se-rich Allo s 

At the Se-rich end of the cC?mposi tion range sufficient 
" 

rf induction heating currents are not iriduced in the melt, 'âS­r 

1--_ ... _-

74 

,. 



, 
~ 

[ 
i 
Î 
! , 

1 
~ 
! 
1 

1 
1 , 

,1 

J 
1 

1 

1 
1 

" ,~-t?!I *'v....!!!!.."m:rt~~.,j"-'~\·\',I~'\\U!l,,\,·_·,. __ ~o;o:t.IlIU!l 'lItII1ltM.IIIIt_m .... : .... llfl<MllliJl ... I<l\\'II!iy,t"", ___ ,lliiJ!l ___ l [1 i111:4A"'i.,~ , , 

75 

they are in the case of Te-rich a110ys, because of the high 
r 

resistivity of the material. However, a stainless steel base 
..-

under the crucible served as a susceptor from which heat was 

pa~sed to the 1iquid -a110y. Keezer, Griffiths and Vernon 

[2.14] indicated that in Se-rich alloys the limiting crystal 
\ growth rate is control1ed by viscosity rather than 

consti tut;onal supercooling. Therefore tneir technique to 

lower viscosity by adding 1 at.'· thallium to the Se-Te melts 

was also used' in this work. Except for one run, aIl ingots 

were grown from the '(lOlO) plane of a tellurium seed; that is , . 
1<) 

the growth direction was perpendicular to the, c-axis. Wi~h a 

pull rate qf 0.3 mm/hr" it was possible to grow ingots from 

Se-rich me1ts containing 0 t6 10 at.' Te. Growth parameters 

are given in Table 5.2. Fig. 5.6 shows a photograph of ~ 

selenium ingot pulled from a 100' Se me1t. Attempts were a1so 
~--- " 

made to grow cry~tals from melts containing 13 and 15 at.' Te 

but these ,were unsuccessful due to the meniscus separation 
] .~ 

effect observed for the Te-rich melts. The scmn > prob1em 

"reP9rted earlier [2.10] was found to be more severe for 

Se-rich mel ts than for Te-rich ~1loys, perhaps due to thé 

lower purity of the selenium. Furthermore, to obtain an 'ingot 
...J , 

wi th a tellur ium content greatet: than 2 " i t was necessary to 

allow a large region of the lower part of the "melt" to 

solidify, so tha-tY-the,1iquid floating ,'on top just under the 

seed, had the ~ight temperature for controlled growth. 



1 • , 
f 

, 1 
L 

A run was also made fram a 100 at.' Se me1t (plus 1 

at.% Tl) with the te11urium seed c-axis vertical. The resu1t 

was an ingot wi th Many \ sma11 oriented grains, thus 
, 

corroborating the r conclusions of Keezer, Wood and .Moody [2.20] 

that growth para1lel to the [0001] direction is unfavorab1e. 

'5.6 Crysta11ization by Slow Cooling Method 

As mentioned earlier, crys'talline sample~ df sexTel_x 

were needed at Many concentrations for photoconductivi ty 

mea§urements. However, since it, was not possible 'to grow 

monocrystal,s from me1ts with compositions in the range 16 teS 

90 at.% Se by the Czochralski method, .-- another method was 

76 

tried. In this method the al10y concerned was siinp1y me1ted in ___ 

a quartz crucib1e and cooled slowly to .room temperature over a 

period of about one week by s10wly reducing the rf power of 

,the induction heater. It was found that this resul ted in 

regions of, so1idified material where Appreciable crysta11ine 

alignment had taken place. These 'were cut out for visual 

---inspection. Fig. 5.7 shows such a piece obtained from a 50 % 

Se melt. 

~ , . 
S. 7 Laue Pa t ter ns and Compos i tiona1 Anal ys i s 

5.7.1 Laue patterns 

"._--.. ----------~---------------_._---~ ... _ .. 



" 

The degree of monocrysta1Iinity was asses,ed fram Laue 

back reflection pattern~ taken at severa! points obtained by 
,-

1ater a1< di splacement Of the ingot. Fig. 5.8 shows the Laue 

pattern from a grown (1010) surface of the ingot prepare'd 'fram 

the 16 at.' Se melt, whi1e Fig. 5.9 shows the pattern fram a 
_ 1 

(1120) plane of the ingot fram the 9~ at.' Se melt (95 at.' Se 
, 

in the solid). In both cases, therê is some mosaic structure 
." 
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,but the ingots are essentially monocrystalline. Some" 

polycrystallinity was found in the 16 at.' Se melt alloy but 
/" 

only at a region where the ingot diameter was rapidly 
-

expanded. Fig. 5.10 is a pattern fQr the (1120) plane of an 

ingot grown from a 100 at.' Se melt (+l' Tl). In this case, 
\ 

the créar round spots are evidence for an excellent single 

crystal withno apparent mosaic structure. That the 

orientation of the Se crystal follows that of the seed was 

confirmed from Laue patterns taken on seed and crystal (not 

shown) • " 

,Laue back reflection patterns were' also taken fram the 

samples selected fram the slowly cooled materials. The results 

generally showed less spots compared with those fram the 

Czochralski grown ingots. Fig. 5.11 shows the pattern fram a 

cleaved surface of a sample selected fram the 50' Se material. 

It is weIl known that a te~lurium crystal'can easily be 

-cleaved Along the (1010) surfaces. Preliminary experiments 

/ . " 

l' 
1 
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also showed that the same ,planes cleaved for the Se-rich 

ingots. However, unlike tellurium crystals, which have 

mirror-like~cleaved surfaces, the Se-rich ingots were found to 

have corrugated surfaces after attempted cleavage, consisting 
j 

of needle-like material parailel to the c-axis of the ingots, 

as shown in Fig. 5.12. 

5.7.2 Compositional analysis 

.. '. Samples cieaved from the Se-rich ingots and samples fcut 

(by chemical means) from the Te-rich ingots were then polished 
Q 

usirig A120 3 powder for compositional analysis. The composition 

'of the frozen melts an~ ingots was determined by X-ray' 

fluorescence from a 20 pm electron beam analyser operating at 
~ 

15 kV. In addition, in the case of the Te-rich al10ys, the 

compositions were also determ1ned by chemical an,alys1s. 

Results for the two methods are cpmpared in Fig. 5.13, where 

the Se concentration in the ingots ls p,lotted against the Se 

concentration in the correspond1ng melt. It is noted that good 

agreement exists between the ,1 determinations by the two 

methods. This reinforces conf~ence in the electron probe 

method, which was used to obtain the compositions of aIl the 

other alloys. Fig. 5.13 also shows that the Se content in the 

solid Is about half, that in the liquid, which la roughly 

consistent with the phase diagram. It is noted in pa,rticu1ar 

that the ingot pulled fram the 16, at.' Se malt actua1ly 

1 

" 
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contained an average of 9 at.' Se in the solide 

j 

Electron probe analyses were also obtained fram a 

series of points along straight lines on the ing?ts parallel 

and perpendicular to the growth directions. Data' fram the 

points along the c-direction for three of the Te-rich ingots 

are shown in Fig. 5.~14. It is evident that the Se 

concentration along the pull direction i a qui te uniform for 

melt compositions of 4 a~d 12 at.%. Bowever, for the 16 at.% 

Se alloy there is an increase of àbout lat.' Se per cm of 

ingot, which is presumably due to an increase of Se 

concentration in the.melt, as expected fram the -phase diagram. 

Conce~tration profiles for three Se-rich a110y ingots are 

shown in Fig. 5.15, where the tellurium concentration"is seen 

ta be reasonably uniforme It is further to be noted that the 

Te concentration in the ingots is much less than' in the 

corresponding !Bel ta • This would seem to be in contradiction to 

the phase diagram, which at the Se-r~ch end indicates ·that the 

Te cqncentration should ~ much largeJ! in the solid than in 

the liquide However, it must be recalled that during the ingot 

growth ft was necessary to have the larger part of the "Mel t" 

actuall~rozen, thus depleting the remaiRing liquid of, its 

Te-content-. 

'--

The compositions of the s;t,owly cooled samples were also 

determined by electron probe analysis (8e~ Table 5.3). Fig. 

/ 

, 
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5.16 shows the acfual selenium content in the selected samples 

plotted against the selenium concentration in the origi9al 

melts. It ls seen that- these two quantities are roughly equal 

over the whole compositional range. 

5.8 Discussion and Conclusions 

In the present work, using pull rates down to 0.3 

mm/hr, monocrys taIs were obtained by the Czochralski method 
f 

for compositions contalning 0 to 10 at.' Se in the solld at 

the Te-rich end and 95 to 100 at.' Se in the solld at the 

Se-rich end of the range. This is a slight advance over the 

corresponding yalues of 0 to 5 at.' and 100 at.' Se obtained 

by Keezer and co-workers. The present results thus tend to 

confirm that sexTel_x c,an be grown by the Czochralski method 

if the pulling rate is slow enough, coupled with. sufficient 

temperature stability. For concentrations in the 50 , region, 

growth rates of the order of a millimeter per day would 

probably he required. / 

At 'the Se-rich end, high viscosity limits the growth 

velocity. However;- at the ~e-rich end, the limitation ln the 

present work was not exactly constltutlonal' supercooling but 

the r!elated meniscus separation problem. Like constitutional 

sUpèrcooling, .:.this -arises from a build-up of ,interfaclal 

selenium whose alloy has a lower freezing point than the rest 

; . 
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of the melt. Bowever, rather thanJpolycrysta;Llinit.lLt_. this 

leads to a ruptur e of 
1 

the meni~cus. While a steeper 

temperature gradient Along the seed and pull-rod would help to 
\ - - ----- 1 

keep th~ meniscus length short, the latger témperature drop 

would amount alJ1lost to thermal shock in the seed, which i8 

k~own to be deleterious to monocrystalline growth [2.12]. 

Bence, except at the ends of the composition range ·it 

i8 more difficult to grow monocrystals of SexTel~x a1loys by 

the Czochral-aki method than the Bridgman method. In the 

latter, the soliç) i8 below and the liquid is on top, so that 

excess selellium rej ected at the interface tends to - float 

upwards, becau~e of its lower density, away from the critical 

growth region • 

) 

During the present studies several a1loy samples were 

prepared by the slow cooling method consisting of simply 
J 

-- allowing SexTel_x melts to freeze slowly in a silic8 beaker 

over a period of about a week. The frozen mass, while not 
1 

monocrystalline, contained regions which were weIl, aligned 

'crys tal~ogr aphi cally • 
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Se Conc. 

Ingot in Malt 

Ho. (aU) 

CZ-80 4.0 

CZ-81 8.0 

CZ-82 10.0 

CZ-83 10.0 

CZ-84 10.0 

CZ-85 12.0 
,. 

CZ-86 ' 16.0 

\.-.. 

\ ... 
1 

Table 5.1 

Details of Growth Runs of Te-rich Se Tel Inqots 
x -x 

"--

Rotation Rate-

Dopant Pu11 Pull Cru-

in -Rate Rod cible Remarks 

Malt (mm/hr) (rpm) (rpm) 

Undoped 6 9 26 Hex. droes-sec., shiny surface 

15 
.." 

Ondoped 6 --S 
Hex. cross-sec. 

Undoped 4 8 40 Hex. cross-sec., shiny surface 

Tl O.OU 4 12 20 Hex. cross-sec., shiny surface 

Tl LO\ 4 8 20 Depressions on 2 faces 

undoped 4 8 ' 16 H~x. c:I0s~-~C? 

undoped 0.4 6 28 Rough surface\ with depressions 
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Inqot 
No. 

CZ-90 
\ 

CZ-91 

CZ-92 

CZ-93 

CZ-94. 

CZ-95 

(, 

Te Cone. " 

in Melt 
(at') 

0 

0 

3" 

S 

8 

10 

'"' 
" 

\.. 

Rotation Rate 

) 
_ Pull Cr.u-

lIDd cible 
(rplll) (rpm) 

-: 

3 .].0 

5 9 , . 
''\.;;-

~ 10 

6, 7 1 

i7 

6 11 

5 1 

Notes: 
1. Pull rate 1a 0.3 mm/hr. 

'"2-. Melts conta in 1 at.' Tl. 

\ 

\ Remarks 

\... 

OVal cross-see-I' 
Monoerystalline 

\... 

o 

\ . 
-l 

"1. 

~ 

~ 
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Table 5.3' 
_.f 

Se-Te Alloy Slow Cooling Runa 
4 

~. __ ._.~~----- - ~-_._---_._._-

Run* 

No. 

>. 

SC-1 
SC-2 

SC-3 
SC-4 

SC-S 
SC-6 

SC~7 

SC-8 
SC-9 

'-- , 
Se Cone. 

in Me1t 
(at.%) 

Se Cone. :f.n:the 

10 
20 

30 
'. 

40 

50 
60 

70 
80 
90 

Se1ect:ed Sample 
(at.I> 

8 

18 

~ 23 
28 

45 
\ 54_ 
\ 58 ' 

75 
86 

* Coalin; time about 160 hrs. 
** Ref. [5.2] . 

'" 
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" 

1-

-

Nom:f.na1** 

Melting Point 
'" (oC) 

419 
392 

365 
342 

319 
294 

" 271 
248 
231 
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Cale., ~ re·fJ 2.14] 
A. Exp. 

10' • Undoped ~ present work 

-
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> 
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'0 1 % Tl 

o~ Ret. [2.16l 
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Fig. 5.3 Plot of·, limiting growth, velocity against 
composition for single crystal growth" calculated 
from constitùtional supercooling considerations 
(reference [2.14]). Shown ~lso are, experimental 
res"lts using Czochralski and Bric;fgman methods. 
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CHAPTER 6 MEASUREMENT APPARATUS AND METHODS 

6.1 Introduction 

/ 
In the pre~ent work, the principal measurements made on 

samples of tellurium and Se Te 
x l-x 

alloys 
) 

we're 

photoconductivity as a function of wavelength an&, to a lesser 

extent, as a function of temperature, and of time. Sorne 

measurements of the frequency response of photoconductivity 

and 'of noise voltage were aiso carried out on the pure 

tellurium samples. In this chapter the apparatus and rnethods 

to obtain these -measurements are described, together with the 

procedure to prepare the samples for the rneasurernents. Whi1e 

measurements were also made of Hall coefficient, eiectricai 

conductivity ~d magnetoresistance on sorne of the sarnple~, the 

apparatus involved will not be described, since it is fairly 
1 

standard, at leas~ for low resistivity samples. 
\, 

6.2 Sample Preparation 

method of normal sample preparation is now 

described. Special annealing and aQrasive treatments \ were 
, 

given to sorne _of the tellur..j.urn sarnples but these will be 

described separately in chapter 7. 

6.2.1 Czochraiski-grown Te and Te-rich al10ys 

,. 1 1 il n'U':dl FnlU rn ••• 1. .il 1 12 1 
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For Czochralski-grown tellurium and Te-rich alloys the 

samples for photoconductivity measurements were chemically cut 

initially as wafers from the ingots w~h,a string saw using a 

solution constpting of HCl:~03:H20 in the ratio 1:2:4 byl 

weight. The wafers were then mounted on aluminum blacks and 

chemically polishe.d succ:=essively on two parallel (lOïO) ,faces 

using a solution of composl tion/HN03 :Cr03 :H20 in the rapo 
~/ 

1:2:4 by weight. The final dimensions were about 8 mm in 

length (parallel to c-direction), 2 mm in width (parallel to 

the [1120) direction), with thicknesses from 0.15 to 2.2 mm 

for the tellurium samples land about 1.5 mm for the Te-rich 

alloy samples. Orientation of the samples /is shown in Fig. 

6.1. 

Three side-probes for potential measurements were 

attached to each sample (see Fig. 6.2) by melt,ing/ in 0.002 

inch diameter platinum wires. The two ends of ~ach sample were 

coated with a solder of composition 50%Sn, 47%Bi and 3%Sb~(by 
/ , 

weight). A fine copper wire was attached to one end of the 

sample and the other end was soldered to a brass plate, the 
J 

central part of which was covered with an insulator blackened 

to minimize 'reflection. ~ thick r~ctangular paper window 
1-

served to screen light away from the end contacts as indicated 

by the broken line in Fig. 6.2. 

6.2.2 Czochralski-grown Se-rich and slow-cooled alloys 

/ 

"'WU "'.)._ $IUWJ 1 • n (tt ; . •• smlPH •• lf mi 

/ 

/ 
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In the case of the Se Te.. 
x .L-X 

a1loys which were grown 

either by slow cooling or, in the case of the Se-rich a110ys, 

by the Czochralski pu1ling, the samples were prepared by 

cleavage from 
':.. ,. 

po1ishing on 

the bulk material, fallowed 
J 

by abrasive 

aIl four lateral faces using 0.05 pm diameter 

A1 20 3 powder. 

Te-r ich "case. 

O~ie~tation of the samples was same as that for 
.> 

While chemical cutting and po1ishing ~ethods 

would have been preferable, such 
, 

techniques are not yet 

developed for these compositions. The attachment of the 

measuring side/probes and the mounting of the samp1es were the 
~/ 

same as those for the Te-rich samples as described above. 

6.3 Apparatus 

6.3.1 Cryostat 

A Metal cryostat was designed and bui1t to enab1e the 

phôtoconducitvity ta be measured from 1iguid nitrogen . 

temperature to room temperature. As shown in Fig. 6.3, it 

consists of a cylind~ical stainless steel tank with a copper 
ÇJJ 3 l , 

block (2.5x2.0xO.8 cm) embedded' in the ,lower portion. A 

feeder tube coming out of the' tank is welded to a top plate. 

.!he tank is surrounded by a cylindrical brass jacket 

containing a çircular aperture for the optical window. A 

window consisting of a dise of ZnS (Ko'dak IRTRAN 2) was used 

for thè measurements between wav~lengths of about 1 and 4.5 pm 

----- -- -------- _. -------

" , , 

, 1 , 
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and a dise of Si0
2 

for wavelengths betwee~ 0~4 and 2~0 pm. The 
( 

sample, mounted in its holder, was attached to the copper 

block, the temperature of which was measured with an 

iron-constantan thermocouple (TCl in'Fig. 6.3). The space 

between the tank and the jacket was evacuated to a pressure 

about 10-3 Torr using a ro~ry and diffusion pump combination. 

The low' . pressure provided a sufficiently good -- thermal 

insulation to conserve the liquid nitrogen'I and also to prevent 

~~or condensa~ion on the sample after coo~~ng. The insulated 

èopper wires used for current and voltage were long enough and 
; 

cooled enough, by winding them around the tank, to minimize 
-

heat flow reaching the sample by conduction along them. To 
, 

obtain temperatures other th an 77 K, the samplè---'was m9unted on 

a second copper block (B3) which was attached to a thin metal 

piece (the other end \ fixed to the bottom block B2 in Fig. 

6.3). A copper wire was connected 'between the copper block 

(B3) and the top plate to supply heat to the sample block. By 

suitable choice of the dimensions of the copper wire and the 

thin metal piece, a stable temperature 

oetween 77 and 300 K. 

6.3.2 Optical system 

(a) Monochromator 

The monochromatic radiation 

could be obtained 

required for the 

" 



.... 
" . .f' 

/ 
/ 

measurements was obtained, from a -Perkin Elmer model 13 

• 
spectrophotometer. Fig. 6.4 jhows a schematic diagram of the 

/ 

., 
optical arrangement 

t 
of the instrument, which 'Consists 

essential1y of a Nernst glower light source, a 13 hertz light 

chopper, a prism monochromator and a vacuum ~hermocouple 

detector unit. For the measurements between wavelengphs of 1 

and 5.5 pm an NaCl prism was used and for the range 0.4 to 2 

}lm an SiOi" prism was employed. By rotating the prism, the 

different wavelength~ À were obtained at the exit slit (51), 

whose width contr~lled-the bandwidth 6À~ The 1ight ene;gy from 
_/ 
the spectrophotometer was measured by the vacuum thermocouple 

\ . 
\ 

(Reeder & Co., Inc. ) which had.a KBr wind~w~ Its output was 

fed to a 13 hettz amp1ifier and thenbe ta a chart recorder: 

(b) External optics and detector calibration 

The light from the exit aperture of the monochromator 

was allowed to fall on a concaVe mirr'or (Ml) of radius 10 cm 

which focused the radiation on to the sample as indicated 
.-// 

-~atically in Fig. ~.4. For 
-/ 

polarization -of the radiation, 
.-/ 

a wire grid polarizer (Molectron Corp., mOdel! IGP25) w/ils 

positioned between the concave m{~ror and the sample. 

~ 

The relatïonship between the energy of, 1ight falling on 

the sample and the output reading of the vacuum thermocouple 
1 

was determined with a photovoltaic InSb detector (Judson 

* 
/ 

With con~~arit slit width of 0.2 mm, âÀ = 0.008 to 0.14 um as 

À changes from 0.6 to 6, ~m. 

--- . ----.-~- '---------..--.~------~ .. ~:;wv.j'7", -r;' ........... -.,...----_._ ___ .. ____ .... .~ ." ..... -- ~ --_.-
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~/ 

Infrared Inc.) calibrated between 1 and 5.5 pm. This detec~r 

had~the same window material (I~TRAN 2) as the cryostat when 

used in this wavelength range. For the wavelength 1 range 

between 0.4 and 1.1 pm, the calibration was done with a 

silicon. detector (Photo Research model 30i>. Allowance was 

made for the transmission of the quartz window used in this 

case. 

(c) Electrical measuring circuit 

The, sample was supplied with steady cu~rent from a 

battery pack having a voltage up to 500 volts in series with a 
/ 

resistor of up to 100 megohms. The measuring circuit used is 

shown in Fig. 6.5" For the samples with smal1 and medium 

concentrations of selenium the alternating potential arising 
~ 

from the chopped incident radiat.ion on the samp.l~ was measured 

by conn~cting the two adjacent side probes to a lock-in 

amplifier (Princeton Applied Research mode1 l24A), using its-

internaI reference frequency. The dark steady vo~tage between 
, 

the side probes was measufêd using an electrometer. 

For the Se-rich samples, where ,the resistance was very 

high (about 10 megohms), both the alternating and the steady , 
state potentials were measured wi~h an electrometer (Keithley 

_/ 
Instr~ments mode~ 6l0C) having an input impedance of about 

14 
10 ohms. 

.~ 

" 

1 
1 

1 
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Suppose Ro "and Rare respectively the dark and 

illuminated resistance of that portion of the sample not 

covered by the mask, and Rs is the resistance of the séries 

resistor (plus 'that of the covered part of the sample and that 

of the two contacts). The relative change of conductivity 

resulting from illumination is then given by, 

Il cr v -v R +R R 
0 s 0 

= R R cr 
0 ) v s 

where v an~ ,vo are the potentials across the uncovered portion 

of the sample respectively durÎng illuminatiçn 
; 
and in 

• 1 

da~kness. Since for the low illurninatio* levels used in the 
1 

1 0" \ 11 _ 
experiments' Av/vo was. less than, 0.1%0' the relation can be 

written, 

Il cr 
--=(1+ 

R 
o /).v 

/ 

The highest sample resistance was that for selenium, 

having a value of about 10 megohms. The illuminated part 

corresponded to about a third of the sample 1ength making R ':"3 J 0-

megohms. Thus with a series resistance of R =100 megohms, we 

have, 

3, Âv 
= ( 1 + ) = 1.03 

100 
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Since the 3% difference is less"'than the exp~rimenta1 error, 

no correction was made. Therefore, for aIl samples it was 
} 

assumed that a constant current was present ... during 

readings? 

, 
(d)~Pu1sed source 

the --

For photoconductive decay measurements, the sample was 

il1uminated ~ith a pulse of white light. In initial work, this 
, 

was obtained from the monochromator using chopped whi·te light 

from the Nernst source. Later, the source was changed to a 

General Electric Strobotac with a pulse duration of 10 psec, 

or a spark source (Xenon nanopulser model N-789B) having a 20 

nanosec pulse duration. The repetition rate for the two units 

was set to about 2 pulses/s·ec-. 

6.4 Measurement Method 
J' 

6.4.1 Steady state. photoconductivity 

Liquid nitrogen ~s first slowly introduced into the 

cryostat so that the sample was cooled. to 77 K over a period 
t~ 

of about 50.minutes. Faster cooling introduces imperfections 

into the sample. A constant air current was directed on to the 

optical window to minimize possible vapor condensation due to 

c.,oling. " 
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'. The current for the Nernst giower was then increased to 

a preset value and the slit width was adjusted to give 
'\ 

sufficiel1t - light through the mdQochroma tor for 
, / 

photoconductivity detection and at the salle tirrie narrow enough 
, ---. 

to obtain~ small bandwidth 11), for 
\'. 

a resoluta~ The 

monochromator was then set at a given wavelength. With 

current f1pwing throug~~ the samp1e, the 13 hertz alternating 

voltage between the side probes I1v w~s measured using the 

lock-in detector in the case of the Te-rich alloys.~~hè vacuum 
\ 

thermocouple voltage was a1so recorded at this wave1ength. The 

mea~brement was then repeated at another wavelength until the 

whole range ~s covered. The st~ady volta~e between the side 

1 probes was also noted. 

( 

In the case of the samples having/ intermediate 

compositions, the chopping of the light was done at 2 hertz 

because of the longer time constants involved. Tpe intensity 

of incident radiation was monitored by recording the vacuum 

thermocouple voltage at each w~~elength. For the Se-rich 

1 

samples, where the time constants were very long, the 
/ 

monochromatic radiation beam jwas periodically interrupted 

manua11y over periods of up tQ ten ~inutes. Because of the 

output voltage from the/_~ermocouple was low in the wavelength 

range below 1 pm, the radiation intensity was measured by 

using the same silicon detectof for calibration described in 

/ 

m 

! 
\ '. 

" 
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section 6.3.2. f 

6.4.2 Transient decay 

.. 
: 

The photoconductive decay following illu~ination of the 

'~Y sample by 
/ 

Rléasured 
1 

recording light pulsed was 

osci11ographically the voltage between the siae \ probes (see 1 

" \ \ 
Fig. 6 .6) • However, in 

o , ' \ ' 
the case of' the Se-r ich alloys, the 

1 . ( 

slower photoconductlve decay wa,s measured with" an lÇ-Y recorder 
, 

connected to ,the output from the electrometer. The time 

constant of the measuring circuits' was estimated to be less 
-

.than 1% of that for ,-the samp1e i tself. It may be noted tha~ 

while the spark source of the nanopul~er/ was more intense tl'ran 
l ,-_) / 

the chopped light from the Nernst so'ce, the lartgest change 

of conductivity (6.0/0
0

) for the ~lurium samp.le was still 

less than 0.001. 

! 
6.4.3 Frequency dependence and noise measurements 

1 
In the case of the te11urium samp1es, photoconductivity 

J \ 

at a fixed wavelength was measured as a function of chopping 
-' 

frequency from 13 to about lQQQHz. The ,choPpin9 was do ne using 
,0 

a rotating dise' chopper (pr incéton Applied Research model 

125A). In this case, the different frequencie . .s _ were obtained 
J / 

by changlng the chopper dise. 

- \ 
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/ 

The average n6ise voltage was also ) measured in 

tellur i~m as a function of frequency of detection. This was 

done by measuring the average of the ràndom voltages appearing 

at the samp1e probes using the lock-in amplifier set at the 

different frequencies. The noise voltage was deter~ined in the 

dark with and without current through the sample. 
/ 

,~ ... 

J 
/ 

j 

l, ' 

~ -, - , 
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1 c-Axis 

(10;0) 

View showing the crysta110graphic orientation of the 
sampl.e. 
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Fig. 6.2 View of the sample with the current leads and the 
side probes for measurements. 

( 

\ . , '-

" 

1.. 

\ 

r.'\ \. 

[ 1 III 1I1lnn.rl 

... 

- ...... 
...... 
w 



j 

, 
1 

1· 
1 () 

1 
1 

Ta Measuring 
Circuit 

IRTRAN~ 
Window 

83 

Te2 

114 

T 0 Vacuum ~-­
/ Station 

8rass 
Jacket 

82 

Fig. 6.3 A cross-sectional view of the cryostat / to cool the 
sample dur ing photoconducti vi ty measurements. 
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CHAPTER 7' PHOTOCONDUCTIVITY RESULTS IN UNDOPED TELLURIUM 

/ 

7.1 Introduction 

The results of measurements made on undoped tellurium 

samples are, presented 'in this chapter. They consi:3t of 
~ _r 

photoconductivity as a funetion of, wavelength from 1.4 to 4.4 

pm &at . 77 K, as, a funetion of temperature from 77 to about 

200 K and as a function of frequency to 1 kHz. Results are 

also reported on transient photoconduetivity at 77 K and on 

current noise in the sam~~es. Of ~eeial interest is the 

effect on the results of sample treatment and of changes in 

the sample thickness. 

In thé section where the results of noise measurements 
l 

are given, some estimates are also made of the ph~toconductive 

deteetivity. This is done as a preliminary re-assessment of 
• 

the potential of tellurium as a material for an infrared 

deteetor operating near 3.5 pm. 

7.2 Special Sample Treatment 

The results given in this chapter were obtained on 5 

samples chemieally eut from the same single crystal tellurium 

ingot (No. CZ-78-1~). The dimensions are given in Table 7.1. 

After the normal chemieal polishing described in chafter 6, 

" -"'~--'~---__ """,""""""_,,",,·~M __ ''-.''-' _________ ~ ---
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one o~ the samp1es (CZ-78-11-AB) was given an abrasive polish 
> 

on the two (1010) surfaces using 0.05 pm A1 20 3 powder on glass 

for 2 minutes: Two other samples (CZ-78-l1-AN and 78-11-ANT) 

were annealed. This was done by plaeing a chemieaLl.y eut sliee 
>. 

in a quartz ampoule, pumping i t out and back filling with'~ 

argon at 300 Torr pressure and sealing off. The ampoule was 

th en maintained at 395 0C for 168 hours. After slow e001ing to 

room temperature over a periad of about 50 hours{ the sliee 

was taken out and the two samples were ehemically eut from it 
/" 

and then chemically polished. Two more samples (CZ-78-ll-l1 

and ll-T) were chemically eut and po1ished without further 

treatment. 

7.3 Low Frequency (13 Hz) Photoconduetivity Results 

.j 

7.3.1 Variation with te~er~ture 

with wavelength 

between about 1.4 and 4.4 ~m, measured at three di~ferent 
/ 

temperatures for E/c and Elc, is shown in Fig- 7.1. Here 80 ia 

the conductivit.y . change due to illumination, 0
0 

is the dark 

conductivity and Eq is the photon flux ,incident on the sample. 

It is noted that with increase of temperature 'th'e 

. -----photo-response ~ecreases. and for Ele the' peak va~ues shift .. 
towards shorter wave1ength and /the peak-to-·plateau" ratios 

deerease. 'l'he variation of M:J/ (0' E ) st o q 
3.5 pm over a vider 

T1--::------:----------... --__ :ae ________________________ _ 
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temperature range is shown in Fig. 7.2. The chang'e near 77 K 

is seen to be relatively fIat with a stronger decrease as the 

temperature it raised. The rapid decrease above about 180 K
n 

, 
(ie. IOOO/T .. 5.5) accurs in the intrinsic region, where the 

Hall coefficient has a negative signe Wi thin the /extr insic 

region (be1ow 180 K) the photoconductivity changes by about an 

order of magnitude. The average photoconductive decay time T, 

also plotted in Fig. 7.2, changes by a similar amount, 

suggesting that this guantity predominantly contt"ols the 

temperature variation ,of photoconductivity. 

The relative change of conductivity /),,0/0
0 

at 77'K is 

plotted against irradiance E at a wavelength of 3.8 pm in Fig. 

7.3. It is 'seen that up to an E value of 2j)~ pw/cm2 at least, 

the variation i!s linear. This is consistent with the results 

of vis [2. 25} according to whom nonlinearity only oceurs above 

a !::.C1/0 value of, about 0.01. 
o / 

7.3.2 Effect of sarnple treatment and thickness 

The spectral ~hotoeonductive response at 77 K of three 

samples of similar thickness is shown, in Fig. 7.4 where each 
/ 

~ , 
has had a different final preparational t~~atment; one was 

chemically polished, another annealed and then chemically 

poli shed and the third chemically po1ished and fina1ly 

abrasive1y po1ished as described in section' 7.2. It la noted 

,> 
'~ 
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that the photoconductivity is much higher for the annealed 
1 

sample and that the fall-off of photoconductivity with 

decreasing wavelength for the abrasively prepared sample is 
41 

much stronger than the other two. At shorter wavelengths the . 
difference between the curves for the abrasive and annea'led 

samples arnounts almost to two orders of rnagni tude. 

.,' 

The effect of annealing is also shawn 'for the two 

thinner samples in Fig.7.S. Rere the anne~led sample 11-ANT 

has about three times the responsivi ty of the unannealed 

sample Il-T at aIl wavelengths. 

The effect of sample thickness is evident from the 

results on the two non-annealed samples in Fig. 7.6. Here the 
,/ 

photo-response for the thinner sample (0.20 mm) lies weIl above 

that of the thicker ( 1. 16 mm) sample, except above 4 pm 
wavelength where the curves cross. This is in accordance with 

theory as described in an earlier paper [7.1]. 

7.4 Transient and Frequency Response Results 
l!lï 

-
7.4.1 Photoconductive decay 

f 
The form of the photoconductive decay at 

fOllowtng spark / source excitation, ia shown for one 

77 K, 

of the 

samples by the oscilloscope trace in the inset to FiC}. 7-:7. 
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Readings from this trace are 'shown as a semilogarithmic plot 

in the ,main part of the, figure. The decay clearly does not 

correspond to a simple exponential but an approximate fit to 

the exper imental resul ts can be made with sum of two 

exponentials of the form Ifexp(-t/l f > +Isexp(-t/l s )' The 

solid curve in Fig. 7.7 represents such a ~i t. Table 7.1 

lists the parameters obtained by fitting the deGay curves of 

four of the samples. It is noted that the fast decay time 

constant lf is about an order of magnitude sma1ler th an the 

slower time constant ls and that generally If is greater than 

l . 
/ S 

During one of the decay measu~ements, the samp1e was 
/ 

also il1uminated with unchopped white background light; which 

reduced Is but left If essentially unaffected. This suggests 
,,' 

that 1 may arise from trapping. Vis [2.25] reported that the s 
-

decay time decreased with increase of background light 

presumably because of the decreased contr ibution of 1 • The 
s 

effect of anneaiing on the decay characteristic i~ not 

entirely clear but for the thin samp1es, Table 7.1 shows that 
_/ 

both decay times Tf and ls were increased by the thermal 

treatment. 

7.4.2 Frequency response 

The variation of the normalized photoresponse with 
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chopping frequency measured on the two thin samples is shown 

in Fig. 7.8. The s ~9Jl~1 is seen to decrease by sorne 7% from 

the low frequency value to that at 900 Hz for the unannealed 

sample and by about 20% for the annealed sample. 

It is easily shown that 

can be descr ibéd by a simple 

single time constant T, then the 

if the 
/ 

photoconductive/decay 

exponential decrease ,~i th 
\" 

a 

chapge in the rms value v(f) 

- of the fundamental of the signal voltage, with cqopped light, 

is given by, 

(7.1) 

Here 00 is the angular frequency, and Vo is the value of v(f) 

when ooT« 1. fit this relation to the An attempt to 
/ 

experime,ntal points - in Fig. 7.8 ls shown by t;he two solld 

lines. The T values for these curves are 60 and 170 flsec, 

which are respectively larger than the T
S 

values of 30 and 130 

psec for these two s~mpl~s obtained by photoconductive decay. 

This difference May be/due to the decay having a more comp1ex 

time dependence th an that expressi~1e as a two-time constant 

function. In any case, it May be said that the decrease,with 

frequency only starts to become important when w exceeds lITS. 

... _--------------_...:-_--------- ~-- ----~-
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7.5 ~alculated Photoresponse at Low Freguency 

Wi th equa t ion ( 9 • l') of chapter 9, values oj lla/(a E ) o q 

were ca1cu1ated usi~g parameters appropriate to the unannea1ed 

samp1es 

samp1es 

by the 

11-11 and 11-T on ~ one 
/ 

Il-AN and ll-ANT o~~he other. 

sol id 1ines in Fi\. 7.9 where 

hand and the annealed 
. " 

These values are shown 

is p10tted 

-against sample thickness for the case of Ellc at a wave1ength 

of 2 pm. The parameters diffusion coefficient 0 and extrinsic 

hole concentration / Po were obtained from transport 

measurements on the samples at 77 K and the absorption 

coefficient K value was taken from the work of Tutihasi et al 

[7.2]. The bulk lifetime T-values used, correspond to the 

fast photoconductive time constant Tf' sinee this quantity 

made the larger contribution to the ph~conduct~ve decay. The 
~,\ .. 

s-va1ues .w~re chosen to fit the experimental points. for the 

four samples indicated. Values of s 1arger.by an order of 

magnitude would have been needed if Ts had been used instead 

of Tf. 

The difference in parameters ~f the ca1cu1ated curves 
--/ 

needed to fit the experimental points indicates that the 

.i1fël'Iease in 

(Singt cause 
\\ ~ 
) 

photoresponse after annea1ing is not due to a 

but to~the combined effect of increased m?bility 

, \ 

-r--:-:-:-:-·----·-...... --_IlIIOI'A ..... "!" ......... fMlfllfll ____________ m_œ __________ l< ~----~--~~-_._--
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~- -• 
and lifetime and decreased surface recombinati?n~velocity. 

Continuation of the ca~culated curves to smaller thicknesses 
• ,1 

(not shown)-indicates a maximum photoresponse at a sample 

thicknes's of about 6 pm. 

7.6 Excess Noise and Oetectivity Results 

Measurements of the noise from the sample with the 

current on and off showe4 that most çf it arises from the 

passage of the current. Therefore, it is appropriate, 

follow~ng Vis [2.26], to use an excess noise parameter defined 

2 2 2 as (v -vT)/(vdc ~f) , where v Jand vT are respectively the 

noise voltages measured with and without,sample curtent, Vdc 

is the steady voltage between the measuring probes with 

current flowing and ~f Is the bandwidth of tHe lock~in 

amplifier-detector. A plot of ~hi/ excess noise parameter 

·'aWnst frequency f on log-log scales is shown in Fig. 7.10 

for two of the samples at 77 K; the results of Viw [2.26] are 

also indicated for comparison. The fall-off w;~h frequency is 

strong and in one case is steeper than l/f. 

'1 

The normalized spectral detect,ivity is defined as 

0*= (A 6f)1/2 / (N~P), where ~ , 

is the illuminated area and NEP 
/ 0 

/ 

is the noise equivalent power of the detector (7.3] • From the 

noise voltage and photoconductive responsivity at _~_OO Hz the 

n* values were calculated between 1 and 4.2 pm for the two 

1 
--------------~-- ~-

j 
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thinner samples ll-T and ll-ANT...../ and are plotted against 

wavelength in Fig. 7.11. The broken line is a curve for a 

melt-grown sample of Edwards, Butter and McGlauchlin [2.24], 

wliich has a maximum D* of 6 .4XIO~O cm Bzl/~-l.j The results 

for anneaied sample ll-ANT are, however, about 

as, these' with a maximum value near 3.5 pm 

twice as high 

of 1.3xl0
l1 

o cm Hz1/2w-1 (see---Table 7.1, ,?olumn ,9). This value ia in fact 

the highest D*-value yet reported at. 77 K for melt-grown 

tellurium [2.24]. Even higher values should be possible for 

thinner samples and the solid curve shown is an estimate of 

what should be possible. Here the peak value ia that limited 

by radiation from a 300 K backgr~ wi th a field -of view of 

180°. 

7.7 Discussion and Conclusions 
j 

In the prese~ work it is very clear that' even fine 

abrasive surface p~>lishing of the tellurium surfaces greatIy 

1 ~ , 

decreases the photoconductive response at 77 K, the effect ~ 

being particularly large <>at shorter wavelengths -be1ow 2 pm. 

Conversely, annealing results in increased photoconductivity. 
-1 

This ls apparently not due to . one cau,se but to the combined 

effects of increased mobility, increased lifetime and 

decreased surface recombination velocity. 

For tellurium, intrinsic at room temperature, the 

l, 
,; 
"l 
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photoconductivity increases by more than an order of magnitude 

with decreâse of temperature down to 77 K. Most of t,he chan~e 

takes place in the extrinsic range and reflects the increase 

in the decay time c~pstant with decreasing temperature. With 
l, , 

spark source illumirlation, the photoconductive decay appears 

to involve a fast decay process with a time constant (Tf> of a 

few microseconds, together with a slower one with a time' 

constant tens of microseconds. This 

non-exponential decay does not arise from a high level of 

excess carriers, because 60/°0 ' resulting from the spark 

source exc i ta tion , amounts only to about 0.001 or less. The . 
fact that the magnitude of the larger time constant 

contribution (ls> is reduced ~with steady white background 

light sug~ests that it arises from traps. In this case the 
~ 

fast decay contrribution may correspond to.bulk recombination. 

I~ is found that the excess current noise parame ter 

falls off wi th frequency.-a't least as fast as, l/f. On the other 

hand, the decrease of responsivity with frequency is much 

smaller, so that the signal-to-noise ratio improves .with 

increase of frequency. lt may be noted that ,-while annealing 

increases the responsivity, it also .increases the fall-off 
----;;-

with frequency. At 900 Hz and a l Hz bandwidth, a 0* value at 

3.5 pm has been obtained which is the highest ~t repo~ted for 

melt-grown tellurium. A value up to the background limited 
';' 

detectivity should be possible with an annealed sample having 

".~~~~--~--~------------------------------------
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a thickness in the range, 10 to 100 pm. Th\:ls with sufficient 

.~ effort it would appear that melt-grown tellurium cou Id be 

Q shown to be of interest for use as an infrared detector 

material bperating at 77 K near a wavelength of 3.5 pm for 
1 

application at lea~t up ~o 1 kHz. However, it could still not 

compete with InSb at higher frequencies and longer wavel~ngths 

[7.3] • 

( 
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Table 7.1 Photoconductivity Resu1ts in Undoped Te11urium Samp1es 

Sample "- Thickness 'Thermal ~1ax. !J.cr/ (cr E ) Photoconductive 
(Dimension para11e1 width ° q 

No. to incident light) Treatment at 77 K Decay at 77 K 
\ 
\ , -18 2 Tf T lf/ls 

(mm.) (mm) (10 cm sec) s 
(~s) (~s) 

\ CZ-78-11-11 1.16 1. 75 None 0.6 5 \ 70 l 

CZ-78-11-AN 1.40 2-~ 20 39SoC 
168 hrs 2.2 4.5 1 21 1 

None, 
CZ-78-11-AB 1.51 2.28 abrasi- 0.5 

ve1y 
polished 

CZ-78-11-T 0.20 1.05 None 2.0 4 30 2 

39S0C 
"-

CZ-7B-II-ANT 0.15 1. 25 168 hrs 5.3 10 130 "-01 . 7 

.J~ 

'\ 

~-

mm $ • f t '1 ~I _':~r 22 2 ,;,_, l, 

:;..~ 

. 
Maximum D* 

at 77 K 
~ 

900 Hz, 1 Hz BW 

(cm Hz1/ 2W-1 ) 

i. Bxl0~ 

3.7x101O 

1. 3xlO11 
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Fig_ 7.1 Relative photon p6otoconductivity, ÔO/(OoEq), versus 
wave1ength for samp1e CZ-78-11-11 at three different 
temperatures with E,c and E~c. 
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Relative photon photoconducti~ity, Aa/laoEq)' and average time 'constant t' . at 3.5 pm/ p10tted 8gainst th, reciprocal of absolute temperature for sample CZ---78-11-l1 with E Ile. The extr insic region ext'ends 
up to about 180 K. 
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Relative photon photoconductivity at 7.7 K plotted 
against wavelength for three. samples prepared" by 
different treatments with Elc and E~c. Samples 
CZ-78-11-AN annealed; -11 unannealed; -AB abrasively 
polished • 
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CHAPTER 8 PHOTOCONDUCTIVITY RESULTS IN 

8.1 Introduction 

• 
In th~s ?hapter the resu1ts. of photoconductivity 

measurements of samp1es from the Se Tel --a110ys are 
x· -x 

presented. These consisted of 
/ /' 

chopped light as a-function 

•• 0 

photoconductiv~ty obtained with 

of wavelength' and with pulsed 

light as a function of ti.e, together with measurements of 

dark e1ectr ical resistivity and Hall coefficient. The 
/ 

measurements ~hould be considered as-preliminary because of 

the fact that the preparation of the samples was in a much 

less advanced stage than wa~ the case with pure tellurium. 

Never-the-1ess, the displacement of the photoconductive peaks 

with composition was ~y c1ear, as will be seen. The 

photoc::onductivity résults Çlre the first r,eported for the 
o 

Se Tel alloys at liqui.d nitrogen temperature. x -x 
[ 

8.2 Steady State Photoconductive Spectral Response 

-----~ For the Te_:!.îch Czochralski-gro~n alloys the~ariation 

of the relative photoconductivity, 6a!Ccr E) , with w elength 
/ 0 q , 

betweeh about 1 and 4.2 pm is shown ,in Fig. 8.1 for E!c and iri , 
, 

Fig. 8.2 for B'c at 77 K. It i8 noted that as the selenium 

con~nt increases from 0 to 10 at.' there ls a dtsplacement of 

,,:,1 [ , .... 
. ' ----'-~ _____________ .•. c ___ •. __ . _. ____ ~_ .. _. 
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the peaks to shorter wave1engths, coupled with an increase in 

the magnitude of the photoconductivity of the maximum and of 

the values at shorter wave1engths. The shift of the curves-

a1so causes a decrease of photoconductivity on the longer 

wave1ength side of the maximum. 

Figs. 8.3 and 8.4 1 show 
-

the variation of 
\ 

photoconductivity at 77 K with wavelength for the samples aver 

the complete composition range from 0 to 100 at.%Se. It is 

clear that there is a steady wavelength displacement of the 
. 

max ima from abou.t 3 • 8 pm to abou t 0 .8 pm. At the same t ime , 

there is also an increase of photoconductivity magni tude by '" 
1 

some S orders of magnitude (see also Table 8.1). A difference 

in the photoconductivity with change of the orientation of the 

plane of pOlarization with respect to the c-axis between Eic 

and E#C was cnot discernible in samples'conbaini~g 20 at.% ot 

more of selenium. The variation of tacr/(C1oE)with wavelength is 
/ 

plotted separately for selenium in Fig. 8.5 together with 

experimental results of Stuke [2.32] at a similar temperature 
-' 

(93 K). The maxiîiÎUm occurs at about 0.72 pm in the p~esent 

r esu1 ts, compared wi th O. 71 pm from the curve of Stuke and 
~ 

0.67 pm frame measurements of Prosser, [2.30] (not shown) st 

9S K. 

f 
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8.3 Transient Photoconductivity 
~-.'" 

The decrease of photoconductivi ty fo1lowing pulsed 

illumination was recorded using an oscilloscope or, in the' 

çase of the Se-rich alloys, using a~ X-y recorder connected to 

the el~ctrometer. A typical decay curve is shown in the inset 

to Fig. 8.6, - where the main part of ~he figyre shows the 

variation plotted on semilogarithmic scales.) As wi th pure 
~/ 

tellurium, it is found that thé curve can be fitted with the 

sum of two exponentials, one with' a "fast" time constant, Tf' 

and the other with a slower" one, T
S

• For the particular 

composition in Fig. 8.6 Tf was 50 and Ts was 600 }lsec. This 

procedure was done for aIl thelsamples, yielding the time 

constant values for both T
S 

and Tf- For compositions with 

more than 90 at. % Se the decay was particularly complexe In 

Figs. 8.7 and 8.8 the values of Tf 
, 

and T s 
--~--

are respective1y 

plotted against the seler;lium content in the alloys •. It is seen 

that the lime constant variation covers some six ,orders of 

magn!!-u~e ,in going from ~ellurium to selenium, with Tf ranging 

from microseconds to seconds. 

In Fig. 8.9 the maximum values 'of t:.aj (a E ) are plotted o q 

against the T -values of the corresponding alloys on log-log 
~ 

scales. The photoconductivity appears to vary approximately as 

, 
, , 
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8.4 Electrical Resistivity and Hall Mobility 

The variation of thé dark electrical resistivity 

meas~ 77 K with composition is shown in Fig." 8.10, where 

i t is seen- that there is a change of about 5 decades in going 

from Te to Se. About the same magnitude of change was 

observed for the room temperature resistivity by Bahl and Chen 

(2.18] (broken line in Fig. 8.10). 

, Experimental for Hall mobility RHO'o at 77 K 

up to 40 at.' Se are shown in Fig. plot ted ag ainst 

8.11. It was 

greater selenium 

becausl! of very 

to measure the H~ll effect jat 

concentrations with the apparatus employed 

low mobility values. The measured values are 

seen to be consistent wi th the Hall mobili ty resülts· (broken 

curve in Fig. 8.l~) of Bahl and Chen [2.18]. 

8.5 Conclusions and Speçulations 

It is evident from the wavelength shift of the 

photoconductivity ~axima_~that the 8l10ys show a continuous 
--~~I 

c nge of energy band gap with composition. This will be 
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tre~ted mOre specifical1y in chapter 9. The existence of the 

two decay times was discussed for pure te1lur ium in chapter 7, 

where it was speculated that the shorter value lf might be the 

recombination 1ifeti~e. The increase of such a quantity with 
./ 

selenium content would expta'in the increase of the 

photoconductive' responsivity in the a110ys. However, it_/is 
, > 

difficu1t to accept 1ifetimes of the order of seconds which 

are" observed for lf at the Se-rich compositions. 

From a device point of view, the a110ys are se en to 

offer the possibili ty of sensitive detector materia1s 

operating at wavelengths between about 0.8 and 3.5 pm. --, 
However, the response times fo~ such photoconductive devices 

wou1d he ":,(ery , long, especially for the a110ys at the shorter 

wavelengths. 

In view of the importance of annea1ing in the case of 

pure te11urium, it i8 c1ear that heat treatment wou1d he 

important in the casé of the SexTe l-x a110ys as weIl. In fact 

lattice imperfections are likely to be much more prevalent as 

the selenium content increases. For these reasons the results 

in the present chapter must be re~arded as only initial 

characterization measurements to observe the main trends. 

/ 

~ 
~~=--:---7'"""--..,--, ...... - ..... ___ ~.Jf//a~~_ ....... -----~ - ---



\ 
\ 
\ 

\ 
1 

L 
'~c 

"'--~, 

:~ 
0....,; 

. ' 

\ 

\ 

l-
\ 

\ 

Sample 
Composition 

* seO.04TeO.96 

* SeO•1TeO•9 

~eO. iaTeo. 82 

seO.23TeO.77 

fe O. 28 Te O. 72 

seO.4STeO.S5 

seO. 54TeO.46 

seO.SSTeO.42 

seO.75seO.25 

. SeO. 9TeO.1 

Se 

? 

,Table 8.1 Se Tel Samples Used in the 
x -x 

Photoconductivity Measurements 

Thickness Width Preparation 

(mm) (mm) 

1. 73 1. 75 chemical 

1.50 1.50 che mica 1 

1.50 2.10 abrasive 

1. 70 2.45 abrasive 
\ 

1.90 .: 2.25 ' abrasive 

1.26 2.03 abrasive 

1. 78 2.00 abrasive 

1.25 1.66 abrasive 

1.07 1.52 abrasive 

2.63 2.01 abrasive 
\ 

1.26 2.12 abrasive 

* Czochralski-grown samples. 
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Max. A.a/(a E ) o q 
\ at 77K 
'-18 2 

(10 . cm sec) 

2.5 

6.0 

4.0 

4.0 

10.0 

40.0 
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C~APTER 9 CALCULATION OF ABSORPTION COEFFICIENTS 

AND ENERGY GAPS 

9.1 Introduction 
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" 

It is especially interesting from a scientific point of 

view to examine the absorption edge of semiconductors, since 

this provides information on the band structure. More 

specifically it can give the magnitude of the, energy gap and 

de termine whether the electron interband transitions are 

direct or indirect. in the present work, the absorption 
} 

coefficient CR) wasnot direct1y measured in the materials but 

it ls possible to calculate this quantity from the 

- photoconductivity if other parameters are known. As pointed 

out by Grosse and Winzer [2.27), su ch ca10ulated values have 

an advantage 

coefficients in 
J 

the 

that th~y 

direct1y measured absorption 

are the result of photogenerated 
, 

carriers, whereas in the latter case absorption can a1so arise 
/ 

from non-electronic transitions such as lattice vibrations. 

Further, absorption coefficien~ derived from 

photoconductivity can provide K-val~e( ~ver wavelength ranges 

where they are very large and difficult to measure directly 
, 

because very thin samples would be required. Never-the-less, 

as will be seen, ca1culated R-values require parameters which 
, 

may not be easily available, such as surface recombi~tion 

veloc~ty anq in addition the theory of photoconductivity May 

• r' 



t 
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1 
! 
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1 

c not be complete 

account. 

enough 
1 

to take 
1 

aIl relevant factors into 

In this chapter absQrption coefficients are calculated 

from photoconductivity firstly for pure tellurium and then for 

the Se Tel al10ys using a relatively simple theory. In the , .x-x 
latter êase,----this enab1ed the variation o~ energy gap with 

composition to be determined a~ 77 K. 

9.2 Theory 

9.2.1 Photoconductivity 

If light is incident on an Infinite slab of p-type 

semiconductor of thickness d and having an equilibrium hole 

concentration Po' then the relative change of. conductivity 

60/cro per unit photon flux Jdensit y Eq is given by (for 

derivation see ref. [9.1]): 

cr E 
o q 

(9.1) 

where b i8 the electron-to-hole mobility ratio, K ls the 

absorption coe~ficient and L ls the diffusion length. Both 

excess electrons and hales are assumed to contribute to 60 

/ 

J 
t'·' f "t-- ,.- ,~),,\', ~\S:,Y'''\c''':'.-\~:~,!'. t' , !, '" " -,,~ .. ,Icr <,.-; l ~ 

l.59 



c 

, , 

5r1 

w!th a common lifetime t. 

S(~/D)1/2, Where s is the 

The quan~ity a .represents 

recombination velocity of 

160 

SL/D= 

the two 
-~ 

J 
surfaces and D is the diffusivity of-the minority electtons. 

r 

As the absorption coefficient K is increased, ~o/(aoEq) 

from equation (9.1) increases to a maximum 'between Kd=1 an~ 10 

and thereafter decreases towards a plateau at Infinite K given 

by: 

l+b 
) Kd=co = 

1 + 'acoth (d/2L) 
(9.2) 

~t is noted that the ratio of the photoconductive 

change to that 

is given by: 

of the plateau from equations - . ( 9 • 1) and ( 9 • 2) • 

(~) 
°oEq coth(d/2Lr(l-e(-Kd»-KL(l~e(-Kd» 

---------- = 1_e(-Kd)+ a-----------------------------------
!!.o 

(FE) Kd=oo 
o q 

which ls independent of Po and b. 

For a thick samp1e, in w4ich d >::\l./K, L, 

photoconductivity from equation (9.1) reduces to: 

/ 

(l+b) (1+ a 
l+KL )"[' 

p ,d (1+ a) 
0 .. 

/ , 

i l $ IPW. 
sS' 

the 

(9.4) 

/ 
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--

representing proportiona1ity to l/d. 
J 

For a thin samp1e,_ in which d« l/K, L, 

photoconductivity from equation (9.1) reduces to: 

tHJ 

cr E o q 

.,' 

(l+b) K3 01/2d T 1 / 2 

2p (1_K2L 2 ) s 
o 

representing proportionality to d. 

, 
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the 

(9.5) 

Physically the reasons for these thickness dependences 

are as follows. For thick samples, increasing the sample 
/ 

thickness di1utes the p~otoconductive change. Thin samples, on 
.' 

...-/ 

the other hand, are dominated by surface recombination, so 

that increasing the thickness allows the photoconductive 

change to be greater. 

9.2.2 Absorption edge 

For -direct electron transitions - b~tween the valence 

band and the conduction band of a semiconductor, it has been 

shown that [9.2] the dependence of ab~orption coefficient on 

the energy 'Chv} of the radiation absorbed l'las the fo'llowing 

forms: 

Ch" - E ) 1/2 
9 

hv 
(9.6) 

') 
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, 

where Ka and Kf are respective1y the absorption coefficients ' 
.-J 

for allowed and forbidden vertical transitions. 
j 1 

If the tra~sition is indirect invo1ving a phonon of 

, energy ka, the absorption ,c,Pefficient is given by[9.2] : 

A 
K= -[ 

hv 

where A 

equation 

can yie1d 

(h\>-E -ka) 2 , q 
. e 

l-exp (-T) 

(hv-E +ka) 2 ___ 9"--__ , 

a 
l-exp(~) 

is _, quantity independent df 
1 

of this type app1ies, a plot 
/' 

, 

, 
' frequency. 

of (Khv)~/2 

two linear regions where either the firs 

if an 

a h" 

term in 

the brackets dominates over 'the second or vice vrrsa. When 

many differebt phonons are involved in a transition, there 

could Qe Many linear se~ions and associated break-points in 

the curve. 

9.,3" Calculated Absorption Coefficients 

9e3.1-Undoped tellurium 

• : ....... a Ulla j'" »1 î ;: 1. n]Ë 111111'"' 111 1:11 = 
,/ 
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Using a computer program, values 

coefficient were calculated f~om equation 

of 

(9.1) 
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absorption 

itith the 
-' 

measured values of âa/(a E) for sample CZ-78-ll-ll with the 
f 0 q 

following parameters: 

b= 2.0 [9 • 3] , 

d=O .116 c;m, 
, 2 

D=(kT/q)p=53.l cm Isec, 

ex =s (T/D) 1/2=2.2, 

PO=1.S4XlO I4 cm-3 , 

8=8000 cm/sec, 

1 

P=p =(~-a) b=8000-cm2/v sec, n -"'lI 0 77 

R=Reflectivity=0.5l for (EJc) or 0.37 for (Eic) [7.2]. 

The s-value was estimated by caleulation from the ratio 

of the photoconductivity at the peak to the value at 1.5 pm 
J 

_/ using a d/L ratio of 7.961 it can be shown that the ratio of 
/ 

the maximum to th~ plateau'value from equation.(9.3) depends 

only on a ,when d/L i8 given. The values of K obtained by 

calcul,ation are plotted against wa~elength in Fig. 9.1 for 
\' 

Eic and EDe, together with the calculated values for the 
) 

annealed sample CZ-78-ll-AN and the abrasively polished, sample 

CZ-78-ll-AB'using the parameters given in the caption. For 

comparison the direetly measured absorption coefficie~t values 
[, 

'obtained by Tut~hasi et al [7.2] at 196 K are also included. 
( , 

J 
The steeper slope of the absorption edge for E~e compared with 

Elle is clearly apparent. f In addi,t:ion, there 18 an app~rent 

absorption peak near 3 pm for E~ in the caleulated values. 
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This peak, which corresponds to an energy of abot!lt 0.4 eV, 

cou1d be due to sorne artifact'arising from the experimental 

method or to absorption from imperfections or to a fundamental 
J 

electronic transition in te1lurium. In the last case, the peak 

should 
1 

show up in the directly measured absorption 

coefficient but apparently measurements over this wavelength 

range for E~ç were not covered at 77 K or be10w by ~hasi et 

al [7.2] or by B1akemore and N6mura [9.4]. The peak heîght 

for the annealed samp1e is much less th an that for the 

unannealed samp1e, suggesting that the origin is from 

imperfections but ---this is 'not confirmed for the abrasively 

prepared sample where the peak is even less pronounced. 
-( 

The calcu1ated absorption coefficients near the 

apsorption edge are p10tted semilogarithmically against photon 
J 

energy hv in Fig. 9.2 assuming two different values of s. It 

is noted that in this range the results are not very sensitive 

to the s-va1ues used in the low photon energy region. In the 

higner energy reg ion, however, the calculated K results are 

sensitive to ~he s-values. Therefore, the absolute rnQgnitude 

of the calculated K in the higb energy region should be viewed 

~with· caution. In Figs. 9.3 and 9.~, (Khv) 1/2 is plotted 

against hv fo('-E:Lc and Elle respectively. The points do noe---

show c1ear1y defined linear re~ionsl extrapo1ations to the 
---- f 

abscissa give'intercepts between 0.31 and 0.33 eV. 

() 

.W' 
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The fact that K.l. i!3' larger than Kil at the same 

wavelen~h near the absorption edge is in keeping with the 
. 

idea that the E~c transitions are direct allowed while those 

for Elle ate direct forbidden. T~e ratio K 1./1</1 is thus plotted 

against hv in Fig- 9.5. While it is clear that the variation 

is-~not exactly linear, it is nearer to a hv-E dependence than . g 

to its reciprocal. Such a ·dependence lis 'inconsistent with 

equations (9.6) and (9.7) ~hichi6dicate that Kf/K =hv-E _, as . ,a g 

poin~ed out by Sutter [2.15]. This would imply that \ is 

forbidden and Kil is allowed. 'l'his apparent paradox has not 

been explained. 

9.3.2 Se Tel alloys x -x 

, 
In the case of the Se Tel samples, there is much less x -x 

certainty about the values of the parametèrs ne~~ for the 

calculation of absorption coefficients than for pure 

tel~urium. However, since the absorption coefficient Is more 

, directly related to the energy gap and band structure than 

photoconductivity, calculations of K were made with assumed 

parameters. The values of these were: .. 
, 
b=2 

D=(kT/q>p, 
/ 

R=Reflectivity taken as linear variation between 

Te(R=O.5l) and /Se(R-O.45), 
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, ,. c P"Pn - (RHOo) 77b from pres~L Hall Measureme.nts 

up' to x=O. 4, and from work of 
~ 

Beyer et al [2.17] from x=0.4 to l, 

1'= l' f measured at each composition. 

The calculated K-values for the Te-rich a1loys with EiC 

are shown in Fig. 9.6 plotted against wave1ength. Here it is 

noted that while the absorption edge-- shifts to shorter 
-_.---

wavelengths with increasing selenium content, the 3 pm peak 

, 
~ 

-~ 

has hardly moved. The absorption values over the who1e 

compos i tion range are plotted semilogarithrnically against 

photon energy in Figs. 9.7 and 9.8, where the shift of 

absorption edge with· composition is clearlyevident. Whi1e 

these results are nomina1ly for Elle" the points for Elc are 

not significantly different, except for the Te-rich a1loys. As 

with the case of pure tellurium, it is of inferest to see the 

sarne data in a plot of (Khv) 1/2 against h'V on linea~ scales, 

wlilch are shown J in Figs. 9.9 and 9.10. Despite the errors in 

sa doing, a measure oL-the energy gap of each a110y was 

determined by extrapolation to the abscissa and reading off 

the intercepte Such values have -been ,p1otted ag~inst 
il 

composition in Fig. 9.11. Points are also given in the same 

tigure from t'he measurements of Sutter [2.15] ~t room 

temperature, représenting- the energy positions of kinks in the 

curves of directly me~sured absorption coefficient. It is 
1:) 

seen that the present resul~ lie ,above those of Sutter -~-
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between about 60 and 90 at.tSe. It would nalso appéar th~~_a 

change in \'energy gap variation oc~urs near 40 at.' selenium as 
a 

reported by Beyer, Mell-and Stuke [2.171. Fig. 9y 12 shows.-a 

plot against composition of the energies at which the 

photoconductivity i8 half that 
~~-~~~ 

long wavelength aide. Th~ pOinis 

of the maximum value on the 

are from the present results 

at 77 K and the broken c-urve is frpm the photocondùctivity 
, 

meas~rements of Ressler and Sutter- [2.33) at room temperature. 
~ Again, the present values are higher in the composition region 

between about 60 and 90 at.' selenium. 

) 

9~4 Discussion 

While determination-- of absorption coefficients by 

calcula~ion from phot:'oconductivity is easier than from direct 

measurements of transmittance in samples, it ~ppears to be 

less accurate. Part of this is due to lack of '; knowledge of 

the parameter~ invo1ved and part ,to the incomp1eteness of the J 

theory. Never-the-1ess, it is a fairly rapid method and can be 

used even when K ~ very high. 

'In the case of pure tellurium, ,the deduced absorption­

coefficients are general1y consistent with previously reported, 
, 

va1uès. Bowever, a possib1e absorption band is involved near 3 

pm for Eic, whose origin is not clear. It is u~likely to be 

an artifaot because it is only present for E.lc. Whi1:e no 
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previously reported direetly measur~d absorption coefficient 
1 • data appears to exist at this wavelen~th for Ble, there are 

" , 
data at 77 K for E'e from the work of Tutihasi et al ,'[7. 2}. ll\Ô 

the ir plot of (Kh \i) 1/2 ag ainst h" (see Fig. 9.4) there lé a 

kink between two linear regions at an energy 'of 0.41 eV, 

eorr,esponding to a wavelength of 3 pm. Further work is 

obviously needed on this matter. 

in 

For the Se Tel alloys there x -x 
the values of the parameters 

-..1 

o 

i9 a greater uncertalnty 

used over -the who.le 

composition range to calcula te K. Furthermore, as previously 
. 
mentioned, there are many improvements ta De made 1n_- tHe 

, sample preparation techniques. Despite this,l the calculated­

absorption· coefficients clearly show the trend of the band gap 

variation with composition. The fact that there appears to be 

~a slightly steeper change of band gap with inere~sing seieniu~ 
; 

content, starting at about 40 at. % selenium, is in agreement j 

with the suggestion of Beyer, MeIl and Stuke [2.17] that the 

transition from the direct gap of tellurium to the indirect 
\ 

gap of seleni.um occurs at this composition. A~art from 
1 

supporting this interesting possibi~ity, the present Ufband gap 

data will bé uSrfu~ from a practica~ point of view in the 

preparation of a semiconductor with a specifically 
'T 

neede4 ' 

energy band gap for a particular application or experiment. 

- J 

.. 
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Fig_ 9.1 Absorption'" coe'fficient àt _77 K p~qt.~(t 8gainst" 
wavelen9t~ for three tellurium samples with 
differ~nt tr~atment8. The parameters used for the 

.. ca~culat'lon are as folldws; ll-l~: p-4000 cr8}./V sec, 
~_ r-4 psec and s-8000 cm/liIec, 1l-AN: p-9QOO cm2/v sec, 
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CBAPTER 10 DISCUSSION AND CONCvcrSIONS 

10.1 Introduction 

- i 

In this final chapte.r the main conclusions and ideàs of 

't'h;' thesis are collected together and discussed. This is done 

firstly for the growth work and then for the 

photoconductivity studies. Some ideas for future wbrk are also 

giv~n. 

10.2 Growth of Pure Tellurium 

L\ 

~he technique of 
J 

As a result of the present work, 
/ 

growing tellurium monocrystals by the Czochralski method has 
1 • 

now reached, an advanced stage of development. Baving a high 

~ackground temperature (such. as 400~), as well as a slow 

approach of the seed to the melt prior to dipping, not only 
" 

en~ures 'a qigh yield of monocrystals but _ a~so a minimum of 

defects arising from tempera"ture gradients in the ingots. ~uch 

gradients during growth vere confirmed to have their largest 
" 

value, of around a lOOoC/cm, near the growing interface, with 
J 

an approximately exponential temperat~re variation along the 

ingot axis. The results in chapter 4 show however, tbat even 

under-the optimum growth conditions, imperfections are still 

created in the crystals. Noné-the-less, these can be greatly 
<1> 

• 
reduCêOby subsequent annealing. Detailed studies to rev~al 

J 

j 

) 

) 
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) 

the na ture of these defects were not a part of this tbesis but 

the, changes in e,çtrinsic transport 4 properties suggest that 
.J 

t'bey are carr ier traps rather than carrier scattering centres. 

The work in chapter 3 shows that it is possible to 

determin,e the 

or ientation 

direction in wh~ a crystal ~as grown by the 

of the etch pite! wif,tJl respect to the external 

surfaces~ This applies not only to 4-side~ pits on the prism 

faces but ta three (or six) sided pits on the basal planes as 
, 

weIl. The effect can be' explained if growth and etchlng {which 
o 

is a form of -anti-growth·} take place preferentially 'on three 

1 special pyramidal crystallographic J»lanes, with slower growth 
a 

on the other t,hree pyramidal planes. The slower growing planes 

arise from a larger surface density of atoms and in growth ft 

is these that form the facets whkh create the three larger 

prism planes of the ingotr. It is suspected th~t a similar 

proces~ applies to quartz~ 
) 

j 

1 
19.3 Growth of SexTe l _x Alloys 

Using the Czochralski method with gIowth rates'down to 

0.3 mm/hr, .' ~onocrystals of Se Tel x -Jf; 
were. obtained for 

O<x<O.l and: O.95<x<1.0" that is for compositions with 0 ta .J 

ta " ' 

10 ~t. % Se in Te and 0 to 5 at. % Te in Se. Sorne of th~se alloydo-", 

are .the first Czo~hràlski-grown monocrystal~ teportèd in the 

literature. 

) f, 
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For a110ys of intermediate composition: it was not 

- poss,ible to obtain ingats by the Czochralski rnethod because of 

the presence of selenium, in excess of that of the rest of the 
, fI • 

.. me~t, near the growing interface. This excess selenlum, with "a 

density lower tha-n that of the rest of the melt, diffuses away 
-:. 

so slowly that its accumulation eventually èauses the meniscus 
~/ . -

to break, thus 'preventing tne forma.t'ion of an ingot. 

foi the intermeqiate compositions it was possible 

, 
Bowever, 

_/ 

to obtain 

samples, which were crystallographically aligned to the c-axis 
~ . 

/ P 

but not single crystals" by a110wing liqÜid alloy to cool 1 

slowly over about a week. In s~ch a method, where the growth 
, , J 

ra-te was 9f ,the order of 0.1 mm/hr, the solidified material 

lies underneath the liquid, so that the meniscus problem does 
~< 

_:-' lnot arise. This suggests, that for the intermediate a11oys,' 

the Bri~g1llj,n method or a metrod ~,itlvolving fiquid phase epita~Y' 

on a teilurium substrate would be more suitable .processes than 

the Czochralski method. 

10.4 Photoconductivity iri Tellurium 

The difference in the shape of the photoconductive 

maximum near 3."S pm between the orientation EiC and Ellc was 
- -

cOllfirmed to be much the same as that previously reported for 

pure te-l1urium at 77 K. Bowever, -in the present work, it was 

found that the magnitude of the photoconductivity, like many 
c 

other physical properties, was sensitive to sarnple treatment. 

: ,1 ' 

/ 

'1 , , 
!' . 
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This was Most evident 'nea~'the ~hortest 
about l pm, where thele was a di;;erence' 

wave1ength used of 

of some two orders 

of magnitude between the respensivity of an annealed sample 

and one sUbjected to 'a light abrasive polish. This inc,rease in 

photoconductivi,ty wiffÎ annealing appears to be th~ result of 

the combined "effects of decreased -surface recombination 

veIocity and bulk lifetime and of increased carrier mopility. 
1 

/ 
These c~anges were shown in annea1ed samples by increase_d 

· -~ decay times and an iRcrease of Hall môbili ty. The existence of 

interference oscillations of photoconductlvity of the 
f 

character described by Grosse and Winzer [2.27] and attributed 

to/a damaged layer of tellurium, was not found in ·'the present 

work despite an intensive effort to observe them. 

() 

It was found that the transient photoconductivity coûld 
J 

be described approximately with' two time cQnstants. The 0 

physica1 origin of thes~ ls not known but it is suspected that 

the longer value arises frem trapping or from surface 

recombination, while the shorter' ,tJ:!P.e constant, whose 

magnitude is in micro~econds, could be due ta 
/ 

bulk 
J 

recombination. Surface recombination velocities in excess of 

10 3 cm/se~- appear to apply te telluJ; ium, even for samples 

prepared by chemical cutting and poli~I:tin9 and SUbSequentty 

_annealed. 

/ 

Some of t~e results in chapter 7-- are of interest from a 

./ 

L 
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deviee point of view, since one of the annea1ed samp1es showed 
~ 

the highest D* yet 4ktepor~ed on ~e1 t-grown . tel1uriurn. An even1 

higher value up to the/background 1imit shou1d be possible 

with further reduction of sample /thickness. Howe'l{er~ i t is' 

1ike1y that a specifie progratp would be needed to develop the 

techn<:;>logy required to eva1uate tellurium for use as an 
,,/ _/ 

infrared detector material at 3.5 pm, where it wou1d have to 

compete with existipg devices using PbS and InSb. 
/ 

The ca1culation of absorptiçm coefficient froIl\~ 

photoeonductivi ty for tellur lum ls not as accurate as it could 

be, because it 1s not e1ear how, trapping should be taken into 

account in the theory and because of J uncertainties regarding 

surface recombination processes. The ,caleulqted ~values 

...-' 

genera11y confirm the absorption édge obtained from 

transmission measurements except that there is a larger long 

j wave1ength tail in the former case, which was first reported 

by Grosse and W-rnzer [2.27]. In addition, in the present 

studies, an absorption peak was observed near 3 pm at 77 K for 
o 

Elc, which has not been previously reported. However, it will . 
be necessary to observe this peak 

.> 
its existence as a fundamental 

confirmed. 

... 

on many more samp1e's before 
j 

featur~ can be definitely 
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10.5 Photoconductivity in 

, ' 

• 

./ 
Se Tel Alloys x -x 

The pho~oconductivity measurem~nts described in chapter 

8 are the first to be measured on the Se Tel a11oys~below x -x j 

o 

room temperature. They show a continuous shift of the 

photoconductive maximum from a wave1ength of 3.7 pm in the 

~ inf~ared to about 0.8 pm close to the visJble region as the 

selenium content increases from 0 to 100 at.%. With this 

/ 

composition change, the magnitude of the photoconductivity 

increases by some 5 orders of magnitude and the de,eay time 

constants and the dark resistivity, increase by some.thing like " 

the same amount. These changes are qualitatively consistent 

with the change of energy gap which, from the absorption 

coefficient analysis, takes place èontinuously, .'except for a' 

slope change starting 'at abou.t 40 at.' Se. This may weIl be 

the composition of the transition from a direct to an indirect 
. ..../ 

gap as SU9gested by Beyer, MeIl and Stuke 
/ 

. 
(2.17]. Thus, 

despite the uncertainties regarding the sample preparation and 
• 

the limita~ions of the m~~hod ~f calculating K, the resu~ts 
Q 

are able to trace the band, gap ç::hanges. It should be 
-,,1 

- mentioned, however, that the extrapolations to the abscissa, 

in Jthe plots of calculated (Khv)1/2 versus hv, have given , 
" 

underestimates of the energy gaps of tellurium and selenium 

compared with those obta~ned from directly measured 

, 1 
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transmission and ref1ectanee. This may_ also mean that the 
( 

energy gaps given for. the alloy8 are also somewhat too smal1. 

10.6 Future Work 

Like many investigations, the work in this thesis 

answers sorne questions but raises many more. To resolve these 
/ 

further woik is needed • .. 

In the are([l of the fundamentals of photoconductivity in 

pure telluri,um, more studies' should be done on transient 

effects, particularly with background 1ight to fill trap~. 

~ur~a ~ recombina tian a1so should be measured by an a1ternate 
l ',,-- L 

met od. -In addition, a~ attempt-shou1d be made to develop a 

theoretieal model which takes into ~ccount lateral . s,ample 

dimensions and trapping. However, perhaps the rnost immediate 
. 

task would be the measurement of photoconduct~vity on many 

more annealed and unannealed samples, together with obtaining 

transmission measurements on the same material to refine th~ 

absorption edge and to see if the 3 pm banq has definite 

existence. Aecurate refleetance data are a1so needed in the 

wave1ength range 1 to 4 • 5 -pm a t 77 K. 
.-

G \ 

It has already been mentioned that <Jo to eva~uat; 
tellurium adequately as an infrared detector mat~rial, ri a 

" 
, 

specifie device program" would need to be undertaken. 'l'his 

, 
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-
would entail the preparation and mo~nting of very thin,sp~~les 

t(aving thicknesses in the range 10 to 100. pm •. quch samples 

might be obtained by etching 'bulk waf~r 5 or qy vapor growtl} on 
/ 

a substrate. ExteQsive measurements of D*, eleétrical noise 
(') -. 

and frequencj response would be n~ded. 

A widê open field of investigation is available for the 
, 

Se Tel alloys. How~ver,.;, the first. task is the preparat;i.on of 
x -x , ./ 

monocrystalline sampl~s ·under conditions where ,a 
\ " . minimuI!l of 

imperfections are introduced.' This could be done firstly by 

growing bulk' crystals by a slow Bridgman method ur by 
/, 

, epitaxial g~owth from thi vapo;. Techn~ques would then need to 

be developed for the chemical cutting and polishing of the 
.... 

samples with appropr-iate" solvents. Affer _ this stage, ,the 

samples would be ready for detailed optical and electrical 

• measurements. A simpler, more mojlest and- 'more immediate 

program, however, would be to take the material prepared in 
1 
the present"sèudy and carry through anne~~ing treatments, to 

be followed by a :repetition of the photoconductivi ty a~d Hall 

effect measurements to observe the changes. 

Finâ'py, it should be mentioned that the availability 
j 

of bulk, selenium crystals, ,sucp as have been prepared in this 
. 

pro'gram, opens the way to a number of interesting el;ctrical 

and ,optical studies. This is because the material has 'r~~~~lY 
been available in monocrystalline' form in a large enough size 
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