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ABSTIlACT 

. i 

. . 

... 

Pr~lt.ln.ry photoconductivlty studle& were made on 

t-ellurlum 8ulk single 

po lyc rys ta 11i ne 
" 

sallples. 

senlUivlty çn sample 

specifically 8 t udied. 

cry s tal sampies and t 1)1 n f Um 

The depe.de.ce' of ~it~'condU~ t ive 

thi ckness and 0 ti!ien ta t ion was, 

The spectral distribution of 

photoconductlve sen8itivity was obtained st 77 K. 

" The results indicate that the sensitivity Is not 

dependen't on sallpl~ orientation although a"clear d.ependenee 

on polarisation direction was, s"en. The sensit!vity for bulk 

81ngle crystals increases with decr~asing th~ckness, whereas 

for the thln film polycrystalline semples there ls, a 

decrease with decreasing thi~kness. An optimum thickness of 
1 

, 
about 100 microns is predicted for a maximum photoconductive 

sensitivity. 
;' 

The surfa~ce reco.bination velocitie's were calculated 
) 

from the spectral dependence of photoconductivity. 

Absorpt i on coef f ie ients we re aIs 0 ca le ula ted in t he range 
~ 

1.5 to 4 microns. A very rough estimete of D* has been 

calculated to be,2xl08 cmHztwatt-l at 23 Hz. 
~ 
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°De8 'tudes pdlilli nai r,es de 1. phot~conduc t i vi d fure~t 
. 

effectules sur des 'ch.ntillons lIonocrist.ux d~une •••• e de 

·tellurium et sur des AchanUllons d'une Iaince couche 

polycristalline. La d'pendance de la sensibllitA 

photoconduetrice selon l' 'pai.seur et l'orientation de la 

liasse furent sp'ch1e.ent hudUe •• , La d ht ri but Ion 

sp'ctrale de la sensibilit' photoconductrice fut obtenue ,l 

7,7 K. 

Les r'sultats indiquent que la sensibllitl ne d'pend pa8 

l'orientation de la masse bien qu'on ait constate une nette 
é 

d'pendance sur la di rectiQn de la polarisation. LIl 

sensibilid. pour les liasses monocrystallines augllante l 

lIesure que leur ipaisseur diminuA. alors quelle diminue dans 

les même condition pour le8 'chantillons d'une aince couche 

polyc r1 sta11ine. Une 'paleseur optillale d'environ 100 

microll~tre8 est pr'dlte avec une sensibilitl lIaxillale. 

Les vitesses de recombinaison de la surface furent 

CalCUu1. l,partir de i. dlpe.d •• ee .poetra10 dO' 1. 

photocoq,ductivit'. Le8 coefficients d'absorption furent 
1 

aussi c~lculie8' dans un ordre de 1.5 1 4 lIicrollhres. Un"" • 
1 

! 
estimA, tris priaaire du D* fut calcul' ! 2xl0 8 

c~Hzt~att-l.l 23 Hz. 
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, ,CHAPTER l .. 

" 
INTRODUCTION L 

The elemental semiconductor teIIurium exists as an 

o pti"ca 11. y uniaxial posit ive crys tal, whicb exhibits 

bÙefringence, dicbroism and optical acUvity. As bas been 

discussed elsewhere 1 , the trigonal crystal structure of 

t~llurium eonsists of 'helieal chains. each helix having 

three atoms pè~ t~rn. Tbe electronic band structure has been 

studied widely and the prime eoncern as regards the 

photoconductivity is the existence o~ a direct energy gap of .. 

approximately 0.32 eV between the valence and tbe conduction 

bands. 

The study of photoconductivity in semf;conductors has 

~een and still ~s a 
I? 

topie of great interest for many 

reasons. lt leads to • better, utlderstanding of. band 

structure and of recombinatian and trapping meehanis1Ils., In 

addition. there are) many appli~atl~nB for tbe effect. 
, 

particularly as a detector of infrared radiation. 'Altbough 

early infrared detectors were' made with polycrystalline 

fUa\ the de.el.paent. ln crystal growing and .. at_rIal 

purification techniques have ushered ln a new' era for such 

'devlces. #Semlconductors for common detectors include 

extrlns4c materiala such as germanium, doped with gold (2 to 

10 microns). with copper (3 ta 2e1 micron..s) and with mercury 

(3 ta 12 microns) on tbe one hand. On the otber band, tbere 

1 

1 
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• ,II .'Jf.€' 
• r, 
,~, -

are intrlnsic materiaIs such -as pure germaniur (1 to 1.7 

lIicrons)"indium antimonide (1.5 to 5 microns), lead sulflde 
\ 

(0.1 to 2.5 microns) and mercury;-cadmium-tellurlde (6 to 12 

mie {ons). 

2 

The performance of 
.. 

tellu rlum 
~ 

as a detector has been 

" stated2 to rival that of PbS, whlch Is a very commonly used 

1 

detector material. However, there has been insufflcient 

experimental work done on te1J.~urium to'verify its merit as a' 

photoconductlve detector, due partly ta non-availability of 

gaod single crystals and uncertaitf' samIlie preparation 

techni"ques. Apart from its possible device potential, there 

i8 a need for a better characterisation of photoconductivity 

in tellurium, especially in crysta1:s with ~ minimum of 

imperfections, since this materiai is known to be very 

~ 

susceptlble to lattlce damage. This was the motlvatlo~ for 

the present work. Further, the avaiIability of high quality 

cryetals grown in our laboratory3 by the Czochralskl method 

acted as a cataIyst for such a study. 

Speeifica1ly the dependence of photoconductlve senslti­

"" 
vit y on a) waveléngth of \ Irradiation, b) '<crystallographic 

orientation of the sample and c) thickness of the/sample was 

measured at 77 K. In aIl cases '\1ndoped tellurium samples 

were used. This study 18 of a preliminary nature and ~s such 

1iml ted ~ln scope. More detaiied (. research is needed to 

complete the characterisation. For example a 8erious attempt 
~ 

~o carry out noise measurements for evaluating tellurium as 

a photodetector was not done. 

.. 
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Review of Past Work on ~llulium 

The spectral distribution of photoconductivity . in 

evaporated telluriull fillls was studied by Koss4 in 1949. 

These films were deposited on graph~te electrodes on the 

'inner walls of small Pyre~ dewaF flaeks and had thicknesses , 

of the 'order of 1 micron, The peak of the sp~ctral 

d is tri bu t 1. 0 n was found to be around 1.3 microns with the 

samples cooled to 90 K. 

Photoconductivity studies in bulk single crystal 
I;."J 

tellurium were made by LOferski 5 ,1953, although his lIain 

Obje~~e vas to me~sure th~ optical ab~orption coefficient. 

The crystals for his ph&toconductivity measurellents were 
\ 

grown by the Bridgman method and his samples were etched in 
~ 

nitric acid. He reported two peaks in the spectral 

d1s~ribution of photoconductivlty at 3.2~ and 3.72 microns 

with the magnitude of the former peak varying with 

polarisation of the E-vector with respect to the c~axis. 

Edwards and Kercad~ calculated the theoretical. limits 
~ 4 

of performance of tellurium as a photoconductive detector, 

11mited by background radiation no~se", and the predi~ted -
Noise Equivalent Power (NEP) was 5.1xlO-l~ watts. They 

reported an even smaller measured value of 3.1xlO-13 watts, 
f 

but did not elaborate on thls result. 

studied the steady-state and transient 

photoconducllj,-ve behavlQur in tellurium "'single crystal •• His 

samples were obta.ined by cle'aving the crystal at liquid 

nitrogen temperature, shaping into units with side arms b~ a 

jet of abrasive particle~, etching in a chromic-hydrochlorlc 

3 

" 

. 
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acld solution and fiJlally givlng'" a 1:reatlllent in hot 

eoneentrated sulfu~lc. acid. He" found a response tiDre of 350 

Il sec for T<.77 l{, whlch dec reased with Inc i~se 0 f the 

intensity of radiation. These result were explalned ln 

terms of a trapping model. 

~ A detailed study of photo onductivlty in telluriulll was 

c'arrled out by Grosse an inzer7 • 
""­

They, used undoped bul'k 

sIngle c-rystal tellurlulIl samples of diffèrent thiclLnesses; 

, ~ 

eut abrasively and subsequently etched. They lIleasured the 

spectral dependence at 77 K and the photoconductlve decay to 

'de te rmi ne the lifetime of excess carriers. ln their' 

an.lY81s, whlch ia used in this thes 18, they calculated, t""~ 

recomblnation veloclties to be ,in the range 545 to 1300 

cm/sec. for the (lOÏO) surface and 2800 to 3500 cm/sec for 

the (00<;)1) plane. They also noticed polarisation dependent 

oscilla t Ions in the photoconduc t ive sensi t i vit y, which we re 

attrlbuted to the presence of! a dallaged surface layer ... 

Thes!s Structure 

The structure of the present thesis Is as follows: 

The theory of pho toconduc t i vi ty i n ~ a aemiconductor ia 

preaented in Chapter Il for an in!)nitely long sample, ~hich 
1., ,lA 

ls_ cODsidered adequate for the analysis of the experll1lental 

reaults. The lIlethodt of preparation of the 84J11pIes, both.in 

1aonocrys talline bulk for. < and pOlyerystall1ne thin fU. -
form, Is descrlbed i~ Chapter II. This is followed by a 

description of the apparatus and lIe.sureme~,t techniques in 

Chapter IV.' The results of photoconduct'ivlty measure_ents 

; ....... '11,..' 1 •• 1'illliftllfiliCVu'i"Îliilt,eo,iifr.- ~'''''_~,.t ................ _" "h,"""""-",',A""._ ,-", ( ..... ~.(., 
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are pre-s.nted in Chapter Vt ~ll.d aoalyzed in respect to 
, . 

s-urface reto.bination ve.loei ty and absorption coefficient la 

Chapt'er VI. Tbe relul,t. of tbe atqdy are discu88e~ finally 

in Cbapç,er yU. For the convenlence· of the re'ader a Uat of 

teI.1l. co.-.ooly used io photot.onduction "ork 18 collected 

together in Ta.,l~ 1.' 
~~. '; , . , 
. - ... . 
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NEl 

NEP 

Jones' S 

D* 
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TABLE l 

Photoeonduetivity 

, 
NEP 

S,· 

D* -

/ 
! 

i 

~ t7 

Ise Equivalent In'ut 

(Wat t c.m- 2) 

," .feNA // / 
- --_-~~P~ / Noise Equivalent Power 

V ( //'1 i (Watt) 

• 

\/ J 
'--

f 
(-) 

Af 

A (Af.) 

v 

.J 

Jones' Sensitivity 

(Watt em- l ) 

Normalized Detectivity 

(emBz watt- l ) 

.. 
Spéelf~e Sensltlvit~ 

(cm watt- l ) 

Je • ras value of energy flux (watt cm- 2 ) 

v - rms value of sIgnal voltage as measured (volt) 

N .- rms noise voltage (volt) 

A - area of the cell (em 2 ) 

Pn - n~8e eq'ui valent pover (watt) 

f - 'luaodulatlng frequency (Hz) 

AI. -ftequency bandwidth (Hz) 

Rp - da rk. resistance of detectoX' (ohm) 

Rs -lOjld rest'stance (ohm) 
.7 

'- 6 

Vb -' bias voltage 8"pplied aeros'If the deteetor and load 

resistor (volt) 

1· 
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CHAPTER II 

THEOIY OF PROTOCONDUCTIVITY 

\ 
\ , 

2.1 Quallta~ive Description of Photoconductivity 

Photoconductiv1ty is the proces8 by which the electrlcal 

conductivity of - a material i8 changed by incident 

electromagnetic radiation. Absorption the 

1 incident 
. , 

energy causes an exce8S generation of current 

\ 

. 
carri~r8, over and above ~he ther.al equilibriua level. Due 

to this addition of carriers, an enhanced conduction occurs. 

conduction band .. 
• • 

l 
forbidden band 

... 

valence 

{ 
Fig. 2.1 

In the, simple" case of an intrinsic se.iconductor 

materia!, th~ conduction and the valence bands are 8eparated 

by a forbidden' band of wid th Eg. When this \Ilaterial 18 

irrad1atf~d by monochromatic radiation, the wldth of the 

7 
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" 

"," 
forbidden band deter.ines whether the mate ria! 18 

transparent ta the radiation or op~que. An incident photon 

wlth an energy greater or equal to the gap energy will be 
" 

absorbed. In terlll. of the wavelength ~a of" the radiation, 

th'e condition for photogeneratlon of carriers Is glven by, 

~hc/Eg where h 1.s the Planck' s constant, c Is the 

velacity of 11ght and Eg Is the gap energy. 
& 

2.2 Si.plified T~eatment of Photoconductivity 

Suppose ligbt incident on a plate of semlconductor of 

length 1. width w and thickness d (Fig. 2.2) generates 

electron-hole pairs ln It at a rate of g per second per unit 

~v " Il 
, volume • 

d 

'-

Fig. 2.2 

Suppose the length of the sample is sufficlently large 

and the biss Va. applied across the sample, 18 sufficlently 

small, thllt the time required for the carriers ta traverse 

the length. (the transit tlme) ls much longer thsn the 

11fetlmes '\n and ''\p of the excess electrons and holes 

respectlvely. 

Assume further that the recombinstion rate at the end 

contacts ls the same as that in the bulk of the material. 
" 

8 
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Case a) Thick sample d » l/v.. 

Supposé the thickness d la large compaf~d ., ~ 
with the 

reciprocal of the abaorption.~oefficient K. BO that aIl the 

incident radiation. at a flux of J photons per sec per clll2 

on the sample. is absorbed. The total number of exceSB 

electron- hole pairs ~nerated in the salllple ls therefore 

given by JQlw, where Q ls the quantum efficlency. usual1y 

as'sulIled to be unIt y • If g is the generatlon rate per unit 

volume, then the average value g in the sample is. 

JQlw JQ 
(2.1) g • • 

\wd d 

electron an~ole conc~ntrations An and AP The excess 

are given by An - g t'n and AP • g'tp' respectlvely. Hence the 

incr •••• in conducti vi ty t.) 10 given by. 

AfT - ÀneJln + Apep p ' where )ln and Pp are the electron 

9 

and hole mobi-lities respectively. Thus in the case under' 

consIderation, 

(2.2) 

In Many extrinslc semlconductors the mobllity-lifetille 
" 

product of one type of carriers is much larger than that of 

the other. Hence, under the assumption that Jlp"tp » pn"Cn , 

.!. eJlp'l'pJQ 
~tr' • e8Jlp1'p - --,...--­

d 

Thus, the photon induced conductivity 

Inversely 4S the sample thl~kne88. 

change 

The relative photoconductive change ls given by, 

Afr - -

(2.3) 

varies , 

(2.4) 

• 'f 
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where no and Po are the equilibriu~ values of the electron 

and hole concentrations ~8pectively. If t~e sample is 

extrinslcally p-type for example, then Po» no and 

(2.5) 

The transit time tt' the time taken by the holes to 

traverse the length of the sample under the electrlc field 

E, is glven by, 

length t l2 
(2.6) tt - - • 

drift veloclty ppE Pp V,o 

The photoconductlve cu rrent change AI is given by, 

V -e}lp"l'pJQ Vo }lpV o 
AI - '.10" 0 wd - wd - eJQ(_)w1:'p 

T d ,. l 

't' (2.7) 
r • eJQ --f. wl • 

tt .\) 

Let F - incident photon current - Jwl. Then, 

• 
A. I _ eQ ft' p (2.8) 

photon induced current 

incident photon current F tt 

The quantity ~p/tt 18 referred to as the photoconductive 

gain. 

Case b) Thin sample d (<. l/K 

If the sample thlckness d 18 much 1ess than l/K, then 

the number of photons absorbed per unit area ls JKd and the 

number of electon-hole paiJjs generated per second in the 
• 

sample 18 given by JKdQwl. Hen'ce the rate per unit vplume 

is, 

g -
JKQdwl 

lwd - JKQ • (2.9) 

1 
""$",.III!;$$jl!lllll,~/III!': •• "7"'P_"_W'foUi_rtt~-"'''\<>'.t ~"" 1.,<) 

'" )""': 

,,~v~<fI..., .... ~ ... 1.._ " "'..!:~ t ~,;tI ~""",,1'".o:..~~.,,,f>t'''' ~h'v , 

10 
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Ond'e agaln assuming Pn"n «. ppTp • then with Ap· g"t'p. 

the inc~se in conduct!vity i8 given by. 

(Q (2.10) 

Thus for a thin film sample, the photon induced increa8e 

ln conductivity is Independent of sample thickness. 

The relative change for an extrlnsic p-type sample 18 

e~pJKQ~p _ JKQTp 

el1p po Po 

~ More Exact Treatment of Photoco~ductivity 

(2.11) , 

The simplistic aS8umptions made in the previous section 

are not always applicable and hence a more rigorous analysi8 

ia made in this section. 
o 

The continuity equationa for holes and electron8 are. 

dAp AP 1 
• g - div j+ 

dt 'rp e 

dAn An 1 - g - + div j- , 
dt 'rn e 

1/ 
where g • JK exp(-Ky) 18 the generation 

photoexclted carriers- and j+ & r are the diffusion 

densitles of holes and elec~.on.a.., respectively. 

The two current densities a~'~~en by 

j+ - epppE - eDpgrad p ~ 

(2. 12) 

(2. 13) 

rate of 

current 

(2.14) 

(2. 15) 

where On and Dp are the diffuslvitÎq for electrons and 

holes respectlvely. 

Subatituting equations (2.14) & (2.15) into (2.12) & 

(2.13) glves us 

d4P 

dt 
- g -

AP 

't'p 
- PpP divE - ~pE.grad p + Dpdiv grad p (2.16) 

11 
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dAn 

'ëi""t 
1 
A.suming a low level of,,;,Vlumination, àP ,., 

-.,;.,1 t' 

re-write equations (f.16) & (2.17) as follows: 

dAP . AP 

- An we can 

• 
dt 

g - - PpP divE - ppE.grad p +'Dpdiv grad p (2.18) 
't'p 

d4p 

dt 

.toP -L 
• 8 - --- + Pnn divE + PnE.grad P + Dndiv grad p (2.19) 

'tn 

As sum! ng 1'p - 1'n -,.. and combining the two equations 
~ 

(2.18) & (2.19) gives, 

dAP AP • 
• g - ___ + ~E.grad p + 0 div grad P • 

dt 't 

~ 

It is assumed that the sample 18 sufficiently long, that 

any gradient of p along the x direction m~y be negl,ected. 

AccordingIy the tenD uE.grad p maybe taken as zero, sinee 
" 

th~ applied electric field ft and the gradient .of pare then 

normal to each other. This further-.simplifies the equation 

to, 

dl.p -- -dt 
g - AP + 0 div g rad 6P 

't 
(2. 20) 

In the case of the simple rectangular sIab und~ 

J dAP consideration, w,lth steady state co ditions, where • 0 
. dt 

equation (2.20) can be written as, 

AP d2AP o - JKexp(-Ky) - + D 
'l" dY"2" 

or Bubstituting L2 - D~, 

d 2AP' 
L2 - ÂP • -JK't'exp(-Ky) 

d?" (2.21) 

--.... ; "1',$,"'" fOI, - ......... _ .. ~"""'.rIiM4 .. *# ........ >-.~" .. 40 .... _ .... __ f «II • 
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l t 1s shown in Appendlx 

equatlon bas tbe solut 10n for 

A 

tbe 

Chat 

total 

tbi. dlff.r •• tl~_ 
number of exceS8 

carriers; 

- exp(-Kd) + IL 
(KL-~)eXP(-Kd)-(KL~1~-

'. h d 
1 + CIl·coth-

2L 

(2.22) 

where 0(.. 8L/n • s 't:./L and s Is the surface recomblnation 

velocity. The change in conductivity 18 glven by, 

(2.23) 

By inspection of equation (2.22) one can Bee tbat as Id 

goes to zero tbe ~lue of AP also reduces to zero. This i8 

understandable since K • 0 means that there is no absorption 

, ~ , 
and l}ence no photoconductivity.· Further, as Kd goes to 

inflnity. 4P reaches a constant value of 

J't' 
(Al\) - 1 . 

.. 1+~oth{d72L 

lt can also be shown tbat equation 42.22) has a maximum 

val u e 0 f AP a s a fun c t ion 0 f K d • Ph Y s 1 c a Il y the r e as 0 n for 

the decrease following the maximum with increase of Kd ia 

that as K gets larger, the layer withln which carriers are 

'" 
generated gets smaller; this leads to a decrease in tbe 

doncentràtlon of excess carrlera, and hençe ln photo-

conductlvlty because high recomblnatlon occurs at the 

surface. Wlth the maximum of AP denoted by AP max , curvea of 

AP 1 APmax were ,plotted as a function of Kd, from equation 
, 

(2.22), for various values of ttI.. and four flxed values of 

d/L. These are shown ln Fig. 2.3 through Fig. 2.6 and will 

be used ln connection with the analysis of results in 

Chapter VI. 
1 
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CHAPTER III 

TELLURIUM SAKPhE PREPARATION 

, Heaaureaents of photoconductivity were made on two types 

of tellurlum Bample, one in 'hulk single crystal form and the 
• 1 

ather in the form of a polycrystalline thin film. In this 

chapter the techniques Involve4 ln preparing hoth types of 

sample are descrlbed ln detail. 

1 

The huik samples vere prepared from high quality 

~ellurlum, monocrystals, grown in 

~Czochra18ki method wit~ a starting 

our lab6rat ory 3 by the 

material of 99.9999% pure 

tellu ri um (Comi nco },single zone refined) • Thé boules 

consisted of hexagonal prisms pulled paralle~ to the c-axis 

and vere roughl~ 2.5 cm in diameter and 10 cm in length. 

3.1a Slieing and surface'pollshing 
. 

Thin sllces vere tut from the lngot using a string 

'" solvent vith a chromic-hydrochlor~c acld mixt.ure 

(comp,osltion ero3 : Hel H20 ln the ratio 1 gm 1 gm : 3 

ml). A cutt.1ng rate of approximately 1 mm/hr llas used, 

" eneuring no pressure on the crystal froe the string. This 

method of cutting avoids structural damage to the ~aterial. 
1 

Followltrg tl).;18, each slice was rinsa'" firlt in 30% 

hydrochloric adid 801u~ion and then in distilled de-iônfsed 

18 
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water. The slice was next aounted on a 'polishlng block of 

• >'-, ~ 

brass or al u.inu. wi th black wax ln the following _anner. 

The pollshing block and the telluriua sllce were heated 
+ 

slow!y on a hot plate with the w,x applled to the pollshing. 

block. When the vax 6egan to aelt the heated tel1uriua-slice 

was placed on lt and âllowed ta cool. After this, any wax on 

"" the surface of the sllee vâs removed using a Q-tlp dipped ln 

trichloroethylene (TC~), .follove'ft by a rinse in pure ethyl 

~ 

alcohol. vhich reilloves an, ,TeE left over .. F1.nal1y the slice 

vas washed in dlstilled va~e~. 

The sllce' vas then chemically pollshed ln '8 solvent 

po~ lshing machin~ (cons t ruct ed in our labora tory) using a 

chtomic-nitric acid mixture (composi,tlon Crû) RNO) R2 0 

in the ratio 1 gm:'" 2 gm: 4 ml). The poli&h1.ng vas contlnued 

until a smooth and shiny surface was obtained. Next the 

slicé was 
'/ 

carefu!'!y removed from the block.f by 

melting the wax. cleaned in TCE and remounted on the bloc k 
1 

with the other face exposed. The new face vas cleaned vith a 

... ,Q-tip ·dipped in TCE t rlnsed in alcohol and finally in 

distilled water. This face vas now chemieally poliahed until 

the surface- 'was smooth, shlny and had the approximate 

required thickness. 

3.1b Sample cutting 

Rec tangular samples about 8 mm x 2 ma in size were cut 

from the sIiees using the soivent aaw while still mounted on 
1 

the polishing block. F~llowing the cutting, the samples were , 

washed in TeE. rinsed in alcohol and" then ln distl11ed 

water. After thIs, they were etched for about a minute in 

, / 
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,. 
the chrolÎlc-nltrlc acld mixture J r1nsed ln 30% hydrochloric 

acid and flnally washed ln distilled water and dried. 

The saaples were eut 
(~ 

in' the three .specific orientations 
..-

shown in Fig.).1. Table""-, II gives the ditnensions and 

orientations of aIl the bulk sa,ples studied. The smallest 

sample tblckness of 0.25 ~ was found ta be the minimum size 

wblch could be fabricated without 

prepara ti0IJ- and moun t ing prace~ss. 

J.le Mountlns into holder 

breakage in the 

.. The sample holde:r, as shown ln Flg.3.2 was a rectangular 

plate of, brass l~ mm x 8 mm, baving an° inaulating plate in 

the middlé of which tbe sample was placed. As shawn in 

Flg.).3, one end of the sample was attached to the holder 

uaing a low tempe rature ~lting solder (composition Sn 

Bi Sb in the ra t.io 50 47 :3 gm) which served as an 

eiectricai and thermal conta'èi at the same time. The other 

end of the sam pIe was left free J apart from the 136 gauge 

copper wire soldered to it acting as the second" electrode, 

-enabling expansion and contraction of the sam pIe to tAke 

place during temperature changes wi tho ut 'introducing 

internaI stresses. 

The soldering was the most delicate operation ln the 

samp,le preparation and gl'eat care was needed ta avoid any 

damage to the sample in t his process. 

3.2 Thin Film Samplès 
d 

/b 

Three thin film tel1urium samples were fabl'icated by 
t 

evaporating high pur1.ty (99.9999+ %) tel1urium ori"to a glass 
h / 

:ta 



« 

( 

substrate. Contacts were f.prmed by sputtering gold at the 

ends as described below. 

3.2a Substrate preparation 

~yrex glass slldes 18 mm x 18 mm were used as 

substrates. They were deaned in detergent solution', rinsed 

in distilled water and dried in a stream of compressed 

ni t r<;>gen. In each ca se the slide was placed in a vac;,uum 

cham ber , shown diagramatically in Fig. 3.4, and pum ped down 

using a rotary vacuum pump, to a vacuum of about (j.l torr. 

The glass sl1de was then subjected to ion bombardment for 
l 

further decontamination. 

3.2b Electrode depositlon 

After the substrate ioo bombardmeot. the chamber was 

pumped down to a lower pressure by opening the baffle valve 

to the diffusion pump. Then argon was introduced into the 

chamber and the pressure of the gas was maintained at 0.1 

torr by manipulating the gas flow and the baffle valve. 

Chromium was sputtered on the glass as a first step in 

obtaining good gold contacts, dnce a base film of chromlum 

was found necessary to improve the adhesion of the gold film 

to the glass; a .gold film alone w11l peel off very easily 

when lelads are attached to it. This step was carried out by 

placing a chromium target under the substrate and applying a 

high voltage r.f.ls~pply between the target and ground. 
Î 

This work was 'carried out wi th the assistance of' 

Dr.M.C.Jain l.~ This results tn a film of chromium deposited 

on the substrate. The pattern of the contact ares was 

deflned by a specially shaped mask shown in Fig. 3. 5, which 

21 
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.. 
vas place'd betveen the substrate and the target and in close 

il 
c-ontact vith the former. W1th the chrom1uBl deposited, the 

,target vas then rotated "and a g61d target pos1tioned for 

22 

sputtering. The gold film vas then deposited on top of the 
/ 

chromium film using the same mask. 

3.2c Tellurium deposltion 

The substrate vith the sputtered gold contacts vas then 

placed in the evaporation c:hamber vith the mask shqvn in 

Fig.3.6 placed in close contact with i,t., The evaporation 

apparatus 18 shown ln Fig.3.7. The tellurium was evaporated 

from a quartz crucible heated by a molybdenum foil heater. 
~ 

The subs t ra te, ~ which was he'ated by an ordinary 
), 

solderifng 

Iron element attached to the substrate holder J vas arranged 

at a height of about 10 cm above the crucible. Both the 

heaters were electrically controlled by te m pe rat ure 

controllers. Iron-constantan (type-J) thermocouples were 

used to measure the substrate and crucible temperatures. 

The substrate controiler vas set to 150°C temperature 

and allowed to stab11 i ze for an hour or two. Then wi th the 

shutter closed, the source was heated to a temperature of 

430°C, just below the melting point of tellurium. This 

temperature _.!as chosen 1n order to keep the evaporation rate 

sufficiently low. Next the shutter was opened for the 

required time, d'ependin~ on the film thlckness desiredt. 

After the evaporation, the heaters were turned off and the 

substrate w~s allowed 
1 
1 

system. 1 

1 

to cool down na"turally in the vacuum .., 

, :R"" ; .. (~ .. *~_ ....... ~, "'~-,.. '''' -,. 4f - 1 ~ ~i-. '_~ .. l..u;.,. ;""""'I:>oI't- .If'" "'_ ... <.. .... ,to. '( .. ...AI>-<. , .... ~ , .~ ~ ....... , '4., .... "''"" 
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Electrical leads were attached to the contact pads uaing 

a smaii pellet of indium press~d onto each gold area. A #36 

gauge copper wire was then soldered to the blobs of indium 

using a ,.1.ow temperature soldering irone It has been found 

that indium pressed onto gold in this way makes a good ohmic 

contact. Other methods of malc.ing contact to the gold were 

found to be unsatisfactory, as the gold film peels off 

easily up.on heating. The sample was then mounted in the 

sample holder shawn ln Fig.3.S secured in the cryo8tat. 

3.2d Au-Te-Au structure 

A gold- tell uri um-gold sand wic h st r uc tu re, as sho wn in 

F1g.3.9 was also fabricated by alternate deposition of gold, 

tellurium' and gold on a gl:!.1's substr~te. This was done to 

check if gold forms an ohmie contact with tellurium. This 

experiment was performed since previous samples made with 

evaporated aiuminum contacts showed extremely high 

resistance due to the blocking nature of the, junction. 

•• 
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TABLE II 

Bulk Samples used in Photoconductivity Measurements 

1 ~ 

Dimensions 
1 

(mm) Orientation 
Sample no. 

Length Width Thiek. Bias curr. Plane of 
to c-axis ilIum. 

CZ-77-1/A 9 1.8 parallel (1010) 

CZ-77-l/B 8 2.0 0.25 perpend. (lOlO) 

cz-77-1 le 8 1.9 perpend. (0001) 

CZ-76-10/A 8 2.1 parallel (lOlO) 

CZ-76-10/B 7 2.5 0.80 
: 

perpend. (1010 ) 

CZ-76-10/C 8 2.0 perpend. (0001) 
1 

cz-7 6- '})O / A2 9 1.8 parallel (lOlO) 

CZ-76-20/B2 8.5 1.9 1.20 perpend. "(I010) 
, 

(OOOÎ) CZ-76-20/C2 9 1.7 perpend. 

CZ-76-Z0/Al 9 2.0 parallel (lOLO) 

CZ-76-20/Bl 10 1.8 2.20, pe rpend. (lOlO) 

CZ-76-Z0/Cl 10 1.7 pe rpend. (0001) 

, 
The Ietters A, B, C refer to the sample cuts in the 

orientatiohs shown in Fig. 3.1. 
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Fig. 3.3 A v1ew of the sample aounted on the' sample holder 

and flxed to the cryostat. 
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CHAPTER IV 

KEASUREKENT TECHNIQUES AND APPARATUS, 

Photoconductivity, mea~urements we re ca rried out by 

applying a d.c. bia"s ta the sample, illuminating it vith 

chopped monoc'hromatic radiatiort'" and observing the a.c. 

signal develope'd across it. In this chapter the measurement , 

procedure and appâratus used are descri bed. 

4.1'Monochromatic Illumination Source 

A Perkin-Elmer model 13 spectrophotometer was ,used in 

the single beam:!l mode ta provide monochromatic radiation for 

illuminatlng the sample. This unIt is shown schematically in 

Fig.4.1. 

4.1a Source unit 

The source i unit consists of a Nernst glower, through 

which an eleetric current ls passed to maintaln it at a high 

tempe rature , yielding almost blae kbod y radiation'. The 

radiation is c'ollected and focused by a set of mirrors and 

is int~rrupted at, 13 Hz by a mechanical chopper. 

4.tb Monochromator unit 

Monochromatic, ra~tion is obtained in the following 

way,. The beam 18 fir8t passed through an NaCl prism, 

reflected by a Littrow mirror, passed back through the prism 

and then focused on a narrow slit inside the unit. This 91it 

allows only a select wavelength band of the dispersed beam 

ta pass through it. Thus the resolution in wavelength can be 

" 
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i.proved by red ucing the sIl t wid th. However this grea tl y 
, 

reduces the energy density, 80 that a cOll\proaise has to be 

reached between resolutlon and intensity. The monochrom~!;ic 

, -
radiation at this internaI exit slH can be 'switched, by 

~ 

means of a plane .irror ln the monochromator optics, either 

to fall on the thermocouple detector or to come out through 

an opening in the unit. 

4.1c InternaI detector and amplifier 

A vacuum thermocouple with a KBr window (Re~der Inc.) 

mounted in the Perkln-Elmer spec tropho tometer was used to 
'/ 

measure Ù the ~nergy passing through the instrument. The 

output from this detector is fed into a built-In amplifier, 

which selectively amplifies the 13 Hz a.c. signal using a 

reference signal taken from the chopper unit. The chopping 

of the beam avoid s any drift' in the amplifier 

characteristics and ~ny variation of thermocouple output 

with background radiation. 

4.2 External Apparatus 

A 8chellatic diagram of the complete experimental setup 

ls shown in Fig.4.2. The external components of this, 

consisting of the external optics, cryostat and measuring 
i", 

circuit, are now descrlbed. 

4.2a Optics 

A 'spherical concave mirror (focal 1~ngth·10cm) was'used . .' 

to focus the I?eam diverging from the exit slit of the 

monochromator onto the sample (Fig.4.3). This mirror was 

placed near the opening in the back of the monochromator at 

34 
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an angle of 45° to the beam. The mirror cou1d be ti1ted and 

shifted by adjusting screws on Hs mount. 

4.2b Cryostat 

An Oxford Ins t ruments cryostat was used ta cool the 

sample to 77 K, at which temperature most of the 

measurements were made. A cross-sectional view of the 

cryostat is shown in Fig.4.5. 

The cryostat consists of a long narrow cylinder, through 

which a flow of coo1ant is maintained by a rotary vacuum 

pump. A solid metallic bar at the end of this cylinder 

serves as the cold finger on which the sample holder is 

mounted. A hoilow brass cylinder fits around the cold fing~r 

and acts as a shield. The entire cryostat is surrounded by a 

metallic jacket. A window (IRTRAN-2) in this jacket allows 

the beam of light to pass through, as shown in Fig.4.4. The 

\ 
tranimission characteristics of the IRTRAN-2 window-material 

are shown in Fig.4.6. The cryostat was evacuated to reduce 

thermal los ses and a1so to keep the window from fogging. 

A thermocouple attached to the ,co1d finger was used to 

measure the temperature of the samp1e. Lead-throughs in the 

c'ryostat permitted bias supply and output connections to be 

, " 
made to the sample. 

4.2c Measuring circuit 

The samp1e was provided with d.c. bias by, a battery of 

,7.5 volts in series with a resistor, whose value waS 

( approximately that of the sample. A Princeton App1ied 

Research HR-8 10ck-in amplifier was used to measure the 

output from the sample. This Is a highly 



) 

( 

-

frequency-selective amplifier operating by multiplying the 

signal and a reference voltage from the chopper and then 

filtering the product. 

4.3 Calibration of the Thermocouple Detector, 

The vacuum thermocouple detector within the 

monochromator unit was calibrated to measure the energy 

den/ y ,at 

photovoltaic 

the sample 

detector was 

surface. 

used for 

is shown schematically in Fig.4.7. 

A cali brated silicon 

this process. The setup 

The silicon cèll was placed at the same position where 

the sample was originally located, in front of the external 

concave mirror. At each wavelength the plane mirror within 

the monochromator unit was switched to illuminate first the 

thermocouple and then the silicon 
\ 

de te c t 0 r. Th e 0 u t put 0 f 

each was noted down. The total energy incident on the 

silicon cell was found by looking up its calibration chart 

. 
at that wavelength. The area of illumination of the silicon 

detector was measured in the visible range and assumed to be 

the same in the infrared range. The energy density was 

obtained by dividing the total energy by the area of 

illumination. Thus a relation between the energy density at 

the sample surface and the thermocouple output waS obtained 

at each wavelength. The thermocouple was calibrated from 

·0.65 micron to 1.0 micron by this method for a flxed slit 

width of 0.25 mm. The resulting curve is shown in Fig.4.8. 

J The thermocouple detector is a hest sensing devicë and hence 

its output is independent of the, wavelength of radiation. 
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The calibration over the range 0.65 1.0 micron supports 

this assumption and hence the same eurve has been 

ex trapola.ted up to 5 microns. 

4.4 Photoconductivity Measurement 

~ 

The sample in the evaeuated cryostat was placed ",ln front 

of the concave mirror. The source was swltehed on and the 

cu rrent through the glower was slowly" Inereased to the 

preset val ue • Liquid nitrogen was pumped through the 

cryostat and the flow was regulated to maintaln' a slow rate 

of cooling around 5 K per min. A rapid cooling causes 

thermal damage to the sample and produces excessive 
''l 

imperfections 
) 

in it. J 
Once the sample was eooled to 77 K, it was illumlnated 

with the monochromatic radiation and the signal developed 

aeross it was measured. The distance between the sample and 

the concave mirror was th en adjusted, so that a maximum 

signal was obtained. 

AIl the measu rement s' were carried out with plane 

polarised radiation obtained with a Cambridge Optic8 Co. 

wire grld polariser placed between the chopper and the 

monochromator. Measurements were done at severa! points in 

the wavelength range 1 - 5 microns, noting the output of the 

vacuum thermocouple and the signal from the tellurium 

sample. An upper limit of wavelength of 4.5 microns was 

found, b~yond which there was a sharp drop in sensitivlty. 

( 
The lower limit of 1 mie ron wa s due to the red uc tion ln 

transmitted energy from the monochromator. 

,1 , 



) 

( ) 

Variation of photoconductive !!ensitivity 

, 
with 

temperature was obtained, by noting the signal output from 

the sample for the wavelength corresponding to the peak 

sensitivity at different temperatures. The temperature 

change was ob ta Ined by aiiowi ng the cr y08 ta t to warm up 

after the flow of liquid nitrogen had been sto'pped. 

Variation of photoconductive sensitivlty wlth chopping 

f requenc y was' al so ob ta ined at the waveleng th of maxImum 

sensltlvIty. In order to do this an external d.c. motor with 

a rotating dise was used. This disc was placed between the 

source unit and the monochromator unit. A reference signal 

was obtained through a photocell which was a1so illuminated 

by the 11ght Interrupted by this chopper. 

"Il_.!,",. ""'; ___ ....... _WL.~~ ......... -..-'-- ... -- ... , .... "" . ., ... ", "' . 
.. !#'~ 
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CHAPTER V 

PHOTOCONDUCTIVITY REgULTS 

. 
In this chll.pter the results of' the photoconducti'vity 

.easure.enta carried out as described in Chapter IV, are 

presented for the two types of sample. 

A schematic diagram of the measuring 

circuit -1s shown i~ Fig. 5. 1 • The 

batter,. of,Vb volts applies a d.c. bias V
b 

of Vo to the sample of resistance Rp in 

series with a l'esistol' of valué Rs. The 

~hange in the vol tase ac ross the sam pIe 

due to the incident infrared energy is 

AV. lt i8 app~rent from this diagram 

that the relative change in conductivi~y 
AfS lJ. V Rs+ Rp 

is given by --­
(Jo Rs 

• 

Fig. 5.1 

The photoconduative sensitivity is hereby defined as the 

relative change 1n conductivlty per un1t incident enel'gy 
A6 AV 0 Rs+Rp 

flux Je. that ia or 
60 J e VoJ e Rs • 

This quantity ls plotted for the various samples wlth Je 

calculated from/the theraocouple outp~t and lts calibration 

curve. 

5'. L Bulk Samples 

. . 
In 'the case of bulk telluriua sa.p~es the variation of 

photoconductlve sensitivlty with a) waveleng th, 

_~~ ______ ..Io-_____ . 
... ;lOI 4é['''' .."...,... 

, 
\ 
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c h} temper~ture an~ e) modulation frequeney was measured. The 

monochromator s1it width was held constant at 0.25 mm 

throughout the messurements. 

5.1a Variation with wavelength 

Log-linear plots of photoeonduetive sensitivity at 77 ~ 

versus the wavelength of irradiation for the samples eut in 

the 'A' orientation (see Fig. 3. l for the various 

orie~tations) is snown i1\ 'Fig. 5.2 & Fig. 5.3 respectively 

for the E veetor parallel and perpendi.eular to the c-axis. 

Similar plots for the samples eut in the 'B' orien~ation are 

sÀown in Fig. 5.4 & Fig. 5.5 and for the 'e' 'll'ientation 

~ (E perpendicular ta c-axis only) in Fig. 5.6. 

It ie noted that as the wavelength i8 redueed, the 
, 

sen.itivity increases to a m~xlmum value followed by a 
lIIIfIIit, 

dectease. This decrease is gr~dua1 for E para1lel ta c-axis: 
/ 

bu~ is )nitla11y steep and then gr~dual for E perpendicu1ar 

to c-axis. This difference of shape is brought out more 

cIe a r 1 yin F iog • 5.7 where the resul':s for two 

polarl~ations of E are eompared directly. 

It is a1so noted that on the short wavelength slde of 

tha maximum there 18 a marked dependence on thlckness, with 

an increase ln sensltivl.ty with a decrease in thickness. In 

this regi~n unduiations superlmposed on the gradua~ decrease 

are a1so noted for some of the samples. 

With orientations "A' & 'B' the monochromatic radiation 

wa~ ~ncident on the (lOTO) plane, while wlth orientation 'c' 

the (0001) plane was illumina.ted. FIgs. 5.8 & 5.9 show the 
, 

photoconductive sensiti'Vity for the" three 

" 

't'S' 

samp1e 

47 



,',) 

1 

1 
1 " 

() 

-

- -,-,"~-----

orientations A, Band C with sample tldcknesses of 0.25 mm 

and 0.8 mm respectively. Comparison of these two figures 

indlcates that there 18 not a clear dlfference 

photoconductlvity between the three orientations. 
~ 

5.lb Variation wlth temperature 

ln 

Due to the low level of the photocond uc t 1 ve sIgnal, 1 t 

was on1y possible in the present work to measure the 

variation of photoconductivity with temperature at the 

wavelength of maximum sensitivity. The results for the 

sample CZ-76-10/B are shown ln Fig. S.10. It ls noted, that 

there i8 a sharp drop of sensitivlty above 120 K. Since 

sample resistivity was found to be approxlmately constant in 

the range from 77 to 120 K, this decrease in photo-
, 

eonductivity must be due to a decrease of lifetime with 

Increasing temperature. 

S.le Variation with fr~quency of modulation 

The variation of photoconductivity with the frequeney of 

ehopping of the infrared beam, measured in the manner 

described in Chapter IV, is shown in Fig. 5.11 for the 

sample CZ-76-10!B at the wavelength of maximum sensitivity 

and 77 K. The slope of the decrease was found to be 

approximately 20dB/octave which, suggests a simple 

exporl~ntial decay of carriers wlth t1me. The time-constant 

of this decay i8 approximately 1.6 msec. 

5.1d Estimate of detectivity 

Some preliminary noise measurements were made on a 

sample 0.1'" mm thick at ReA Resea rch Laboratories, 

St~ Anne de Bellevue, Que., with the kind assistance of 

48 
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Dr. E.J. Fjarlie. The noise voltage was lIIeasured'across the 

unilluminated s8mple at 77 Kt with the same bias as used in 

the photoconductivity measurements. This noise was measured 

at a frequency of 23 Hz and 'a bandwidth of 5.7 Hz. The noise 

equivalent power (NEP) calculated from this was 1.86xlO-9 

wa tt at a waveleng th of 1.94 microns. The corresponding 

detectivity n* was 4.46xl0 7 This value 

extrapolated ta 3.7 microns, the wavelength of maximum 

sensitivitYt gives a detectivity of at 

23 Hz. 

5.2 Thin Film Samples 

Three thin filIll tellurium samples were fabricated, 8S 

described in Chapter Ill, with thicknesses of 0.8, 3.65 and 

6.5 microns. The variation of photoconductivity with , 
> 

wavelength is shown in Fig. 5.12. It is noted that the 

'" max ima occ ur at much sho r ter wa veleng ths com pared to t hose 

for bulk samples. The 

increase in sensitivity 

other 

with 

notable difference is thre 

incre8se in thlckness as 

< 

opposed to the decrease observed for the bulk samples. 

/ 
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CH,APTER VI 

, 
INTERPRETATION OF RESULTS 

, 
The results glven in Chapter V are now examlned in 

h 
respect of the dependence of ~hotoconductivity on aample 

thickness and wavelength. Arising from this, calculationa 

are presented for surface recombination velocity and 

absorption coefficient. 

6.1 Thlckness Dependence 

A log-log plot of the photoconductive sensitivity at a 

fixed wave1ength of 2 microns against thickne8"8 for the 

various samples Is shown in Fig. 6.1. "The data sh9wn can be 

divided into two groups, one for the thin 

po1ycrystal1ine samples and the other for those- in bulk 

single crystal forme Major differences between the two ~ 

groups are evident. a 

The bulk s ingIe crystal samples \ show an increasing 

sensitlvity for a deèreaslng thickness. A straight line of . , 
slope -1 drawn through the, points 1s approximately 

consistent ,with the g~neral trend of the results. This 

indicates an 'approximate variat~on of sensitlvity as inverse 

thic'kùllSS, le. A(f~~o"l/dJ as. expected from equation (2.3) 

of, Chapter II. 

The' t~in film samples on the other hand show an 

-increasing sensi tiv~ty with increasing thickne.ss. According 

to ~, the simple t tea tment preltented in Chapter Il, 

1: 

j 
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o 

equatlon (2.11) for example, one expects the sensitlvity to 

be Independent of the thickness for thln samples. Hovever, 

referring to equ~.tion (2.22) of the more exaët treatment of 

photoconductivlty, ln which the surface recombinat ion 

veloc1ty 8 ls nonzero, it can be shown that for small 

thicknesses the re 1s an 1ncraase ln sensitivity w1th 

increase ln thlc kness • Physl call.y, this can be ex plalned as 

follows. The recomblnatlon at the surface ls f:Jter than ln 

the bulk of the sample and hence the excess concentration 

near the surface 18 lover. As the sample thickness is 

increased this lower concentration layer occupies a smaller 

fraction of thè sample, so that the average photo-

conductiv1ty increases. It should be noted, however, that if 

s-O at the incident surface, no increase af pha to-

conductivity vith sample thickness would occur • 
. J 

From Fig. 6'.1 ft would appear that the optimum sample 

thic kness for ac hieving maximum pho tacand ucti ve sens i tl vit Y 

ls of the order of 0.1 mm. 

6.2 Surface Recambination Velocity for Bulk Samples 

In order to interpret the, results of the pho t 0-

conductivity measurements according to the theory pri'!se,nted 

ln Sec. 2 •. 3, it ls convenient to express the r.esults in 

terms of photon sensitivity, defined as t1fS"/( ()oJ). This 

quantity 19 the relat! ve change 

Incident photon 

of conductivity per unit ., 
and ls plotted against 

" 
wavelength for t'he various bulk samples in Figs. 6.2 - 6.6. 
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As noted the peak of photon sensitivity 1& generally 

followed in each case by a long tail as the wavelength of 

illumination is decreased. Superimposed on thls ~ecrease are 

undulations, which will not be considered for the present. 

The general decrease conforms to the theory presented in 

Chapter II, where i t was shown t hat wi th inc rease in the f 

value of absorption coefficient (corresponding to a decrease ,{'_' 

of wavelength), the sensltivity beyond the maximum decreases 

towards a constant value. Ac.c.ordingly, the ratio At:.o 1 APmax 

was obtained from the ratio of the 'plateau' to the maximum , 

photon sensitivlty for a particular sample from the 

correspondlng plot 

Figs. 2.3 2.6 

in Fig. 6.2 - 6.61" By using the curve in 

with the ~ppropriJte d/L value for this 

sample, the value of 
1 

1 
was determined. The surface 

recombination ve10city s was then ca1culated from the 

formula ri.. =s t/L. The diffusion length L emp10yed in this 

expression was found using the relation L -j'D'r - fkTv-n1'/e-

3.64 10-2 cm, with an assumed 1ifetime of 10-4 sec and an 

electron mobllity of 2000 cm 2vo1t- 1sec- 1 • Values of s were 

determined in this way for aIl the samples. and the averaged 

results for each sample are 1isted in Table III. 

It i5 noted here that there ls a consider~'Qle spread of 
\ 

the average values from about 1200 cm/sec to 5300 cm/sec. 

Whl1-; Grosse and WinzerY. reported a higher s value for the 

'(0001') plane compared with the (loiO) surface; this ls not 

~vident from the results presented ln Table III. 
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6.3 Absorption Coefficient 

The absorption coefficient K of the samples as a 

function of wavelength was calculated from the plots of Fig. 

6.2 to Fig. 6.6 in the following way. For a given sample the 

ratio ÂP/AP max at a certain wavelength was obtained from the 

appropriate photon sensitivity plot. Then the value of Kd 

corresponding to this ratio was read off the curve in Figs. 

2.3 - 2.6 for the appropriate d/L ratio and rJ.. value. From 

\ the known thickness d. the value of Kwas found. This was 

repeated for other wavelengths until the complete wavelength 

range was covered. Fig. 6.7 shows the K values' for the two 

polarisations (Elle and EJ..e) of two samples eut in the 'A' 

and 'B 1 orientations (Fig. 3.1). The photon sensitivity 

plots of these samples are given in Figs. 6.8 St 6.9 •. 

For comparison the results of Blakemore & Nomura 9 are 

also included in Fig. 6.7. It is noted that there i5 a clear 

dl f f e renc~ be tween the variation, of K. wi t h wavel engt h for 

the tWQ polarisations. 

o 
.' b 
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TABLE III 

# 

Calculated Surface Recombination Velocities 

Sample no. Surface Thicknes8 8 

(mm,) (cm/sec) 
, 

CZ-77-1/A 0.25 2708 

CZ-76-10/A 0.8 1476 
(lOÏO) 

CZ-76,-20/A2 --1.2 1409 

CZ-76-20/A1 2.2 1653 

CZ-77-1/B 0.25 2298 

CZ-76-10/B 0.8 5300 -
(lOlO) 

CZ-76-20/B2 1.2 2553 

CZ-76-20/BI 2.2 2870 

CZ-77-1/c 0.25 2549 
, 

CZ-76-10/c 0.8 3816 
(0001) 

CZ-76-20/C2 1.2 2551 

CZ-76-20/cl 2.2 1205 

( 
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C'iAPTER VII 

, 
" DISCUSSION hND CONCLUSIONS 

.. 
1 

',e' Signi~ic,ance\ of," the. resu}.ts and the conclusions 

drawn "f,r/om thèm" toget~r ~ wit,h a discussion' of apparatus 

short,éJm"ingS and associ~Jted ... errors are now pres,ented. 

7.1 Discussion.o.: 

tt was '5hown in Chapter il that the photoconductive 
• p 

'S\nsiti~ity 'is ,g,reatly influenced the surface by 
\ 

,~combination vélocitY s~ The-4 ·rather -:lwarge , scatter in the 
• 

result"'s from on~' lS-!lple to ~n,"ther suggests a wi<ie variation 
, ' 

l " .. 

in.sutf4ce conditions. T~e sensi~ivity to sample preparation , 
• has )also

l 
-.een .d~monstrated elsewhere1 ., 10 by re-etching the 

5 

wample . Burfa~e, resulting in a generall~ i"ncreased 

'photoconductivity. 

Sinc'e ..... the' (0001) surface ha_f' dangling' covalent .bonffs, 

...... \ ' 
face does n6t, one aight expect the ~ whereas 

. '-" 

the 
• r!\ , 
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surface recomb'inati~ velocity to be higber for th~ ')-or~e~/1" 

planes. This W~$ indéed reportéd by Gr~s.e & Winzer 7 but 'vas 
~- 0,., . r '" 1 

,\ ' 'aot co~fir-.ed i\,f t1:he present ·vork. Ho';~(ver, their'!; samples 

, .. ne' .e{t abraB'iVe1Y' .. ith, a .. 1re aà .. and 8Ub.eqUeat;~ etehed, 

flia hot conre,n~i:at&d su,lf~~~c ~d. while ours vere 

c,!ea1!ca111 r't aD~· P&,I.~,ah.~ ;, .. 1thO,~Z aDy abr .. ~ ';~"at ,Dt 
at all.- Neve"rtheles'8, 'i1: i,8 Roâ's~ 1?}F in t~' pr~s"~ vork. 

th,a"t S layer of, oxide va,8 left be4l1ad by the che.leal - /' 

lead lO'enhanced' s-values. aega~d~a8 
"'\.. • 1 

tr~atment 'which could 
,; 
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o 
~-

J 

,~ 
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\, h 

'-1 
values of in Table Ill, sh'ould be re9alled that the s, it, 

t~esè were ealeulated assuming a lifetime of (o-4see • While 

\ 

the use of a smaller value of ~ hardly affects these values, 

a larger lifetime would reduce them. 

The undulations of the photoconductive sens'itivlty la 

dlscu~sed next. Lofers'ki 5 observed only secondary 

maxi~um at 3.24 microns (for both E"c and BLe) and believed 

t~ai it ar08~ from the fundamental band structure of 

"4:), 

tellurium. Grosse & Winzer7 on'the other hand have observed 

se,veral secondary maJC.lma and minima and these were 

attributed to Interference in a 'Beilby layer' of disturhed 
( " 

or dJ'maged i\llurium some 1 to 2 microns thick. They a1so 

found that the minima (maxima) for Ellc coincided with the 

maxima (minima) for EJ.c. These undulatlons disappeared, at 

least for EJ.c, afte/etchlng in hot co,\centra;--ed, 8u1fu~Lc 
acid. lIn the present work such a çoincidence has -not PJl'en 

observed. A more 1ikely cause of the. undulationlf, in the 

writer's opinion, 
:1 

o 
ls atmospheric absorption. As seen in Fig. 

4.2 t'he'tdist~nce travelled 
'. 

by the monochromatic beam of 
\ 

\:')light to the ,tellurium sample 18 longer than that to the 

>\thermocouple detector • Therefor~, in th '. esence \ ~' flof 

. 
atmospherie absorption at certain wavelengths. less en~rgy 

reaches tbe tellurium S4mple than the -thermocouple detector. 

T'his consequent 1;,;;.'» reduces the measured photoco~ductive 

sensitivity, since the energy flux a~ the samp~e surface is 

estimatèd from the energy incident on the ~hermocouple~ The 

.fdct that the measur.ed incident energy at th4:- detector a1so 
, 

showed u-n'dulatlons J"' at about the same wave1eàgths adds 

strèngth 'to t~,s ,hypotbesis. 
, 
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'In addition to -the 'sources of error described Aboye, 

there are others" which should be pointed ou»' Due to the 

re1ative1y low energy output, especia11y at' longer 

wavelengt'hs, of the monochromator arising from the Nernst 
.' 

glower, it was necessary to have a fairly wide sllt width of 

0.25 mm in order to obtain a measurable photoconduc tivity. 

This S'lit width ,corresponds to a band width of 0.2 microns. 

Thus any fine structu~e in the spectral distribution would 

not be resolved. 
\ 

In measuring photoconductivlty, care was taken to Avold 

illuminating the end contacts to the samp1e. As a result o~ 

this Pt:.tocon",ductlon was restricted to only about 80% of the 

length of""the sample. Consideration shows that due to' this 

the sensitiv~ty plotted in Fig~. 5.2-5.6 should be increased 

b~ about 15 to 20. %. tIn addition there would be a ,\ifference 

in traft~mission between the ,indow of the thermocouple 

detectdr (KBr) and that of the tellurium sample (IRTRAN-2). 

§ • 

The reflection 10ss of about 45% at the tellurium surface 
~ 

also needs to be considered if one wants to c~ulate the 

abso'l:te sensitivit,y to absorbed radiation\ However, these 

various correc~ions have not been applied, since the 

" calculations of sand K involve 'on!y relative changes of 

sensitivity. 

The\absorPtion ~~~fficient, as calculated in Chapter VI . 1 f 

follows the genera! trend reported by Blakemore & Nomura9 \Q, . 
l\ 

tha t curves for E;J.c are much s teeper t han those for Elle. 

This confirms the genera! bellef that'the tran~it,on for E~c 
, , 

. -
is ~irec~. The present absorption coeffi~ientv extend to 

\ 

• b 



.. 

• 

o 

lower wavelengths than those of Blakemore & Nomura 9 and 

differ from tbem iomewhat in absolute magnitude. lt fa seen, 

in any case, that photoconductivity measurements can be used 
, 

ta calculate absorption coefticie~ts~ acc~rately in the 

wavelength range whére transmission measurements are 

extremely difflcult due ta the strong absorption. 
..-

The measured detectivity 0* ~f 2xl0 B cmHztwatt-l at 

23 0 Hz given ln) Chapter V 

eatimate of the ;rtual value. 

one would have ta study the 

i8 o'nly a very 
o 

conse'rvative 

lt should be pointed out that 

variation of noise wlth biaa 

current, chopping frequency, etc., to obtain ,an optimal 
./l. 

dperating point with. the hest noise performance. Since this 

w~rk was 
1-

only a preliminary stud1f, such noise 
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characteristics were not measured. In ,any case, during the Ji 

photoconductive measurements, most of the ,"oise observed 

originated froIDi' SOUl'ces extern11 to t~~, sample. Edwards, 

Butter and McGlauchlin 11 have reported a tellurium de~~ce 

with a detecti'(f:(ty of 
t 

under 
Q 

background limited noise conditions at a frequency of 900" 

Hz'. While th;1s value is some three orders of magnitude 

h 19he r Ç.han our estimated 

be rbughly aceounted for 

measuring frequencles, 

figure abov'~, 1 the dtfference 

by the ditference of the 

can 

two 

sinee the semiconductor noise 

decreases approxlmat~ly a~the reciprocal of the frequençy. 
\ 

Leaving noise considerations aeide, the' sensativity 
1 

between 2 and 3.5 microns ls greater for EUc tha/. for B.Lc , ~ 

and thus lt would appear tJ:1at this ls the' pret1frred 

" orientation from a devi.ce point of view. Fig. 6. i suggests a 

~l 



( 

, 

maximum sensltlvty for a sample thickness of 0.1 mm and 

""<J. 

bence an optimum ,device èonfiguration would be a tellurlum 

crystal some 100 microns thick with the (lOiO) plane1ex~osed 
~ 

to the incident radiation. 

7.2 Summary of Conclusions 

It~ Is convenient to summa rize tbe conclusions the 

present study as follows. 

Bulk monocrystalline tellurium samples /, 

1) The spectral dlstrlbutlJ~ of photoconductivlty was 

confirmed to have the main features reported 

previously7, namely a maximum at a longer wavelength for 
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E.1..(! than for E" c an'cl also a correspondingly steeper. 

2) 

de-trease with decreasing ,wavelengtb • Tbus fô"'r E "e the 

photoconducitiv~ty Is larger than for Elc between 2 and 
I\~"'y 

3.5 microns. 

The 
(' 
photoconductive 

• 
sensitivity at 77, Kwas found to 

increase wlth decr€aslng sample thic~ness approximately 

in accordance with tbeory. 

3) No dependen,ce of photoco~ductivity on the crystalline 

orlenta~ation of the sampIe w~s found. 
~ 

4) A difference of surface recombinatlon veIocity between 

the (0001) a?d )(.loiO) surfaces was note confirmed. The 
.} 

magnitudes ranged from about 100~ to 500Q cm/sec. 

5) Abs o r,pt,fon coefficient values calculated from the 

results ex'tended to lower' wavelengtbs tban those 

previously reported from transmission mea$urements 9 • 

.. _____ "' ___ .. _ ... !I>~ __ a.__ 
q 

" 

~:. ' .. 
~ '~, ' , 
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) 
polycrystalline thin film samples 

6) In t'he thin film polycrystalline samples, the photo­
\ 

conductivity increased with increase of sample 

thickness. The phot ocond uc t i v i ty maximum was displaced 

to shorter wavelengths compared with the bulk samples • 

7) An optimal • sample 
.. 

thickness for maximum photo-

conductivity i8 estimated to~ be about 100 microns • 

.7.3 Future Work 

A great deal of further work ls needed oh tellurium 

Photoconductivity· both from a scientific and a devlce point 
;;:.J 

of vlew. Some suggestions for future work on this tapie are 

1 1 ste d be la w • 't 

1) ( Samples wi th side arma should be used ta elimina te any 

effect of the contacts. 
~ ~ 
2) Experiments on, samples prepared with different surface 

treatmenta shoùld be condueted ta achieve a consistent 

'value of s. 

3) Energy incident on -the samp\le should be measured by ,a 

calibrated detector placed in, the sample plane. Thus 

effect of atmospheric absorption could be eliminated. 

c 

4) Photoconductivity measurements should he - made at 

different t~mpèratures. 
, 

5) Lifetlme me8:sure,e'ents should be made on the samples to 

--accurately relate theory\to the experimental results. 

Keasurement8 of noise as a function of sample contacts, 
T 

biasing co~ltions, and frequency should he ~ade~ 
" 

7) Attempt~ should be made ta grow monocrystalline thin 

film tellurldm on a substrate. - . 
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APPENDIX A 

It Is required to solve the dlfferentlal equation 

l 
'j 

d2AP 
L2- - ÂP • - JK1' exp(-Ky) 

dy2 

hv 

Fig. A.l 

(A.l) 

':1: 0 

In regard to the situation ln Fig. A.l, ~ere the samplè i8 

assumed to be infinitely long, the solution Is. 

y y JK~ 
ÂP .. A cosh- + B sinh- + ---:--~ 

L L 1 - K2L2 
(A.2) 

This is verifled as follows: 

dtlp A Y B Y JK't" 
- - sinh- + - cosh- - K exp(-Ky) 

dy L L L L '1 - K2L2 

d2dP A Y B.o Y JK"t' 
-- - - cosh- + - slnh-: + K2 exp( -Ky) 
dy2 L2 L L2 L 1 - K2L2 

'(A.4 ) 

A.lxL2 - A.2 glves 

d2.i1p Y y JK't . t 
L2- - AP - A cosh- + B sinli-- + K2L2 exp(-lCy) 

4y2 tL L 1. - lC2L2 • 

. " 
A hy B sinh'- -- cos --

L 1; 1 

JK't . 
..; K~2 exp( -Ky) 

- - JK ~ exp(-Ky) ~ 
\ 

Bence the solution (A.i) la verlfied. 
q • 
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Boundary conditions: 

The diffusion currents at the two surfaces (Fig. A.t) are 

given by: 

dAp 
1) -D- - -.11> s 

dy 

dAp 
11) -D- - Ap s 

dy 

at y - 0 

at y - d 

i) A Y B Y JK"t" 
-D[- sinh- +- cosh- - ---2-2 K exp(-Ky)] 

L L L L l-KL. 

y y JKl' 
.. -8 lA cosh- + B sinh- + 2 2 exp( -Ky) J 

L L l-KL 

At Y - 0, 

B JKt' JK t' 
-0 L + 0 1 _ l{2L2 K = -st - s 1 _ ic2L2 

B -
JKt 

tJ...A + (KL+00 1 _ K2L2 

d6P 
11) -D - .. 6P s 

dy 
at y ,. d 

sL 
where ri... =­

D 

A Y B Y JKt' 
-0(- sinh- + - cosh- - K exp( -Ky) l 

L L L L 1 - K2L2 

y y JK't: 
- s [A cosh- + B sinh- + exp( -Ky)] 

L L l - K2L2 

At Y - d, 

d D d d D d JKt' 
Als cosh-+-sinh-) + Bls sinh-+-cosh-)-(DK-s) exp(-Kd) 

L L L L L L 1 - K2i2 

L sL 
Multiplying both sides of the above equatlon by""" & with o{.-

D' . 0 ' 
d d· d d " JK't' 

A{ cl..cosh-+s1nh-] + B[ ~slnh-+Co8h-) - (KL-oO --2-2exP(-Kd) 
~..... L L " J.. L 1 1 - K L . 
-r ,~. 

" 
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·( 

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

(JK't 
Substituting B sa .J A +(~\ we get 

'" "vv 1 _ K2L2' 

d d JKt d d JKl' 
A(or.cosh-+sinh-)+[o(A+(KL+oI..) 2 2] (ot.sinh-+cosh-)-(la.-oI.) 2 2exP(-Kd) 

L L l-K L L L l-K L 

d d d JK't d d 
A [.c.2s1nh;;-+U,.cosh-+sinh- )---2-2 [(KL-o()exp(-Kd)-(KL+ct.) (cI,.sinh-+cosh-») 

, L L L l-K L L L 

\'j 
Il 

d d 
(KL-ol)exp( -Kd) - (KL+ct)(oI..slnh-+cosh-) 

L L 

d d d 
( cl.. 2sinh-+201..cosh-+sinh-) 

L L L 

and 

d d 
o({KL-oC..)exp( -Kd) -o!.(KL+ct.) (p(s 1 nh-+cosh-) 

JK~ L t 
B - l-K2L2 d d d 

( cl2 sinh-+2o(,cosh-+sinh-) 
L L L 

[j d d 

t
(KL~)eXP(-Kd) - o(,(KL+~)(~sinh-+cosh-) 

JK~ L L 

l-K2L2 d d '- d 
( ol2s1nh-+2ol..cosh-+sfnh-) 

L L L 

B -

.. d' d d 
(KL+o!J(cl2sinh-+2o/.cosh-+stDh-) J' 

L L L 
+ ------------------------d d d 

(at2 sinh-+2otco/ll/.f-+slnh-)" 
L (fL L 

.. d d 
~(KL-~)exp(-Kd)+(KL+~(~C08h-+slnh-) 

L L 
~ 

d d d 
(d.,28 inh-+2c(,cosh-+s1nh-) 

L L L 

JK't' 
+ (KL+OÙ 22 

l-K L 

" 
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j') ~d )d "J "J JKt . 6r. hP dy - [Acosh-+Rsinh-+--exp(-Ky)] dy 
o 0 L L l-K2L2 

d d Jr 
• ALsinh- ,+ BL(cosh- - 1) + [1 - exp(-Kd)] 

L L l-K2L2 

d d 

J"t' d 
(KL-~)exp(-Kd)-(KL~)(~sinh-+cosh-) 

L L 
- KL sinh-

l-K2L2 L 'd d d 
(~2s1nb-+2o{cosh-+slnh- ) 

L L L 

d d 
cl. (KL-oC.) exp( -Kd)-(KL+ol)(c/,.cosh-+sinh-) 

J~ d L L 
+ KL(cosh- - 1) ---------------

l-K2L2 " L d d d 
(~2s1nh-+2~cosh-+slnh-) 

L L L 

J't 
+ 2 2 [ l-exp( -Kd) ] 

l-K L 

d d d d d 
With sinh- .. 2sinh- cosh- & cosh-" 2s1nhZ-+ 1 

L 2L 2Lo L 2L 

J 't", 

~ .1 'd d 
~(KL-cl.)exp( -Kd)- (KLfoO (c(sinh-+Cosh-) 

d d L L 
2sinh-cosh-

2L ZL ~ d ~d d 
(r:J.,2sinh-+Zot.cosh-+sinh-) 

L L L 

C>~ d d 
C!l(KL-Dl)exp( -Kd)- (KL+o()(c:J.cosh-+sinh-) 

L L 

d d d 
(~2sinh-+~osh-+slnh-) 

L L L 

+ 2 ZlCL[l-ex p(1.Kd )1 
l-K L 

d d 
(cosh-+ sinh-)(KL-d.)ex p( -Kd) 

d 2L 2L 
2s1nh-

2L d d d 
(ot.2sinh-+2~cosh-+slnh-) 

L L L 

86 

d d d d d d. d d 
(KL+Ill)(Q.cosh-sinh -+sinh-sinh -..- -c(,Jinh-cosh - -cosh-cash -) . 

J'tKL d ... -L 2L ,L 2L L 2L 1) L - 2L 
+-'-

l-K2L2 
2s1nh- -. 

2L d· d d .. ~ 
(CI(,2s1nh- +2c(cosh- +sinb-) 

L L L 

J"t' . r. 
+ '1.-2 [l4!xp(-Kd)] 

l-K L2 
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.... 

.. JtKL d 

2 2
2s1n11.-

1 K L 2L 

d d (KL-o{)exp(-Kd) - (KL+e(.) J"t 
(oC.,slnh-+cosh-) + 22[I-exp(-Kd») 

2L 2L d d d ' l-K L 
, (oC.,2sinh-+2c(cosh-+sinh-) 

L L L 

d d d d ,d 
sinee sinh- cosh- - cosh- sinh- - cosh-

L 2L"'/) L' 2L 2L 

J't'KL d d d (KL-d..)exp( -Kd) - (KL+ol) 
~"p"" --2-22sinh- (cosh-til(.slnh-) --------------------

l-K L 2L 2L 2L d d d d d 
(c;l22sinh- cosh- +4o(slnh2-+2D{+2s1nh-cosh -) 

2L 2L 2L 2L 2L 
J't' 

+ l-K2L2 [l-exp( -Kd)] 

d. d d d d' 
rl.22sinh-cosh-+4J.sinh2-+U.+2sinh-cosh-

1 2L 2L 2L 2L 2L 

d "d d 
ot2s1nh-cosh-+ol.sln~-+ 0{ 

2L 2L 2L 

d d d 
2s1nh-cosh-+U.slnh2-

2L 2L 2L 

1 +~'--------------------
d ~d d 

olslnh2-+s1nh-cosh--
2L 2L 2L 

d d d d, d 
ol.2 s inh- cosh-+Q(slnh2- -kosh2- +oC..cosh2- +0(. 

, " 2L 2L 2L 2L _ 2L 
a 1 + -----------------------------------

d d d 
a(. s inh2- +sinh- eosh-

2L, 2L 2L 

d d d 
,,2s1nh-cosh- +o{Cosh2-

2L 2L 2L 
la 1 + ------------

d d d 
oI.sinh2-+s1nh-cosh-

2L 2L 2L 

d 
.. 1 + çJ.. coth-

2L 

,. 1 + 

" d d d 
ot.~osh- (o(slnh- +cosh-) 

2L ~ 2L 2L 

- d u d 
(d,sinh-+Cosh-) 

2L 2L 

Wlth this, the solution 'for 6'P reduces to: . 

E ~ "",p(-Kd) 

~ 

1.. 

\ 
, 1 

(KL-«)exp( -Kd) - (KL+o()] 
+KL 

d 
1 +clcoth-
l 2L 

\ \ 

, 


