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'Introduction

Cadmium sulphide has been extensively studied for
a number of years. Thé chief intefest has been centred
on the photoconductive.properties of gintered layers and
Single crystélé. The present work is concerned with a
closely allied topié, the injection of current carriers in
| . excess of those presént in thermal equiliprium'in single
crystals. The conduction due to.these%excess carriers is
closeiy linked to the conduction due'fo excesé carriers
provided by optical excitation,'sinee éxcess carriers are
subject to similar.influences.which efer way they are pro-
duced. No measurements of the-phbtoconduptive properties
of cadmium sulphide are included, but where relévaﬁt-they
are discussed for completéness.

The firsf chapter considers the basic problems of
conduc;ion by'injected carriers, where ideally conduction
is only limited by the space charge of the injected cgrriers.
The next two chapters réview the pertinent experimental and
theoretical work previously ca¥ried out.

| Ghapter four degls.with the prepération'of single crystals

of cadmium sulphidé and includes an account of the techniques
used in our laboratory. -

The remaining three chapters deal with the experiments

carried out, their analysis and the conclusions that can be



drawn. The.experiments,egnsist of a series of current
versus voltage measuremenfe, uhder different conditionms,
_,aﬁa the observation and measurement of luminescence from
the crystals. Measurements of the current throﬁgh cerystals
when pulsed voltages were.applied have disclosed two
intereetimg discontinuities in the current. A preliminary
investigatiom.of these.phenomena.is described, and tentative
explanations of the discontinuities put forward. |
Throughout this work the emphasis is on understanding
the physics of the various proceéses.. Once a better under-
| standlng of the. problems involved in space charge limited
conduction 1s galned, con81derable exp101tat10n should be
possible. For example, since the‘forbldden.gap width is
large, devices could operate:at.higher temperatures than
- conventional semiconductor-devieesér’lhis is of considerable
interest from an applications point of view.. |
In the present work, epéce'charge effects are used to
investigate the prOpertiesAof_cadmlum sulphide. As with
most semiconductor problems, the chief difficulties stem
from the number and eomplexity of the imperfections im the
crystals. Further progress w111 certalnly be made if the

1mperfectlons in cadmlum sulphlde crystals can be reduced.
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Space Gherge Lim@tequurrents in_Cadmium Sulphide

Chapter I _ General Introduction

1.1 Electron energy 1evei§,1n crzetalline solids

An electron in a crystalline solid experiences the
potential from all the other atoms.of the solid. The allowed
energy levels for that electron are therefore different from
the allowed levels 1n an isolated atom.

There are two general approaches within the framework
of the one electron approximation to determining energy leveis
for electrons in crystals.

The first approach is to consider a system of isolated
atoms. An electron in any one of these atoms will have certein
allowed energyllevele. The energy levels will be determined by
solving the appropriate Sehroedinger equation. The allowed
energy spectrum willleoneist of a series of discrete energy
levels and a continuum corresﬁonding to ionisation of the atom.
.On bringing fogether the:atqms to form a crystal these discrete
energy levels will interact to form bands of allowed energy
Eeparated by bands of forbidden energy. The perturbations will
be greatest for the ' outermost electrone; This is the Heitler-
_ London'model. It.is confenient when the binding of the electrons
to the nuclei ie strong and there is 1itt1e'perturbation. Thus
it is a good approach for dealing with iomic crystals. In the

limit, with no interaction, the electrons are confined to discrete

\




energy levels in the crystal.

The éecond method is to consider the motion of an
electron in the potential of the periodic lattice. The
electron is assumed té%beloﬁg to the whole of the crystal
and is not associated with any particular atom. This method
is originaliy due to'Bioéh. It is more appropriate to use
this approach where the binding is weak. Thus it is appro-
priate fqr metals where the valence electrons are shared
by all the atoms of the cfystal. |

The secon@ approach has also been applied to crystals
with covalent binding and to crystals with mixed iomic-co-
valent binding. It explains the differences between insulators
semicbnductors and metals in qgantitative terms. The for;
bidden bands of energylin the Bloch model may be thought of
as those energies with which ﬁn electron would suffer'Bragg
reflection, i.e. an éléctron with a wavelength satisfying the
Bragg refléction_law for the.lattice cannot move freely
through the crystai.'

In the limit,'With no binding, the enérgy spectrum
becomes a continnnm_gofrespondiﬁg to free electrons.

1.2 Metals, insulators and semiconductors

The Heitler-London model and the Bloch model describe
the allowed energies of électroms in.cryétals. Completely
ionic crystals are excluded from this work so that the Bloch

method is more appropriate to our discussion. The possible
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energy levels of an electron in a crystal form bands of
allowe@ energy which are_separateq by régions of forbidden
energy. Any band of allowed energy is composed of a number
éf discrete energy levels which are élosé enough together to
be considered to comprise a continuum within that band. It
"is the.number of discrete énergy levels within a band, and
the ‘number of electrons.a?ailable‘to fill these levels, which
determine the‘elqctrical properties of a crystalline solid.

At the absolute zero of‘temperature? the allowed energy
bands Qf a.giﬁen_grystql will be filled with electronslup to
some maximum engréy. ‘The highest filled band contains electrons
whiéh are least‘tightiy bound to the nuclei. Thus they will
.be the valence electroms and thls band is termed the valence
band. The next'highest_allowed energy band is termed the
conduction-band. Energy band diagrams usually refer onl& to
these tﬁo bands. | | |

Metals are characterised either by half full valence bands
or by overlapping of the conduction and vaience bands. When
" an électrie field is applied charge transport cam occur as aﬁ
electron can gain energy from the field. | ‘

Insulators ‘and semlconductors are characterised by a
completely full valence band and an empty conduction band. At
- any temperature above absolute zerq some carrlers will. be |
‘thermally excit?d'into the conduction band from the valence

band. The concentration of carriers in the conduction band



depends on the temperature and the w1dth of the forbidden

.gap between the top of the valence band and the bottom of the
conduction band. The distinction between an 1nsulator and a
semiconductor is pufely arbitrary. Generally, crystals with

a band gap of the order of leV or less are termed semiconductors.
Crystals with band gaps higher than 2eV are usually considered
to be insulators._ ‘;

1.3 Effective mass of electrons

According to the.Bloch model, electrons within an allowed
band are free to move anywhere in the solid. However, the
relationship between the electron energy and crystal momentum °
-is not the.same as that for a free electron moving in a
periodic potential. The electron can be considered free by
defining an effective mass m?, which varies with the energy of
the electron. For electron energies near the top of any band,
m® is negative, and for electron energies near the bottom of
any band, n® is positive. Electrons with energies near the top
of a band may be thought of as carriers with negative charge
and mass. 1t is more convenient to consider conduction at
the top of a band as due to positive holes. Thus a hole has
a positive charge and a fositive mass. The:concept of effective
mass is invalid at the cemtre of a band, here the crystal

momentum would be infinite. For—eleetrong withenergies near




1.4 (Concept of mobll;tx

The movement of carriers in a crystal is conceived as
a arift superimposed on the random thermal motion of electrons.
The drift mobility p is the drift velocity in unit field. In
pure crystals, and at low fields, electrons_ere scattered.by
the acousticel'vibrations of the lattice;*and it can be shown.
that R

E =3/2
pet. 1.4 (a)
Irregularities and impurities in a erystal lattice
introduce scattering which alters the temperature dependence
of the mobility. - |
. Generally the mobility is assumed independent of the field.
This implies that the total energy of the carrlers remains
unchanged by the field and the electrons are in thermal equll-
ibrium with the lattice.,

It is convenient to define two mobilities for charge
carrlers in a crystal, one for electrons and the other for
holes. : |
1. 5 The Fermi level . |

. A functlon can be defimned wh1ch determlnes the probabillty
of an energy state belng occupled by an electron at a given
temperature. Such a function is the Fermi-Dirac distribution

function. The energy level at which theuprobablllty of a state
: ! , .
being occupied is one half is the Fermi level. The Fermi-Dirac
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distribution function is’

E-8
|

2(E) =
. T

where EF_is the Fermi level and E is the energy level for
which the probability of occupation is £(E), at an absolute
temperature T. |

1.6 Density of states and carrier distribution

The concentration of electrons, n(E)dE, with energies
1yingjbetWeen E and E + 4E must equal thecohcentratipn of
available levels in this_énérgy rénge, mn;fiplied'by the
proﬁability that an elegtroﬁ wili océupy éach'of those levels.

Thus

n(E)E = g(E)E(E)aE 1.6 (a)

in thermal equilibrium. The function g(E) is the density of
states per unit volume. It can be.shown that in the simple
case of spherical energy surfacesin k-space, (1),the density
~of states in the conduction band_is . s

 g(E) = = [5.] B 1.6 (b)
co 2n” ('EPZ ) : I
“ where h =-§; x Planck's constant and E is measured from the
band edgg; Fdf a pérfeét crystal there are no states in the
. | : . :
forbidden gap, excépt those due to the surface, The surface

is an abrupt-discontinuity in the lattice and $his break in
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- periodicity introdncesgs#etes_iﬁ the forbidden gap of
insulators and semiconductors. These sfstes are localised
energy levels at the surface. |

Equation 1.6 (a) determines the density of carriers per
unit folume in the energy range E to E + dE. Integration of
this equation g€ives the total number of carriers in the
conduction band.

For an 1nsulator, or intrinsic semiconductor where

,____E! k} 1, we have the simpllflcaxions.

-(E ~ Bp) '
f(E) = . exp : —k'T— 1.6 (c)
-F x .
Bp =. 5 * T1°8mh 1.6 (8)

where EG is the width of the'forhidden gap,. and mh? and

. mé! are the effeetive masses of holes and electrons res-

pectlvely
The number of electrons in the conduction band is
3/2
2um ﬁkT ) .
n = 2 f—IFr—e. exp _-(Ec - EF)/kT 1.6 (e)

Bquations 1.6 (¢) (4) (e) are valid provided E - EF)> kT,
whlch will be true for 1nsulators. The den51ty of holes in
the valence band is given by 1.6 (e) with me replaced by
m * and B, - By repieced by Ep - Ey. |

From equation 1.6"(c); the prdbebility of occupation'.

decreases exponentially with the émergy of the state above
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the Fermi level. The hole probability can be expressed as
P, (E) =1 - B (E).

The sxmplifications, 1. 6 (b) (d) (e), all assume the
effective mass 1s independent of the direction through the
~ erystal. | o

A donor (acceptor)level can be defined as a discrete
Iallowed energy level in the forbidden gap with an electron
(hole) associated with the level. Thermal ‘ionisation of the
electron (hole) from the level into the'cenducfion'(valence)
band leads to n-type (p-type) conductivity. The.allowed level
is localised in thelerystal.' Othér allowed energy levels in
the forbidden.gap'are discuesed in 1.11;

The band theory of solids can be explored further in
the texts of ref. 1.

1.7 Conduection mechanisms in insulators
] Sns :

The.insulatore to ﬁe considered'are those materials for
which the band theory is appropriate. Crystals with tight
binding and very narrow allowed energy bands are excluded.

The energy band scheme for an insulator is illustrated in

fig. 1.7.1. The epergy'gép.EG is lerge compared to the thermal
energy of the electrons_et all'ﬁorking femperatures. There

can be no net transfer of charge in a completely full band.

Mott and Gurney'(é) pointed out that conduction would be
possible if electroms could be supplied to the empty conduction -

band. Hole comduction wbuld_aleo_be possible if electrons
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could be removed from the valence band. In both instances,
the space charge of the current c#rriers would.limit“the
flow of currenf. |

A close anélogy can be drawn between conduction by
these mechanisms and thermiqnic'emissioh and subsgquent
space charge limited conduction in.a'vacuum diode. In the
solid.state the drift velocity of the carriers is limited to
B, where E is the applied field and p the mobility of the
carriers. - This introduces significént.differences between
the two conduction processes.

1.8 Analysis of Mott amd Gurney

The situation analysed by Mott &@nd Gurney was that in
‘which the work function of the metal contact was less than
the work function of the insulator. It can be shown (1) that
the ﬁork function is equivalent to the energy_required to
remove an electron from the Permi level of a crystal to a point
at rest outside the crystal. The.énergy’level diagram for
a contact of this mature is illustrated in fig. 181. The
ehergy zero 1s the energy of an electrbn at rest outside the
metal. On making epntagt eiectrons would flow into the empty
levels of the insulator.‘ In equilibrium, when the Fermi
levels are equal, the sﬁace charge of the e1ectrons in the
inéulatqr-would prevent further flow, and the bottom levels
_of the conduction band would be distorted as illustrated.

The numbér”of elect;ons, No, per unit volume, just inside
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the insulator is g;ven by _
| 2mm ™kt | 32 i | .
No= 2 -——hg— exp [— (¢ -yw/er| 1.8 (a)

¢ Work function of the metal, (ev), m, ® Effective mass of the
electron

W Electron affinity of the 1nsulator, (eV) h Planck's constant.

This result is derived in ref. 1. Tt 4s determined by
evaluating 1.6 (a). i.e. the product of the Fermi-Dirac dis-
tribution function for-a‘ﬁetal'and the density of states fumction
of an insulator. [1.5 (a) 1. 6 (b)] It embodies the assumption
g - HV) kT.
| From equatlon 1.8 (a), the numher of electrons available

to an.insulato:, at room tempera?ure,.is

No /cc = 1019 -'eip —(L—_l_il) : 1.8 (b)
- ' 3 kT - ) |
Thus typical valﬁes ere
g - ev. | . 0.1 0.5 1.0
No om™3 107 10?0 102

Mott and Gurney eonsidered two basic equations.

(i) Poisson's Equation }

a8  _ . | )
'd_x'- . Eeg' B : : ’ 108 (e)

(ii) A current flow equation
J=’zenE§-en§_§' 1.8 (4)
) o dx - _
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This states that the totdl current-is the,sﬁm of the diffusiom
component, e D g—;' , and the drift component _/ﬁehE. With no
applied voltage, fhe two are equal.and oppgsite and no net
current flows. “

Their analysis being converted to the rationalised m.k.s.

system of units; the diréctions of J and E are shown in fig.

1.8.1. |
E Field intensity | / n Number of carriers, cm -
J Current density D Diffusion coefficient

4 Distance between elecffodes & Permittivity of insulator
x Distance from cathode @ [Dielectric constant x

_ Permittivity of free space].
Mott and Gurney eliminated n from 1.8 (c¢) and X.8 (d)
and integrated the reéulting equation, this gave

J-x + constant 3 ’14 E2 -D g—g : 1.8 (e)

For diffusion to be small compared with the drift com~
ponent
- 2.5 1 AE

% ,lé E >> D ﬁ
This condition becomes

Ee' KT
- ” &

on using Einstein's relation e D = kTu and the.apprbximation'

dE o E
x T dqT-

Thus on putting E =:V/&,'the-condition for the diffus;on



t0. be small is obtained.

V->} kT

_ Thls condition is satisf:.ed at room temperature for VY
25 millivolts. R _ | |
Under these conditions the diffusion term in 1.8 (e)

| can be neglected and lthe‘.'iequat;_i.on r—educe.s to

Je x.' +constant : %péE . 18 (f)

-Mott and Gurney evaluated the constant by putting n =
No at x = 0. Thus on re-arrangement’

- sz; (x . xs_) % -’ o 1.8 (g).
" where X ‘J ' " o H8

.0 2pNo e
Finally on integrating 1.8 (g) they obta:.ned

v =.§ _(ZJ% g(q+x°). ./'-xo 2] 1.8 (1)

This- gives, using 1. 8 (h) and 1.8 (:L) the relation between

V and J. In part:.cular, for small current, X, 4% d.

1.8 (J)

and for large currents, x°)> d.

J = epNol¥ 1.8 (x)
- 4
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.This analysis predicted that space charge limited currents
should vary as the square of the applied voltage and the _
1nverse_cube.of the_thickness, equation 1.8 (3)._ For voltages
“high enou.gh"f'or -space charge -eff'ects to be small, the current
should obey Ohm's law, equation 1.8 (k). This work of Mott
and Gurney is open to oriticism on the evaluation of X, and
the deduction of equation 1.8 (k) for x,% d.
| ’ The metal insulator contact under an applied voltage is
illustrated in figs 1.8.2. The_energy level 0f the bottom,

. of the conduction band is;distorted, and electrons have to
surmount the energy maximum to contribute to the current.
Aocording to equation 1. 8 (&) the field is zero at x = - x_.
Thus the potentialminimum in Mott and Gurmey's situation would
be at-xo. Consequently the evaluation of X, in this work is
equivalent to putting thetmetaliinsulator contact [x = o] at
-a distance xo-to the right of the potential minimum, fig. 1.8.2.
. . Decreasing xo'would displace this zero towards the potential
‘minimum, and for x°<4 d , the zero could be taken at X, nitn
Small error.. This is the condition for the validity of equation
1. 8 (J) The condition x >> d, implies the removal of the metal-
insulator contact to the right of the anode. This has no
B physical s1gn1ficance and the deduction of equation 1.8 (k) is
invalid. ' _
The position can be clarified by a'different evaluation

of xo.



q CB. VOLTALE ZERO

X=0 MOTT & GURNEY

/ . x=o0 THERMIONIC ANALOGY
/ y e X —> -
v g X

INCREASING

E1G | 8.2
e ‘.

THE METAL-INSULATOR CONTACT

UNDEF\? AN APPLIED VOLTAGE



-14-

1.9 Modified Analysis f Thermionic-Analogz

- An alternativelmethod of evaluating the constant of
equation 1. 8 (g) is to assume the condition E=0atx = 0.

Thus, from 1.8 (g), the constant of integration is zero, and

IEE BV S o 1 I

This is equivalent to putting -the metal-znsulatcr contact

(Xe “from the cathode)
- at the potential mlnlmum./fNegliglble error is 1ntroduced.for

we have

o0 -

'xc.<k:'d. This deliberate choice of zero expresses the final
result obtained by Mott and Gurney more precisely.
_ The choice of zero at the potential minimum is the approx-

iﬁation made .in deducing Child's law for the thermionic diode.

4€ (:” ) oy 2
Jg = —2 [2£] 1.9 (b
9 a? _9(_)_

m
In the wvacuum diode; emitted electrons'are continuously

accelerated, whereas in the solid gtate their velocity is -

limited to Ep. This accounts for the dlfferent forms of 1.9

_ (a}, (b). In the vacuum diode, the space charge can become

small as the cathode satﬁratee, and-saturetion will gset in at

a eurrent determined by the work function of the cathode. In

the solid state, a similar saturation is also expected, but in

addition an ohmic regionlwill-occurkbefore saturation is reached.

The ohmic region will appear at sufficiently high voltages for

space charge to be negligible, and where a constant number of
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carriers No [egu. 1.8 (b)] can still be maintained at the

cathode.

Under these cond1tions the current would be that pre-'
dioted by Mott and Gurney, equatlon 1.8 (k), and the transltlon
from a square law to Ohmls_law-ls given by equating 1.8 (k)
and 1.8 (j). Thus, at the transition '

v 2 e, a2 1;9 (c)

Equatlon 1. 8 (k) is Ohm's law for an insulator wih a
constant numher of carriers avallable to the conduction band.
Mott and Gurney derlved 1 9 (e) but this was based on equation
1.8 (k) which was not rigorously derived._ Schockley and Primf3)
and Wright(4) have considered sbace charge limited conduction
in semlconductors and 1nsulators respectlvely, with the same
approximatlons used in this sectlon. .They come to the same
conclu31ons. ﬂ
1 10 Contact Limitations ,

. Neglecting high f1eld ‘effects, (Schottky Effect, Field

Emlssion) the saturation current for a thermionic emltter is
. ; | '
L - 4"‘:asz /m

This is derlved in ref. 1 (b) Pe 55 ff. This giVes an

-upper limit to the current that can be drawn through an

insulator from a metal contact. For an insulator with an


http://4iim.Sk2

electron affinity 4’

| gt
2 .2
1, = 4—““% T e L 1.10 (a)

s h
Thus, typical values atereom temperature are:

g -4 ev 0.1 0.5 1.0

i_ eumps/em® 4.0 10*. 4.0 1073 4.0 207

The field for_satufaticn is given by equating ig (1.10. (a))
and Ohm's 1ew,_equatien 1.8 (k)

2 -(g -4 )/xt
e .. = 671 NoE

4nm?ek2 7

h

Substituting the value for No, equation 1.8(a)

1/2 . -
,\,E ='_£x . 1.10 (b)
: 27m
Thus for m %250 cm2/v01t. sec., saturation occurs at a fJ.eld
of 104 volts/bm, the 'ohmic' saturation field.

This result is valid when all the available carriers
are moved through the crystal, thus it oply-holdS-when space
charge effects are small, Physically the limit:is reached

rate of passage
when the ‘reloeity of the carrlers through the insulator equals

rate
the mean ueloeaty-w1th which carriers can be supplled by the
contact. This will be valid under the assumption of mo high

field effects.
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When space charge'limits the number that can be removed
per second, saturation will occur at a&higher field. | - This
may be estimated by equating 1.9 (a) to the saturation current

18

.- . ) ! ) -2. - :.. -
13 ) -5-_,1.6 ol 1_.10 (ec)
Thus; when space cperge ileimiting the current flow;

saturation oeeufs at a field

| é, . 1/2 B
Eg %(5 18) | 1.10 (&)

-3

For an insulator 10 “cms thick, with_permittivity'?

10, and p = 250 cn®/volt. sec, values of i_ and E_ would be

g - (ev) . 0.1 0.5 . 1.0 .
1, smps o2 4:020*  4,012073 4.0 207H
 E, volts. om 121c>6 | 36102 3.6 10° “2
S.C.L: - Ohm's law 3 - 2.0 J_.-o1 2.0 1077
- transition (Volts.cm )

For the two values z, the saturat1on field is below that
for ohmic eonductipulanq_lflp_(d)w}s”uot”vgl;d,_ The saturation

is thens at 104

volts/cm, space charge having become emall.
Tpe trauslt;bn from a équare law to Ohm's law is given by
1.9 (e). It is |

€E = edNo 1.10 (e)

Inserting the values of No, thiss gives the transition
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voltages shown. | _ '

The condltion for an ohmle region on the characteristic
is found by inserting the 'ohmlc' saturation field in 1. 10 (e).
It is | ; |

¥o £ 5.0 -109 'electrons/cc.

Thus there will be an ohmic reg:.on if g - > 0.5eV,

for an insulator with the assumed parameters.

.1 ll Levels in the Forbidden Gap
In any practleal 1nsulator there are a number of allowed
electronic energy levels in the forbidden gap. These can be
associated with 1mpur1t1es 1n the 1nsu1ator or with defects
in its structure. Vacanc;es, interstitial atoms and dislocations
are among the structural defects that ¢an give rise to levels |
in the forbidden gap. .The-allewed energy levels are localised
at the imperfection. | | |
- It is convenient to discuss the effects of these localised
levels or centres in terms of two mechanisms. (1) Trapping
(2) Recombinatlon. | -
' (l) Trapplng refers equally well to electroms and holes,
but for clarity only elecxron traps are discussed. Three
distinctions are made (&) Levels within kT of the conduction
band (b) Levels between the conduction band gge-the Fermi level
(e) Levels below the fermi level. The Fermi level is that
energy level at ﬁhich the probability of'finding a level

occupied is one half (1.5). Assume électrons are injected ihto
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the conduction band and.the shift in the Fermi level is
-negligible. Consider thé effects of these trapping levels.
Levels (a) would be in thérﬁal equilibrium with the injected.
electrons and would have negligible efféct on the current
flow. These lévels are termed 'shallow! traps. Lgvels (B)
would traj a fraction of the injeéted charge. At any given
time there would be a fraction of the injected charge im such
traps. This would reduce the current_fi0w~by the ratio of the
number of free carriers to.the total number injected. Levels

(¢) would always be full and would have a fixed space charge

associated with them.

' iini%eé-ea:ren%e-in—aaﬁymaﬂsdmgLaddﬂ;daa@s; Levels (bj and
(c) which‘ére far removed from the qonduetion band (compared
with kT) are fermed 'deep" traps. .

(2) Recombination of electrons and holes is a concept
of particular importance in photoconductivity, and in two
carrier space charge limited. conduetion. The capture cross-

._section of a centre can be defined by

7= (vsN)t 1.11
T Free lifetime of carrier faaetice varies from
. X . %O secg aad S
S Capture cross section for carrier from 10 21 to 10-220m?,
: For an_ d ntre
N No. of centres per unit volume S ~ 10~ cﬁgrvgvzulgebe
' expected.

v’Thermal vélocity of the c¢arrier.



_ A centre has two capturelcrossfsections, one for a
free electron and one for'e freeJhole, depending on which
state it is in. A level may capture an electron and then
cspture a hole or vice versa'thus aiding direct recomhinetion.
'The energy may or msy not be given out as photons. The two
cross-sections determine the behav1our of a level as a recom-
bination,centret ' " e o K

A level may sct as & Tecombination centre or as &
'trapping levelt The distinctionlis_nede_hy_comparing“the
probability of thernalieiectionwof'e;trapped cerrier uith
the probability of the:centre cepturing.the.complementery_ ‘
carrier; At different temperatures'levels may act in different
ways. Generally levels near the band edges_ will be traps and

levels near the. centre of the forbidden gap will be recom-

bination centres.‘ '-. i o o
The production of levels, and their nature, 1n CdS, 1s

summarised in Chapter Two.- A more complete discussion of

levels in the forbidden gap of 1nsulators can be found in

Bube's book on Photoconductivity (6).

To observe _space charge limited currents it is necessary
to have a thin sleb_of_good_insuleting ngterial. _The_eontects
must be capable of providing eioess carriers and there should
be a minimum number of levels in the forbidden gape If these

conditions can be satisfied the current should vary with the
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square of the applied voltage.
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Chapter II Previous Experimental Evidence

2.1 Properties of Caamiuﬁ'Sulbhide

A great deal of work has been done on cas, the interest B
being centred on . the materlal's photoconductive properties.

" This section deals ‘with properﬁies ef pure.CdS which are relevaﬁt
to space charge limited cenduction. A review has recently been
made by Lambe and Klick (7) and many references are available

in Bube's recent book (6)

'Cadmium Sulphide can be pfepared by a vapour phase technique,
either by combining the elements or by sublimation of the com- -
‘pound.(8,9,10). It crystallizes with the hexagonal wu:tzite'
structgre'(ll). ‘The crystals are either irregular rods or thin
plates. . The plates are sultable for the investlgation of space
charge limited current flow. '

When crystals are prepared with no impurities their resist-

12ohm.cm. .Absenee“

ivity is always n-type, and of the order of 10
of p-type conductivity is_ascribed to h;gh-activation energies
for p-type impurities (12,13). Several levels in the forbidden

gap nave been jdentified (14,15,16) and they may be summarized..

. Substitutes Donor or eV below eV above
Impurity Group for ___ Acceptor Conduction band Valence band
Cl.Br.I VII Sulphur » 0.0
Al Ga.In III Cadmium D ogoé _
Cu.dg - I Cadmium A . 1.0
Cd.iacancy A 1.6
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Measurements of optical absorption have been made at
different temperatures (17.18); and the photoelectromagnetic
(PEM) effect (19) has been measured at room témperature. The
width of the forbidden gap depends on the criteria chosen
to define it,‘ A commonly accepted value for CdS at room temp-
erature is 2.4eV., : - :

Kroger et.al (20) have maasﬁred'the Halli effect, resistivity
and thermoeleptric power:of pure CdS, from 20° to 200°K. They
conclude that the room temperature mobility of electroms is

2 “lgecd

volt » and the effective mass is of the order of

210 cm
0.2 of the electronic mass. From investigations of 'primary*
photocurrents, van Heerden, (21) puts a lower limit of 0.3 -
3.0 en®volt ™ sec™! on the mobility of hbles in Cds.

Measurements on evaporated layers by .Shuba (22) using a
photo-electrlc technlque, put the work funetlon of CdS of the
order of 5.T7eV. Prellmlnary rnvestlgatlons by Scheer and Laar
(23), using a similar technique, indicate the work function,
for a freshly cleaved»éurface of a single crysral, is of the
order of T7.0eV. Smith'(ZA) quotes ‘a valué of 4.2eV for a
single crystal. This latter value was obtained by measuring
the landing potemtial of a low velocity scanning beam, the
work function being measurea relative to twq dots of gallium
and silver on the surface of the crystal. -

Edge emission is another important property of pure

cadmium sulphide (25). When cadmlum sulphlde at 77°K or below

1s irradiated with light of wavelength equal to, or shorter
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than ;,that of the absorption edge, luminescent emission is
observed. This emission consists of a gseries of equally spaced
narroﬁ bands between 51002 and 5600%. It has been pointed out
(25,26) that the energy difference between peaks corresponds
-closely to the energy of normal.lattice vibrations. It is
reasonahle,“therefore, to attribute the peaks to phonon-photon
transitions. "The emission is due to recombination-of electrons
‘and holes. Work by Lambe, Klick and Dexter (27) suggesis this |
recombination takes placeivia & centre, i.e. a trapped electron
recombining with a free hole. After exciting a crystal and
| producing edge emission they placed the.crystal in the dark.
'6n irradiating with infra-red, edge enission was stimulated.
They postulated that the infra-red produced free holes which _
then combined With trapped electrons. In view of this evidence
it seems unlikely that excitons are involved in this recombination
There is evidence for excitons in the absorption and emission
spectrum of CdS in the range 4800% - 50503, it is reviewed in
ref. (7), but this can be distinguished from the edge emission.
"hDiscussion of speed of response and maximum gain'of'cadmium-
sulphide is 4§¥£§é$-unt11 Chapter 1I1I, as are general photo-
conductive properties.

'2 2 The Metal-Insulator Contact

Work by Smith (24) showed that indium or gallium could make
ohmic contact to cadmium.sulphide. An ohmic contact is one that

is capable of injecting excess carriers ‘over and above those
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required to support Ohm's law currents for the bulk material.
Smith found that pressed contacts were satisfactory, no
chemical reaction”took placeAat the contacts, and diffusion
of the indium'or gallium into the crystal was not necessary
He found a rectifying contact could be made to the crystal
by applying either a gold or silver electrode. The forward
current was of the order of lmA and the reverse current less :
than lofgamps, with up to,16 volts a?pliedﬂacross 10-2cms of
erystal. | | -
Smith suggested that an:ohmic contact'should be character-
ized by _
‘i) Maximum performance of-the crystal as a photoconductor.
(ii) Linear current-voltage characteristic at low voltages.
In_his work this corresponded to fields of the order of
103 volts/cm. _
(1ii) Absence of-photo-voltaic effects.

(iv) Photo-current noise associated only with the hnoise of
the photon stream. .

(v) Current limited. only by space charge effects and not by
the supply of carriers at the- electrodes. N

In the linear regime (ii), there is no significant inaection
and the current is carried by the small number of carriers
already present in the conduction band.

It was suggested that indium (or gﬂlrum) formed ohmic
contacts on CdS because the work functions of the metals are

less than that of cadmium sulphide. With a low work function

" contact there would be a ready supply of carriers to the cona'
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duction band as (@ - /) would be small (1.8). With a high
work function contact such as gold-or silver, a'Schottky
exhaustion barrier would be set up and the numher'of carriers
available to the cogductigqiband would be sharply reduced.
The scanning_technique (2.1) qaoted by Smith determined the
work functions of silver, gallium and CdS as 4.9eV, 3.6eV and
4.2eV respectively. . |

Energy.level diagrams for the ohmic and rectifying contact
are illustrated in figs. 2.2.1 and 2.2.2 respectively.

Surface effects would introduce localised levels in the
forbidden gap. Smith suggested that the low work functions
of indidm and gallium_could counteract the effects of these
surface states. (1.6). - ,

Work by Buttler and Muscheid’ (28 29) revealed that any
metal can make ohmic contact to GdS, provided the surface has
‘been prev1ously exposed to electron or ion bombardment.
Fassbender (30) reported that ohmic contacts could be produced
if the contact area was subject to 1onic_bombardment before
application of the cohtact;, He deduced that a low resistivity
surface layer was created on the crystal due to the formation
of su;phur.vacancles. These would act as donors (12). Alfrey
and Cooke (31) found indium contacts to ZnS were ohmdc if
either, (i) the contact was heated to éoo'°c, or (ii) a high
current was passed to 'form' the contact. Further, after this

‘forming', any metal would make ohmic contact on this 'formed'



ZERO

¢Cd5 ' . ﬁln

Er

/

Hcds> ghn

NO BARRIER

FIG, 2.2.1

OHMIC. CONTACT



ZERO - d

Vb‘l

geas< @ | HPELECTRON AFFINITY OF Cd 5
. wAHOLE " " "

BARRIER 24, — 4 . FOR ELECTRONS
fin— Py FOR HoLES

L

FIG 2.2.2.

]

RECTIEYING CONTACT

|
'



- 27 -

part of the crystal. ‘ _
Kroger et al (32) proposed the model 111ustrated in fig.

2.2. 3. They suggested that diffusion of indium or gallium

1nto the crystal produces a 1ow resistivity layer which acts as

the reservoir of carriers for ‘the bulk material. The exhaustion

barrier is 80 thin that electrons can easdly tunnel through it.

Bombardment of the crystal surface produces a highly conducting

layer through which a high work function material can make ohmic

contact to the bulk of the crystal.

2,3 Hole 1n1ection '

There is littleevidence for hole inaection in CdS (33) ‘
By arguments, similar to those of section 1.8, the type of
contact needed for hole 1n3ection can be determined. Consider
the contact 111ustrated in fig. 2,2. 2. Measure the hole energy
p031tive downwards from the zero (l). ., The barrier presented for
hole flow in the valence band is EG +79 @gmetal. The hole
affinity is related to the electron affinity byéﬂh 50 = EG.
Thus the barrier, isfﬁh - GM. The density of holes available to
the vdlence band is - o
N = -2(2mm?kT) 322 ex 'QZEiZ_EE) 2”3 (a)

L N KT TU

This is obtained by a similar analysis to that outlined in
1.6 end 1.8. | | |

From 2. 3 (a), the higher the work function of the metal,

the more holes there are available to the valence band. Thus
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for an ohmic hole_injecting_contect a_high work function netal
would be required, It;nighx be_eipected:from fhie fype of analysi:
that it should be possiblelfc_ccr;elate the degree of rectificatio
produced with the work function of the nom-ohmic contact. In

. practice; surface states make nhis type of measurement difficnlt.
In contrast with the above cons1derations the ccntact shown

in fig. 2 2.3 is 1dent1ca1 to the nt- n Junction of normal semi-

eonductor work. When- the junction is blased with the n* 31ce
p051t1ve there is very 11ttle hole flow. Thus, this type of
contact is ideally sulted for study of 51ngle carrier electron
currents. With a diffused contact, or a contact produced with
bomSardmentg-it ie not'poesible to estimate satnration'limits
inltenms'of the work.funection d;fferences. .
2.4 Experimental Evidence for Space'Chaige Linited Conduction
' Space charge limited conduction naslceen investigated'in cdas _

and zinc sulphide by Ruppel. (34) and in cadmium sulphiae by
-Wright (4, 35). Dacey (36) has 1nvestigated space charge limited
(S.C.L. ) hole. flow in germanlum.

Thls section is concerned with the early work of Smith and
" Rose (24,37).: They found that the current voltage characteristic
ef'a thin plate °f,°d$ with indium electrodes was of the form
illustrated in £ig. 2.4.1.

Curve 'a' was taken when the current had settled to a
reliably stetionary vaiue. They found that, initially, on

applying a voltage, a high current was observed. This current
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decreased over a periodlof'hours to a 1ow:steady value. The
. behaviour was explained’in-terms of eleetron.trapping by the
following argument. For_a'gi?en ?oltage,_a fixed amount of
charge is foreed,into the_erystal; tbe_majority ofmwhich is
trapped. The trapped charge raises the Fermi level and there-
fore-the equilibrium density'of carriers in the conduction band.
Smith and Rose suggested a good-approximation'could be made by
assuming all the charge is trapped, leading to a re-location
of the Fermi level. They then assumed that the allocation of
some of the trapped charge to the conduétion band to maintain
statistical equilibrium”would have a negligible effect on the
new Fermi level; If a uniform energy_distribution of traps

in the forbidden gap is assumed, equal increments of voltage
will make equal energy shifts in the position of the Fermi
level. The free electron density varies exponentially with
the position of the-Fermi'level and therefore the'current will
vary exponentially with voltage. Any form of current-voltage
:characteristic ‘can be explained in this manner by assuming an
Happropriate variation of trap denSity With energy, in the
forbidden gap. Rose et al have discussed the possibility of
- determining the trap distribution from the current voltage
;characteristic. (38 39)

When the crystal was illuminated, Smith and Rose obtained

. eurves similar_to_'b' and 'e! fig. 2.4.1. An ohmic region of

the characteristic is obtained when the volume generated



carrier densify predominates over. the injeeted earrier density.
This shows that the phofﬁcﬁfrent can varyilineafly with voltage
Ehile-the dark current is foiloﬁing some high power law, This
makes it difficult to ascribe the latter behaviour to any form
of collision ionisation process. )
_ Curve 'd' fig. 2.4.1 was obtained using pulsed voltages
. with a& small bias light.on;the crystal. It was found that the
pulsed dark-currents were-ﬁighef than thenstéady direct currents
by several orders of maghitude but fell shbrt‘of the theoretical
square law, (épfve et equétion 1.9 (a)), and did nof show a
square law deﬁendence of current on_voltége. However they
found that with a steady bias light on thé crystal, reasonable
agreement with equation 1.9 (a) was obtained. |
Smith and Rose also exémined the effects. of applying
alternating voltages to'théir crystals. The resulfs'yiélde@
~essentially the same information. The tfansientldecay was
attributed to the time taken for injected charge to condense
into traps. From 1,11 the lifetime is proportional to the
- number of traps, the current therefore wéuld be expected to
decrease exfopentiglly;with timé; Equation 1.11 is a general
- expression for the lifetime of a.free carfier. (6). If more
charge_is injected into the cryst§1 thq‘frapé ﬁill £ill quicker,l
thus the decay to a stable eufrent-is fagtef at higher voltages.
Difeet obéervation of stored charge was made by, applying

a voltage to the crystal and then, dropping the erystal om to



_3]_ -

an electrometer pan. They found that all crystals were
negatively charged,_which they claimed was due to electrons'
remaining im deep traps, - o . _

In contrast to. Smith's interpretation, Boer and Kummel,
.(40,41) who elso found a high power dependence of current on
voltage in doped cadmium, sulphide crysfals, gttributed this
to either collision ionisation or field ionisation of electrons

from traps.

2. 5 Evidence for two carrler S.C.L, conduction in Cadmium

Sulphide, = | | |

Luminescence has been observed in Ods whlch can be attr1bute
to the injection of holes at the anode. Smith (33), using
insulating crystals supplied with gd&iumYCOntacts, found that
it was first necessary to apply a high field to "form" the .
anode. ane this'had'been done he found green luminescence,
starting at the anode in spots, which spread throughomt the
erystal :as: the field was increased. It was necessary to cool
the crystal to liquid air temperatures to observe the lumines-
cence.. The wavelength of maximum intensity of the lumlnescenee
corresponded to the band gap of CdS, and the luminescence had
two peaks. Smith concluded that the luminescence was due to

recomblnation of electrons and holes by a mechanism similar to
i

that involved in the production of "edge emission" (section 2.1).
In Smith's experiments the comtacts'mere placed on the same .

side of a plate of CdS. - A more satisfectory method would be
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to have them on Opposite faces to reduce surface leakage and
to reduce the spacing between the electrodes. He found a
steep rise in current with voltage, andthat the luminescence
occurred at. the high current endlof the current—voltage
-haracteristic. (At currents of the order of 1 micro A.).
The intensity of the luninescence wasfproportional to the
current,"and fields'ofgthe order of_lé% volts/cm weré sufficient
to produce luminescence. » » | | .

Boer et al (42) and Diemer (43) have observed luminescence
in doped CdS. This was attributed to high fielad effbcts.

Fields of 105 volts/em were employed. Considering the com-

B paratively low fields. used in Smith's work, the different

deduetions could fit their relevant experimental arrangements.

2.6 Object of the Research

Traps can profoundly modify S.C.L. currents in CdS, and
Lampert (5) put forward his theory of "One carrier S.C.L.
currents in an insulator with. traps™ to explain the results of
Smith and Rose (37). In this theory, which will be discussed
more fully in chapter III the threshold for S. C.L. conduction
is related to the density of traps.

Unpublished work at G,E.C. by Woods showed:

(1) The trap densities for many crystals: calculated on the
basis of Lampert's theory were abnormally low ( £ 1@}2
traps per cm3). This has been verified by Wright (44)
and Ruppel (34B) in published data.

(ii) The current/voltage characteristic oftén displayed a
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region of negatiye resietance.
(iii) The crystals showed sbnormally high semsitivity to
~ low-level illumination, [ €1 2t, cdle.], with an
abnormally £&¥et—response time [( 1l sec.]. This
_ indicated somé new mechanism in the photoconductive
process. (The Gain-Bandwidth-product is discussed
in the following chapte?).
(iv) Recombination radiaticn'was observed at the S.C.L.
current threshold. |
It is the object of this work to clarify the position
with respect to these efﬁects. Qhey cannot be explained in
terms of Lampert's theor&.' o
2,7 Recent work by Ruppel
Ruppel (45) has found that the charge stored in a crystal
after passing a current is not_always-negative, as found by
Smith and Rose (37),(section 2.5). He found that at low
"voltages the charge ﬁas negative, but at,higher voltages the
.charge becaine positive. iThe variation,of.stgred charge with
voltage is shown in fig. 2. 7 .-1. ‘Thaldashed line'iepreSents'
the expected cha;ge, (voltage multiplied-by the interelectnode
capacitance). This was follcwed at lcw'voltages. The inter-
pretation of the ewing.aﬁay from this iine-is that the cathode
becomes saturated. Absence of saturation in the dark current
is attributed to the cnset'of collision.ionisation of trapped
carriers. Ruppel found a critical current density for
‘saturation of the order of 10~6 amps/cm?.

]
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. Measurements of the photocurrent showed that the current
saturated when the charge stored indtne erystal became‘positive.
The photocurrent then increased steeply as the voltage was
increased; which Ruppel claimed was further evidence for
collision ionisation. | |

From the saturation of the photocurrent, Ruppel calculated
" the helght of the barrier at the cathode to be O. 8eV., He
was u31ng pressed 1nd1um contacts. -With different contacts
it is reasonable to expect saturatlon to occur at higher
current densities. In the work.of Smith and Rose fcr example
k37), there was no detectaﬁle saturation for current densities
of the- order of 20 amps/bm -under pulsed conditions.

2.8 Recent work by Bube

Bube (46) has measured S.C.L. currents at different
temperatures. He concludes that the steep rise in current
cannot always be interpreted as trap filling effects. He

suggests collision ionisation or injection of holes may be

responsible in some instances.
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Chapter IIT Theoretical Work

3.1 Basis-omeampert's.Theorz

A 51mp11f1ed theory of space charge limited conduction

in an insulator with traps has been proposed by Lampert (5)
He considered conduction by electrons only and assumed a
single discrete level of electron traps in'the forbidden gap.
This is one carrier S.C.L. conduction.'

The three basic equations of Lampert's theory are:

J = epn E; e D g: = congtant 3.1 (a)
€ dE - = , -
s ax. - (o A) .+ (n, n;) 3.1 (b)
n(x) = n(x) Nt'(a(x)+ 8171 3.1 (e)
J current density € permittivity of insulator
E electric field intensity
e electronic charge |
n density of free electrons for zero field. (Thermal and

Electrical Equilibrlum)

n density of free electrons

n, density of trapped electrons ” ;
- " A1l functions of

Et energy of trapping 1eyel o "j, position x

E, energy of bottom of conduction band)

Ny trap density

No effective density of states in the conduction band

N = Ne exp [Et(x) - Eé(x)/lelﬁ compare equation 1.6 (e)



- 36~

Equation 3.1 (a) is a current flow:equation; in Lampert's
theory the diffusion term is neglected. ‘

Equation 3.1 (b) is Poisson's equation.

Equation 3'1 (c)'is a statistical.eQuation. It assumes
that the steady state Fermi 1evel F(x), defined with reference
to n(x), determines the occupancy of the electron traps via a
Fermi-Dirac ~occupation function (1. 6 (a)).

To solve equations 3 1 (a) (b) (c) Lampertspecified two
-boundary conditions.

| n(x) =+ =n as = X —p
| E=0 at 'x =0
In addition equation 3.1 (&) was replaced by

J = enpE = constant = . 3.1 (a)

on neglecting the diffusion tern..
Equations 3.1 (b),(e), (d), and the two boundary conditions

provided a mathematical basis. Lampert calculated exact
solutions from these equations. B

The results cannot hold mear the cathode for at x = 0
E = 0. n =00 ; and they will not hold when diffusion
currents aré not negligible. In the absence of an exact
theory it is not possible %o give a quantitative estimate of
the range of validity. | |
3.2 The Limiting characteristics

Before presenting the results obtained by Lampert it

is convenient to consider the limiting characteristics.
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Lampert pointed out_that §.C.L. currents will be confined
to a triangle. This is 111ustrated in fig. 3.2.1. which is

a log-log plot of current versus voltage.

Curve 'a'of fig. 3.2.1. is Ohm's law for the neutral crystal,

J.=ei’13‘-‘eﬁ’x§' ' 3.2 (a)

where 4 is the cathode-anode spaclng. The tfue curve cannot
lie below the Ohm's law 11ne, forcarriers can only be added,

by injectlon, to those thermally present.

Curve 'b' of fig. 3.2.1l. is Childs law for an insulator
, , ] . .

= X -V | -' ' .
e 24;53—-- | 3.2 (b?.

this represents the situafion where all the injected carriers
are in the conduction band. The true cufve cannot lie aﬁove
this line.

Curve 'c' of fig. 3.2.1l. is the traps-filled-limit eurve.
This represents the situation where all the traps are filled,
and the largest'pessible fréction of the injected carriers
are trapped. The steepness of the traps-filled-limit (TFL)
curve follows from the assumption that the trap demsity Nt is
' very much greater-than tﬁe-dark density of éa;riers. A mathe-
matical treatment of the traps-filled-limit law is given by
Lampert.

The voltage V;, fig. 3.2.1. marks the transition from

ohmiec to space eharge.limited conduction. The Ohm's law and
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Child's law lines meet at a voltage
_8eJ?ii
. 9¢€&

-V = from equating 3.2 (a) and (d)

This transition occurs when the excess injected carrier
density exceeds the dark density.
Lampert calculated that the true transition in a trap

free crystal will be given approximately.by

v, ed n 3.2 (e)

The voltage V2 is the voltage required to overcome
the repulsion of unneutralised charge in traps. Lampert shows
that this voltage is given approximately by
2
v, = & m 3.2 (a)
2¢€

Finally from 3.2 (c) and (d) the ratio of v, to Vl is

approximately
v
7 o= & 3.2 (e)
1l n '

Thus, with B = 10° cm™3 and Nt & 201 cn™3, don-linearities
will be expected over a considerable rénge of the characteristic
of an insulator. | y
3.3 Results of Lampert's Analysis

From his analysis Lampert concluded that, if the Fermi
level at the anode lies below theutrap depth, there is a fixed
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ratio 6, independent of applied voltage such that

N E, - E .
3d) - 5 = & ey B 3.3 (a)
ng(d) Nt kT

Thus of the total charge density at the anode only tpe
fraction © is available fer conduction. The effectiveness
of injected carriers is reduced by the factor ©, and the
Ohm's law - Child's law tramsition (3.2 (c)) is now given by

v - eali 3.3 (b)
: 2¢0 .

For voltages above this transition but below the T.F.L.
ecurve, the characteristic'follows Child's ;aw m&dified by

the correction facfor 0.
o 2 :
9 8¢ V- :
J = —4% 3.3 (e)
. 8d

Finally at the threshold voltage V2, phe traps £ill
and the curve follows the T.F.L. line aﬁd finally Child's
law. _

The exact solutions obtained by Lampert are illustrated
in fig. 3.3.1.

The reason for considering.the charge density at the
anode arises from the mathematics on making the assumption
that the electrié field intensity at the anode is not very
different from the 'ohmic' electric field infénsity. With
this assumptiqn, the situation ié idenfieal.to that referred

to earlier (1.11). Electrons are trapped for some finite
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time whieh_leads to a decrease in their drift mobility.

For Et - Fd>-RT the time spent by an electron in a trap is
1ndependent of applled voltage, where Fd is the position of
the steady-state Fermi level at the anode. The ratio of @
free to trapped carriers is then given by the distribution
function, equation 3.3 (a).

By comparing the current where the modified Child's law
£3.3 (e)] meets the T.Ffﬁ;'cﬁrve, and the current where the
?.F.L. curve meets thé'Child's law curve [3.,2 (b)] the current
range of the traps-fllled -limit curve is l/b.-

Lampert proposed this theory to explaln the results of
‘Smith and Rose (24 37). Fron equation 3.2 (d) by measurlng
: V2, 1t 1s pos51ble to calculate the trap denslty. From measuring
9,_and using equation 3.3 (a) it 15'p0351b1e to calculste the
energy of the trapping leﬁel below the conduction band. Thus;
if tnis mechanism is correct, it is a'ssnsitive-tool for
measuring low trap densities. | _

The contact limitations discussed in 1.10 have to6 be
borne in mind however, and possible high field effecfs have %o
be. eliminated when analysing $.C.L. current data.

Skinner (47) has analysed conductlon in insulators where
diffus1on is predominant and Sults (48) has studled insulators
with shallow traps. Shockley and Pr1m (3) have con51dered |
trap free insulators. The solutions of equatlons 3.1 (a), (b),

(e) found by these workers are not applicable when deepptrapping
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states are present.
‘The theory of Lampert does not explain the phenomena
outllned 1n section 2.6. |

3.4 Two-carrler sgace charge 11m1ted conductlon in tr free

 insulators

Two carrier S.C.L. currents have been analysed for trap-
free insulators by Parmenter and Ruppel (49) They assumed
that diffusion was negliglble and recomblnatlen between

carriers was,bimolecular@. The basic eqqap;ons are
J = (mp, + p)‘,lp)eE- | 3.4 (a)
This is a current flow equation;,negleeting diffusion.

fln( =) (n.E) = "'/“p ( =) pE = npvs 3.4 (b)

‘This is a continuity equatibn_mheré v is the thermal

velocity of the carriers and s the capture cross-section (1.11).

= = (f) (n_; »p) 3.4 (c)

Poigson's equation . ]
Parmenter and Ruppelconcluded that the S.C.L. current
is given by ' '
. ) . .
if the cathode and anode are ohmic-for electron and hole flow

respectively. The éfﬂbetivg mobilityﬂpeff‘is approximately
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1/2
Pere = 3 [28(gpo/no)(pe + )1 -

where p, = éEvs( 2e)-1 and is termed the recombination
mobility. |

Parmenter and Ruppel.estimate_the'current for tno earrier
conduction will be enhanced over one-carrier conduction by a -
factor of the order of 103. ) .

This enhancement is.due tc'spece-change neutra;isation._
It is pronounced'in.the solid'state wheie-the velocity of
the carriers is constant. In a vacuun diode; where carriers
are contlnuously accelerated, enhancement factors would only
be of the order cf 4, owen if two carriers of equal masses
'were-assumed. . 4 L | .
3.5 Extensions of Lampert and Rose

"Rose and Lampert (50 51 52 61) have extended the work
_ of Parmenter and Ruppel to cover general recombination kinetics.
‘Lampert (50), using a simplified approach, shows that for a
. congtant lifetime ¥ (Recombination tnrough localised centres),
which is the same for electrons and holes. '

T = 8er; V3 3
~ Fan 3.5 (a)

assuning 1 -(3.1) ) ‘Np, the density of recombination cemtres,
and assuming that unneutralised space charge is free. He also
derives the results of Parmenter and Ruppel from a Slmpllfled

approach. He considers f1e1d dependent mobilities under the
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agsumption of a single 1ifetime for eléctrons and holes.
Lampert ané Rose (Si) ha#e considéred the more gene;al

problem Of different eléétron and hole-liietimes; and have

derived 3.5 (a) rigofously. In general térms they predict

a square law regime giveh by .

S L2 S |
. d = eTM I n = 3 305 (b)
where ? is the avérage 1ifetime; followed by a cube law,
equation 3.5 (a). '

The transition is determined by the time taken for
'‘relaxation' or neutralisation of injected charge. If the
transit time 7% is greater than the dielectric relaxation
timg ' |

' _ €
‘r.RC - eﬁrﬁ

injected space charge is neutralised and 3.5 (b) is valiad.

'When 1% becomes lesssthanftaﬁ,_injectéd.SPace charge becomes
important and 3.5 (a) is followed.

Lamperf (52; 61) has considered the wvariation of hole
lifetime with injection level. He considers an insulator
with a single diécfete'lével'of recombination centres, Np,
'complétely filled with‘eiectrqns.in ﬁheimal eqhilibrium. Fo:
low injection levels; the electron Qccupainn of tﬁe recom-
bination levels remains undisturbed. For high injection

levels, recombination empties the levels Ny and effectively
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trangfers the electrons to the conduction band. The more holes
'injected, the easier it -is' for.them to cross the insulator in
the face of recombination. Lampert predicts that this mechanism
will lead to fhe chai'acterist.ie illustrated in fig; | 3;5.1. :
The voltaée threshold for two carrier current flow is
given by . "
Ve = —-‘12—- | 3.5 (e)
ZI’pr low :
where ‘[p low, is thé hole lifetime for low. injection levels.
Thel large increase in hole lifetime can be expiained
as follows:- |

At low injection levels

x .~ 1 _ where & denotes appro-
ooV T TR priate capture cross-

PPR section
At high injection levels, for charge neutrality, n & p,
and the NR recombination centres are empty, i.e. there are R

electron traps and

‘ . 1
Tn = T phich 2 55—

nn R

v
and for ?r-ﬂ ~ 1
n
nigh '
’EL_E_ ~ 2 where 6p >> 6n.

To vlow. . 6mn
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The upper square law of fig. 3.5.1 is eguation 3.5 (b)
and the lowerfsquare law is Cﬁild's law for the trap free
. insulator (1.9 (a)), with a 31ngle carrier.

This analysis hinges on charge neutrallty in the crystal.
1t éannot hold if the injection level is below that.for S.C.L.
conduction.l_At 1ow_injeetion levels the éharacteristie
follows Child's law, shown dashed in fig. 3.5.1.
3.6 Photoconductivity in the Gain-Bandwidth product

The gain of a photoconductor can be defined (6) as

¢ = 4L ' , 3.6 (a)
eF :
where AI is the photocurrent, and F the total number of
electron-hole pairs being created pef sec. in the photo-
conductor.
The gain may also be.express;d as, the ratio of the free

lifetime of a charge carrier, to the transit, time between

electrodes;
L P
d2
The transit time is t. = o
\'4 ' ;
bus = Gt 5 3.6 (b)

High photo-conductive gain can be obtained if the lifetime

of one of the carriers camn be made high. A free carrier can
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then make many tfansits across a crystal before recembining.
(This assumes replegishment at the contact.) Gains as high
33'164 have beeﬁ observed in cadmium sulphide which are
attributed to a very low capture‘cross-section for free
electrons ( = 10723 en™?) (15,53,54). |

There is mo limit from'equatien 3.6 (b) to the maximum
gain of a photoconductor. However it ean be shown that the
maximum gain of a photoconductor is reached when the phot04

currents become comparable with S.C.L. currents.
The maximum gain is given by (55,56,57,52)
Nt
where 1’ is the photoconduetlve decay time or response time
of the photogon@uctor. 1%0 is the.dielectric relaxation tlme

N
and M = == where N, is the number of positive charges on the

Nt
‘anode, and Nt iS-the.ihcrement in the total number of photo-
excited electrons, free plus trapped, accompapying an increase
in the absorbed light flux of amount F. ﬁigh gain can be
achieved at the expense of the respomnse time of a photoconductor
and vice versa. m ' i

The gain-bandwidth product is

' L1 Ny |
G ('.7!;)7‘1%:_'3‘ _ . 3.6 (e)

Nt is a constant dependent only on the electronlc structure

of the insultor and the intensity of illumination. Space
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charge 1imited.coﬁduefion occurs when N, = Nt i.e. when the
injected carrier density equals fhe photo;exeited carrier
density. ' Thus M =>l. At .voltages above the S.C.L. threshold
Rt increases with NA; thus M has a maximum value of unity.

However if there are localised levels in the forbidden
gap which raise the S.C.L. threshold but are not in thermal
equilibrium with the free electrons, M can take higher values.
Recombination centres are such levels aé.they are in kinetic
ratﬁer than thermal equilibrium with the.free.electrons. M
values as high as 500 (33,58,59,60) have been measured.

3.7 Contact controlled response time

Lampért (52) has anaiyseéd the résponse'time of a simplified
injecting contact, fig. 3;7.1; The current J, is the steady
photocurrent corresponding to some steady level of illuminationg
and Po is the position of the pptential mipimnm; On doubling
the incident light flux, at constant voltage, the current is
approximately doubled to 2 Jos» and the pétential minimum.méves N
to Pi‘ | | o | '

The time'paken for the potenﬁ?a} minimum to move frpm Po
to Pl is the contact contfoiléd response time 1;, C. .

The number of negative charges bétyéen P, and P, is

. 1/2 -

where A is the crbss—sectional area and Nt is the total excess

charge density at the potential minimum in a simplified diffusion
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model for the barrier.}JAL is the corresponding Debye length
and the height of the barrier is redueed by

The time taken for the energy barrier to shift from Po to-P1
is the time taken to build up positive charges to compensate

for these additional negative charges and‘ié

Yo = RS- where'F'is the absorbed light flux 3.7 (v)

Lampert therefore concluded that the contact-controlled gain-

' bandwidth product will be

G = = . M, ,Mc-_?--=__A.
T,c . Tre T . W,

Lampert's derivation is independent of'the nature of the
current &o i.e. it can be an ohmic or épage charge limited
current. ; | | .. | _ _

In any given photoconductor, the controlling response time

is the longer of 2; and 1;.6.
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Chapter IV  Preparation of Single Crystals of Cadmium
| Sulphide |

4.1, Summary of methods of growth from the vapour phase.

Cadmium sulphide has bgen prepared from the vapour phase
by three distinct techniqueé.
(1) Combination of the elements
(ii) Chemiecal transport reaction
(411) Sublimation of the compound
(1) This is usually termed the Frerigh'é-technique (8,62),
and has many modifieétipns ﬂ9,63—65). vEséentially, cadmium and
sulphur( or hydrogén'sulphide)are introduced int§ a hot reaction
zone of a furnace as separafe vap0urs, The elements are fre-
quently carried to the reaction zone by an inert gas. Single
crystals are formed on the walls of the contalning vessel at
“some cooler portion, usually following the formation of a poly-
" erystalline substrate. Frerich's technique is convenient for
growing doped crystals as impurities.can easily be added to the
‘carrier gas in controiﬂed quantities‘during:growth. |
. Woods (76) has investigated the cryétal'habit under
different conditions of growth. Miller and Bachmen (66) have
produced 31ngle crystals of cadmium sulphide by evaporating the
elements on to a surface in vacuo.
(ii) Nitsche et al (74 75) have grown cadmium sulphlde

u31ng iodine to transport the compound down a temperature
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gradient in a sealed tube. The cadmium sulphide was transported
by way of a gaseous mixture of cadmium iodide and sulphur. A
small quantity of iodine was sufficient to transport a large
quantity of cadmium sulphide. As the crystals formed the
liberated iodine difﬂﬁsed back up the temperature gradient and
picked up more cadmium sulphide. ]

This technique makes growth possible at lower temperatures
than (i) or (1ii), but by its very nature is only suitable if
traces of iodine can be tolerated in the final crystals.

(iii) Cadmium sulphide can ﬁe sublimed and recrystallized,
either in a sealed tube (67-72), or with the assistance of a
carrier gas (73). As in (i), there are many modificationms.
Fochs, for example, varied the temperature gradient during growth
and grew isolated single crystals on the wall of a silica: tube.
Generally, the compound is maintaiﬁed at some maximum temperature,
sublimation occurs, and recrystallization in the cooler ﬁortions
of the system produces single erystals. In our labofatory a sub-
limation technique has been - found to be more convenient for
growing plate-like crystals suitable for SPace charge limited
current measuremeﬁgs.

We have used three methods to grow single crystals of
cadmium sulphide. The experimental parameters to be described
are typical of the above.th;ee divisions.

4.2. Preparation by combination of the elements

Cadmiiim sulphide crystals were grown using apparatus
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illustrated in fig. 4.,2,1, The silica tube measured 90 cms
by 2.6 cms bore anﬁ was piaced in a two zone furnace. The temp-
erature distribution aloné,the silica tube is illustrated in
fig. 4.2.1. The'franséort of éadmiumlqna sulphur vapour to
the reaction zone was controlled by varying‘the position of the
cadmium boat and the sulphur pipette, and by adjustment of the
separate flows of argon. Single crystals grew, after the
formation of ‘a polyerystailine substrate, on the wall of the
silica tube.

Difficulty was expgrienced ih the control ofythe separate
fiows of vapour, and the crystals grown were preddminantly
hexagonal rods. The subii#ation method was thefefore investi-

gated. This is déscribed in section 4.4.

4.3. Preparation by iod;qg transport

Single crystals have also been.prepared by an iodine
transport techﬁique. A small quantity (estimated at < 1 mg)
of iodine was condensed under vacuum into a silica tube con-
taining 2.5 grams of cadmipm.suiéhide powder. The tube measured
20 cms by 1 cm bore and was sealed off under vacuum. The system
was placed in a furnace with a uniform temperature gradient of
976 - 71000 extending down the tube. ' The powder was at the
‘higher temperature. After seven days the'powder had been trans-
ported down the temperature gradient and single crystals had
grown on an area of the wall_that had been at 800°¢c.

Further experiments, designed to grow crystals by this
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method in tubes with larger bore, have so far proved unsuccessful.
The crystals were,hexagonal rods and not .suitable for -space
charge limited current meagurements. '

4.4. Preparation bx;sublimgtionfdf the compound

The épparatus used is:illustrated in fig. 4.4.1. The sub-
limation was effected in a silica tube (90 cms by 2.6 cms bore)
fitted with transparent ends to observe the crystal growth. The
powdered compound was supplied by Light and Compény and was de-
gassed at 500°¢ in vacuo, for 3 hours,before use. The furnace
was héated by four silicon.carbide elemeﬂts symetrically placed
about the bore. The electrical circuit is illustrated in
fig. 4.4.2. The Ether controller maintained the maximum temp-
erature constant to + 6°C. There was an approximately linear
temperature gradient of 25,0,;°c in 10 cms at either side of the -
maximum temperature.

| The sublimation was as31sted by a stream of high purlty
argon (99.995% W/V), which was passed over copper maintained at
400 % in a subsidiary furnace. This was to remove traces of
oxygen. The argon flow was:then passed through a molecular
drier, monitored by a flowmeter, and finally passed into the
silica tube.,

Before growth the silica tube was flushed with argon, and
the flow was maintained until the whole apparatus was returned
to room temperature. |

Optimum growth (i.e, a maximum number of thin clear plates)



Silica tube. : I

. CdS )
7 S/ EE\\ S
%T dl o o
n7sc 10cms 850950C
a
RHigh purity
: Argon
b c
a Flowmeter
' b Drying tower
(Aluminium Calcium_
Silicate,
Not t o
ot to scale. ¢ Copper at 400C
FIG. 441

PREPARATION BY SUBLIMATION OF THE COMPOUND.



Ether
Transntrol
IL Plotmum ) © Furndce
r >
— Platmul_n |3; Rhodium
thermocouple.
&)

FIG. 4.4 2

FURNACE CONTROL CIRCUIT



+

-53-

was obtained with a flow of 180<190 mL/min and a charge femp-

érature of 117500. The crystals were formed at tempe}atufes

| between 850 and,950°c.__The maximum temperature was maintained

for between 65 and 75 minutes. This growth time was éritical.
The dimensions of the plates were of the order 5 x 4 x 0.02

mms. They displayed edge emission (2.1) on excitation with

an wltra violet lamp at liquid air temperatures. Some plates

‘showed surface striationms parallel to the long axis of .the

plate.' Only érystals free from these defects were selected for

experimental study. |

4.5 General obsgrvations on the sublimation growth of cadmium

© sulphide
Plate-like crystals grew directly on the walls after the

formation of a thin subétrate, or on, but not from, fine needles
which grew within 30 minﬁégg'of the charge reaching the growth |
temperaturé.' Towards ty¢ coo1ér“épd of the tube, thicker
plates were'growﬁ whiéﬁchnsisted of several laminated sheets

of cadmium sulphide. Tﬁiﬁ cr&stals'could sometimes be .obtained
- by cleaving a crystallof this type. Towards the hotter portiom
of the silica tgﬁe (closer Fp the charge), the thin needles
tended to grow into hexagonalwroqé. Once the tube was pértially
filled with fine needlés-the'thin,clear piates'grew rapidly.

If growth was maintained for longer than 75 minutes, only thick
plates wefe bbtained.f If the growth was méintained for less.

than 65 minutes, few plates were grown. A typical run produced
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between two and three dozen suitable crystals.

Fluctuations in the afgon flovaroduced wispy growth
which rapidly blocked the tube, few platés.being formed.

Water vapour deliberately included in the argon flow had
little effect on the crystal growth. The resultant crystals
displayed intensified edge emission and at temperatures ébove
liquid air, a red compdnent was observed which was not apparent
in the pure crystals. -

Oxygen in the system enhanced crystal growth. Plates
greater than 1 sq. cm; were grown but had a number of sériatipns
on'bothlsurfaces. The plates were groﬁn from rods, amnd could
be grown at.flow rates 'as low as 30 mL/min. Crystals grown
under these conditions did not display edge emission. By
annealing in cadmium sulphide powder for‘2 hours at 700°C in
vacuo, the crystals could be made to exhibit edge emission to
a variable degree.

Crystals grown with oxygen present had a resistivity of

8

the order of 10~ ohm. cm. Crystals grown either with water .

vapour present or: in the pure form, had resistivities 6f_the

12

order of 10 ohm. cm.

4.6 Conclusions

With the sublimation technique, a combination of steep
temperature gradient and high argon flow favours the growth of
plate-like erystals. This indicates that a high supersaturation

at the point of recrystallization favours this erystal habit.
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A detailed study would requlre precise knowledge of the
local temperature and supersaturatlon to determine the con-
dltlpns produclng the two distinect habits observed. The sub-
limation fechnique, howe%er, was satisfactory for growing B
erystals of the desired dimeﬁsions_and purity. The effect of
oxygen on tﬁe'growth and pﬁoPerties of single crystals of cadmium
sulphide needs further investigation. | |

Bube (77) has investigated the effect of water vapour on

the photoconductive prdﬁerties of cadmium sulphide.
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Chapter V = Apparatus, experimental procedures and

5.1._.Contact materials and'méthcds of application

Indium, graphite, 51lver, gold and copper were used as
contacts on the platelets of cadmium sulphide.

The electron injecting contact, or cathode, was provided
by indium (section 2.2). The indium was applied by the
. following three methods: .

(i) Solgerlng to the crystal in air (meltlng point
115°¢c).

(ii) Evaporating the indium on to the crystal using
an Edwards model 6E coating unit.

(iii) Placing an indium bead on the surface of the
erystal and then heating in argon to 300 C for

3 minutes.

No special cleaning of-the crystcl surfaces was given
_when'methods_(i) and (iii) were used. However, befcrc
applying indium by evapcration (ii), the surface of the
crystal was cleaned by 2keV electron.bombardment or by ionic
bombardment in hydrogen. This was donme in the coating unit.
prior to evaporation. _ g |

Contacts produced by method (iﬁﬁwere not satisfactory.
* The current=voltage characteristicc were erratic and irre-
produceable. This tcchgiqué Was.abandoned. Cathode contacts
applied by'(ii) or (iiix'gave steady feproduceable results.

Two types of anodeicontact were used: Indium, which

would be expected to provide a hole blockiﬁg anode, and
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several high work function contacts as hole injecting anodes.
(section 2.3);

.The indium anodeés were made by the téchniques described
in (ii) and (iii). Evidence will be presenfed that anodes -
prepafed by (iii) are not hole blocking contacts.

Silver and graphite were'appliéd-to the érystals by
painting on colloidal dispersions of these materials obtained
from Acheson Colloidals Limited; Evaporafed silver, gold and
copper.anodgs were also ehployed. Graphité was used for the
majority of the experiments where a hole injecting anode was
required.

The contacts and methods of épplication used are indicated
for the individual.experi@ents.. The conclusions which can be
drawn concéfning the'differénx contacts are contained in the

following chapter.

5¢24 Dirgct cqrrent-vo;tage characteristics at room_temperature

The-currenthvoltage\characteristics;were measured with
a vibrating reed electrometer and associated current measuring

unit., (Vibron models 33B and A33B). The voltage applied

to'a crystal was derived frog batteries.  The current was-
determined by observing the voltagé developéd across the
appropriate high resistance of the current measuring unit iﬁ
series with tﬁe érystal. The circuit is illustrated in fig.

5.2.1. The current measuring unit contained resistances of

6 8 10

10°, 10° and 10 ohms. The input impedance of +the
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; ohms. This apparatus enabled currents

electromefgf was 10
from 10713 o 1072 émperes to be measured with applied
vdltages of up to 200 fqits acrqsé the crystal. .

The crystal was mounted on a microscope slide in a
light proof metal box. Comnection to the top of the crystal
was made via a phosphorlbronze-spring'wire to éﬁe of two'
bulldog clips holding the. slide. The bottom. comnection was
made {ia the othér bulldog clip. The metai box provided a
good electrostatic.screen.for fhéfcrySfal, and good imsulation
was obtained by isolating the bulldog clips from the casing
with polytetrafluroethylene (?.T.F.E.)_washefs. The crystal’
mount is shown in fig. 5.2.2. |

On initially applying a voltagel a high current was
observed. This current decreased over a period of several
minutes to a low steady valﬁe. For a crystal with soldered
indium contacts, or a crystal grown in the presence Sf traces
of oxygen; several hours were required before the qurrent
decreased to a étationary reprodugeable value.

In the work'descriﬁed in this section, all.the.indium
contacts were made by heatiﬁg the indium and crystal in argon
to 300°C for 3 minutes.

A typical current-voltage characteristic for a cadmium
" sulphide crystal with two indium gqntécts is shown in fig.
5.2.3. Three regions are apparent. An Ohm's law region at
low voltages, followed by a steep rise in current ahd fina;ly

a second Ohm's law region. ‘These three parts are marked
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a,b,c on fig. 5.2.3., respectively. Some crystals d4id not
sﬁow an Ohm's law region at high voltages. The current
would increase in these crystals, (in a mahner'similar to
.region b) until the crystals suffered an irreversible break-
down. The expected Squaré law at high voltages was not
observed for crystals with twd indium c¢ontacts. The Ohm's
law regime at high voltages, indicates that the contacts were
saturated at these voltages. | .

The current-voltage characteristic of a crystal with an
indium cathode and graphite anode is shown in fig. 5.2.4.
The charaeteristig can be divided into four regimes. An
ohmic part 'a', followed by a steeply rising portion 'b'.
This in turn is followed by a negative resistance region ‘c?',
and by é square law region 'd¢'. The'square law region at
"high voltages was not glways observed. Some crystals obeyed
Ohm's law at high voltages while others suffered an irre-
versible breakdown. The high current end of the characteristic
for these cases is shown in fig. 5.2.4. by the dotted iinéé
e and T respectively.. The negatije resistance regime was
completely reproduceable.. At liquid air temperatures,
. luminescence very similar to edge emission was observed in
crystals exhibiting this behaviour. On reversing the voltage
applied to a crystal with a graphite anode a fectification
ratio greater than 105 was observed with applieﬁ voltages

up to about 20 V. The reverse current followed Onm's law.
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This aspect, however, was not pursued.

A negative resistanee reglon was observed in the
charactéristics of two crystals with irdium anodes of type
(111). One of these characteristics is shown in fig. 5.2.5.
The negatlve re31stance reglon was more apparent than in .

crystals with graphite anodes.

5e3e Eemperature variation of direct currept-voitage

characteristic.

The currenthvoltage characteristic of a crjstal with two
indium contacts has been measured at eight different temper-
atures. The contacts were applled by evaporatlon. The
electrical circuit was that desorlbed in section 5.2. The
crystal was contained in a copper oryostat.which is shown
in fig; 5.3.1. The crystal’Was.mounted.or_a microscope cover
slip. The cover slip was held against a oentral‘block of
copper by phosphor bronze spring wires which made the eleectrical
"connections to the.indiuﬁ. The mounted crystal can be seen
in fig. 5.3.1. The temperature of the central copper block, -
and hence the érystal temperature, was varied by inserting
freezing mixtures in thehinner-vertical tube 0f the metal
dewar. The temperature;could be raised above ambient by a
heater, whieh.is-shown in position in the inner tube. The
heater was totally enclosed in a silica jacket. The two
vertical tubes were of german silver.to reduce temperature-

losses. The outer tube acted as a tacuum_jacket and was
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soldered to the outer walls of the cryostat. The inner tube
was hard soldered to the copper bloeck which wae bored out

to receive the free21ng mixtures, and the heater. The

inner tube was held by solder;ng 1t to the top of the outer
'tube, the space between the two tubes being evacuated.
Electrlcal connections to the crystal and thermocouple leads,'
entered via metal-glass four way seals. leflculty was

~ experienced in exeluding_light that entered through these _
seals. Plugs of P.T.F.E., one.of which can be seeh in fig.-
5¢3.1., were used to reduce photo effects and provided the
cryostat was not exposed to direct.light these were satis-
factory. Access to the cryostat was=poseible via two holes,
one in. the side of_the cryostat and one-facing the crystalQ

'_ Vacuum seals between the cryostat and the covers for the

holes (not shown in fig. 5.3.1.), wereﬂmede using O-rings set
in tbe two.faces of the cryostat. A photomultiplier could be
fitted in place of the-coter-facing the.efystel. The terminals,
holding the phosphor bronze wires, were insulated from the '
strips of copper holding.them to_the central block by P.T.F.E.
ﬁashers. Silicon vacuum grease served to improve thermal
contact betweep_the cover:slip and the copper block. In a
preliminary'experiment the'temperature drop between the copper
and the crystal was found to be less-than 5%. It was not
possible to measure the temperature of the crystal directly

during the course of the main experiment due to the high
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standard of insulation required. The thermocouple was

therefore connected‘to the eentral block.and this was taken.

to_be.the temperature of the crystal. | -
‘Temperatures below room teﬁperature were obtained by

inserting four cooling agents in the inner vertical column

of the cryostat.. They were, im order df.increasing_temﬁerature,

liquid aif, solid carbon dioxide in acetone, melting carbon

tetrachloride and melting ice.'lTemperatures above ambient

were obtained using the resistance heater. The heater was

immerseddin water to aid thermal contact with the central

biock of copper.

Before taking each set of readings the crystal was shorted
to earth and heated to 100°C for several minutes to remove
- excess charge trapped in the crystal. |
| The results of this experiment are presented in fig.
5 3.2. In order to avoid possible damage +to the crystal the
characteristic was not measured beyond ‘the steeply rising
portion.

5.4, Current-voltage charactefistics'usingqulSed fields

Pulsed voltages were applied to crystals with two indium
contacts and to crystals with indium cathodes and graphdte
anodes. The indium contac¢ts were made by heating the indium
'and erystal in argon to 3bo°c for 3 minutes.

The pulses were derived from a,Nagard,model 5002 pulse
geﬁerator. The length of the pulse was variable from 0.%P-secs

to 2 secs, the repetition frequency ranged from 0.1 c.p.s. %o
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1000 kc.p.s. and the available voltage from 20mV to 50V.

The current waveforms were observed on a Tektronix 545A
oscilloscope with a type CA plug-in unit. ' The input
impedance was 10° ohms and the mximum sensitivity 0.05v/cm.
The voltage developed, across a resistance in series with
the crystal, gave a measure of the form and magnitude of
the current through the crystal.

‘No slgniflcant differences were observed.between
~crystals with indium contacts, and crystals with an indium
cathode and-gréhhfte anode. On reversing the sign of the
voltage applied to the latter crystals, (i.e. making the
graphite the cathode), rect1f1cat10n was observed. The
reverse currents were t60 small to measure with the available
apparatus and. no estimate of the rectification ratio could'
be made. ) |
| In the forward direction the current—voltage‘character-
istic'followed'Ohm!s law;up'to-some voltage, and thereafter
followed a cube law. This is illustrated by the example in
fig; 5.4.1. The crystals.were mounted in the light proof
box, in the manner described- in section-5.2, The character-
istic is that obtained by measuring the initial current
flowing through the crystal. | '- |

For pulses shorter than 5ms, and with low voltages, the
shape of the current pulse was as shown in fig. 5.4.2.(2).

At higher voltages, the end of the.pulse was abruptly.-

raised, giving a current pulse similar to that illustrated in
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fig. 5.4.2. (b). This would generally occuﬁ with of the
order of 40 volts across-a crystal approximately 10’2cms'
thick,

For pulses longer fhan 5mg, and at low voltages, the
current pulse was similar:to that 6f fig. 5.4.2.(¢). For
these current pulses, thelfdllowing empirical relation was

found to be obeyed:-.

Y/t e x
I = I e 5.4. (a)

"0 . ‘

where 16 and Iiare the initial and finalﬁcurrents, t is
the length of the pulse and % is of-the order of 4ms. This
'relation.wés obejed'for pﬁlse-lengths betWeen.5 and 30ﬁs.

At higher voltages, the discontinuity illustrated in
fig. 5.4.2. (d) was.obseried in the current pulse. .On raising
the voltage above ébme threshgld; the end of the current pulse
would be raised;' The length of the current pulse € , before’
the sharp rise in curreﬁt; depended on the applied voltage.
_The higher the applied voltage, the shorter the length of
the plateau £ . d '

Two transient effects were also observed. On increasing
the voltage or P.R.F.,'tbe_qurrenf pulse ﬁould'sometimes be
of the form shown in fig. 5.4m2v(e); After'the'application
of several voltage'pulses,itﬁe éurfent éulse would revert to
that shown in fig. 5.4.2.(d). The lengths of the two plateauss

(myn, fig. 5.4.2.(e)) varied for successive pulses. The second
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transient effect was also observed on ini%ially increasing
the voltage or P.R.F.' 0n inqreésing either of these, the length-
of the plateau (€ , fig. 5.4.2.(d)), would initially be un-
affected. However successive pulses Would_decrease the length
'of"e, until, éfter the applicatioh oflseveral pulses at-the
higher P.R.F. or voltage, the length . €  would settle to

a new, consistently sméller-value. The reverse of this second
 transient effect was also observed. On debreasingmthe voltage
or P.R.F., the length ¢ inbreased over Suceeséivé pulses

to a eons1stent value. :

The voltage required to produce the discontinuity illus-
trated in fig. 5.4.2 (d) ée-_pended on the pulse repetition
frequency-agco#ding to: | _av | '

P.R.F. = @ e . 5.0 (D)
'whefe « and B were difﬁbrepm constaﬁts for different pulse
lengths. ' | )

The length of the current pulse £ , before the current
discontinuify, wés related_to thelpulse repetition frequency
by . =§(B.R.F.) |

f = Y e o :  5.4.(c)
where ¥ and § were cbnsfant. This Was'detefmined for a

pulsé length of 100ms.

The two relatlonshlps are 1llustrated graphlcally in fig.

5.4 3- and fig. 5.4.4. respectlvely.
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Once the crystal was exhibiting the behaviour of fig,
5.4.2. (d), this currént pulse shape could be maintained
at lower voltages, and at lower P.R.F.'s, than those
required to establish thé discbntinuity,.

- The direct current and pulsed current characteristics
have not been accuratgly determinedlfdr the same crystgl.
Preliminary measuremegts:suggest_that the transition;ffromi
Ohm's law to a cube law fig. 5.4.1l., occurs at a similar
voltage to the voltage causing the steep rise in current
under direct current conditions (;.e. b, fi;. 5.2+4)

5.5, Direct current luminescence.

Under certain conditions steady voltages applied to
cadmium sulphide crystals, maintained gt the temperature of
liquid air, lead#‘to the emission of 1umine$cence. Detai;ed
observétions.were made by placing the crystal in a bath of
liquid gir and observing the 1ﬁmineécénce under a microscope.
The crystal was mounted on a microscbpe cover slip. The
cover slip was held on a small block of polystyrene by two
phosphor bronze spring wires which made the electrical
comnections to the crystal. These spring wires were, in
turn, bolted to'fhe polystyrene block. The steady voltages
‘.were derived from a battery. A series resistor (typieally
103ohms) was inéluded in the circuit. The polystyrene block
was inserted into a cavity cut out of expanded-polystyfene.'

The cavity was filled with liquid air. This apparatus was
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then placed .on the stage of a microscope and the crystal

observed with magﬁifications.of.hp to 450 diameters. The

experiment was carried out in a photographic darkroom.
Two distinet typés of luminescence were observed.

(i) Green luminescence which was similar to edge
emission (section 2.1.).

(ii) Green or red luminescence with properties suggesting
high field phenomena..

(1) This luminescence was’ observed in crystals with indium
cathodes, applied by heatlng in. argon or by evaporation, and
with anodes of graphite, gold, copper, silver or indium heated
in argon. It was not observed in crystals with evaporated
indium anodes. The voltages at which it was observed, for
'crystals with various oontacts,-arellisted in fig. 5.5.1.

This luminescence was observed at 2.2 volts in ome crystal
with an indium cathode and a.graohite anode. Crystals with
graphite anodes were observed to,lumiﬁesce readily at 3.0 volts
or less. It was difficult to estabiish-the_exagt voltage at
which the green light was;observed. On increasing tpe yoltage
from zero, the luminesceénce would steadily increase in intensity.
No threshold could be determined_accurately.

Microscopic observation of the luminescence failed.to
reveal any structure. .Itfappeafed as a faint élow which
increased in intensity on raising the voltage until it could
'~ be readily seen with the naked eye. The faint glow appeared

"t0 come from beneath the confact.
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Indium contacts % were evaporated, the remainder were heated
argon. /

No luminescence was observed with evaporated indium anddes.
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Numerous attempts were made to determine the point of
origin of the luminescence. These involved experiments with
(a) Semitransparent gold, silver or copper anodes.

(b) Contacts which were slightly displaced from each other,
on opposite faces of the crystal. -

(c) A top. contact very much smaller than the bottom contact.
(d) An annuler top contact to the crystal. .

These techniques have not proved satisfactory for
observation ef the origin of this luminescence. Few crystals
were mounted suecessfully. Either, the top spring contact broke
the crystal if it was not adequately supported underneath by
an anode, or the, top contact was too small to 1ocate with the
sprlng contact. The hlgh refractlve 1ndex of cadmlum sulphide
also made detailed. examination difficult and it was not possible,
with the few crystals meunted, to determine the point of origin.
Copper and silver did not make a good mechanlcal bond to the
crystals when evaporated on to the surfaces.

A preliminary experlment has been carried out using a
erystal with a silver anode and an indium cathode (heated in
argon), to determine the point on the characteristic at which
1um1nescence occurs. The apparatue ueed pas that described in
sectlon 5.3. A photomultiplier with a 033Sb cathode (RCA 931A4)
was used to detect the luminescence. Spurious voitages and.
insulation difficulties made the low current portion of the
characteristic unrellable, and it is not presented here. However,

the luminescence was first detected where the crystal entered
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the negative resistance regime as illustrated in fig. 5.2.4 (c).

_The luminescence varied lihearly with current according to

B = 2.0,100° T - 1.9.10°°

5.5.(a)
where B is pr0portional to the intensity, and is the photo-
multiplier current in microamps. I is the .current ?hrough the
crystal in milliamps, This result is expressed graphiéally
in fig. 5.5.2., which shows the linear relation obtained.

This result is in ag;gement with qualitative observations
made with crystals immersed in liquid air. 1In these experiments,
.luminescence was a5sociated with a negative resistance phenomena.
Luminescence was not observed in the absence of negativel |
registance. Extensive heat was not generated in crystals
immersed in liquid air, as evidenced by the absence of appreciable
boiling. The luminescence was‘stable over a period of hours.
(ii) The second type of luminescence reférred to here as
luminescence (II) could readily be distinguished from the
luminescence (I) just deséfibed. Lumineécence'(II) originated
‘at the high work function conmtact. It was localised in spots
on the surface, and was observed at voltages which were an
order of magnitude higher thénlthose of fig. S.S.i. At these
volfages the crystals are generally very close to an irre-
versible breakdown. The péint,on the characteristic at which
this type of luminescence is observed, however, has not been
determined. Initially the luminescence originated from one

spot on the surface, at the high work function contact. With
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increasing voltage more luminescent spots appeareq. The
number of such spots increased until the crystal was

severely damaged. In coﬁtfast to the luminescence (I),

the intensity of. the emitted light was not steady but fluet-
uated rapidly. ExeessiVe boiling of the liquid air indicated
that considerable heat was being generated in the crystal.
The colour of the Iumineécenee varied from green to red.

Many of the crystals dlsplaylng this lumlnescence suffered
an irreversible change and some surface damage was generally
observed.,

5.6, Pulsed current luminescence

Green luminescénce was aIso‘observed when pulsed voltages
were applied to crystals maintained at the temperature of
*liquid air. Detailed_obsérvations under a microscope have
not been made under pulsed conditions. Several features of
this luminescence, however, have been detefmined. The
meaéurements were obtained with the crystals immersed in
liguid air. - The photomultiplier ﬁas suspended over the crystai.
Pulsed voltages-were derived from a .Nagard 5002 pulse generator
and the resulting waveforms observed.on a Tektronix 5454
oscilloscope with a type CA plug-in unit. |

The luminescence was not strictly inlﬁhase with the applied
voltage. With applied voltages of the order of 'é. few ms a '
delay of about lus was apﬁarent before fhe onset of luminescence.

Typical waveforms are illustrated in fig. 5.6.1l. which show



a /___—\ 100 us

b T~

| /u;
—————

SO mS.

— 1

IN EACH PAIR: THE UPPER CURVE IS THE CURRENT PULSE
THE LOWER CURVE 1S THE P.M, OUTPUT

PULSED LUMINESCENCE



-__71 )

the delay, and the rise and decay times of the luminescence.
Fig. 5.6.1.(a) is for a pulse length of 100us. The delay
is just distinguishable. PFig. 5.6.1.(b) is for a pulse
'lenéth of 10ms. The luminescence did not reach a steady
value in this time; but the delay_is more apparent. Fig.
5.6.1.(c) is for a pulse length of lps. No luminescence
wag observed until after the cessation of the current pulse.
Further, the 1uminescén§e,reéched a maximum after thé end
of the current pulse, before decaying over a period of
several microseconds.

The riée and. decay time of the luminescence was of the
order of 1§ps.llThese times varied with.the current passed
.through the erystal. The higher fhe currént the faster the
rise and decay time of the 1uminéscénce._ Further measure-
ments are required however to estabiish'aQQuantitative
relationship. The rise-éﬂd decay times for five different
currents are shown on fig. 5.6.2. The rise and decay times
have not been measured for the lqus and lps pulses which
were not long enough to'establish steady state luminescence.

The peak intensity of the luminésceﬁce:varied linearly
with current provided the pulse was long enough to establish
steady luminescence. This is illustrated in fig. 5.6.2.

It can be seeﬁ'from fig. 5.6.2, that the maximum intensify

of the luminescence is too low to fit the linear relation,

when the applied pulse length is '10’13 or lP.s.
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The current disconfﬁnuity deseribéd ih section 5.4
was also obeerved at liquid air temperatures. A similar
discontinuity was observed in the .intensity of the lumines-
cence, co-incident with the current discontinuity. This
phenomena is illustrated in fig. 5.6.1.(d). It has not
been investigated. |

When pulsea voltages were applied to crystals immersed
" in liquid air, a high pitched sound could sometimes be heard.
The sound generally'occurred when the erystal was displaying
luminescence. The pitch varied with the pulse length and
repetition frequency. The intensity increased with the
current flowing through the crystal. Thus the intensity
increased- with decreaslng voltage across the crystal, as the
characterlstlc at this p01nt was displaying negatlve resistance
The phenomena was attributed to a plego-electrlc effect. .No
measurements were made of the;pﬁenomena. .

k The pulsed luminescence has been observed in crystals
with contacts that showe& the steady luminescence (I) des-
cribed in section 5.5. For a summary.of the contacts giving
luminescence (I), refer to fig. 5.5. 1. The waveforms
illustrated (fig. 5.6.1. ) and the measurements reported in
this section, refer to a crystal with an 1nd1um cathode
(heated in argon), and a_graphlte-anode. Quantitative

measurements have not been made with other contacts.



- 73 -

Chapter V1 Digcussion of - results

6.1. Effect of cbnfacts

Consider the. upper Ohm's law region of fig. 5.2.3.
Using equation 1.8 (k) [Ohm's law], the number of carrlers/c c.
can be calculated on assumlng a value for the moblllty,

p= 250 cm /Volt.sec., say. Then

N, = 9.0.10%@ carriers/c.c.

Substituting this value in equation 1.8 (b), the height

of the barrier at the cathode is
g - = 0.46eV

This value is of a similar order of magnitude to the
condition for an Ohm's law region given in seection 1.10.

Using equation,l.lo (e), which is the eéuation deter-
mining the transition from a square law to Ohm's law, the
expected transition voltage is of the order of 1.2 volts for.
the crystal with the characteristic of fige. 5.2.3.. (Assuming
a dielectric comstant of 11). This is a simikr order of
magnitude to the observed start of the Ohm's law region,
which is at 8 volts. '

The high degree of unceftainty in the thickness and
area of contact makes it reasonable to assﬁme that this is
a genuine contact limitation. Thﬁs, a limitation imposed by

the contact obscures the expected square law characteristic.
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The.observation of iuminescence described_under (i)
in seetion 5.5., can be used to infef some of'the properties
of the eontaets. The luminescence can ﬁe due to one of two
.basic mechaniems; either an acceleration process or an
injection process.. In the acceleratlon process, electrons are
excited from the valence band into the conductlon band under
impact with fast electrons._-The recomblnatlon_of the excited
electrons, with the holeS'in the valence band via some recom;
bination centre, produces-then;umineseence. For this process
to be possible, the accelerated electrons have'each to gain
energy equal to the”forb;dden band gap. Calculations indicete

6 volts/cm

that this process is only possible for fields & 10
Curie (80) has reviewed the theories of electroluminescence.
Typical field strengths were less than-104 folts/bms for the
observation of luminescence (I). In the injection pnoeess;
electrons and holes are simultaneouely injected from the
cathode and‘anode.reepectively. Recombination of these
injected electrons and holes produces the luminescence. The
exact mechanism of the recombination process is; for the
moment, uniﬁportant, However, it is assumed, that the
luminescence is due to the recombination_of electrons and holes,
in a similar menner to edge emission.

Observation of-lnninescence, with only 2.2 volts applied
to a crystal, rulee out the acceleration process. Electrons

in this instance could gain a maximum energy of only 2.2eV,



=75 -

which is insufficient for electrbnic excitation across the
forbidden gap.>(2.4ev). The quervations of steady lumines-
cence, whiéh are summarised in fig. 5.5.1l., also strongly
support this conclusionm. The voltages are such that thé
electron could gain fhe reqﬁired-ﬁinimum energy Put are
sufficiently low (betweeﬁ 3 and 30 volts) that tﬁis procéss
is unlikely. Theabsence of distinct'threshold voltages;'the
absence of irreversible éhanges in the crystals and the.lack
of structure in the luminescence, all support the concluéion
that this is .an injection phenoména.

The observations of injected luminescence in crystals
with an indium anode, prepared Bj heating the crystal and
indium'in argon, indicate that this technique produces a hole
injecting contact. Thus, ihdium anodes, prepared by this
technique, do not make s@tisfactory hole blocking contacts
for the observation of éingle carriér spaéejcharge limited
currents. converéely, the absence of luminescence in crystals
with evaporated.ihdiﬁm anodes, indicates that a contact pre-
pared by evap§fatidn-is a good hole blocking contact.

Further work is required to determine whether orynot:
evaporated indium contacts show the saturétion effects disg=
cussed in_seﬁtion é.l.

Graphite prodﬁced the mosf satisfégtory hole injecting
contact as evidenced by the consistently low voltages required

for luminescence.
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6.2. Direct current-voltage characteristies‘at room

temperature'

An analysis of the characterlstlcs of fig. 5.2..3. and
fig. 5.2. 4. using Lampert's one carrier theory, (sections
3.1. to 3.3.), glves the following parameters for the two

crystals, assuming p = 250 em /%olt. sec.

. Figo 5.2.3.- i ’ Figo '502040-
N, = 2.0.10'% traps/en® N, = 1.3.10%3traps/cm’
Vv, = 0.5 volts . V; = 15 volts
Et = 0.53eV _ Et ;.'0.70ev B
= 1.0.1072 ‘e = 1i.6.107°

The transition veitages are modified by the factor ©
(3.3.). | | B

This ahalysis explains the characferistics within the
limits of experimental error. The uncertainty in the thickness
and area of contact could account for the discrepancy between
the observed V, of fig, 5.2.4..(503€olts) and the calculated
value. 'Nt is the total trap density calculated from the
voltage at which the current rises steeply. Equatien 3.2.(a).
Vl is the transition'voltage from Ohm's law to a square law,
modlfled from Chlld's law for the trap free crystal by O,
(equation 3.3.(b)J). © is obtalned from the current range of the
steep rise, and is the ratio of free to trapped carriers.

E; is the trap depth calculated from 6 [equation 3.3;(a)]-
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The expected modified Child's law before the steep rise
in current was not always observed.

However, as pre@ioﬁsly pointed out (section 2.6),
the trap densities are i@wer than those that might reasonably
be'expected'to occur in a cfystal unless compensation pro-
cesses are impqrtant. Further, Lampert's theory does not
explain the negative resistance region of figs. 5.2.4. and
5.2.5. _ | |

" The characteristic of fig. 5.2.4. does not permit an

estimate of No. Thus, nothing can be learned about the cathode
contact except that over the voltage range it remained ohmic.'
This in turn requires that the barrier height must be less
than 0.5eV. The fact that at the highest voltages the curve
remains three orders of ﬁagnitude below the theoretical
Child's law,'can be interpreted as due to shallow trapping
levels which reduce:the mobility of injected carriers.

The negative resistance regime of fig. 5.2.4. and fig.
5.2.5. can-be intérpreted in terms of -double injectibn.
According to suggestions put forward by Lampert (section.3.5.'),

the threshold voltage for two carrier current flow is given

by

v, =—4

th 2py T Low

where 4 is the thickness, ) the hole mobility and Ty low the

hole lifetime at low injection levels. Lampert pointed out
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that.the hole lifetime could increase by several orders
of magnitudé as the'injection level increased.

From the characteristics we have
) =R ‘2’13) low = 2,5.10 " cm /volt.

for both crystals.
Assuming a:hole mobility (79)
Fi’ = 10 cm2/vo-l-t.sec.

the corresponding hole lifetime becomes

Tp low = 2.5,107° secs.

The characteristic of fig. 5.2.5. shows a large increase
in current over the negative.reéisténce region. Lampert '
predicted that there would only be a'smali increase in the
current, of the order of five times (52), It was difficulf
to obtain clssely spéced.readingé on the steéply,riéing
portion of the characteristic, and this could account for
the anomaly. The increase in current; over the negative
resistance regime of the crystal whose characteristic is
illustrated in fig. 5.2.4, Wag of the order of five.

The observation of injection luminescence at the start
of the negative resistance regime indicates that this
phenomena is due to.dbuble injection. The neggtive resistance
regime can be ;nterpreted as due to.fhe increase in hdle
1ifetime with increasiﬁg;injection level. The square law of

fig. 5.2.4. can be analysed using equation 3.5.(b). This



ig the square law predicted by'Rqse and Lampert (50) for
two carrier condu&tipn where fhe space charge is neutralised.
It is | |
- o
J = eT /un/up n 3 | 3.5.(b)

where 7 is the average lifetime.

<

Substituting in this equation, assgming P = lOcmz/bolt.
gec., and ’Ln= 250 cz.nz_/volt.svec__. , we find T = 107 secs.

_Thig indicates that the hole lifetime has increased by at
least two orders’ of maguitude.

This apalysis is Onlj-tentative,jand more experimental
data is required. .Héwever; from the obsefvation of low
threshold luminescence, in conjunc¢tion with a negative
resistance regime, it seemsvréasonabie to apply this analysis
to the characteristic of fig. 5.2.4.

6.3.‘ The_temperature variatiOnAdf'the_di;gct current-voltage

characteristics.

To explain the anomalously low valie of trap concentratior
computed from the traps filled limit, Allen (78) haé.con-.
sidered a system with ND shallow donors and NA deep aeceptdrs
in the forbidden gap. He ﬁroposed“that the acceptors com- |
pensated the donors during grOwth'to produce high reSisfivity

erystals. Assuming a mechanism of this nature; the electron

concentration is given by
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N E : ' -
where X = N—A- » 1 and -EC - EA is the depth of the acceptor
D ' .

level below the conduction. band.

The cha?acteristiés'illustfafed in fige 54302, have
been analysea according to this model. A mobility of
210 cm2/ﬁolt.se¢. at 300°K was aésuméd, which varied
according to T-3/2 (20).

The number of carrlers/b c. was calculated from the
ohmlc portions of fig. 5.3.2.. and a plot of log —:372
against 1/T gave Eg. - Ey and X o y (from the slope and the
intercepf of the straight line respectively). This is
illustrated in fig. 6.3.1. |

N
The values obtained are X = N_A =2 240
. - D

and Ec - EA = (0.,6leV

A second method of:evaluating the characteristics of
fig. 5.3.2. is as follows. Thée voltage at whicéh the
6haracteristic depafts from Ohm's law is related to the
ratio of free to-trapped-¢arfiers by equation 3.3.(b). Thus
this ratio, O, éan-bé calculated fof the eight different
temperatures. Further © is giveﬁ by'l
Yo B - B

N kT

(>
]

and a plot of log —372 versus 1/T enables Ec - By and N,
T

to be evaluated. This plot is illustrated in flg. 6 3.2.
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end gives for the trap depth and trap density

By - Et = 0.61eV

C
N e 2.4.1014 traps/c.c.
Thus, on combining these two analyses, the number of

12 /CeCoe

domors is Ny = 10
The transition from Ohm's law to a modified Child's law

occurs when the excess injected carrier density, modified by

the correctlonlfactor 6, equals the residual dark demnsity n.

In a two level system, the ratio of thé number of free carriers

to the number of trapped carriers is approximately € = Tﬁ;
since all the electrons from the Nb donors-mﬁy bé taken as
trapped in the NA acceptors (i.e.. n<< N];))I. Substituting

© =y~ in the plot of fig. 6.3.2., where Ny = 1022, should

Np

give the plot illustrated in fig. 6.3.1. Coﬁﬁarison of the
two straight lines shows that this-argument is correct, the
séme straight line is obtained on making this substitution.
(Fig. 6.3.2. is. plotted as © x 10:.L‘2 versus 1/T for convenience).

From a measurement of the traps filled limit for this
crystal, the trap density according to Lampert's one éarrier
theory is |

N, = 3.0.10%3 traps/c.c.

Calculations based on the temperature variation of the |
characteristic give‘a more realistic estimate of the total
trap denéity'Nt, or NA’ than do measurements basgd on the

traps filled limit theory. However, the reason for the steep .



- 82 -

rise in current requires explenation. Two alternatives to a
traps filled 1imit mechanism exist. : |
(i) The space charge_of:trapped carriers is removed by hole
- injection. Thus the steep rise is due to trap emptying by
recombination of the_trepéed electrons with injected holes.
There is no evidence for this with evaporated indium contacts.
Therrecombination, however, could take place without luminescent
emission. '
(ii) The eteep'rise in current is dué to removal of the
’ trapned space charge by impact ionisation or by field ionisation
‘of the. carriers from traps.' Assuming_a-two level system, the
current range of the steep rise would be givem by % = %? .
' Thus, an explanation of the steép rise in terms of ionisation
- of trapﬁed donors; would give the same experimental fit as
the ome carrier traps filled limit theor&. The voltage required
for the ionisationfbf‘trappéd donors would not be related to
the total trap demnsity. In view of tﬁe satiefaetoryfesfimates
derlved for the total trap density, and.  for the ratio of donors
to acceptors, 1t seems probable that thls meehanism (i.e. Impact’
ionisation or field‘lonlsatlon'of trapped donors) is responsible
for the steep reversible rlse in current.

The measurements taken at the temperature of liguid air,
'plqttedJln flg, 6.3.1. and f1g._6,3.2., do not lie on the

experimental straight line. The currents that weré measured,

fig. 5.3.2., were far too high. This is attributed to leakage
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of current across the surface of the crystal. The effects
~of surface conductlon would ‘be greatest at the lowest
temperature. A general: criticism of the.low current measure-
nents'is that no precautions:Were taken to reduce surface
-leakage. .

6.4, Current-voltage character1stlcs us1ng pulsed fields.

The observatlon of luminescence (at the temperature of -
liquid air) with low threshold voltages in crystals with
indium anodes applied by heating.in argon, suggests that a
contact of this nature will permlt hole injection. The
measurements of section 5 4., w1ll therefore be 1nterpreted
exclu31vely in terms of double 1n3ectipn, "The characteristic
of fig. 5.4.1. can be analysed using,equationIBuB,(a). This‘
is the equation derived by.Lampert and Rose.(5l) assuming a
constant lifetime for electrons and holes. Lampert and Rose
‘predicted that this cube law would be>followea if the transitl
_time is less than the relaxation time (section 3.5.). .Tne.
absence of a square law regime in the characteristic requires
that the thermal equilibrium_densities of holes and electrons
are approximately equal(51).

"Assuming Pa = 250 ‘and Po ® 10 cm2/vo;t;sec., the common
recombination'time calcéulated frbm-fig. 5.4.1. using equation
3.5.(2) is |

T. = 2..0,.1()-8 seconds.

Considering the Ohm's law to a cube law transition, the
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transit time calculated from the transition voltage, which

was 20 volts,)is

TL = 2.0.1078 geconds
' | ,
(The tremsit time is given by Ty = %F'n)°

Thus, the condition that the transit time should be less
thén the commoﬁ lifetime is fulfilled for the cube law regime
of fig. 5.4.1. .

The reason for the depfession in the qurrent pulse
illustrated in fig. 5.4,2;(b)'is not yet clear. It is possible
that the filling of fasf trépping states c¢ould be invoked to
explain the phenomena. Similarly; the empirical_relation fér
the decay, equation.5.4;(a); cannot be explained.. Several
trapping levels méj be responsiblé for this decéy. An altern-
ative-egplanation for the depression observed in the current
pulsé might be found in terms of electron-hole recombination.

Thé constants of equa%ions 5.4.(b) (c) have been calculated

from figs. 5.4.3. and 5.4.4. They are

ot 3.'104 B ~ 2.2. (for a 1Oms i)ulse).
$

r = 3.2074 = 0.5. (for a 100ms pulse).

A possible explanation of the observed discontinuities
might be obtained if they are related to impact ionisation of
trapped carriers. A¢celerated carriers removéig-trapped

ele¢trons and permitting higher currents to flow. The P.R.F.
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and pulse length could then be related to the residual
number of cerriers available in the crystal before the
application of a pulse.
Alternatively it may be that a consideration of contact
controlled response.times (3.7.), could clarify the situation.
Further results are required before any firm conclusions
can be drawnenm

6.5. Analysis of direct current luminescence

From the observation of steady;luminescence at low
voltages the existence of hole 1nject10n can be deduced. - This
has been considered in sectlon 6.1. The or1g1n of the
irregular luminescence, (described under (ii), section 5.5),
can be attributed to high field phenomena. For example, an
avalanche multiplication of carriers, (42,43). This would
lead to the creation'of.electron-hole-ﬁairs in the crystal,‘
their recomblnatlon producing the 1um1nescence.

The llnear variation of the low voltage luminescence
(equation 5.5. (a)) suggests a monomolecular recomblnatlon
process. Approximate first order recombination k1net1cs would
hold if'phe majority carrier density were large, and it could
appear to be constant. If it is assumed that recombination
takee place with free holes combining with {rapped electrens(27)
then a large.fraction'of injected electrons must be trapped.
Further, the density of trapped electrons mustlremain constant

in the face of recombination. This implies rapid trapping of -
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'injected electrons.
| Further measurements are requlred to determine the
spectral dlstrlbutlon of the low voltage luminescence.

It has_already béeen p01nted out in section 6.2., that
the coincidence of negative.resistanee arnd luminescence
strongly indicates that hole injection is responsible for
the former phenomena. |

6e6e ;Pﬁlse@ current luminescence

The lmmineseence is assumed to be injection luminescence.
The delay observed before the onset of luminescence (fig.
5.6.1.(¢)) can be ‘intérpreted as the time.required_for
injected holes to drift across the crystal and recombine
with electrons trapped near the cathode. For this to be
p0551b1e, the llfetlme of 1n3ected holes must be greater
_ than the1r tran31t time 'across the crystal. The delay was

2cms of crystal.

lFsec., with 10 volts applled across 10
Thus, taking th1s delay as the tran51t time, the hole .

moblllty would be

2 . N
Mo = 10 em /volt.seo.

The lifetime of the holes must be of the order of 10~6

seconds.. This is much longer than the value estimated in
the prev1ous section, and the value estlmated in sectlon 6. 2.
from the negative re31stance phenomena, However, it was

also shown in sectlon 6 2., that the hole lifetime mlght
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be expected to increase by at least two orders of magnitude
at high injection levels. Thus, thé removal of trapped
eleé¢trons by rgeombination; could lead to the required
lifetime of the orde? of 10;6 secs. The rise and decay
times of the luminescence, iﬁdiéated on fig. 5.6.2., are
of the ‘order of several microseconds, indicating a similar
order of magnitude for the hole lifetime. The decrease
;n tﬁese rise and deca&'times with increasing current through
thevcrystal; can be.interpretéd as faster recombination at
higher injection levels, aSv0pposed to a variation in life-
time with injection level due to the removal of trapped
electrons. Thé observation,df a maximum in the-lumineséence
éftef the cessation of the current pulse supports this
hypothesis (fig. 5.6.1l.(c)). Thus it is concluded that the
sudden onsef of luminescence some microseéonds after the
application of the voltage indicates the arrival of a pulse
of holes at the cathode. The long tail on the luminescence
indicates a hole lifetime of the order of several microsecodnds.
| It was pointed out in the last section that a constant
number of trapped electrons, recombining with free holes,
would give a linear luminescenqe'intensitj versus current
relationship. This agrées with the conclusions of this
éection, and the linear relations observéd; under direct
current and pulsed current,'are attfibuted,to this'mechanism.

The maximum of the luminescence observed with pﬁlses of l%ps

g
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and yué was too low to fit the linear relation which held

~ for longer'pulsgs.. This indicétes that the lifetime of the
holes-is of'the order of léps,qu-for the 19ps pulse, the
intensity observed was about %*the expected value.

Possible explanafions for the observed phenomena, in
terms of a‘contacf_controlléd reSponsé;“or the time reqiiited
for significéntlrecombinatién, do not éxplain the absence of
luminescence for %Fs at the start 6f the current pulge.

The observation of a discontinuity in the luminescehnce
(fig. 5.6.%.(d)) coincident with the current discontinuity"
is interpreted as more holés reaching thécggode. The cause
of the current discontinuity, however,‘is not.clear; Rapid
trapping of electroms near the cathode would explain the
depression observed in cﬁrrént pulses described in section
5.4, (fig. 5.4.2.(b)). | N

Further investigation of epnéuction and luminescence

processes under pulsed field conditions is négessary.



Chapter VII Conclusions .

T.l. Crystal growth

Single c¢rystals which are satisfactory for investigating
spaee_chafge effects and double. injection phenomena can
be grown by a sublimation technique; Further work is
.rgquired to determine the effects of oxygen'on the crystal
growth and crysfal prOpgrties.' It is neqesséry to eiclude
oxygen to grow suitable single crystals. The mechanism

.ef crystal growth is not clear.

‘-7.2. Contact to cadmium sulphide

Eleetron injecting c0htact§ can be made to cadmium
sulphide by evaporating indium on to thé ecrystal., Soldering
or diffusion techniqueé are not satisfactory. '

Hole iﬁjgcfing contacts can be made to cadmium sulphide
using a variety of high:work function materials. Graphite
was.the most satisfaetory of the contacts investigated.

Hole blocklng contacts can be made by evaporatlng
indium on to the crystal. Diffused indium contacts formed
hole injecting eontacts.

Te3e Single_carrier'space“charge'limited conduction

: Measurement of the current-voltage éharacteristic of
a crystal at different temperatures is a satisfactory
téchnique for determining trap densities. The trap densities
determined by this technlque are more realistic than those |

calculated from the steep rise in current, on assumlng
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that this is due to a traps filled limit'behéviour. The

: stgep rise in éurrent'cén bé ASSOGiated with the ionisatiOn
of trapped carriers. However, the ﬁeqhahism involved in the
'ionisation of trapped carriers is not cléar. One suggested
' mechanism is an impa¢tidniéation.process. -

Tl Two éa:riér,spacg_charge limited conduction

" Dwo carrier space charge: 11m1ted conduetion provides
a satlsfactory explanatlon for a number of experimentally
observed phenomena.- From the 1um1nescence measurements 1t
is concluded that hole 1n3ectlon occurs w1th sultable contacts,
and that the lifetime-pfﬁho;es can increase by orders of
magnitude at high injectioﬁ levels. _Further,investigation
is required of two carrier space eharge,limited"conducfion

under pulsed fields.
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