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ABSTRACT ¢

- [

. v

Preliminary photoconductivity studies were made on

tellurium Bulk single crystal samples and thin film

polycrystalline samples. The dependence of‘Jg toconductive

sensitivity on sample thickness and op%encation , was,

~

specifically studied. The spectral distribution of

" photoconductive sensitivity was obtained at 77 K.

.

The ;esulcs indicate that the sehsitivityl 1s not
depéendent on aanplé orientation although a‘clear dependence

on polarisation direction was seen. The sensitivity for bulk

single crystals increases with decreasing thickness, whereas

t @

for the thin film polycrystalline samples there 1s. a
decrease with decreasing thickness. An optimum thickness of

about 100 microns is predicted for a maximum photoconductive

sensitivity. . g

1

The surface recombination velocities were calculated

from the dependence of photoconductivity.

°

spectral
Absorption coefficients were also calculated in the range
]

1.5 to 4 wicrons. A very rough estimate of D* has been

calculated to be.2x108 cmuziuare-l at 23 Hz.
o

.
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C o : RESUME | |

!
‘Des &tudes préliminaires de la phot#conductivit! furent

effecfu!es sur des &chantillons monocristaux d'une masse de

tellurium et sur des &chantillons d'une mince couche ‘

. polycristalline. La dépendance 'de la ~sensibilité
photoconductrice selon 1l'&paisseur et l'orientation de 1la

masse furent spécialement EtudiBes. . La distribution

spéctrale de la sensibilité& photoconductrice fut obtenue &
77 K. A

Les résultats indiquent que la sens;bilit! ne dépend pas
}'orientation de la masse bien qu'on ait constate une nette

¢ dépendance sur la directigogn de la polarisation, La

sensibilitia posr les masses monocrystallines augmante @

mesure que leur &paisseur diminu&, alors quelle diminue dans

les m@me condition pour les &chantillons d'une mince couche

"

polycrystalline. Une &paisseur optimale d'environ 100

1y

micromd3tres est prédite avec une sensibilité maximale.
Les vitessea de recombinaison de la surface furent

calculées A partir de 1a dépendance spectrale de 1la

photoconductivité. Les coefficients d'absorption furent

l
aussi calculées dans un ordre de 1,5 3 4 micromdtres. Un™ .
/

’ /
estim&@  trds primaire du  D* fut calculd & 2x108

chﬂz*watt—l_l 23 Hz.

Q
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" CHAPTER 1 . . ~
x

0
INTRODUCTION.

LY

The elemental semiconductor tellurium exists as an
optically wuniaxial positive crystal, which exhibits

birefringence, dichroism and éptical activity. As has been

discussed elsewherel, the trigonal crystal structure of

tellurium consists of ‘helical chains, each helix having

three atoms per turn., The electronic band structure has been

studied widely and the prime concern as regards the

v

phogoconductivity is the existence of a direct energy gap of

approximately 0.32 eV between the valence and the c%nductfon

_ bands. , %v

The study of photoconductivity in semficonductors has

been and still {1is a t%pic of great 1interest for many

reasons. It leads to a better: uhderstanding of . band
structure and of recombination and trapping mechanisms. In

addition, there are, many applications for the effect,

particularly as a detector of infrared radiation. “Wilthough
early infrared detectors were- made with polycrystallgne
filnék the developments in crystal growing and material
purification techniques have ushered in a new era forﬂsuch
‘'devices. iSemicon&uctors for common detectors inclide
extrinsdic materials such as germanium, doped with gold (2 to

10 microns), with copfer (3 to demicrong) and with mercury

<

(3 to 12 microns) on the one hand. On the other hand, there




¥ o C o~
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are intrinsic materials such .as pure germanium (1 to 1.7

microns), .indium antimonide (1.5 to 5 microns), lead sulfide
. 1
(0.7 to 2.5 microns) and mercury-cadmium-telluride (6 to 12

micgons)., P .

Ty

The performance of tellurium as a detector has been

statedz to rival that of PbS, which is a very commonly used

detector material. However, tﬁere has been 1insufficient
experimental work done on Ceﬂ%urium to verify its merit as a
photoconductive detector, due partly to non-availability of
good single «crystals and uncertai® s;mﬂie preparation
techniques. Apart from its possible device potential, there
is a need for a better characterisation of photoconductivity
in tellurium, especially in crystals with a ninimum of
imperfections, since this material 1s known to be very
susceptible to 1att1ce‘danage. This was the motivation for

the present work. Further, the availability of high quality

crystals grown in our laboratory3l by the Czochralski method

acted as a catalyst for such a study.

Specifically the dependence of photoconductive sensitij\

vity on a) wavelength of irradiatfbn, b) vcrystallographic

\

"orientation of the sample and c¢) thickness of the+sample was

measured at 77 K. In all cases wyndoped tellurium samples

-

were used. This study is of a preliminary nature and as such

limited .in scope. More detailed s¢research 1is needed to

complete the characterisation. For example a serious attempt
%

to carry out noise measurements for evaluating tellurium as

a photodetector was not done.

“w &

-
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Review of Past Work on Tellurium -

s

The specfral distribution of photoconductivity . {n
evaporated tellurium films was studied by Moss? in 1949,

These films were deposited on graphite electrodes on the

“inner walls of small Pyrex dewar flasks and had thicknesses

'S

of the ‘order of 1 microns The peak of the sﬁéctral

-

distribution was found to be around 1.3 micraons with the

sanples coole&‘to 90 K.

Photoconductiv}ty studies in bulk single crystal
tellurifum were magi by Lofe;:ski5 Q%&1953. although his main
obji;;}ae was to measure the optical absorption coefficient.

The “crystals for his phstoconductivity measurements wefe

1)
grown by the Bridgman method and his samples were etched in

7

nitric acid. He reported two peaks in the spectral
distribution of photoconductivity at 3.24 and 3.72 microns
with the magnitude of the former peak varying with
polarigation of the E~vector with respect to the cr-axis.
Edwards and Hercad;2 calculated the theoreéical limits

L &
of performance of tellurium as a photoconductive detector,

limited by background radiation noise’, and the predf;ted

Noise Equivalent Power (NEP) was 5.1x10"13 watts. They

reported an even smaller measured value of 3.1x10713 Wﬂt;'-
but did not elaborate on this result. ”
vigh studied the  steady-state and transient
photoconductive behaviqur in tellurium”single crystals. His
sampleg were obtained by ‘glehving the crystal at liquid
nitrogen temperature, shaping into units with side arms by a

Jet of abrasive particles, etching in a chromic-hydrochloric

?

!

:

N
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acid solution and finally giving' a treatment in hot

concentrated sulfuric acid. He found a response time of 350

psec for T&77 K, which decreased with increase of the

intensity of radiation. These result were explained in
terms of a trapping ‘model.
k) A detailed study of photoconductivity 1in tellurium was

-
inzer’, They . used undoped bulk

carried out by Grosse an
single crystal tellurium samples of different thicknesses;
cut abrasively and subsequently etched. Tﬁiy measured tﬁe
spectral dependence at 77 K and the photoconductive decay to
“determine the 1lifetime ofﬁ excess carriers. In thefir
analysis, which 18 used in this thesis, they calculateé,thg‘
recombination velocities to be .in the range 545 éo 1300
cm/sec for the (1010) surface and 2800 to'3506 cm/sec for
- :

the (0001) plane. They also noticed polarisation dependent

oscillations in the photoconductive sensitivity, which were
attributed to the presence of a damaged surface layer,,
j ’

Thesis Structure

The structure of the present thesis is as follows:

The theory of photoconductivity 1in, a semiconductor |is

¢

pregsented in Chapter II for an 1nE§nitely long sample, which

iy e

»

18 considered adequate for the analysis of the experi&ental
results., The method: of preparation of the samples, boih_in
nonocryetal{igf bulk form_ and polycrystalline thin film
form,’is described in Chapter I1. This 18 followed by a

description of the apparatus and measurement techniques in

Chapter _IV.n The results of photoconaucfivity measurements
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are presented 1in Chapter V' and ‘annlyzed "1n respect to

surface recombination velocity and absorption coefficient In

'

Chapfei VI, The results of the liqdi are discussed, finally

in Chapter VII. For the convenience.of the reader a list of

¢

tenns' commonly ‘used in photoconduction work is collected

- 3
together in Table I.” ~
< - © .
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- ® TABLE I
\ ﬂ
Photoconductivity Figufes of Merit
01 ) » 7 *
JeN
RE1 NEI = v S— .. Nolse Equiwvalent Input
4' (Watt em™2)
A3 //
- B s ) eNA /// / ,
NEP NEP = v - = Py /7 Noise Equivalent Power
( //\ ) (Watt)
\\N/ ~
» ! Pn f
. Jones' § 8§, = - (ji?) . Jones' Sensitivity
" L T : / (Watt cm‘l)
s N A (af) :
D* D* = — Normalized Detectivity
n

(cmHz watt'l)

&

Specific Sensitivity -
(cm watt'l)

V. (Rp+Rg)?2
7 JeVp AR Rg

Jo = rms value of energy flux (watt cm'z)

: V = rms value of signal voltage as measured (volt)
. N .= rms noise voltage (volt)
, A = area of the cell (cnz)

*

Py = mg}se equivalent power (waté)

f = ‘modulating frequency (Hz)

Af = frequency bandwidth (Hz) Co-
= dark resistance of detector (ohm)

. J
Rg = load reésistance (ohm)

O
<

o
'

‘bias voltage applied acrosg the dqtector. and load

-

resistor (volt)

ok A r Bl % Wiire 83w o




o CHAPTER II

THEORY OF PHOTOCONDUCTIVITY

\ o
2.1 Qualitative Description of Photoconductivity

~Photoconductivity is8 the process by which the electrical
conductivity of . a material is changed by incident
electromagnetic radiation, Absorgtion of some of the
incident enéfﬁy causeg an excess generation of current
carfiers, over and above the thermal equilibrium level. Due

to this addition of carriers, an enhanced conduction occurs.

‘ «<
conduct%on band
¢ . .
forbidden band ,‘ﬁg
hy ; ,

valence band

¢ Fig. 2.1

In the simple- case of an intrinsic semiconductor
material, the conduction and the valence bands are separated

by a forbidden:  band of width Eg. When this material is

1rrad1ag§d by ﬁonochromatic radiation, the width of the

~ .
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forbidden band determines whether the material is
transparent to the radiation or opaque. An incident photon
with an ehergy greateﬂ or equai to the gap energy will be
absoébed. In terms of the wavelength Xa. ofﬁthe radiation,
the condition for photogeneration of carriers 1s given by,
Xa hc/Eg , where h 4e the Planck's constant, c 1s the

velocity of light and Eg 18 the gap energy.
L4

2.2 Simplified Treatment of Photoconductivity

Suppose light incident on a plate of semiconductor of
length Y, width w and thickness d (Fig. 2.2) generates

electron-hole pairs 4in it at a rate of g per second per unit

. v%lime. hy
z
? ;> A) ' X
d )Y
i Y
* 1

Fig. 2.2

A
¢

Suppose the length of the sample 1is sufficiently 1large
and the bias V,, applied across the sample, 18 sufficiently
small, that the time éequired for the carriers to traverse
the length, (the transit ¢time) 48 much 1longer than the
lifetimes T and T of the excess electrons and holes
respectively.

N

Assume further that the recombination rate at the end

-

contacts is the same as that 1in the bulk of the material.

o
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Case a) Thick sample d » 1/K

L}

Suppose the thickness d 1is large compafgdz with the
reciprocal of the absorption-coefficient K, so that all the
incident radiatiom, at a flux of J photons per sec per cm2
on the sample, 1is absorbed. The total number of excess
electron~ hole pairs fg@nerated in the sample is therefore
given by JQiw, where Q 1s the quantum efficiency, usually
assumed to be unity. If g' is the generation rate per unit
volume, then the average value g§ in the sample 1is,

JQiw JQ

E - - . (2-1)
Ywd d

The excess electron anG/:ole concentrations an and AP
are given by an = g¢t, and ap ~ g'rp. respectively. Hence the

increase in conductivity (A6) is given by, -

AC = Anepp t+ apepg, where p, and pp are the electron

and hole mobilities respectively. Thus in the case under’

- -

consideration,
AS = eg(pp¥n+ppTp) (2.2)
In many extrinsic semiconductors the mobility-lifetime
u

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

the other. Hence, under the agsumption that ppTp AnTn,

epp'(pJQ
d

. (2.3)

4
AT = egp,T, =

Thus, the photon 1induced conductivity change varies

inversely as the sample thi®kness. \/‘

»

The relative photoconductive change is given by,

Jq/d
av | enpTpld/d (2.4)
g, e(n pytPokp)

g B R Ve L e stand e s o 1 Yokt T e et o o~

e
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where n, and p, are the equilibrium values of the electron

£
and hole concentrations respectively. If tBe sample 1is

extrinaically p-type for example, then P, » n_ and

k o
; ac _ 10T | © s
- % P \
’ . The transit time t,, the time taken by the holes to

b

traverse the length of the sample under the electric field

' E, is given by, v
length 2 .
tp = S U S (2.6)
drift velocity BpE - ppVo
The photoconductive current change AI is given by, -
1 Vo e}lprJQ VO ppVo *
I = A¢ wd = L r 2 wd = eJq( v
At - as 3 T "%
. = elQ IB wl . (2.7)
tt Ry N
Let F = incident photon current = Jwk. Then,

hot induced rrent Iﬂ
photon induced cu n } A - eQ‘rp (2.8)

incident photon current F te . .

. (
»

The quantity 1}/tt ig8 referred to as the photoconductive

gain.

Case b) Thin sample d & 1/K
1f the sample thickness d is much less than 1/K, then

the number of photons absorbed per unit area 1s JKd and the

number of electon-hole pairs generated %fr second 1in the

sample is given by JKdQwl. Hence the rate per unit vplume

( } is,
N — JKQdw} ‘
g = _—!_WT__. bad JKQ . (2.9)

) ]

lw dse EREETE o T T P I SR T WY P T Y B Sl ol T~ S S
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Oncde again assuming p, T, ¢ PpTp, then with ap = g%p>

the incr®fhse in conductivity is given by,

AT = eppgtp = epn,JKQY, " o (2.10)

L

Thus for a thin film sample, the photon induced increase

in conductivity is independent of sample thickness.

The relative change for an extrinsic p-type sample is

. " (2.11)
¥

AT . enpJKQY, _ JKQTp
o epPo Po

i

*
0 o )

, 2.3 More Exact Treatment of Photocohductivi;y
kY

The simplistic assumptions made in the previous section

are not always applicable and hence a more rigorous analysis

is made in this section. )

“t

The continuity equations for holes and electrons are,

dap ap 1

- g - - div j+ (2.12)
dt Tb e
dan an 1 i

- g - + div j— s (2-13)
dt ' e
where g = JK exp(-Ky) 1is the generation rate of

photoexcited carriers. and it & j” are the diffusion current

densities of holes and elecExona\reepectively.

—~

The two current densities are~given by
\

3% = epppE - eDpgrad p (2.14)
J7 = ep,nE + eDjgrad n, ' (2.15)

where Dn and Dp are the diffusivities for electrons and

f

holes respectively.
Substituting equations (2.14) & (2.15) 1into (2.12) &

(2.13) gives us

dap AP
—— = 8§ = —— " MBpp divE - p,E.grad p + Dpdiv grad p (2.16)

dt 't'p

P S B e 1 Y in e A e 0 o el g s STt v A5 AR o ST ot st R T
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[
don g - b, divE + p_E.grad n + D_di d n (2.17)
— = n v egrad n v rad n .
1
{

Assuning a low level of.illumination, Ap = An we can
“ ‘ZW

re-write equations (2.16) & (3.17) as follows:

dap - ap

—— = 8§ - — = Ppp diVE - PpE.grad p +°Dpdiv grad p (2.18)
dt 'rp

dap ap

T - g - — + ppn divE + ppE.grad p + Dpdiv grad p (2.19)
n

Assuming 1} = T =7 and combining the two equations
I

(2.18) & (2.19) gives,

da ‘
__E =g - _53 + pE.grad p + D div grad p , v
dt <
where p = (p - m) and D = (n + p)
(n/py+p/py) (a/Dy+p/Dy)

L

It is assumed that the sample is sufficiently long, that
any gradient of p along the x direction may be neg&ected.
Accordingly the term uE.grad p maybe taken as zero, since

the appiied electric fleld E and the gradient:of p are then

normal to each other. This further -simplifies the equation

CO,

dap AP ]
—_— - - .+ D div grada (2.20)
at & L4 & P

In the <case of the simple rectangular slab wundey

da
consideration, with steady state copditions, where dtp = 0

equation (2.20) can be written as,

2
d
0 = JKexp(=Ky) -,j;g +p S AP

dyZ

or substituting L2 DY

2 , -

d

L2 __f;.- Ap = -JKVYexp(~Ky) (2.21)
dy N ’

A N N
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It 18 s8hown 1in Appendix A that this differenti&E \

equation has the solution for the total number of excess

carriers;

>

AP-

St

Jv (xL-x)exp(-xd)-(KLiﬁ)

1 - exp(-XKd) + KL (2.22)
1-KZLZ P

vl

X d
1 + ol coth___
2L

where ol= gL/D = g %L and 8 1is the surface recombination

velocity. The change in conductivity is given by,
e(p +p.)
AG = : Po? AP (2.23)

By inspection of equation (2.22) one can see that as Kd
goes to zero the value of AP also reduces to zero. This is
understandable since K = 0 means that there is no absorption
‘and hence no phdtoconduc%ivity.- Further, as Kd pgoes to

infinity, AP reaches a constant value of

J
p - )
(a . l+dcoth(d/2L)

It can also be shown that equation (2.22) has a maximum
val;e of AP as a function of Kd. Physically the reason for
the decrease following the maximum with increase of Kd 1is
that as K gets larger, the layer within which carriers are
genérated gets smaller; this leads to a decrease in the
doncentrdtion of excess carriers, and hence 1in photo-

conductivity because high recombination occurs at the

surface. With the maximum of AP denoted by APpax, curves of
AP /Al’max were plotted as a function of Kd, from equation
(02.22), for various values of o and four fixed values of
d/L. These are shown in Fig. 2.3 through Fig. 2.6 and will
be used 1in connection ;ith the analysis of results 1in

Chapfer VI.

o . . , )
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Y . CHAPTER III

d TELLURIUM SAMPLE PREPARATION
. Measurements of photoconductivity were made on two types

of tellurium sample, one in "bulk single crystal form and the

N i

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

chapter the techniques involved in preparing both types of
de

gample are described in detail. , 4 /

2

\

. ‘ , 3.1 _Bulk Samples

The bulk samples weré prepared from high quality
(ijiellurium monocrystals, grown 1in our lahératory3 by the

Czochralski method with a starting material of 99.9999X pure

tellurium (Cominco \single =zone refined). The boules

s

consiatéd of hexagonal prisms pulled paralle]l to the c-axis

and were roughly 2.5 cm in diameter and 10 cm in length.

3.la Slicing and surface polishing

LS

Thin slices were ¢ut from the ingot using a string

solvent saw8, :ith a chromic-hydrochlor%c acid mixture

e
-
s
-

= e e

(composition CrO3 : HCl : Hp0 in the ratio ]l gm : 1 gm : 3
ml). A cgt:ing rate of approximately 1 mm/hr was used,
ensuringdno pressure on the crystal from the\string. This
method of cuttiné avoids atfuctural damage to the gaterial.

.

- /
Following this, each slice was rinsed first in 30X

: hydrochloric acid solution and then im distilled de-ionised

o) \ 1
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g ‘t water. The slice was next mounted on a’bolishing block of
N 1 r, ad .
brass or aluminum with black wax in the following w=manner,
™ : . . -
The polishing block and the tellurium slice were heated
&

*

8lowly on a hot plate with the wax applied to the polishing.
; ‘

et un

block. When the wax began to melt the heated tellurium- slice

.

was placed on it and allowed to cool. After this, any wax on

ST, TR

. the surface of the ;lice“w&é removed using a Q-tip dipped in
trichloroethylene (TCE), followel by a rinse in éure ethyl
alcohol, which removes any .TCE left over. Finally the slice

was washed in distilled water.

The slice - was then chemically polished in 'a sBolvent

polishing machine (constructed in our laboratory) using a

chromic-nitric acid'mixture (composition Cr03 : HNO3 : H30 -

in the ratio 1 gm;-z gm: 4 ml). The polishing was continued
g ' ‘, until a smaooth and shiny surface was obtained.A Next the

: - slipé was caréfully removed from the polishing block¥ by
i B " . melting the wax, cleaned in TCE and remounted onythe block

with the other face exposed; The new face was cleaned with a

13

Q-tip 'dipped in TCE, rinsed in alcohol and finally in

distilled water. This face was now chemically polished until

the surface 'was sgsmooth, shiny and had tke approximate
T ‘ required thickness.

3.15 Sample cutting

g Rectangular samples abqut 8 mﬁ x 2 mm in size were cut
n from the slices usipg the solvent faw while still mounted on
the polishing block; Fqllowing the cutting, the sayples weré
washed in TCE, rinsed in alcohol and " then in distilled

PR water. After this, they were etched for about a minute 1n

o
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the chromic-nitric acid mixture, rinsed in 30% hydrochloric
acid and finally washed in distilled water and dried.

The s§np1es were Eyt 1ngthe three specific orientations
shown in Fig.3.1l. Tablg\“ll gives the dimensions and
orientations of all the bulk sagples studied. The smallest
sample thickness of 0.25 mm was found to be the minimum size
which could be fabricated without breakage in the

preparatio* and mounting process.

3.1c__Mounting into holder

" The sampie holder, as shown in Fig.3.2 was a rectangular
plate of brass 12 mm x 8 mm, having an°c insulating plate in
the wmiddle of w;;ch the sample was placed. As shown 1in
Fig.3.3, one end of the sample was attached to the holder
using a low temperature pRlting solder (composition Sm :
BL : Sb 1in the ratio 50 -: 47 :3 gm) which served as an
electrical and thermal contact at the same time. The other
end of the sample was left free, apart from the #36 gauge
copper wire soldered to 1t adacting as the second electrode,
enabling expansion and contraction of the sample to take

i

place during temperature changes without intraducing
internal stresses.
The soldering was the most delicate operation in the

sample preparation and great care was needed to avoid any

damage to the sample in this process.

3.2 Thin Film Samples

Three thin film tellurium samples were fabricated by
¢

evaporating high purity (99.9999+ X) tellurium onto a glass
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" substrate. Contacts were fprmed by sputtering gold at the

ends as described below.

3.2a Substrate preparation

Pyrex glass slides 18 mm x 18 nmm were used as

subsgstrates. They were cleaned in detergent soluti;;; rinsed
in distilled water and dried in a stream of compressed
nitrogen. In each case the slide was placed in a vaguum
chamber, shown didgramatically in Fig.3.4, and pumped down
using a rotary vacuum pump, to a vacuum of about 0.1 tdrr.

]

The glass slide was then subjected to ion bombardment for
{

-

further decontamination,

3.2b Electrode deposition

After the substrate d1on bombardment, 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.l
torr by manipulating the gas flow and the baffle valve.

Chromium was sputtered on the glasgs as a first step {in
obtaining good gold contacts, sincq a base film of chromium
vas found necessary to improve the adhesion ;f the gold film
to the glass; a .gold film alone will peel off very easily
when leﬁds are attached to it. This step was carried out by
placing a chromium target under the substrate and applying a
high vgltage r.f.;supply between the target and ground.

[ Tg;s work was carried out with the assistance of
Dr.M.C.Jain ]., This results dn a film of chromium deposited

on the substrate. The pattern of the contact area was

defined by a specially shaped mask shown in Fig.3.5, which
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was placed between the substrate and the target and in close

: v
contact with the former. With the chromium deposited, the

' target was then rotated "and a gb6ld target positioned for

sputtering. The gold film was then deposited on top of the
‘ Vs
chromium film using the same mask.

3.2¢ Tellurium deposition

The substrate with the sputtered gold contacts was then
placed in the evaporation chamber with the mask shown 1in
Fig.3.6 placed in close contact with it., The evaporation
apparatus 1is shown in Fig.3.7. The tellurium was evaporated
from a quartz crucible heated by a molybdglum foil heater.
The substrate, “which was heated by dn ordinary solderi/r{\g
iron eleme;'t‘t attached to the substrate holder, was arranged
at a height of about 10 cm above the crucible. Both the
heaters were electrically controlled by temperature
controllers. I)ron-constant:an (type-J) thermocouples were
used to measure the substrate and crucible temperatures.

The substrate controller was set to 150°C temperature
and allowed to stabllize for an hour or two. Then with the
shutter closed, the source was heated to a temperature of
430°C, Jjust below the melting point of tellurium. This
temperature was chosen in order to keep the evaporation rate
sufficiently 1low. Next the shutter was opened for the
required time, depending on the film thickness desired.

After the evaporation, the heaters were turned off and the

substrate was allowed to cool down naturally in the vacuunm
!

i .3

system.
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i '[ Electfical leads were attached to the contact éads using
‘ a small pellet of indium pressed onto each gold area. A #36
gauge copper wire was then soldered to the blobs of indium
using a Jow temperature soldering 1iron. It has been found
that indium pressed onto gold in this way makes a good ohmic

contact. Other methods of making contact to the gold were

* found to be wunsatisfactory, as the gold film peels off

easily wupon heating. The sample was then mounted 1in the

v

sample holder shown in Fig.3.8 secured in the cryostat.

3.2d Au-Te—Au structure

b ¥

!
l .
! A gold-tellurium-gold sandwich structure, as shown in

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

tellurium‘apd gold on a gl%’; substrate. This was done to
check 1f gold forms an ohmic contact with tellyrium. This
experiment was performed since previous samples made with
evaporate@ aluminum 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

//,~/”

Dimensions {mm) Orientation
Sample no. :
Length| Width|Thick.| Bias curr.{Plane of
to c-axis 1illum.
cZ-77-1/A 9 1.8 parallel (1010) |
cz-77-1/8 8 2.0 | 0.25 perpegd. (1010)
cz-77-1/c¢C 8 1.9 perpend. (00015
€z-76-10/4A 8 2.1 parallel (1010)
€z-76-10/B 7 2.5 | 0.80 perpénd. (1010)
cz-76-10/C 8 2.0 perpend. (6001)
cz-76-200/a2{ 9 1.8 parallel (1010)
Cz-76-20/B2| 8.5 1.9 | 1.20 | perpend. | (1010)
cz-76-20/c2| 9 1.7 perpend. | (0001)
Cz2-76-20/A1| 9 2.0 parallel (1010)
€cz-76-20/B1| 10 1.8 | 2.20. | perpend. (1010)
cz-76-20/Cl| 10 1.7 perpend. (0001)

t
The letters A, B, C refer to the sample cuts in the

orientatiohs shown in Fig. 3.1.

Pl it R o g

PR TN PR




< e e [ .

Q
(‘q —
H
\0@ |
e -
C-AX1S
B
\0@
C-AXIS

C-AXIS

1070

Fig. 3.1 Sample orientations.




B e s IR

26

A

N

o o K
o o 1
s 22- e
fe——15 =]
L~

— BRASS

N INSULATOR

Fig. 3.2 Sample holder (dimensions in nm).

SR Bachsi R KA i




R R AN R s e . i . i e e SRR

Pery

SOLDER <R INSULATOR
X - TE SAMPLE
| ,
\ COPPER HWIRE

i

SAMPLE v ° o
HOLOER — :

CRYOSTAT COLD FINGER

7

i

Fig. 3.3 A view of the sample mounted on the sample holder

and fixed to the cryostat.
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Fig. 3.5 Aluminum mask .used to form

. metal contacts.
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3.6 Aluminum mask used to form the tellurium thin film.

(dimensions in mm).
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4 . CHAPTER IV

MEASUREMENT TECHNIQUES AND APPARATUS.

.

-

~
L]

Photoconductivity meagurements were carried out by
applying a d.c. bilas to the sample, d1illuminating it with

\ " chopped monochromatic radiation’ and observing the a.c.

» signal developed acros% it; In this chapter the measurement
: procedure and apparatus used are described. .
! N
4.1'Mono;hromatic Illumination Source *
R A Perkin-Elmer model 13'spectrophotometer was ,used in

the single beaibmode to provide monochromatic radiation for
illuminating the sample. This unit is shown gschematically in

i Fig.4.1.

4.,la Source unit

% v The source 'unit consists of a Nernst glower, through
H

| which an electric current is passed to maintain it at a high
temperature, ylelding almost blackbody radiation. The

radiation is collected and focused by a set of mirrors and

is intérrupted at: 13 Hz by a mechanical chopper.

y

L 4.lb Monochromator unit

5o ’ Monochromatic, radiation 1is obtained 1in the following

H

way. The beam 1is first 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 slit .

' . allows oniy a select wavelength band of the dispersed beam

“«

| ‘ to pass through it. Thus the resolution in wavelength can be

3
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improved by reducing the 8lit width. However this greatly
;educes the energy densfty, so that a compromise has to be
reached between resolution and intensity. The monochromatic
radiation at this 1nterna1u exit slit can be ‘é;;kched, by
means of a plane mirror in the monochromator optics, eifither
to fall on the thermocoupleAdetector or to come out threugh

©

an opening in the unit,

-

4.,1c Internal detector and amplifier

4

A vacuum thermocouple with a KBr window (Reeder Inc.)
mounted in the Perkin—Elmer spéctrophotometer was used to
measure the energy passing th?ough theilinstrument. The
output from this detector is fed into a built—in amplifier,
wﬁich selectively amplifles the 13 Hz a.c. signal using a
reference signal taken from the chopper unit. The chopping
of the beanm avoids aﬂy drift :+ in the amplifier

characteristics and any variation of thermocouple output

with background radiation.

4.2 External Apparatus

A schematic diagram of the complete experimental setup
is shown in Fig.4.2. The exéernal components of this,
consigting of the external optiss, cryostat and measuring
cit;uit, are now pescribedr

4,2a Optics

A'spherical concave mirror (focal length=10cm) was used
to focus the beam 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 monochroﬁator at

”

-
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an angle of 45° to the beam. The mirror could be tilted and

shifted by adjusting screws on its mount.

4.2b Cryostat

A# Oxford Instruments cryostat was wused to cool the
sample to 77 K, at which temperature most of the
measurements were made. A cross—-sectional wview of the
cryostat is shown in Fig.4.5.

The cryostat consists of a iong narrow cylinder, through
which a flow of coolant is maintained by a rotary vaéuum
pump. A solid metallic bar at the end of this cylinder
serves as the cold finger om which the sample holder 1is
mounted., A hollow brass cylinder fits around the cold fingbr
and acts as a shield. The entire cryostat 1s surrounded by a
metallic jacket. A window (IRTRAN-2) in this jacket allows
the beam of light to pass thiough, as shown in Fig.4.4. The
£ran§mission characte}istics of the IRTRAN-2 window-material
are shown in Fig.4.6. The cryostat was evacuated to reduce
thermal losses and also to keep the window from fogging.

A thermocouple attached to the .cold finger was used to
measure the temperature of the sample. Lead-throughs in the
cryostat permitted bias supply and output connections to be
made to the samgle.

4.2¢c Measuring circuit

The sample was provided with d.c. blas by a battery of

7.5 volts 1in series with a resistor, whose value was

approximately that of the sample. A Princeton Applied

Research HR~8 1lock-in amplifier was used to measure the

output signal from the sample. This 1s a highly
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frequency-selective amplifier operating by multiplying the

signal and a2 reference voltage from the chopper and then

<
filtering the product.

4.3 Calibration of the Thermocouple Detector,

The vacuum thermocouple detector within the
monochromator wunit was calibrated to measure the energy
densigy at the sample surface. A calibrated silicon
photovoltalc detector was used for this process. The setup
isbshown schematically in Fig.4.7.

The silicon cell w;s_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 1llumipate first the
thermocouple and then the silicoq detector. The output of
each was noted down. The total energy 1incident on the
gsilicon cell was found by looking wup its calibration chart
at that wavelengtﬁ. The area of illumination of the silicon
detector was measured Iin 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 Ehermocouple output was obtained

at each wavelength. The thermocouple was calibrated from

*0.65 micron to 1.0 micron by this method for a fixed slit

width of 0.25 mm. The resulting curve is shown in Fig.4.8.
The thermocouple detector 1s a heat sensing devicé 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 curve  has been

extrapolated up to 5 microns. :

4.4 Photoconductivity Measurement

The sample in the evacuated cryostat was placed ,in front
of the concave mirror. The source was switched on and the
current through the glower was slowly. increased to the
preset value. Liquid nitrogem was pumped through the
cryostat and the flow was regulated to maintain - a slow rate
of cooling - around 5 K per min. A rapld cooling causes
thermal damage to the sample and produces exc&ssive
imperfections in {it. /

Once the sample was cooled to 77 K, it was 1lluminatgd
with the monochromatic radiation and the signal developed
across it was seasured. The distance between the sample and
the concave mirror was then adjusted, so that a maximum
signal was obtained.

All the measurements’ were carried out with plane
polarised radiation obtained with a Cambridge Optics Co.
wire grid polariser placed between the chopper and the
monochromator. Measurements were done at several points 1in
the wavelength range 1 - 5 microns, noting the output of the
vacuum thermocouple and the signal from the tellurium
sample. An wupper 1limit of wavelength of 4.5 microns was
found, beyond which there was a sharp drop 1in sensitivity.

The lower 1limit of 1 micron was due to the reduction in

transmitted energy from the monochromator.,

!
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Variation of photoconductive  sensitivity with

temperature was obtained, by noting the signal output from
the sample for the wavelength corresponding to the peak

sengitivity at different temperatures., The temperature

38

change was obtained by allowing the cryostat to warm up

after the flow of liquid nitrogen had been stopped.
Variation of photoconductive sensitivity with chopping
frequency was also obtained at the wavelength of maximum
senéitivity. In order to do this an external d.c. motor with
a rotating disc was used. This disc was placed between the
source unit and the monochromator unit. A reference signal
was obtained through a photocell which was also {lluminated

by the light interrupted by this chopper.
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‘Schematic diagram of the spectrophotometer.

G - Nernst glower, Ch - Chopper, s8l,82 - slits

L - Littrow mirror, P - Prism, M - Mirror

Tc - Thermocouple 8etector.
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Fig. 4.2 Schematic diagram of the experimental setup to

measure photoconductive sensitivity,
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Fig. 4.3 External optics to focus the beam of radiation

onto the sample.
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Fig. 4.4 Cross—~sectional view of the cryosiat showing the

window mounting.




42

.41—}-""/\‘\
\ -
~—

_ . (
LIQUID NITROGEN

C ]
Y
;2; 522 | —vacuun
1
g r 7
TE /12223?’ /\\\\\\‘\~ ﬁeseé&o;ﬁ
SAMPLE \i@ 5 ‘

Fig. 4.5 Front view of the cryostat.
1




Fon

‘/‘\
100 T T T T T T ]
i 80—
[VS]
~ (]
=
<
-
~ 60
=
m N
z
&
] — ‘ {
z
& Mo
(& ]
[+ = 2
1 'S}
‘ o
-]
20
0 ! 1 1 | 1 ]
~ 1 2 3 Y s 5 . 7

WAVELENGTH ( M)

; Fig. 4.6 Transmission characteristics of IRTRAN-2, window.
(taken from KODAK data sheets)

ey

i
I

0




e

iyt

LOCKIN AMPLIFIER

A o j: X ]
Vg CONCAVE
! MIRROR
' ‘:::;'—"“-{t:Fi—- SILICON
/4 DETECTOR
| Toerren~ — 717 T T T 7]
l 4 l
l |
L " |
NERNST GLOWER MONOCHROMATOR THERMOCOUPLE
1. _ __ . __ DETECTOR_& RMPLIFIER|
PEBKIN-ELMER.
SPECTROPHOTOBMETER .

Fig. 4.7 Experimental setup to calibrate the thermocouple

detector of the spectrophotometer.

e Avioms ot % 2o

vy




g i

e
. / 45
4 10" T T T T
-
>
f
1
|
N Al
g
x
{ O
= , |
= | i
& E t - i
o
S100 ‘ .
%10 ;
uw! V. i
o« ,
o .
a 3
2 , .
/) (=) { H
/ (& ] | ¢
© ? i
x
E ;
w
T
'—
N
Lot L I L 1
) 0.5 - 0.6 07 08 04 1.0
) WAVELENGTH ( & ] '
Pig. 4.8 Calibration curve of the thermocouple detector.
L)
- 3




r

CHAPTER V

PHOTOCONDUCTIVITY RESULTS f

-«

{

In this chapter the results of “the photoconductivity
measurements carried out as described in Chapter IV, are
presented for the two typzs of sample.

A schematic diagram of the measuring

circuit is shown inm Fig, 5.1. The

battery of.Vy volts applies a d.c. bias
of Vo, to the sample of resistance R, in

series with a resistor of value Rg. The

change in the voltage across the sample

due to the incident iInfrared energy is -
AV. It is apparent from this diagram Fig. 5.1

that the relative change in conductivity

~ AV Rg+ R
is given by a5 2 8T P . - ‘ |
Go Vo Rg -~ ’

The photoconductive sensitivity is hereby defined as the

relative change< in conductivity per unit fncident energy

AV °“Rg+R .
flux Jg, that 1is AG‘or i ‘
Gole Vole Rg .

This quantity 1s plotted for the various samples with Jg

{ calculated from . the thermocouple output and its cglibration
curve.
5.1. Bulk Samples .
(“5 In the case of bulk tellurium sa‘ples the variation of
. photoconductive sensitivity with a) wavelength,
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b) temperature and c¢) modulation frequency was measured. The

monéchromator slit width was held constant at 0.25 am
fn i

throughout the measurements.

5.1la Variation with wavelength

Log-linear plots of photoconductive seasitivity at 77 X

L1

versus the wavelength of irradiation for the samples cut in
the 'A' orientation (see ?ig. 3.1 for the various
orientations) 1is shown in Fig. 5.2 & Fig. 5.3 respectively
for the E vector parallel and perpendicular to the ¢c-axis.
Similar plots for the samples cut in the 'B' orientation are

shown in Fig. 5.4 & Fig. 5.5 and for the 'C' qrientation

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

v
=

It is noted that as the wavelength 1is reduced, the
s;&gitivity increases to a maximum value followed by a
dec;ease. This decrease is gradual for E parallel to c—axis;
Bué isiinitially gteep and then gradual for E perpendicular
to c-axis. This difference of shape 1is brought out more
clearly in Filg. 5.7 where the results for the two
polarisations of E are compared directly.

It 1s also noted that on the short wavelength side of
the maximum there is’a marked dependence on'thicknesa, with
an increase in sensitivi;y‘with a decrease in thickness. In
this éegiqn undulations superimposed on the gradual decrease
are also noted for some of the samples.

With orientations 'A' & 'B' the monochromatic radiation
wasg ﬁncident on the (IOTO) plane, while with orientation 'C'

kS

the (0001) plane was 1lluminated. Figs. 5.8 & 5.9 show the
o
photoconductive sensiti?ity for the\\‘three sample

el
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A

orientations A, B and C with sample thicknesses of 0.25 mm
and 0.8 mm respectively. Comparison of these two figures
indicates that there 1is not a clear difference in
photoconductivity bet;een the three orientations.

S
5.1b Variation with temperature

Due to the low level 6f the photoconductive signal, 1t
was only possible lin the present work to measure the
variation of photoconductivity witp temperature at the
wavelength of maximum sensitivity. The results for the
4samp1e CZz-76-10/B are shown in Fig. 5.10. It is noted that
there 1s a sharp drop of sensitivity _above 120 K. Since
sample resistivity was found to be approximately constant in
the range from 77 to 120 K, this decrease 1in photo-
conductivity must be due to a decréase of lifetime with

increasing temperature. ’

S.1c Variation with frequency of modulation

The variation of photoconductivity wikh the frequency of
chopping of the 1infrared beam, measured in the manner
described {in Chapter IV, 1is 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
expoﬂéntial decay of carriers with time.'The time-constant

of this decay is approximately 1.6 msec.

5.1d Estimate of detectivity

Some preliminary nolse measurements were made on a

sample 0.7 mm thick at RCA Research Laboratories,

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

o

L
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Dr. E.J. Fsarlie. The noise voltage was measured across the
unilluminated sample at 77 K, with the same blas as used in
the photoconductivity measukrements., This noise was measured
at adfrequency of 23 Hz and a bandwidth of 5.7 Hz. The noise
equivalent power (NEP) calculated from this was 1.86x10~2
watt at a wavelength of 1.94 microns. The corresponding
detectivity D* was 4.46x107 cmHz*waEt'l. This value
extrapolated to 3.7 micronms, the wavelength of maximum
sensitivity, gives a detectivity of 2x108 cmﬁz*watt‘l at

23 Hz.

5.2 Thin Film Samples

Three thin film tellurium samples were fabricated, as
described in Chapter I1I, with thicknesses of 0.8, 3.65 and

6.5 microns. The variation of photoconductivity with

wavelength 1s shown in Fig. 5.12. It 1is noteg that the
ﬁﬁxima occur at much shorter wavelengths compared to those
for bulk samples. The other notable difference 1is the
increase in sensitivity with 1Increase in thickness w{fdw

opposed to the decrease observed for the bulk samples.

!
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Fig. 5.3 Photoconductive sensitivity vs wavelength
for sample orientation 'A' with Elc.
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CHAPTER VI

INTERPRETATION OF RESULTS

Al

The results given in Chapter V- are now examined in
%espect of the dependence of photoconductivity on sample
thickness and wavelength. Arisiﬁg from this, calculatfons
are presented for surface recombination velocity and

absorption coefficient.

4 6.l Thickness Dependence

A log-log plot of the photoconductive sensitivity at a
fixed wavelength of 2 microns against )thicknesa for Ehe
various samples 1s shown in Fig. 6.1.°The data shown can be
divided into two groups, one for ‘the thin gifﬁ:
polycrystalline samples and the other for those  in bulk
single crystal form. Major &1fferences between the two :

The bulk single crystal samples -show an increasing

grdups are evident.

sensitivity for a decreasing thickness. A straight line of

slope -1 drawn through the . points is approximately

consistent ,with the general trend "of the results. This

indicates an'approximate variation of sensitivity as inverse

thickness, le. Aﬁ'(o'ogtl/d, as expected from equation (2.3)

of Chapter II. N
The ' thin film samples on the other hand show an
increasing sensitiv%ty with increasing thickness. According

)
tofd the simple treatment presented in Chapter 11,
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is of the order of 0.1 mm.

A ]

equation (2.11) for example, one expects the sensitivity to
be independent of the thickness for thin samples. However,
referring to equation (2.22) of the more exact treatment of
photoconductivity, in which the surface recombination
velocity s 1is nonéero, it can be shown that for small
thicknesses there 18 an increase in éensitivity with
increase in thickness. Physically, this can be explained as
follows. The recombination at the surface 1s faster than in
the bulk of the sample and hence the excess concentration
near the surface 18 1lower. As the sample thickness 1s
increased this lower concentration layer occuples a smaller
fraction of the sample, so that the average photo-
conductivity increases. It should be noted, however, that 1f
s=0 at the 1incident surface, no increase of photo-
conductivity witﬁ/sample thickness would occur.w

From Fig. 6.1 1t would appear that the optimum sample

thickness for achieving maximum photoconductive sensitivity

[

6.2 Surface Recombination Velocity for Bulk Samples i;

In order to interpret the. results of the photo-

conductivity measurements according to the theory presented
in Sec. 2.3, it 1s convenient to express the results in

terms of photon sensitivity, defined as AG/(0,J). This
( T
quantity is the relative change of conductivity per unit
. B
incident photon flux (J=Jo/hY ) and 1is plotted against

a

wavelength for the varfous bulk samples in Figs. 6.2 - 6.6.

x
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As noted the peak of photon sensitivity 1is generally
followed in each case by a long tail as the wavelength of
illumination is decreased. Superimposed on this decrease are
undulations, which will not be considered for the present.
The general decrease cqnforms to the theory presented 1in
Chapter 11, where it was shown that with 1increase in the
value of absorption coefficient (corresponding to a decrease
of wa&elength), the sensitivity beyond the maximum decreases
towards a constant value. Accordingly, the ratio ARy /APpax
was obtained from the ratio of the 'plateau' to\the max}mum

photon sensitivity for a particular Bgsample from the

corresponding plot 1in Fig. 6.2 - 6.17 By using the curve in

v
Figs. 2.3 - 2.6 with the appropriate d/L value for this

| [

sample, the value of &K was de‘termined. The surface
recombinatiog velocity s was then calculated from [the
formula & =g T/L. The diffusion length L employed in this
expression was found using the relation L -ﬁﬁ- = /m =
3.64 102 em, with an assumed lifetime of 10-4 gec and an
electron mobility of 2000 en?volt~lsec~l., Values of s were
determined in this way for all the samples and the averaged
results for each sample are listed in Table III. e

It 1is noted here that there 1is a considerBQ}e spread of
the average values from about 1200 cm/sec to 5300 cm/sec.

While Grosse and WinzeE& reported a higher s value for the

'(0001) plane compared with the (1010) surface, this 1s not

~

evident from the results presented in Table III.

i
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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 AP/APmax at a certain wavelength was obtained from the
appropriate photon sensitivity plot. Then the value of Xd
corresponding to this ratio was read off the curve in Figs.
2.3 - 2.6 for the appropriate d/L ratio and d value: From
the known thickness d, the value of K was found. This was

repeated for other wavelengths until the complete wavelength

N

range was covered. Fig. 6.7 shows the K values for the two
polarisations (Eillc and Elc) of two samples cut in the 'A'
and 'B' orientations (Fig. 3.1). The photon sensitivity
plots of these samples are given in Figs. 6.8 & 6.9. .

For comparison the results of Blakemore & Nomura?d are

also included in Fig. 6.7. 1t 1is noted that there 1is a clear

difference between the variation,K of K with wavelength for

the two polarisations.

) £
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TABLE ITT

4

Calculated Surface Recombination Velocities

Sample no. [|Surface |Thickness 8
(mm) (cm/sec)
Cz-77-1/A 0.25 2708
Cz-76-10/A _ 0.8 1476
(1010)
CZ-76-20/A2 1.2 1409
CzZ-76-20/Al 2.2 1653
cz-77-1/8 0.25 2298
Cz-76-10/B _ 0.8 5300
(1010)
Cz-76-20/B2 1.2 2553
Cz-76-20/B1 2.2 2870
cz-77-1/c¢c 0.25 2549
cz-76-10/C 0.8 3816
(o001)
Cz-76-20/C2 1.2 2551
cz-76-20/Cl 2.2 1205
I’{m
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* shortcdmings and associated- errors are now presented.
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CHAPTER VII

o * *  DISCUSSION

.

AND CONCLUSIONS S

L :

. -
he significance of- t
. g _

drawn :Iqom them, togetﬁ@re

‘
-

¢ ~

. K 2
T 7.1 Discussion x

@ &'
’ /
he results and the conclusions

with a discussion of apparatus

el

e

»

"it was -~shown 4in Chapt

B

‘::fsitiviiy ‘isp greatly

rd

er II that the photoconductive

influenced by ’the surface
q ,

rdcombination vélocity s The; -rather darge scatter in the

{

P ’a 3 .
- results from one anple to another suggests a wide variation

-

™

T

<

1

in. surface conditions. TQeysensigivfzy to sample preparation

s

» has ;also #een demonstrated elsewhere’,10 by re-etching the
' ' g

gample . surface, resultin

’photoéonductivity.

Since ~the (0001) surfac

= @

sqrfacé'recombﬁnatidgaveioc

£ in a generally increased

! 8 “\

)
e hasy'dangling' covalent bonds,

LY

01%) T o
whereas the (1010) face does not, one umight expect the

ity to be higher for the }orme%/'

planes. This vas 1pdéedmreporced by Grosse & Winzer/ but was

oA /

Y

* “not confirmed 1ih «the present work. However, their, samples

4 * ~ - ¢
were ,cyt abrasively with a

«in hot con qniiatéd sul

, - %

¢ ? rea «
chemically cpt and p@gishedgwithout\any abtali}ﬂ';tqat

%

wire saw and esubsequently etched

s & B

fusic Acid, while ours were

nt

3

[ at all.,. Nevertheless, 1t 1is poﬁbiﬁ%@ in the pres %: work

“, [

-

that a layer of oxide was left ' ékhind by the chemical

3

treatment ‘which could lead

.
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) ‘ the values of s in Table III, it should be regalled that
these were calculated assuming a lifetime of (0‘4sec. While

/ the use of a smaller value of T hardly affects these values,
¥

a larger lifetime would éeduce them.

The wundulations of the photoconductive sensitivity 1is
discussed mnext. Loferski® observed only oéb secondary

maximum at 3.24 microns (for both EWc and Elc) and believed

¢ tnaf it arose from the fundamental band structure of

o L
tellurium. Grosse & Winzer/ on the other hand have observed

‘ several secondary maxima and minima and these were

attributed to interference in a 'Bellby layer' of disturhed
A 7
or damaged %fllurium some 1 to 2 microms thick. They also

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

maxima (minima) for Elc. These undulations disappeared, at
e 4

least for Elc, afte{/etching in hot co%fentrated sulfuric

%

acid.lIn the present work such a coincidence has mot Dbgen
. observeq. A more likeli cause of the.undulatio;e, in the
wtiter's'o;inion, is atmospheric absorpti%n. As seen in Fig.
o 4;2 the!'disiénce traveiled by the monochromatic beam of
light te the tellurium s;;ple is 1ongér than that to the
XZthermocouple detector. Thereforq, in th Yesence nof

® » . )

atmospheric absorption at certain wavelengths, less energy

reaches the tellurium sgmple than the -thermocouple detector.,
v Mo \ This consequentl*@%reduces the measured photoconductive

. sensitivity, since the energy flux at the sample surface is

() ) estimated from the energy incident 6& the thermocouple, The

fdct that the measu:ed‘incident energy at thd.detector also ‘

w7 showéd undulations ~at about the same wavelehgths adds .
{ ' T »
. strength to thfs hypothesis. . ~
- ’ . \ j , »
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In addition to -the sources of error described above,

there are others” which should be pointed out, Due to the

relatively low energy output, especially at' longer

wavelengths, of the monochromator arising from the Nernst

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

13
0.25 mm in order to obtain a measurable photoconductivity.

This slit width corresponds to a band width of 0.2 microns.

Thus any fine structure in the spectral distribution would

[

not be resolved.\

. In measuring photdconductivity, care was taken to avoid
1 3

1lluminating the end contacts to the sample. As & result ofy

this photoconduction was restricted to only about 80X of the

~

length of the sample. Consideration shows that due to this

the sensitivity plotted in Figs. 5.2-5.6 should be increased

bl about 15 to 20 Z. 'In addition there would be a qgfference

in transmission between the window of the thermocouple

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

The reflection loss of about 45% at the gellurigm surface

also needs to be considered if one wants to c&ltulate the

\

absolute sensitivity to absorbed radiation. However, these

not been applied, since the
- ]

calculations of 8 and K involve only relative ghangea of

various corrections have

Bensitivity. '
Therbsorption coefficient, as calculated in Chapter VI

follows the general trend repcrted by Blakemore & Nomura? in.
thag curve; for Elc are much steeper than those for EMc.
This confirms the general bel{ef that the transition for éLc
1s direc® The present absorption coeffigientg} extend to
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lower wavelengths than those of Blakemore & Nomura? and

differ from them somewhat in absolute magnitude. It is seen,

°

in any case, that photoconductivity measurements can be used

N

to calculate absorption coefficients, accurately in the

wavelength range where transmission measurements are

extremely difficult due to the strong absorption.

-

The measured detectivity p* 29 f 2x108 cmiziwatt-1l at

1

>
23 _Hz given in , Chapter V 18 omnly a very cons%rvative
egstimate of the attual value. It should be pointed out that

one would have to study the variation of noise with bias
.- 1S

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

kN -
dperating point with the best noise performance, Since this

. . .
work was only a preliminary study, such noise

characteristics were not measured. In -any case, during the

»

photoconductive measurements, most of the ™Hoise observed

‘\\

originated from sources external to the: sample. Edwards,

¢

Butter and McGlauchlinll have reported a tellurium dedgjce

with a detectivity of 2.2x10l1 cmHziwatt°1 under
a o “

background limited noise conditions at a frequency of 900"

Hz. While this value 1s some three orders of magnitude
higher than our estimated figure aboJi?‘the difference can

be roughly accounted for by the difference of the two

measuring frequencies, since the semiconductor noise

decreases approximately ag/fhe reciprocal of she frequencgy.

Leaving noise consideratious as%de, the 'senéitivity

between 2 and 3.5 microns is greater for Elec thaszor Elc

é o ) '
and thus 1t would appear that this 1s the' preferred
orifentation from a device p&int of viek. §1g. 6.1 suggests a
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maximum sensitivty for a sample thickness of 0.1 mm and

e 4
hence an optimum device configuration would be a tellurium

d

crystal some 100 microns thick with the (IOTO) plane’ exposed

to the incident radiatigﬁ.

o

7.2 Summary of Conclusions

pa.

It¥1s convenient to summarize the conclusions dé the

present study as follows.

Bulk monocrystalline tellurium samples ,

»

1) The spectral distributié% of photoconductivity was

A

confirmed to have the main features reported
previously’, namely a maximum at a longer wavelength for

Ele than for EWc and also a correspondingly steeper

detrease with decreasing wavelength . Thus f&r EWc the
»r

photoconducitivity is larger than for Elc between 2 and
[Nl 5

3.5 microns. ‘ -
2) The ghotoconductive sensitivity at 77 . K was found to

increase with decreasing sample thic%ness approximately

in accordance with theory. T

3) No dependenﬁe of photoconductivity ;n the crystalline
orienta:aﬁion of‘the sample was found.
4) A difference of surface recombination velocity between
the (0001) apdﬁg}OTO) surfaces Qas not' confirmed. The
, magnitdses ranged from abéut 1000 to 500Q cm/sec.
5) Absorptjon coefficient values calcu%ated from the
results extended to lower  wavelengths than those

previously reported from transmission meagurements?,

-
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) Polycrystalline thin film samples
. 6) In the th%h film polycrystalline samples, the photo-
conductivity increased with increase of sample

thickness. The photoconductivity maximum was displaced
to shorter wavelengths compared with the bulk samples,

. -
7) An optimal sample thickness for maximum photo-

4

conductivity is estimated to- be about 100 microns.

7.3 Future Work

i

¢ A great deal of further work 1is needed ol tellurium
photoconductivity both from a sciengific and a device point

of view. Some suggestions for future work on this topic are
/ ’ N

N

listed below.

'
1), Samples with sidérérms'sﬁéul& be used to eliminate any

effect of the contacts.

¥ o ,
2) Experiments on.samples prepared with different surface

treatments should be conducted to achleve a consistent
value of s.
3) Energy incident on -the sample should be measured by a

calibrated detector placed in.the sample plane. Thus

i

effect of atmogpheric absorption could be eliminated.

4) Photoconductivity measurements should be - made at

4

different temperatures.

L]
5) Lifetime measurements should be made on the samples to
-~

accurately relate theory'‘to the experimental results.

6)  Measurements of noise as a function of sample éontacts,
r
biasing cornflitions, and frequency should be made.

-

7) Attemptg should be made to grow monocrystalline thin

film telluriam on a substrate.

l
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) APPENDIX A
( It is required to solve the differential equation
d2a
L2"“B - Ap = - JKT exp(-Ky) (A.1)
dy2 \
\'\v
\j £
y= d
,
:
Fig. A.l k
In regard to the sitvation in Fig. A.l, where the sample {is
\
hassumed to be infinitely long, the solution is,
A A coshl + B sinhl + KT (A.2)
t = cosh- sinh- + ———— .
PP L L 1-x2L2 ]
This 1s verified as follows:
da A B JKT ' ' .
Leelz sinh-— + - coshz - —————— K exp(-Ky) (A.3)
dy L L L L 1 -K2L2
d2ap A B JKY ‘
' —_—— cosh'- +— sinh— ———— K2 exp(-Ky) (A.4)
dy? 12 L L2 L 1-KL2 pem
A.1xL2 - A.2 gives ]
ZdzA AP = A he + B sinhe+ K2L2 '({x)
-_— - = A cosh- sin e exp(-Ky
- dy? L L 1- K2 e
. - A cosh-y- -B si'nl;g -— “P(‘kY)
1. . L E 1 -K22
q C ) : = - JKT exp(-Ky) »
3 C . o
| Hence the solution (A.2) is verified. / .
. %
¥ ) : ‘ 1
. : . .
| ——
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P2l

Boundary conditions:

L T

The diffusion curreats at the two surfaces (Fig. A.l) are

given by:
da
1) —D——B-—Aps at y=0
dy
da '
i1) -D‘—P- Ap s at y = d
dy
1) A y B y JKT
-D[— sinh— +— cosh= = — 57 K exp(~Ky)]
L L L L 1 -gK2L2
(A he + B sinh + JKY (K)]'
= ~g cosh— sinh— + ——— exp(-Ky
L L 1 - k212
At y = 0,
0 B ‘0 JKY . JKT
-D— 5 K= -84~ g ——
L 1 - k212 4 1 - k21,2
B A+ (KL+o) kY wh & sL
= o ————————n ere =
. 1 - K212 D
P f
dap ’
11) D — = Ap s at y = d .
dy

A y B y
-D[— sinh— 4 — cogh- -
L L L

L

JKY K° (=ky)]
exp(-
1 - k21,2 . Lol da

Ly y JKX
= g[A cosh= + B sinh= + ————— exp(-Ky)]
L L 21,2

At y = d,

dD d . dD d JKT
Als cosh-+-ginh—] + Bls sinh-+-cosh~]=(DK~g)————
LL L LL L 1-

o2 exp(~Kd)

L sL
» Multiplying both sides of the above equation by‘;‘ & with o(-g— ,

d d. d d .
A{ Acosh-+sinh-] + B[ Asinh-4+cosh-] = (KL-d) ——
L L L L .1 - k212

.

exp(-kd) )

g

84

sl

5
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e, AP e pronere,

) | Substituting B A +(KL+x) Ll
= ——— t
‘ ubstituting o I_Ksz,wege
d d JKY d d JK?
A{kcosh-+sinh-)+[o{A+(KL+) ] @ sinh-+cosh-)=(KL~&) exp(-Kd)
L L 1-K21L2 L L 1-K21.2
d d d JKT d d
R A(42ginh—+2Acosh-+sinh-]= [ (KL-o) exp(-Kd )~ (KAK) (dsinh-+cosh-)]
- L L L 1-k2L2 L L
0 4
tis
d d
(KL-A)exp(-Kd) - (KL+X)(elsinh-+cosh-)
A JKT L L
1-k21.2 d d d v
’ ( OLZ sinh-+2ocosh-+sinh—) ;
L L L
F
and
R <
B =olA + (KL#d)
A 1-k2L2
) d d
oL(KL-A)exp(-Kd) -o(KL+e)((s1inh-+cosh—)
B JKv L L + (KL'*'GO JKY
1-K21.2 d d d 1-K21.2
( . 28inh-+2olcosh- +s1inh~)
) L L L
i ' d d
(KLt Yexp(-Kd) = ol(KL+et)(cAsinh~+cosh-)
8 JKY L L
1-x2L2 d d .. d
( ogz sinh-+2dcosh-+sinh-) ,
L L L
%‘ * d ' d d
o (KL+o) (ol28 inh-+2dcosh-+sinh-)
L L L
a +
d d d
(A2 81inh-+2dcosje+sinh—) .
L YL 1
Tl d d g
A(KL-o)exp(~Kd)+(KL+&) (Acosh-+8inh-)
3 JK?¥ L L
1-k2L2 d d d
. (asinh-+2dcosh-+sinh—)
L L 1 L
L4
] € ' i
b ) '
\&‘ -
%: \ \




v

d d .
v y JKT
AP- g dy = S {Acosh-+Rsinh-+ exp(-Ky)] d
o 0 L A A

0
d d JT
= ALsinh- + BL(cosh- - 1) + [1 - exp(-Kd)]
L L 1-x212
d d
(KL-&) exp(~Kd)~ (KL+) (dsinh-~+cosh—)
Jv d L
= KL sinh- ,
1-k2L2 L d d d
(aZsinh-+2lcosh-+sinh-)
L L L
d d
A (KL~&) ex p(~Kd)- (KL+o) (d cosh-+sinh-)
JY d L L
KL(coshi ~- 1)

1-k2L.2 2 .. d d d
(h4sinh-+2dcosh-+sinh-)
L L L
+ X {1 (-kd)]
-exp(-K
1-k21.2 P

d d d d d
With sinh~ = 2ginh— cosh— & cosh— = 2sinh?—+ 1
L 2L. L 2L

-~ J d d
. d(KL-d.)exp(~Kd )= (Kl+4) (Xsinh-+cosh—)
J¥ d d L L
KL 2sinh—cosh—
2L

P -
» A ¢1-x212

o d d d
(e2sinh-+2dcosh-+sinh-)
L L L

o

d d
A(KL~-d)exp(~Kd )= (KL+ol) (dcosh-+sinh—)
Jr d L L ’
+ KL 2sinhZ— j!
1-k2n.2 2L d d d
" (2sinh-+2dcosh-+sinh—)
J!u L L L
N
+ A KL[1 (4kd)]
, -ex
1-K2L2 R N
. d d
(cosh—+ sinh—) (KL-o)exp(-Kd)
JT d 2L 2L
- KL 2sinh—
1-K2L2 2L d d d
(o28inh-+2dcosh-+sinh-)
L L L
d d d d d d. d
(KL+d)(d.cosh—sinh—+sinh —-ginh— -a(pinh—cosh— -cosh—cosh—)
TKL 2L L 2L
281nh-—
1-K21.2 2 . “ e
: (nLZainh- +2e(cosh- +sinh—-) .
L L L
J % K
e [ | =R (-Kd . \
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. With this, the solution for AP reduces to:
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d_ (KL-o)exp(~Kd) - (KL+d) Jx

K2L2 2L 2L 2L d d d-  1-k2L2
‘ (olzsinhi—f-Zo(coshi-‘+sinhI—‘)

d d d d ,d
) ° since sinh— cosh— = cosh— sinh— = cosh—
L 213 : 2L

JTKL d o d d (KL-d)exp(~Kd) —~ (KL+&)

d d
2sinh— (Asinh—+cosh—) + (1~-exp(-Kd)]

2sinh~— (cosh—+dsinh—)
1-k21,2 2L 2L 2L

N Jv
1-k21,2

a

[1-exp(-Kd)]

21 d .

d . d d d d “d d
OLZZS 1nh— cosh—+4dsinh?— +2d+2sinh—cosh— o 28inh—cosh—+gsinhZ—+ o
' 2L 2L 2L 2L 2L 2L 2L

=l+“‘

d d d d *d d
2sinh—cosh—+2dsinh? — o sinhZ—+sinh—cosh—
2L 2L ( 2L . . 2L 2L 2L
d d d d ‘ d
,Lzsinh-— cosh—+dginh2— -dcosh2— +olcoshZ — + ¢
. . 2L 2L 2L 2L . 2L
=1+

d d d
o 81nh2— +ginh— cosh—
. 2L, 2L 2L LN

'

Zihd hd+ th é"hd( hd hd)
sinh—cosh— +olcoshé — o.cosh— (o{sinh— +cosh-—
, a L 2L 2L - 2L

= + E ] .

d d d . d. 4
o sinhZ—4ginh—cosh— (osinh—+cosh—)
2L 2L 2L - 2L 2L

d
= 1 + coth—
2L

- - - +
1-K21.2 ! . exp(-kd) + K. d
4 L\+ dcoth—

"o, N [4 -

AP Jv (RKL-ol)exp(-Kd) - (lﬂﬁd):'

d d d d d
(422s8inh— cosh— +iolsinh2 —+24+2sinh—cosh—)
2L 2L 2L 2L 2L
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