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ABSTRACT _

The properties of cadmium sulphide are such that the material
has ;:::; potential for use in the semiconductor industry., The
potential has so far not been realised because of the difficulty
of preparing crystals with controlled properties. In-order to
improve the material available, much work has been carried out to
identify and measure the parameters of the defects in the material,
The study of double injection phenomena is one tool which enables
defects to be investigated, During the work which forms the basis
of this thesis, a large number of double injection devices have been
fabricated ffom crystals grown by sublimation of CdS powder in a
stream of argon, The devices have been studied at temperatures in the
range 90 to 300 oKw and at temperatures below about 150 QK vigible
green light is emitted when currents above about 5 mA flow. The
light is due to recombination in the bulk and on the surface of the
crystalse A comparison of the phote=, electro=, and cathodo=
luminescent spectra has been made, The electrical measurements
reveal that the cyrrent flow is governed by é class IT centre located
0,98 eV above the valence band, The presence of this centre leads
to a switching effect which is such that the device can be turned on
when a voltage pulse or a pulse of light is applied to the device when
biased below thresholds When pulsed voltages are applied, the

current pulse has a gstep in it due to a fraction of the class IT -
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centres capturing electrons while the pulse is off, The maximum
frequency of sine wave modulation of the light has been found to be
less than 1 megacycle so that the CdS device is unlikely to compete
with injection lasers in other materials as a source of light for

optical telecommnication systems,
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l. The choice of CdS as a material to study.

Since the invention of the transistor in 1948, the semiconductor
device industry hag grown enoimously. In order to improve the
performance, and extend the range of applications of sémiconductor
devices itiis necessary to examine not only the materials that are
already widely employed in device mamufacture, but also to search for
materiéls with better properties. Cadmium sulphide is one material
the properties of which mgke it highly suitable for use in devices
such as photo-cells, gamma ray detectors, and thin film transistors.
Unfortunately its technology has not yet been developed to the stage
where this potential can be realised.

2. Double injection as an experimental tool.

The injection of holes and electrons into a semiconductor,
similtaneously, leads to a variety of phenomena. The current flow
depends not only on the free and bound space charge, but also on
the recombination mechanisms that are active, These congiderations
lead to a variety of power law dependences of the current-voltage
characteristics, Further, in a direct gap material, the double
injection process can lead to the emission of light at low temperatures.
In particular, the electro-luminescence from CdS is visible green
‘light. Thus a study of double injection effects in CdS should
give information about the defect levels in the forbidden energy

gap which govern the performance of devices, and this in turn should



enable improvement of device performance to be achieved,

3o Unexplained double injection effedts in CdSe

Prior to the present work, some preliminary double injection
experiments had been performed in this laboratory by Guy Marlorl.
Marlor's work revealed two effects of interest:

l, There was a delay between the application of a current pulse

and the emission of light from the erystale Thid effect showed up
most clearly at short pulse lengths of the order of one microsecond
where most of the light was emitted after the end of the voltage
pulse, If it could be shown that the delay was associated with the
transit of holes between the electrodes then this would be evidence
for the Lambe-Klick2m0d61 for luminescence in CdS,

2 Under certain conditiins the current pulse consisted of a low
plateau followed by a plateéu at higher current, The duration of the
lower plateau was found to depend on the pulse duration and the
repitition rate, Marlor suggested tentatively that the step was
due to the freeing of trapped carriers by impact fonisation which
would cause the current to rise.

4. The aims of this work.

The aims of this work at the outset were:
l. To investigate the two effects observed by Marlor.
2¢ To improve the CdS electro-luminescent devices so that sufficiently
intense light could be emitted for the spectral distribution of
the light to be measured.

39 To see if, and under what conditions, a CdS injection laser could
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fabricated,

To provide a unified explanation of the double injection effects

CdSe
During the course of the work, emphasis was placed on aims 1,
and 4 since the double injection structures employed in the course

the work were found unsuitable for the production of stimilated emission,
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CHAPTER 1

Electrical conduction in semiconduc tors

1.1, Energy band theory.

The movement of an electron with energy E in a potential V is

described by Schrodinger's equation

22 Fy + (B=V)¥ =0 1.1
2m

where #f =h/21W , h=Planck's constant,

“¥ =eleciron wave function, |

m =electron mass,

For a free electron in zero potential, equation 1.1 can be solved
to give the result . =§£ Lo,

2m
where k is the wave vector,

When an electron in a periodic lattice is considered, an exact
solution is impossible because the potential that the electron experiences
cannot be defined exactly, However, by averaging the interactions due
to all the other electrons, and by assuming a square well potential
due to the miclei of the atoms, a one electron model can be solved to
give results that are in qualitative agreement with practice,
Kronig and ]Pemey1 considered the simplest one dimensional case of no
electronic interactions and a delta function potential, Their model
gives the following resultss
l. The forbidden energy gap.

The E versus k contimum is divided into regions of allowed and

forbidden energy giving rise to allowed energy bands separated by
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forbidden energy geps., The highest full band and the lowest empty band

at absolute zero are the two most important bands for the majority of
semiconductor effects and are called the valénce and condu¢tion bands
respectively, Figure 1.1 compares the E-k relationship for a free electron
with that for an electron in a periodic potential (1l.1a and 1,1b).

Consider an electron in a crystal at k=0, Application of an electric
field will accelerate the electron until at k=Wa it suffers Bragg reflection
and reverses direction and appears at the left hand side of the curve
at k=-Wa, If the band is full there can be no net current flow since
for every electron with positive k value there is one with a corresponding
negative k value, The region in 3-dimensional k space through which
the electron moves between successive Bragg reflections is called a
Brillouin zonez. Bloch’ hag shown that the wave functions for electrons

in a perfect 3-dimensional lattice are of the form

ap = () cexp(ik.z) 1.3.
where ux is some function with theperiodicity of the lattice and r is
the distance vector., Because the wave functions have the periodicity
of the lattice the E versus k plot can be drawn in reduced representation
within the first Brillouin zone i.e. between the k values “Wadk{ Wea.
The reduced representation of the Kronig~Penney model is shown in figure 1l.1c,
Figure 1.1d shows the forbidden energy gap without regard to momentum
but with energy plotted against a spatial coordinate, The forbidden energy
gap Eg is indicated in figures l.1c¢c and 1.,1d. The magnitude of the
forbidden energy gap determines the nature of the material, The

distinction between a semiconductor and an insulator is somewhat
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arbitrary and the criterion adopted in this thesis will be that a
material with a forbidden energy gap between zero and 2 eV will be
called a semiconductor, and one with energy gap greater than 2 eV will
be termed an insulator, For many cases the distinction is trivial
and for such cases the term semiconductor will be teken to inelude
insulators.

2« The effective mass,.

As well as imposing restictions on the allowed energies of an
electron, the lattice also modifies the dynamic properties of an
electrons In this case it is convenient to replace the free electron
mass, m, with an effective mass, mf which tekes account of the effect
of the lattice on the electron. 1In this way the clagsical relations
such as E=p2/2m still hold but with m replaced by me It can be shown
by analogy with a free electron that the effective mess is given by

. 42
1.1 .4°E 1.4,
R )

Figure 1.2 shows the first and second derivatives of the energy with
respect to momentum for one band., At the bottom of the band the effective
mass is positive rising toward the centre of the zone where it changes
discontinuously from a large positive value to a large negative value,

The magnitude of the effective mass then decreases towards the zone edge,
The concept of negative effective mass means that the electrons are accel~
erated in the opposite direction to the applied electric field. Thig

is conveniently replaced by considering the current at the top of a

band to be carried by a particle with positive charge called the hole,

The hole is the result of the collective movementof the electrons and
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has analogous properties to the electron,

l.2.. Electron Scattering.

Another essential difference between a free electron and an
electron in a periodic lattice is with regard to their drift veloecities
in an electric fields A free electron in an electric field gains
a drift velocity dependent on the change in potential energy of the
electron, In a crystal however, the electron is scattered by lat tice
vibrations and by defects in the lattice, and moves with a constant
drift velocity superimposed on its random thermal motion. The drift
velocity ,v, in an electric field E is given by

VSUE 1.5
wherg/» is the electron mobility, At high fields this relation
bregks down and the mobility becomes dependent on the field. The
effe¢tive mass and the mobility can be related by considering the
relaxation of a disturbance to the velocity distribution of the electrons.
In the absence of an applied electric field the drift velocity, v,
satisfies the relation

ﬂ*l.v =o j“ <
it %,

Thus v( t):v(O).exp(-t/«g'),h and therefore the time % is the characteristic
decay time for the disturbance, With an applied electric field, the
expression for the drift velocity is
n*(dv,1 ov) =eE
dt i;
This equation has the solution

V:.%;IE.' 1.60
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Thus comparing 1,5 with 1.6, we have

/“:%( | L7.

If there is more than one scattering process active i.e. a unique
relaxation time cannot be defined, the relaxation time is given by

1 |

%" %t”
The relationship is reciprocal because 1/:; is the nmumber of collisions
of type n that the electron suffers per second. From equation 1,5
it can be seen that the conductivity o is given by

=ne/u. 1.8.

for electronic conductione If the hole contribution to the current is

also included then

:e(:}u‘-o-p/a‘,) 1.9,

where/p: and//} are the eletron and hole mobilities and n and p are
their densities.

The important scattering mechamisms in semiconductors are:
1. Lattice scattering.

The periodic potential that the electron moving through the lattice
experiences is modified by the mechanical vibrations of the atoms
about their equilibrium positions. This gives rise to a perturbation
of the bottom of the conduction band which scatters the electrons
moving in it. Both acoustie and optical modes of the lattice
vibrations contribute to the scattering which can occur either through
longitudinal or transverse vibrations, Clearly the higher the temperature

the stronger the thermal vibrations of the atoms will be, andthus



Dependence of mobility on effective mass and temperature.
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Figure 1.3.
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when 1a£tice scattering is dominant a reduction in the mobility is
expected as the temperature is raised, The temperature variation
of mobility due to the various scattering mechanisms is shown in
figure 1.3 following Hilsum and Rose-Innes? For acoustic mode scattering
the mobility varies as T“3/2 whereas for optical mode scattering
the dependence is more complex, being approximately proportional
so Y/ 2..(ee/T~1) where @ 1g the optical phonon temperature.
2, Impurity scattering,

When impurities are incorporated into the lattice a further
contribution to the scattering of the carriers can occur. The case when
the impurity atoms are ionised is formally similar to the Rutherford
scattering of & particles, Conwell and WéisékonS have shown that
the mobility varies as T3/2 with a weskly varying logarithmic term
involving 2, Even if the impurity is not ionised scattering can
occur but this type of scattering is is independent of the temperature,
When two or more scattering mechanisms occur simultaneously, the mobility
is obtained by adding the limit mobilities for the mechanisms reoipro-
callye This is for the same reason that the lifetimes add reciprocally.
3 Intercarrier scattering,

Electron=electron and hole~hole scattering are only important at
very high carrier densities, The most important inter-carrier scatter-
ing is the scattering of an electron by a heavy hole. The problem is
formally similar to ionised impurity scattering and the same temperature

dependence results, namely the mobility varying as T5/2.



4o Piezo=electric scattering,
In a piezo=electric material the acoustic vibrations give rise

to a longitudinal electric field which contributes to the scattering,
Hutson6 has calculated the magnitude of this effect and found that
the mobility is proportional to T-l/2a
5¢ Other scattering mechanisms,

Apart from the sources of scattering already mentioned, carriers
are scattered by lattice defects such as inclusions, grain boundaries,
voids, and dislocationss With materials suitable for use in device
construction the densities of such defects are so low that they can
be neglected with respect to the dominant mechanisms, One other
mechanism for scattering which is important in some semiconductors
is inter=valley scattering, The phenomenon arises if the band structure
of the material has more than one potentisl minimum in k=space,
With the assistance of an energetic phonon the electron may be scattered
from one valley to the next, The large change in k value needed in
most materials means that the process is unlikely at low temperatures,

1,3 Diffusion of carriers,

In the absence of an applied electric field and in thermal equil-
ibrium, the carrier densities in a homogeneous semiconductor are waiform,
If a disturbance is made to the carrier density at some point in the
material, then the carriers will diffuse in an attempt to establish a
a uniform distribution., Since the carriers are charged, their diffusive
flow gives a contribution to the electric current, This diffusion

contribution is of magnitude De.grad n for electrons and may add to
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or subtract from the drift ocurrent, The diffusion coefficient D,,

and the mobility/@p are related by the Einstein relation

- 1.10,
¥p M

le4, lifetime,

A carrier moving through a crystal under the influence of an
applied electric fiel& may become localised at some defect or may be
annihilated by recombination with a carrier of opposite species, The
average free time that a carrier spends in its appropriate band is cailed
the lifetime ¥, The average distance that a carrier diffuses in
one lifetime is called the diffusion length H; The diffusion length
and the lifetime are related by the expression
L= (Dﬂ,l/ 2 1o1le
Because of the equilibrium between electrons in the conduction
band and those localised in trapping levels, the value obtained for the
mobility of the electrons depends upon the way in which it ig measured,

In particular it is necessary to distinguish between the conductivity

mobility M and the drift mobility /u‘ o The conductivity mobility

is defined by equation 1.8, 80d—io~the~volocity—por.unit—Lfiotd—widh

the trap free situation the drift and conductivity mobilities are equal,
When trapping effects are included the ratio of the two mobilities

is given by
M- No exp(=Et/kT) 1,12,
N
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where NC is defined in section 1.6, and Ny is the density of traps

at an energy E4 below the conduction band. The Hall mobility is
defined as the product of the Hall coefficient R=r/ne and the
conductivity. Thus this value differs from the conductivity mobility
by the factor re r depends‘on;the nature of the equel energy surfaces
in k-space, on the scattering processes, and whether the semiconductor
is degenerate or note For the case of spherical equal energy surfaces,
non-degenerate statistics, and isotropic scattering by longitudinal
acoustic phonons the value of r is 517/8. 'When other scattering
processes dominate, r is of the order of unity.

l.5. Capture cross section,

Impurities in the lattice may capture a carrier if the activation
energy involved is large enough compared to kTe If the centre is
ionised then the coulombic attraction for the appropriate carrier is
important, although it is possible for neutral defects to capture carriers.
Having captured a carrier a level may act either ag a trap, in which
cage the carrier will probably be thermally released into the band,
or as & recombination centre when the trapped carrier will probably be
anihilated by a carrier of the opposite sign., If there are n empty
donors per em? i.e. an electron density in the conduction band n per cm3,
then the rate of cepture of electrons by such centres is Svn? where
v is the thermal velocity of the electrons and S is called the capture
cross sections An attempt to escape frequency ¥ can be defined such
that the rate of thermal excitation of electrons from the level is

ﬁEXp(~Ed/kT) where E; is the donor activation energy.
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The attempt to escape frequency and the capture cross section are

related by the expressione

{:: = 6u¥( T/n) 3/z(k'.l") 2 Lo13.

1.6, The Fermi level,
In perfect crystals at a finite temperature there are equal

numbers of electrons and holes in their respective bands due to
the thermal excitation df electrons from the valence to the conduction
band. The concentration of electrons, n(E)w in the states within
the energy interval between E and E+dE is given by

n(E) = g(E) o £(E) .4E
where g(E) is the density of states function, and f(E) is the probability
that a given state at an energy E will be occupied..
By treating the electrons as independent particles subject to the Pauli
exclusion principle, the Fermi function,, f(E), can be evaluated as

f(E)= L 1.14,

l+exp(E-Ee)
kT

where Ef is the Fermi level and is the energy at which the probability
of a state being occupied is 1/2, When dopants are added to to a
material, the Fermi function is still applicable and gives the occupancy
probability, but the value of Ep is different from the intrinsic case.
If Ef>> 3kT from the conduction band, the exponential in the denomingtor
of the Fermi function is much greater than 1 for electrons in the
conduction band , and the function epproximates to the Maxwell=

Boltzmann distribution and the semiconductor is said to be non~



degenerate. When Ef(< 3kT from the conduction band the semiconductor
is degenerate. A correspbnding definition applies for p-type
material,

Near the bottom of the conduction band, the density of states
function, g(E), is given by

- $ /2
g(B)= _2_;1#2:11 /5°)

3/2 /2

1
(E~E,) 1.15,
It is convenient to define an effective density of states, Nc’ such

No= 22 zn‘ﬁn'k'l‘gs/ 2 1,164

and a similar effective density N, for holes in the valence band,

that

The effective densities of states are the mmbers of states within kT
of the band edges. Nc and NV are of the order of 1019 cm-Bat 300 %I.
The density of states for an impurity level in the forbidden energy gap
is equal to the density of unoccupied levels i.e. (1=f(E) )‘Nt’ where
Nt is the concentration of levels,

For a non~degenerate semiconductor, the concentration of electrons

in the conduction band is given by

n=",. exp=( ETQ‘EI:) 1.17.

and for holes in the valence band

=N . exp=(Es~Fy) 1.18,
kT
Thus np = Ny o Nyoexp(~Eg/kT) 1.19,

and this is constant at a fixed temperature,

Bquation 1.19 implies that there will in general be many more carriers
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of one sign than of the other in extrinsic material, The more numerous
carrier is called the majority carrier, and the lesser the mino®i ty
carrier. This nomenclature arises becaues the majority carrier
carries most of the current except in materials such as InSb where

b, the ratio of the electron to the hole mobility is large so that the
current in lightly doped p~type material is carried mostly by electrons.

le7o Non—=equilibrium carrier concentrations,

When the equilibrium carrier concentration is disturbed for
example by irradiating the semiconductor with light which generates
free electrons and holes, the concept of a single Fermi level is no
longer valid. However if a steady gtate 1s achieved it is convenient
to introduce a Quasi-Fermi level for each carrier so that the
concentrations of the carriers in their respective bands are given

by equations similar to 1,17 and 1.18, Thus

- n=Ne.exp=(Eg~Eep) 1,20,
kT

p=Nye exp-(»EfE~Ev) 1.21e
KT

where Ep  and Efp are the electron and hole quasi=Fermi levels,

1.8, Injection of excess carriers,

Congider a semiconductor with electrodes applied to opposite
parallel faces separated by a distance L, Assume that the thickness
of the crystal is small compared to the lateral dimensions so that &
one dimensional analysis may be applied.. For a trap free n-type
semiconductor a current carried by the thermal equilibrium electron
concentrationgn, will flow when a potential difference between the

electrodes is applied, and Ohm's law will be obeyed, However,
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departures from Ohm's law may be observed at relatively low voltages
due to injection of electrons into the crystal from the cathode,

The effect is most easily observed if the thermal equilibrium electron
concentration is small, This condition is fulfilled by semiconductors
at low temperatures or by insulators. Under conditions of excess
electron injection the current is limited by the space charge of the
electrons themselves, in an analogous way to the current flow in an
unsaturated thermionic diode. The Analysis of two carrier space
charge limited (SCL) current flow will be discussed in chapter 2,

The one carrier SCL current flow can be solved analytically subject

to certain assumptions, The equations governing the current flow
ares

1, Poisson's equation

4E_ne | 1022,
dx " €

2¢ The total current flow

J= ne/‘E-rDe._(_i_g 1,23,
dx

It is assumed that the hole contribution to the current flow is
negligible and that the semiconductor is trap free. The situation
in whieh the diffusion term in the total current flow is significant
is difficult to analyse theoretically so the solution will be derived
for the case where the diffusion term can be neglected.

1.9, The theory of Mott and Gurney’.

The solution of equations 1,22 and 1,23 depends upon the choice
of boundary conditions for the electron density, n, and the electric

field,E « Mott and Gurney toock the value of the electron concentration




-1'41-

at the surface of the semiconductor, n(0), to be given by

n(0)= Nc,e@-(f.;g,z‘ 1.24.

where ﬁ; is the metal work function,‘énd )Ls is the sémiconductor electron
affinity. As the boundary condition for E they tock Ez 0 at x= =Xge

The result of this model was that the current density, J, was given by

2
J= V for x, QL 1.25,
Y™ o

~and J= e/.n( 0).Y for x .y L 1.26,
T .

1,10, The thermionic analogy.

The objection to the analysis of Mott and Gurney is that there is
no physical reason for the choice of the E boundary condition that
puts the x origin at a distance X, beyond the potential minimum in
the conduction band,. A more logical choice is to cohsider the
situation as analogous to the thermionic diode and to consider the
potential minimum to be a virtual cathode and to put the origin there.
The boundary condition is now E=0 at x=0, and equations 1.22 and 1.23

can be solved immediately to give the result

2 .
J= V4 1.27.
3% k

which is in agreement with Mott and Gurney but which has a sounder
physical basis. This result can be compared with the result for the
space charge limited current flow in a thermionic diode where the well

known Child's law
3/2

= 4e(2e/m)Y 0 : 1,28
9 L '

is obeyeds The difference between the power law dependences.of V
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and L in a golid and in a vacuum arises from the difference in the
trangport mechanisms of the electrons already mentioned in section 1.2,

l.11. Lampert's analysis of an insulator with trapse

The current densities measured in fealbcfysfals are many orders
of magnitude less than those predicted by equation 1,27, In order to
explain this disecrepancy Lampertlo analysed the case of an insulator
with a single discrete set of trapping levels in the forbidden energy
gap. He showed that the current~voltage characteristic was divided
into regimes. These regimes are:

l.. The ohmic regime,

At low voltages there is no significant injection and the current
is carried by the low density of electrons in thermal equilibrium in
the conduction band, Thus the current density is given by Ohm's lawe.

Thug J= ’E:noe X ) 1;290
M1

where n, is the thermal equilibrium density of electrons.
2o The trap limited regime.

At some higher voltage the number of injected electrons becomes
sufficlent to meke a significant contribution to the current flow.
This tekes place when nx2n, , where n is the total electron density
in the conduction bande Mott and Gurney's analysis does not hold in
this regime becausg some of the injected charge is trapped where it
contributes to the space charge but not to the current flow. Lampert
showed that the Mott and Gurney equafion mist be modified by a factor @ ,

the ratio of free to trapped charge,
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Thus J=2 €m0V 1.30.
5/

where o=2=-X exp(=E+/kT) 1.31,
= ny N

3¢ Trap filled limit,

As the injection level increases the electron quasi~Fermi level
moves upwards towards the conduction band and at some voltage Vil
moves through the trapping level, At this voltage the traps are
completely filled and all further injected carriers remain free.

This leads to a steep rise in the current through several orders of mag=
nitude after which Mottt and Gurney's expression holds, The regimes
are shown in figuredil.4. lampert's theory gives the trap filled

limit voltage

vtfl: _Q;E.? Nt 1, 320
2¢

Hence in principle the measurement of V provides a method for

tf1
estimating the trap concentration Nie

4. Saturation regime,

At still higher voltages departures from the square law dependence
are possibles These can arise either because of contact saturation
or the eleciron mobility becomes field dependent and scattering by
optical phonons becomes appreciable,

1,12, The theory of Marlor and Woods.

C 11
Marlor and Woods  have shown that Lampert's theory must be
applied with caution as a means of estimating trap densities, since
the steep rise in the current may not be due to the traps filled limit

but could be associated with trap emptying. Lampert's value for the



) ..__L{ & }

E=O 1'", e Ldl

SN - i P
) 4

(8]
&'

///////,

: Je‘imo (Uutau t .

P
g

PRI

IS After contact:
o : No field @

fiela

- With

Fiware 1.5,

ni-

W////////




-174-

voltage at which the transition from the Ohmic to square law regime

occurs must be modified by the trapping ratio 8 , thus

2
Viz _9__1_5 o_];_o 1.33,
v 2¢ 6 "o

The trap emptying can occur either by impact ionisation or by field
ionisation, These authors concluded that a model with a shallow donor

level compensated by a deep trap was necessary to explain their results
and that equation 1,32 was inapplicable,

1,13, The metal=semiconductor contact.

All the work described in this thesis is concerned with metal
contacts on n-type material and consequently this discussion will be
limited to contacts on n-type semiconductorse All the arguments can
easily be adapted for the p=type case. The two kinds of contact
under discussion are the electron injecting and the hole injecting
contacts,

1l.13,1, The electron injecting contact,

A good electron injecting contact on n-type material is known
ag an Ohmic contacte An Ohmic contact s defined as one that is
electrically invisible, This criterion means that the metal must
be able to supply electrons which can pass into the semiconductor
unhindered by potential barriers, Figure 1.5 shows the energy band scheme
for an Ohmic contact on an n=type semiconductor. The metal has a
lower work function than the semiconductor and the step that electrons
in the metal with the Ferml energy have to surmount is ‘f: ‘Xs « The
electrons in the Fermi tail have energies greater than this at temp=

eratures above absolute zero, In equilibrium with ne applied electriec
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field the diffusion of electrons into the conduction band is balanced
by the reverse flow due to the bending of the conduction band, and

no net current flows. When a field is applied any electrons reaching
the potential minimum are swept into the semiconductor by this field
and injection results, The existence of a potential barrier does
not prohibit a contact from being Ghmic provided that the barrier is
thin enough for the electrons to tunnel through. This is one
proposed model for Ohmic contacts on CdS.

lel3.2, The hole injecting contact.

If a reverse bias is applied to an Ohmic contact, hole injection
does not take place as can be seen in figure l.5. In order for hole
injection to occur, the electrons near the top of the valence band
must gein enough energy to reach the empty states near the Fermi level
of the metal, The energy required is Eg§¥§-¢;which is very large
for wide gap maferials. In order to achieve hole injection the step
must be reduced. For a given material Eg and 1% are fixed but 4&.
depends upon the choice of the metal. Thus high work function metals
are favourable for hole injection, The energy level scheme for the
hole injecting contact is shown in figure 1l.6.

There are two other ways of injecting the holes, The first is
to form a p-n junction. With forward bias the p=type region injects
holes into the n-type reglon if suitable doping levels are chosen,

In a material like CdS which cannot be prepared p=type this necessitates

the formation of a hetero=junction, The second method is to tunnel



the holes through a thin layer of an insulatore Both these methods
will be discussed in later chapters..

1l.14. Contact gaturatipn.lg

As stated in 1,11 the departure from the ideal square law of the
current=voltage characteristic may be due to contact saturation., This
arises becausge only a certain number of electrons can be emitted from
the metal into the semiconductor. The maximum current that can be
drawn from the metal is thus the thermionic emigsion over the potential
step‘;.ﬂx, as in the case of a thermionic cathode, Thus the saturation

current density is given by a modified Richardson's equation

TS 4t k2 T2, exp-(§u=Xs)
3 KT 1,34,

The saturation field is obtained by equating l.34 with the Ohmic value
for the current density since the first effect of contact saturation is
& return to Ohm's law, In practice the value of the saturation current
density may be lower than that given by equation 1.34 becsuse of space
charge in front of the cathodes This result has been derived assuming
that Schottky emission and field emission do not occure
1,15, Surface states.

The presence of surface states may have a deleterious effect on
the metal-semiconductor contacts The existence of states on a perfect

surface was first considered by Tamm15

who dealt with an asgymetrical
termination of the lattice, and later by Shodkleyl4 for the symmetrical
cases The surface levels or Tamm levels as they are called are due to

the disruption of the lattice which leaves dangling bonds at the surface.
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These are thought to produce acceptor like levels, More important
states occur on real surfaces because of shallowly diffused impurities
or impurities adsorbed onto the surface. The effect of these
Impurities is to bend the bands at the surface. This arises in the
following way. Consider acceptor impurities on an n=type semiconductor
surfaces Any free negative charge that tries to pass through the
surface will be trapped at these levels and the surface will aquire a
net negative charge., Consequently the surface repels free electrons
and attracts free holes which recombine with the electirons. Charge
neutrality requires that the surface negative charge is balanced by

a positiwe charge in the bulk and a depletion layer resultse The
energy level system for such a depletion layer is shown in figure 1.7a.
To meke a good Ohmic contact in the presence of acceptor surface states
it is necessary to alloy donors to a shallow depth to compensate them.
An excess of donors on the surface bends the bands in the opposite
direction so as to facilitate electron injection, This is showm |

in figure 1.,7be Therefore, it is desirable to choose an n=type
dopant for the electron injecting contact as well as one with a low
work function as already discusseds Analogous considerations apply to

hole injecting contacts on p-type material,



CHAPTER 2

Double injection in insulators

2+1l. Introduction,

The analysis of two carrier SCL currents in insulators in mch
more difficult than the single carrier case because the former
involves many more complicated processes and large differences can
arise depending on the choice of model. Since the aim of this thesis
is to explain two carrier effects in real crystals, only brief mention
will be made of the trap free models, The problem is to draw up the
simplest model which will explain the observed phenomeng and also
correspond to the known properties of the material,

2.2, The trap free modeél of Parmenter and Ruppell.

These authors neglected diffusion and solved the problem for
a perfect insulator. The two carrier current density was found to
be several orders of magnitude higher than the one carrier SCL current
under the same conditions, but to have the same voltage (V2) and
thickness (1/1°) dependences, provided that the contacts were ohmic
for their respective carriers, They contrasted the enhancement in
current with that for a gaseous plasma containing non-recombining
positive ions and electrons, where the enhancement is only 4=fold
for the best possible case, The reason for the difference between the
gas discharge and the insulator is that in the former, space charge
neutralisation is much less efficient since the veloeity of the charge
carriers increases with the distance that they have traversed, and

does not depend on the local field as in an insulator,
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263, The injected plasma,.

Lampert and Rose? congidered the injected plasma where the
injected electirons and holes remained free, The contacts were assumed
to impose no restraint on the current flow and the diffusion current
was teken to be zero, If the common average lifetime of the injected
carriers ¥ is independent of the injection level, the current-
voltage characteristic for an n=type semiconductor having thermal

equilibrium densities of electrons np and holes prp, is given by
2
Jo e nm™ oV 2ele
t/““ h'( T PT) =3

when the mode of relaxation of the iwmjected charge 1s ohmic, The
dependence of the current density on o ) is interpreted as meaning
that the effective density of electrons available to relax the charge
disturbance due to excess holes is np~ppe  If there are few darriers -
present in the material in thermal equilibrium so that any injected
charge is relaxed by the carriers meking a transit through the material
or iIf the transit time is much less than the ohmic relsxation time

so that the thermal carriers play no part in the relaxation process,

then the current density in this insulator regime is given by

- 03 ole
J e15ﬁ27,}‘%% 242

Larsbee’ has meagured current-voltage characteristics of long germanium
p=i-n structures at different temperatures and his results confirm

that the current density depends on np=pp in the square law region

of the characteristics As would be expected in germanium at the

temperatures that he used, the cube law dependence of the insulator
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regime was not obgerved,

2.4. Double injection into a perfectly compensated insulator,

2e4els Introduction.

Lampert4 has analysed the current=voltage chargcteristic for
an insulator with a single discrete set of recombination centres
filled with electrons from an equal number of donor levels. The
density of the recombination centres at an energy Eg below the conduction
band is Np em™>,  The analysis incorporates the following assumptions:
1. Charge neutrality is maintained throughout the insulator.
2. The current is volume controlled (i.e. the contacts do not impose
any restraint on the currents,)..
3. Diffusion current is negligibles
4, Mobilities are independent of the field.
5¢ Thermal re—-emission of the carriers from the recombination centres
is negligible.
6., Thermally generated carriers are neglected.
7o The recombination centres have unequal capture cross sections for
electrons and holes, and in particular

532

where 35 is the capture cross section of a centre occupled by an
electron for a hole, and s3 is the capture cross section of an empty
centre for an electron. This model is to be expected in practibe
since a charged centre attracts a carrier more strongly than an
uncharged one, This model gives a current=voltage characteristie
conveniently divided into regimes.

20402+ The voltage threshold.
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At some voltage the onset of 2 carrier conduction takes place and

the current rises vertically at constant voltage. This occurs at

Vin Where
2 ﬂ OM
P 7P low
At this voltage the hole transit time tp,tr is given by
2
tp,trg L 2040
MV n

Therefore the threshold for double injection occurs when
tp”trz 2%, 1ow 2¢5
244030 Negative resistance,

Because of agsumption 7, as the hole injection rate increases
the recombination centres become increasingly populated with holes.
This increases the hole lifetime and the holes can make the transit
between the electrodes at progressively lower voltages, and negative
regigtance results, the current rising as the voltage falls. The
limit of the process occurs when all the recombination centres are
occupied by holes, and the hole lifetime has reached the value
¥),highe The minimm value of the voltage is given by

VM= _S_Q. Vth 2.60
Sp

with corresponding value of
“’high?fﬁ'%p,low 2¢Ts
8n

2¢4¢4e The semiconductor regime,

The region of the current-voltage characteristic after the
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negative resistance regime is called the semiconductor regime, This
nomenclature arises because the process of populating the recombination
centres with holes involves releasing electrons from the centres to

the conduction band. When the centres are full of holes they thus
appear to behave as shallow donors hawing released Np electrons into
the conduction band, and the analysis is formally similar to that of
an n-type semiconductor. Lampert®s expression for the current density

in this regime is given by

J=9.e% o2 248,
TG

where xhi eh is the common high injection lifetime,
This result is the same as that of the injected plasmavdiscussed in
243 but with ny=pp replaced by Npe

At still higher injection levels agsumption 1 is no longer
valid and the current becomes limited by the space charge of the

carriers, and the current density is giVen by

J— 18.&'%'1& /‘m/‘n' 2490

The complete current-voltage characteristic is shown in figure 2.1.
Lampert points out that in the region where the assumption of charge
neutrality obtains, the current is in no way limited by the space
charge but by the recombination process.. Both at very low voltages
and at high volbages this is not so. In the former case the current
is one carrier electron SCL current for a trap free insulator, and
varies as the square of the voltage, and in the latter is 2 carrier

SCL current, These two regimes which lie outside the assumptions
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of the model are shown dotted in figure 2.1,

205+ Double injection into a semi-insulator with arbi trary recombin=

ation centre occupancy.

2¢5¢1s The model,

Asghley and Milnes (AM)5 extended Lampert's model of the insulator
with a fully occupied recombination centre and considered the situation
where there was arbitrary occupation of the recombination centre,

They used this model to represent p=type germanium with an excess
of acceptor levels., The device was assumed to be several diffusion
lengths long and the ether assumptions were the same as Lampert's
assumptions numbers 2,3,4, and 7 as discussed in section 2.4. The
model is split into regimes as previously.

2¢5¢2¢ The ohmic regime.

The thermal density of holes is much greater than the density
of injected carriers at low voltages, so Ohm's law is obeyed, The

current density is given by
J= e@pT.l 2010,
m

2e¢De3e The square law reglon,

At any voltage both kinds of carrier can recombine owing to the
presence of full and empty centres. This would lead to a space
charge barrier to current flow due to electrons being trapped on
the recombination centres near the cathode and to holes being trapped

in front of the anode, However AM assume a finite value for P
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and these thermal holes can relax the space charge barrier to

electron flow, and prevent any significant shift in the recombination
centre occupancy near the cathode, Thus the density of free electrons,.
n, can exceed the free hole density, p, since pXpqp due to the
recombination barrier to hole injection in front of the anode.

AM showed that under these conditions the resulting current density

was given by

J= %. g_g:;g, € /“n ._Xf; _ 2.11,

- Which is different from the trapfree insulator value by the factor
¥/¥.c1- Thus the transition from the ohmic to square law region

occurs at a voltage V,, where
2

V= 8e_L 2,12,
9 Mt
" gince
¥Yoo1=__€ 2,13,

S/pPT

2¢5¢4e The breakdown region.
At the breskdown voltage, the density of injected holes is large
compared with pp and thus the breskdown voltage is independent of

Ppe  The value of the breakdown voltage ¥y was shown by AM to be

L
VB(AM)= Laznﬂo. ge.gp.th.pRo 3,1 20140
2 r“'- G . ’- NR -, L]

which can be compared with Lampert's value

. 2
- VB( L)= L .nRO.gi.vl;E; v 2415,

V'
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Thus following AM we see

V.
B(AM) o £(Q)=q 2,16,
V(1)

where

Q= € M,DRO 20170
€ NR. sp .th

Aﬁ took typical values for gold doped germanium on which they
performed their experiments and showed that
for Q=10°, Q'&10
and Q=10%, gra20,
Thus it can be seen that the space charge barrier increases the
breskdown voltage by about an order of magnitude,
24545+ The post breakdown region,

Once the holes can make a transit between the electrodes the
AM model becomes similar to that of Lampert's and negative resistance
followed by square then cube law dependence of the current on
voltage is predicteds The conclusions of AM and Lampert are compared
in figure 2.2,

2.64 A plagma injected into a semiconductor of finite cross section.

The case of an injected plasma in a semiconductor has been
investigated by Hirota, Tosima, and Lampert6 by extending the model
of Lampert and Rose2 from one dimension to two dimensions. The

transverse current flow was assumed to be purely diffusive, and the



solution was obtained for cylindrical and infinite slab cross sections.
They showed that provided Lé@(ﬁ where L is the transverse dimension and
L is the electrode separation, and also ﬁ>>LD where Ly is the diffusion

length, that the equation obtained by Lampert and Rose for an n-type

semiconductor, namely,

— 2
J= %.,e'&/: /A'(nT‘pT) % 2.18,

was still valid provided that % was replaced by Vorse Yorr 18
an effective lifetime which bakes account of the effect of surface recom=

bination, and depends upon the geometry and on the surface recombination

velocity Se.

2¢Te Double injection due to avalanche breakdown at & point contact.

Steele, Ando, and Lampert (SAL)7 have explained negative resistance
phenomena in germanium point contact diodes in terms of double injection
in the bulk of the material after the initiation of avalanche
breakdown at the point contacts The negative resistance arises
because of injection of a large number of minority carriers when
avalanche breskdown occurs, and the bulk current is then a 2 carrier
SCL current which is maintained at a 1owér voltage than would be
the case if the current was ohmic or a one carrier SCL current.

These authors showed that for n-type material where the length of the
bulk of the sample was much greater than Dy, the diameter of the

majority carrier injecting contact, negative resistance would be

observed when

EA,g_g%gz.#fy_ 51 2.19.



EA is the field at which avalanche breskdown occurs in the bulk,

D1 and D2 are the contact diameters, and L is the electrode separation.
SAL also observed relaxation oscillations associated with the negative
resistance and found that the maximum frequency of oscillation was
consistent with minority carrier transit through the bulk being
necessary for the negative resistance to occur.

2080 Negative resistance due to internal re-sbgorption of light.

Dunice® has explained the negative resistance in GaAs ﬁtﬁzn
diodes as being due to the internal re=absorption of the recombination
radiation associated with the double injection, The light removes
electrons from the Mn levels which lie 0.1 to 0,12 eV above the
valence band giving a free electron in the conduction band and a
hole bound to the Mn centre, This is an analogous process to that
of Lampert's4 already discussed in section 2.4 where the recombination
cemtres become depopulated when holes become trapped. Dumke showed

that the condition for electrical breskdown wag

$v.Leea | 2420,
.b
t
where ¥ is the quantum efficiency,, # is the fraction of photons

re-absorbed, and t; is the electron transit time across the p region,
This condition implies that during the lifetime of an optically produced
bound hole % /%, eketrons traverse the p® region, one of which on

average produces a photon which ig re-absorbed to give a free electron-

bound hole pair. Since

¢Y. Lz &81«‘,2,,“.‘.\% 2.21
tt L
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where V is the voltage across the p® region, if ¥ is an increasing
function of the current, then the breskdown condition can be maintained
at progressively lower voltages and negative resigtance results.
Support for this theory comes from the observation that the radigted
liight intensity is virtually constant over a change in the current by
a factor 10 in the negative resistance regime. The change in the
current=voltege when external illumination is applied, and the
observed steep rise in the current at constant voltage after the

negative resistance region can also be explained with this model.

2e9¢ Current control by modulation of diffusion length,

9

Stafeev” has shown that in diodes whose thickness L is greater than

1/2
the ef fective diffusion length L= 1..,( 2b / s where 1. is the hole
DT D oy D
diffusion length and b is the mobility ratio, the current is very
strongly dependent on Ly and that under these circumstances the current
through the diode could be controlled by modulatimg Lpe In faet if

exp(L/Lp)?1 then the current I is given by

I= kT.ch(L/Lp) . (expsgz_g -»-1% 2,22,
2q § Lp(b¥1) (kT

where ca exp(L/ L32

b+l
and ﬁ' is the resistivity of the starting material. DBecause I is

an exponential of an exponential of Ly, and Ly is given by

Lp= [_2b .;/k'.[‘ Y
b+l -{5‘"

then changes in the mobility /‘P or the lifetime ¥ sheuld bring changes
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in Ly, and hence large changes in I, For example ijf L/LD-"-’ 6, &
change of 20% in LD can lead to a change invI by more than a factor
50. Stafeev predicted the following ways of modulating LD* and
hence the current through the diode,

l. Application of a magnetic field,

A magnetic field deflecté the carriers and in general reduces
the mobilities and in turn reduces Lp (Neglecting the change in bQ.
For high resistivity germanium appliocation of a field of 20,000
oersted should change the current by a factor 10,
2¢ Variation of lifetime with injection level,

If the carrier lifetime changes with injection level, due to a
change in the occupancy of the recombination centres, then LD also
changes. In particular if the lifetime increases with injection
level, then the diode should have a negative resistance region in the
current-voltage characteristic,
3¢ Variation of lifetime with external illumination,

Application of external illumination not only produces electron=
hole pairs but also changes the lifetime by altering the occupancy of
the recombination centres, and thus changes L

D
The effects 2 and 3 have relevance to the present work and the exp-

and hence I,

erimental evidence for their existence in CdS will be discussed later
in chapter T,

2410, Other double injection modelse
Roselo has compared the different models of double injection

structures, The field driven models applicable to this thesis have
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already been summarised., For the case where diffusion is important
Rose has shown that a long extrinsic semiconductor will always begin
at low voltage with field driven current flow, and will change to
diffusion dominated current flow at a voltage Viirp &lven by

Viseds 2(kT/e). exp(L/2Ly) 2.23.
where L; is the diffusion length for free pairs. At this voltage
the current starts to rise with steep exponential dependenee of the
form

J & exp(e.8V/kT) 2240
where A7 = 0,5(VV 35 po)
The double injection model for CdS from the measurements performed in

the course of this work will be described later in section 10.1,
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CHAPTER 3

Recombination Radiation
3.1, Introduction,

If an electron mskes a trangition from a higher to a lower energy
state, the energy lost must either be dissipated as heat in the erystal
lattice by the emission of phonons, or emitted in the form of a photon
of energy E where E is given by Planck's law

E=hyv 3ol
where ¥ is the photon frequency. Both processes can occur gimul-

taneously, and the conservations of energy and momentum give the results

that
E, = Bg + fiwhy 3024
kyskpekeky 3034

where i and f are the subscripts describing the initial and final
ebsctron states, w is the phonon angular frequency, k is the phonon
wave vector, and k; is the photon wave vector.,
3elele Direct energy gap.

When the semiconductor has an E=k relationship of the form of
figure 3.1l.a, an electron in the conduction band mekes a transition to
the valence band without the co~operation of phonons and the conservation
of momentum gives the condition that

k= .lif"‘.lga

However, the magnitude oflgL isg so small that to a good approximation

ky= ke
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and the transition is vertical in k=space, and this type of semi=
conductor is said to have a direct energy gap. The probability of

an electron in the conduction band meking a direct transition to an
empty state in the valence band is low, and efficient diredt transitions
usually teke place via defects which produce levels in the forbidden
energy gape This is indicated in figure 3.l.be

3els2¢ Indirect energy gap.

When the energy gap is of the form of that in figure 3.l.c, the
most probable transition is from the valley in the conduction band to—
the top of the valence band, and in order for the conservation of momen=
tum to obtain, the co-operation of phonons is necessarye. This is
then termed an indirect transition, Direct transitions in indirect
gap materials are possible but in general they have a low probability.
However, light output due to direct impurity trensitions has been
detected from both germanium and silicon despite both these materials
being indirect gap semiconductorse In practice both direct and
indirect gap materials are employed in device fabrication, GaAs,,

CdS, and 7nS are three direct gap materials and Ge, Si, and GaP are
three indirect gap materials often encountered in semiconductor
technologye.

3e26 Luminescence}‘

Luminescence is the term given to the emisgion of 1light following
the recombination of an electron and a hole when some form of exctfat-
ion is applied to the material, as distinet to the radiation that is

emitted when the material is heated, which is called incandescence,
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It is necessary to distinguish two types of luminescent process:
1. Fluorescence, |

Fluorescence is the emission of light due to one or more
spontaneous transitions from execited to ground states, A spontan-
eous transition is one whieh takes place directly without involving
any intermediate state, Such transitions teke place within a very
short time of the application of the excitation. The fluorescent
lifetime can be as short ag 10 O sec,

2. Phosphorescence,

Phosphorescence is that luminescent process which tekes place
when the emission proceeds via the release of a carrier from a meta~
stable state to an excited state, followed by fluorescent emission,
The phosphorescent lifetime can be as long as several seconds, and
in general is always longer than the fluorescent lifetime. However,
it Is difficult to distinguish between long fluorescence due to
forbidden transitions and short phosphorescence via shallow traps,

Luminescence may be initiated by a variety of excitation processes,
In thiis thesis the three main types of luminescence to be considered
ares
l. Photo~luminescence
2o Electro~luminescence
3¢ Cathodo=luminescence

Photo=luminescence occurs when & crystal is irradisted with light

having photon energy greater than that of the forbidden energy gepe
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Under such illumination, the densities of electrons and holes are
greater than their thermal equilibrium values, and an enhancement of the
recombination rate results, The increased recombination can lead to
luminescence and when this occurs the process is termed photo=lumin-
escence. In real crystals enhanced recombination and photo~luminescennce
can result from the emptying of traps with light of photon energy less
than that of the forbidden energy gap but sufficient to raige the
carrier from a trap into the band, The radiative recombination is
usually due to, from, or within luminescent centres having energy
levels in the forbidden energy gap. These centres will be discussed
in the next sectione.

Ele ctro~luminescence occurs when an electric field is applied to
a solid in such a way as to produce excess electrons and holes in their
respective bands. Avalanche effects at high fields, in Schottky
barriers for example, can create excess carriers , or alternatively
the carriers may be injected into the materiasl from opposite sides
if suitable electrical contacts are used., Injection electro=
luminescence is the only process of this kind to be discussed in this
thesis, |

When a crystal is bombarded with high energy particles, electrons
may be raised from the valence to the conduction band, creating excess
carrier densities in the bands. An electron gun is a convenient way
of producing such excitation and with the production of excess carrier

densities, radiative recombination can result as was the case with
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photo~excitation. Cathodo~luminescence is the term uged to describe
this luminescence under electron beam exeitation,
3¢3. luminescent centres,

Defects and impurities in a crystal introduce discrete levels in
the forbidden energy gape Such levels can give rise to luminescent tran=
sitions. The difference between a luminescent and a non=luminescent
solid may be seen by considering the configurational co=ordinate
diagram shown in figure 3.2, TFigure 3.2.a shows the diagram for
& non~luminescent solid. An electron excited from the ground state
to the excited state settles into states close to the potential minimum
Mé. De-excitation of the electron can now occur by thermal activation
from M, to X, followed by a return to the ground state potential minimum
M; by phonon emission. In the case of a luminescent solid illustrated
in figure 3.2.,b, an electron in the excited state can lose energy
either by thermal activation followed by phonon emission as in figure
3e2+8 or by a radiative transition MéG. The greater the energy
difference between M, and X, the less likely the thermal activation
process is and the more efficient the radiative transition becomes,

The efficiency of the luminescent process decreases as the
temperature is raised, One explanation of the efficiency~temperature
relationship is provided by the Schon=Klasens model. Consider a
luminescent centre at an energy level Ep above the valence band,

As the temperature, T, is raised the number of the centres occupied
by electrons increases because the probability that an electron in

the valence band can be thermally excited into the level inereases.



Since free electrons in the conduction band cannot mske transitions
into eleotron occupied levels, the efficiency of the luminescence

fallss This decrease in efficiency is given by

304

- 1
N = 1#A, exp(=Eg/kT)

where: ", is the efficiency and A is a constant.

3e4e Recombination kinetiec 52,

304ele. Intrinsic semiconductor,

In an intrinsic semiconductor in the absence of a disturbsnce
there exists a dynamic equilibrium between thermally excited electrong
meking transitions from the valence to the conduction band, and the
recombination of free electrons and holes., The rate Roy &t which
electrons meke transitions from the conduetion to the valence band
is given by /

R,

= T0p

where r is a constant., The average time that a carrier spends in

the band is thus n/R,,=1/rp for electrons and p/R,, = 1/tn for holes.
If an external disturbance is applied to the semiconductor, the rate

of generation of electrons from the valence to the conduction band

is increased from the thermal generation rate Ryes 0 Ryo#+ g, and this
in turn increases the recombination rate to Riy to preserve equilibrium.
Thus &=Ry"Rye

If the increages in the carrier concentrations due to the disturbance
are an and Ap, then

g=r(n4p).an +r( An)? 3050



since An = Ap.
There are two special cases of interest:
1. Low generation rate, Andnép
In this situation,,

g=r(n+p) An from equation 3.5.
and therefore An=g/r(nep)= g% 3464
vhere ¥ ig the lifetime of the excegs carriers.
2, High generation rate, A)ynep
Equation 3.5 now simplifies to give

g=1(an)?
and thus An .°.(g/::')1/2 30 7e
i.e. the excess carrier densitles are proportional to the square
root of the generation rate, Under these conditions no constant
lifetime exists,
304e2s Extringic semiconductor=The Shockley~Read model.

The recombination of a free electron and a free hole is a relatively
unlikely process and in real crystals recombination radiation is
maeinly associated with transitions involving e free carrier and a
carrier of opposite sign trapped at a recombination centre, The
analysis of such recombination is very complicated and only the simplest
case will be treateds This is the Shockley=Read model3 which
congigts of a semiconductor with a single set of recombination centres

of density Ny at an energy level Ey.  The possible transitions and
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their rates are shown in figure 3¢3.  The model is analysed for the
case when the occupancy of the recombination centres is unchanged in
the presence of excess carrier densities. Following the analysis
of 3¢4.1s the two cases of interest are:

1. Low injection,

The excess carrier densities are given by

On=Ap=g iy 348,
where | Y= ’zpo‘ No 4 nl + %no‘ Po+ P1
1o + Po No+ pg
and £ =_1 s A& =L
po r N, n0 roN,

rs and r, are the probability coefficients for the transi tions,
thus R,;= ToelgeP,

and RtV= rv.po. nto

ny and p) are the densities of electrons and holes which would be present

in their respective bands if the Fermi level was located at the energy
level Et’ i.e.
n) =N .exp -(Ec-Et),/‘kT
P1=Nyoexp =(ByEy)/kT
’kno and 'Y'po are the steady state lifetimes of the minority carriers
in intrinsic p= and n=-type materialg resgpectively,
2o High injection,..
~ The excess carrier densities are now given by

An=ap (Fpt ¥ e 39,
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where the quantities are as already defined,

Thus the excess carrier densities are linear with the generation
rate for both low and high injection, but with different steady state
lifetimes in the two cases.
3¢5e Excitons,

When radiation with photon energy greater than the forbidden
emergy gap is incident on a semiconductor, free electron-hole pairs
may be created. Under certain conditions however the electron=hole
pairs may be bound together in such a way that the electron executes an
orbit aréund the holes Such an electron=hole pair is called an
exciton., An exciton has a set of allowed energy levels below the
conduction band, Their depth En may be calculated using a simple

Bohr model, Thus
!

Enz_zl;.,_ﬁ%zgar 3e10,.

where m' is the reduced mass of the electron<hole pair i.e.
l/m':l/me-tl/mh,.;_ € is the dielectric constant, and n is an integer,
A detailed tregtment of the exciton leads to a series of energy bands
rather than discrete levels, and these give rise to bands in the
absorption and emission spectra of many semiconductors.
3660 Injection electro=luminescence,.

Ele ctro~luminescenc e was first discovered in 1923 by Lossew4
but the subject has advanced rapidly in the last 5 years as a result

of such invenpions as the injection lager which will be discussed in



section 3.7, The development of a very intense source of light which
can be modulated at high frequencies is necegsary for the establigh-
ment of optical telecommunication systems with large information
carrying capacity, and injection electro~luminescence is one means by
which this can conceivably be achieved, El ctro=luminescence is
usually obtained either by applying a high field to the material so
that avalanche processes generate free carriers which recombine
radiatively, or by injecting carriers into the banés. The former
process is normally inwefficient, and the latter mechanism is the one
which has the greatest potential for producing an intense efficient
light source. As well as for the production of light, electro=
luminescence has another use in that a study of the emission process
provides information about the erystals themselves. There are three
electro~luminescent structures which are of relevance to the present
work.

366424 Metal=gemiconductor-metal,

As was shown in section 1.13 by choosing metals with suitable
ﬁork functions, either kind of carrier can be injected into the semi-
conductor from the electrical contactss The sinplest possible
structure for double injection studies consists of a semiconductor
with one electron iﬁjecting and one hole injecting contact, The
condition that the electrode separation should be small so that
reasonably large currents can be obtained without high power dissip~

ation in the crystall means that the metal=semiconductor-metal
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structure is most conveniently fabricated by applying the electrodes
to opposite faces of thin plate~like crystals.

In n={type material the choice of a low work function metal for
the electron injecting contact is not difficult and indium is found
to give good ohmic contact to most n-type semiconductors. However,
to achieve hole injection into n-type material i% is necessary to have
not only a high work function metal but also the potential step that
the holes have to surmount must be as small as possible. This cond=
ition means that the Fermi level should be as close to the middle of the
forbidden energy gap as possible, which in turn means that the
material should be as close to intrinsic as possible or should be
compensated to produce as high resistivity as possible, Becauée
gold has a fairly high work function, and can readily be applied by
vacuum deposition it is a suitable hole injecting metal for n~type
material, With indium and gold as electrodes on opposite faces of
a CdS platelet, injection electro-luminescence has been observed at
liquid nitrogen temperature, Although the efficiency decreases
congiderably as the temperatuwre is raised, the light output can still
be detected at room temperature,
3e6e3e The p=n junction.

This structure is used in materials which are amphoteric semi=
conductors, and variations of the doping levels on either side of the
Junction enable the ratio of the excess carrier concentrations to be

varied, Efficient electro-luminescence has been observed from p-n



=G

junctions of many of the ITI=V compounds. The efficiency is found
to depend on the doping level of the starting material, and-:external
efficiencies as high as 40% have been reported under conditions where
the device lagses, The p~n structure cannot be easily fabricated in
CdS because of the high activation energy of the acceptors in the
material, However, suitable hetero=junctions can be prepared.
Keating5 obtained electro~lumithescence from CdS by evaporating a film
of p~type CupS onto high resistivity n-type CdS. Contact to the
film of CuyS was made with an evaporated gold electrode. The emitted
light was red at room temperature but too feeble for spectroscopie
measurements to be made,

306440 Tunnel injection,

Hole injection from a metal contact on €4S is only efficient if
the Fermi level is close to the centre of the forbidden energy g£op.
An alternative way of injecting holles even into highly n=type material
has been proposed by Fischer and Mosséwho sug eested that the semi=-
conductor should be coated with a very thin (500 X) film of a very
wide band gap imsulator e,g. A1203. The electron injecting contact
may be & simmilar thin film or the usual indium contact, When a
voltage is applied to the device and the resistance of the C4S reduced
by irradiation with light, most of the applied voltage is developed
across the insulating film, This leads to electrons tunnelling out
of the valence band of the CdS.into the metal through the insulator

which means that holes are injected into the valence band of the CdS.
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Once the holes are injected into the bulk of the CdS the electro=
luminescence proceeds as in the structure of 3.6.2. The energy band
scheme for tunnel injection is shown in figure 3.4 The efficiency
of the electro-luminescence can be improved by preventing the tunnel
extraction of the electrons. This is achieved by using a p=type semi=
conductor to mske contact to the insulator so there are no states for
the electrons in the conduction band to tunnel intos This structure
shows promise for producing a CdS injection laser.

3¢To Injection lasgers,

In seolids where the allowed energies of the electrons form a set
of discrete levels, population inversion consists in having more
electrons in states of higher energy than in states of lower energy,
and is equivalent to a negative temperature in the Boltzmann distrib-
ution, In semiconductors, the oriterion for population invergion
was found theoretically by Bernard and Duraffourg7 who predicted the
possibility of obtaining stimulated emigsion from semiconductors
and showed that the necessary condition was

EpnEp,= AED Y 3411,
where ¥ 1s the frequency of the emitted photons and Ep, and Efp are
the quasi Fermi levels for electirons in the conduction band and holes in
the valence band respectively, Lasing action due to injection of
carriers into semiconductors has now been obgerved in many of the
ITI~V compounds, and lasing action irn semiconductors excited by high
energy beams of electrons has also been observed, The III=V injection

lasers consist of & p=n junction degenerately doped on both sides of the
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Junction with two parallel Fabry~Perot reflectors perpendicular to the
plane of the junctione. Since the ITI-V compounds have good cleavage
properties, the reflectors may be formed by cleaving an accurately
oriented slice or alternatively by polishing the crystal. At the
leging threshold the light output increases by more than two orders
of magnitude, and the spectrum of the lighi_; changes from a broad band
to a series of narrow lines less than 1 £ wide corregsponding to the

Fabry-Perot modes of the system,



CEAPTER 4

Summary of the properties of cadmium sulphide and experiments
related to this work

4¢1. Introduction.

Cadmium sulphide is a yellow solid at room temperature with a
density of 4.82 gm cmf5. It can exist in two crystallographic forms
namely the b and $ phasess The & phase has the hexagonal wurzite
structure, and is the stable phase with lattice parameters a= 4,14 b
and ¢=6,72 &, and nearest interatomic spacing 2,52 £, The [5 phasge
has the cubic zincblende structure and althéugh it is unstable, thin
films of this form have been reported1°
4.2, Crystal growth,

The growth of CdS single crystals is descriked in Chapter 5,

CdS melts at 1500 °C under a pressure of 100 atmospheres, and this

high melting point coupled with the high pressure needed mekes growth
from the melt difficult. However, CdS sublimes readily at temperatures
above 95@‘00 and growth of small erystals from the vapour phase can
easily be achieved. The vapour phase crystals grow either as hex~-
agonal rods typically 1 cm long and 1 mm across, or as plates with
dimensions 5 mm by 5 mm by 100 miérons.

4.3, Band structure,

The band structure of the II=VI compounds has been investigated
theoretically by Birman?, and by Balkanski and Des Clotseauxs.

The conduction band arises from the 58 cadmim levels and the three
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valence bands arise from the 3p sulphur levels., Without spin=orbit
coupling the top valence band is twofold degenerate and arises from
the p_ and Py statess The p, state gives rise to the lowest valence
band which is split off from the ether level by the action of the
crystal fields The spin-orbit coupling lifts the degeneracy of
the higher level and gives rise to two levels with different symme try,
The selection rules for transitions between the valence and conduction
bands are:

h—G sllowed E.L z only.

G—0 allowed E { z and E || z.

Balkansgki and Waldron4 determined the valence band separations by

measuring the infra-red absorption with polarised light and found that
the spacings were 0,016 and 0,058 eV as indicated in figure 4.1, The
value of the forbidden energy gap depends upon the way in which it is
measured. Sommers, Berry and Sochard? meagured the variation of the
photo=ele ctromagnetic (PEM) effect with wavelength and found a thresh-
old corresponding to a minimum energy gap of 2,48 eV at room temperature,
C’urie6 defines the energy gap as that corresponding to the energy of

1

radiation for which the absorbtion coefficient is 100 mmf N The

values for CdS based on this definition are 2,43, 2,52, 2.55 eV at
291, 77, and 4 % respectively. These values will be used in this
thesis. They correspond to & shift of the band gap with tempersture
of =4.2 X 10.'4 eV/%, The actually measured shift of the band gap

with temperature is 5.2 X 10‘“'4 eV/oK'in the range 77 to 291 °K7.
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The band gep is also dependent upon the applied pressure and
the shift at pressures below the phase change is + 3.3 X 1070 eV/atm.
At 27.5 katm the phage change from hexagonal to cubic ferm occurs

after which the pressure dependence is very weak?

4.4, Defect levels In the forbidden energy gap.

Native defects and impurities present in CdS introduce levels in
the forbidden energy gap. Woods and Nicholas8 uged the technique of
thermally stimulated currents to investigate the trapping spectrum
of levels in the upper half of the energy gap and found levels at
0,054 0.154 0425, 0.41, 0.63, and 0,83 eV below the conduction band.

They proposed the following tentative origins of the levels:

0.05 eV Doubly charged sulphur vacancy
0.15 eV Associated with a sulphur vacancy
0425 eV Singly charged sulphur vacancy

0.4l eV Unidentified neutral defect

0.63% eV Singly positively charged cadmium vacancy

0.83 eV Activation energy for the destruction of a trap complex.
The addition of group ITI metals (In, Ga, or Al) which substitute

for cadmium in the lattice produces donor levels at 0.03 eV below

the conduction band9, and substitution of group VIT elements (Cl,,

- Br, or 1) for sulphur also produces donor levels at a similar depth}o
The investigation of levels in the middle of the forbidden energy

gap is difficult, but studies of the infra-red quenching}l have shown

the presence of levels at 0.75 and 1.0 eV above the valence band,

12

Spear and Bradberry - measured the variation of the luminescent,
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transport, and photoconductive properties of CdS with temperature

and intensity of excitation. They deduced the existence of a

class II centre (sn(< sp) at between 0,13 and 0.15 eV above the valence
band., The high activation energy of acceptor levels in CdS makes it
virtually impossible to produce p~type material, However Woods and
Qhampionlgrepared CdS erystals with high copper content (1 to 2 %)

in which the current was found to be preponderantly carried by holes.
The mechanism has been attributed to impurity band conduction.

4.5 Effective mags and mobility of carrierg.

The effective mags of electrons in CdS has been calculated by
Krb8ger, Vink, and Volg;er9 from measurementg of Hakl effect, resistivity,
and thermoelectric power., The variation 61‘ mobility with temperature
is shown in figure 4.2, The theoretical mobility /‘bh was fitted to
thisg curve by assuming that the scattering was due to a mixture of
acoustic mode and longitudinal optical mode phonong, The value of
mg for good fit was in the region 0.2m,< m:( 0.27me where mg is the
free electron mass. The values for the mobility are 210 and 10°
en?/V sec at 300 and 100 % respectively, Zook and Dexterl4
measured the variation of the Hall efi‘éct and magneto-resistance
with temperature and obtained a value of m:: 0.25me. They concluded
that above 200 °K the mobility was limited by a combination of optical
mode and piezo~electric scattering. Cyclotron resonance eXperiments]‘S
give an effective mass of mt: 0.25mg. |

The effective mass of holes in CdS has been determined by Hopfield
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and,Thomasl6 who observed changes in the exciton absorption spectrum

when the applied magnetic field was reversed, The values of the

effective masses parallel and perpendicular to the ec~axis for the

top valence band were found to be:

mf:,parl-" 0o7mg,

] perp = 5O
Their results also indicated that a value of the electron effective
mass of O.2mg was consistent with the conduction band minimum being
situated at k=0, The drift mobility of holes and electrons in cas
has been studied by Spear and Mort7 who used a pulse of 40 keV
electrons to create free carriers. The drift mobility was then
calculated from the measured transit time of the carriers, The
electron mobility was found to be 265 cm2/V se¢ at room temperature.
The hole mobility varied from 10 to 18 cm2/V sec depending on the
crystale. The average value for the hole mobility was approximately
15 om2/V sece The hole lifetime under these conditions was in the
range 1 to 3 X 10| sec. All their results were obtained with CdS
plates so the values quoted are for the direction perpendicular to
the c=axis.

4.6, Modulation of the conductivity of CdS,

If a disturbance is applied to a semiconductor so that the density
of free electrons and holes increases, then the conduectivity increases.

The disturbance may be in the form of light er high energy particles
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e.8. alpha particles or electrons, The cage of optical conductivity
modulation or photoconductivity as it fs termed is of much interest in
CdS since the band gap is sufficiently large for there to be few
ekctirons in the conduction band in pure material at room temperature,
80 that any disturbance has an appreciable effect, and viéible light
is sufficiently energetic to excite electrons from the valence to the
conduction band. The photoconductive gain G of a material is defined
as the number of excess charge carriers passing between the electrodes
per second per photon of light absorbed, Thus if AT is the photo-
current and F is the number of electron=hole pairs created per second,
then G= AI/eF
If the mobility ratio, b, is large so that the majority of the current
is carried by electrons, then the gain can be eXpressed as

=¥/,
where ¥ is the electron lifetime, and t, is the electron transit
time, Thus high 4{ leads to high values of G, In practice the
electron lifetime is governed by the presence ofvrecombination centreg

18, the following nomen=

in the forbidden energy gap. Following Rose
clature will be used to describe different types of recombination
centres:

Class T % 8y

Class IT sné(sp

Class IIT s, s

where s, and 8, are the capture cross sections of the centres for
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for electrons and holes respectively, In CdS class I centres provide
a fast recombination path for electrons, and lead to a small lifetime.
However, it is possible to increase the electron lifetime by intro-
ducing class II centres into the material, This is known as sensitising
the photoconduector, The class II centres trap the holes liberated by
the excitation while the class I centres trap the electrons. However
in the presence of class II centres there are very few free holes so
that once a clags I centre has trapped an electron it remains full
and does not permit the conduction band electrons to recombine, Thus
the incorporation of claéss IT centres increases the electron lifetime
and hence the photoconductive gain. The reverse of this process
occurs when the.photoconductor is simultaneocusly irradiated with
infra=red illumination and visible light, Under these condifions
the infra~red illumination raises electrons from the valence band to
the class II centres and free holes are left in the valence band, The
free holes can now migrate and recombine with conduction band electrons
via the class I centres. Thus the application of the infra=red
light reduces the electron lifetime and quenches the photocurrent,
In CdS infra-red quenching is caused by light of 0,92 and 1.45 microns
wavelength at room température.

The spectral response of the photocurrent im CdS is shown in
figure 4.3,

4.7, Photo-excited luminescence in CdS,

44Tele Edge emission.

Edge emission first observed by'Krbgerlg, is the term used to
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describe the recombination radiation which is emitted at 77 % when

CdS is irradiated with light of photon energy greater than that of the
forbidden energy gap. The term arises because the emission consists

of a series of overlapping bands the maxima of which are equally spaced
by 300 cm-l( 0.037 eV), the first of which corresponds to an energy

close to that of the fundamental absorption edge. The edge luminescence
was assumed to be due Yo recombination via a single impurity level,

and the series to arise from the emission of n longitudinal optical
phonons (n=0, 1, 2, 3, 4eess.), Marshall and Witra®® deduced the
;honon energies from infra~red transmission measurements and found

6 phonon frequencies due to longitudinal (L) and transverse (T)
vibrations of the optical (0) and acoustic (A) modes. Their values
were:s LO=295, TO;= 261, T0,=238, LA=149, TAl'-'- 79, TAo=T0 em 1.

Thus the identification of the edge emission series with longitudinal
q21

optical phomons is confirmed, Hopfiel has shown that the amplitudes

In of the emigsion bands can be described by a Poisson distribution

. | = ]IO.Nn/ ni.
where n ig the number of phonons emitted and ¥ is the mean number of
emitted phonons,s In CdS a fit is obtained with N=0,87. By
measuring the edge emission of pure and doped CdS at 77 OK, Marlor and
Woods??have shown that the edge emission series consists of two super=
posed phonon series due to iwo separate recombination paths. Their

results indicated that sulphur vacancies introduce a level at 0.14 eV
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from a band edge, and that sulphur interstitials introduce a level
at 0.17 eV from a band edge at 77 . 'The edge emission of a pure

CdS crystal is shown in figure 4.423.

Spear and Bradberry12

concluded that the luminescent centre
responsible for the green emission was a class II centre at between
0.13 and 0,15 &V above the valence band, and that it was associated
with some complex defect which included at least 1 sulphur vacancy,
This conclusion is in partial agreement with those of Marlor and Woods.

The nature of the edge emission changes when the CdS crystals are
cooled to temperatures below 77 %( and this is shown in figure 4.4. The
edge emission become sharper as the temperature is lowered, and shiftJ
to :gzgz:g—wavelengfhs. Also at the lower temperatures hydrogen like
series of lines appear at higher energies almost equal to that of fhe
absorption edge. These are due to excitons, and at temperatures as
low as 1.2 % many of such lines can be observed, The lines are due
to several exciton series and the idemtification of the origin of these
lines has been outlined in the comprehensive review paper by Reynolds,,
Litton, and Collin924. The interpretation of the exciton lines is
complex and will not be discussed here,
4¢762¢ Infra=red emission.

The edge emission from CdS is associated with levels which are
close to the conduction and valence bands. There are other possible

luminescent transitions which involve levels in the middle of the

forbidden energy gap and these give rise to emission in the infra-red.
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The infra~red emission bands are centred on 0.75, 1.05, 1.6, 1.8,

and 2,05 microns, Bryant and Cox25 observed changes in the infra-red
emission of pure and doped CdS when the material was heated whilst
being simultaneous}y irradiated with visible light of broad band-
width. The excitation required for maximum emission in the two bands
0..73 to 0478, and 1.05 microns was light with wavelength shorter than
the absorption edge. For maximum emission in the range 1.5 to 2.2
microns, two excitation bands at 0.6 to 1,05 and 1.3 to 1,65 microns
were found. Thse authors concluded that the centre responsible for
the emission was a complex association of défects rather than a single
defect.

4.,8. Cathodo-luminescence in CdS,

Cathodo=luminesgcence occurs when a crystal of CdS is bombarded
with a beam of electrons, The incident electrons are absorbed within
a shallow depth and create free electrons and holes which recombine
in a manner similar to that which produces the edge emission,
Balkanski and Gang26 measured the spectral distribution of the cathodo-
luminescence in‘CgS, andshowed that the depth of penetration xp was
glven by

x,=13.9 X pte46
where E is the energy of the beam in keV, and Xp is given in microns.
They found that the spectral distribution of the emigsion corresponded
to that of the edge emission in CdS with an additional high energy

component which was due to direct electron-hole recombination across
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thie forbidden energy gap. Electron bombardment is a convenient way
of creating a lerge density of free carriers which corresponds to a
wide separation of the quasi-Fermi levels. Lasing action in CdS
was first achieved in this way by Basov et a.127 who used 200 keV
electrons for excitation., Below threshold the emigsion consisted of
three sharp lines at 5035, 4966, and 4981 £ at temperatures close to
that of liquid helium. As the beam current was increased the emigeion
of the 4966 £ line suddenly increased by two orders of magnitude, and
the width at half height of the line decreagsed from 35 to 7 ) More
recently Hurwi?.tz28 has obtained lasging action in CdS, CdSe and their
mixed crystals with 40 keV electrons. He observed Fabry=Perot modes
in C4S at 77 QK with a beam current of 7 mA under pulsed conditiong.
The peek power output was 10 W at 4910 & with an efficiency of O.T
at 4.2 XK.

4.90 Injection electro-luminescence in CdS.

Low field electro-luminescence (EL) in thin CdS crystals was first
reported by Smith29 who interpreted the effect In terms of hole
injection from formed patches on the anode. The current-voltage
characteristics contained a negative resistance region beyond which
light emission was observed. The spectral distribution of the light
was measured at T7 % and consisted of two bands, The higher energy
band was situated at about 4950 £ which is the wavelength of the
absorption edge, and the second band was centred on 5180 £,

50431

Litton and Reynolds have also studied injection EL in CdS.
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They used silver paint as the anode material and indium as the cathode,
The crystals were so called 'tap' crystals which emit light when tapped
in the direction of the c-axis after they have been stimilated with
light at 77 QK. The increased conductivity of these crystals is stored
indefinitely after optical excitation and the conductivity may increase
by up to 1l orders of magnitude on excitation. The edge emission from
these 'tap' crystals is unusual in that the second band is more intense
than the first. This is similar to the behaviour of doped orystals
found by Marlor and Woodszz, and the 'tap' effect is atiributed to

the high impurity content of the crystals. The energy level scheme
for the'tap' erystals is shown in figure 4,5, The effect of light

on such crystals is twofold:

l. The hole traps become filled and the hole lifetime increases.

2o The steady state hole quasi~Fermi level moves into a position

more favourable for hole injection,

Since the crystals remain stimilated after the illumination has been
removed, the hole trap must be & class II centre with a very small capture
cross section for electrons, In all cases the unexcited crystals
would withstand fields of several kV/cm without breskdown, whereas
excited crystals showed negative resistance with as little as 50 V/cm
applied, Litton and Reynolds interpreted the negative resistance
uging Lampert's theory and obtained a value of spﬁ=23n for the hole
trap. Such a low ratio of sp/sn is characteristic of a class I

centre and does not explain why the increase in conductivity persists
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after the illumination is removed,

Injection EL has also been observed by tunnelling holes into CdS
through thin films of aluminium oxidesz. The crystals were about
1 ohm=cm resistivity so that most of the applied voltage was dropped
across the oxide film., EL was obtained with as little as 1.3 V
applied to the device., 0'Sullivan and Mialark;ey33 produced tunnel
injection EL through thin films of Si0 on 0.2 ohm=cm CdS, The
emission spectrum was measured at current densities up to 20,000
amps/om2 under pulsed conditionss The spectrum is shown in figure 4.6.
The narrowing of the 4900 2 line from 100 to 35 )" as the current
density is increased could be due to the onset of stimulated emigsion,
In all devices however, destruction or saturation due to heating

took place before lasing action could be achieved.,



CHAPTER

Growth of CdS single crystals
5ele Introduction..

The use of single crystals for the study of a given material
is highly desirable. The chief reagon for this is that in poly-
crystalline material there is a high surface area to volume ratio
compared with that for single crystals. This high ratio means
that the bulk properties of the material can be magked by surface
effects, and this renders the study of the basic properties of
the bulk material difficult if not impossible., Many semiconductors
such as germanium, silicon and the III=-V ecompounds have a:well
established technology so that single crystals can be grown with
closely controlled properties. The problem of producing single
crystals of CdS is much more difficult, the reasons for which will
be geen from the next section, In order to improve the growth
techniques applicable to CdS the defects in the available material
must be studied., Once the preparation of CdS orystals reaches a
state comparable to that already achieved in germanium and silicon,
then CdS devices will become good practical commercial propositions.

562 Methods of growing CdS single crystals.

5e¢2e¢le Growth from solution.
Provided a suitable solvent exigts, crystals with high melting
~points can often be grown from solution at temperatures appreciably

lower than the melting pointe CdS single crystals have been grown



by a flux melt method using cadmium chloride as the solvent. Vecht

and Aplingl

recrystallised evaporated CdS thin films by dissolving
them in a silicone o0il which contained copper or silver diethyl-
dithio carbamate complexes, These organo-metallic compounds behaved
asg activators. The crystals produced were either plates or feathers,
No optical or electrical properties of these crystals were reported,
5e2¢24 Growth from the melt,

CdsS can only be melted at high temperature if a sufficiently high
pressure is appliede Medcalf and Fahrig2 melted CdS at 1500 °C
under 100 atmospheres pressure of argon, Their crystal growing
method was based on the techniques used by Bri"dgman5 and other workers,
The CdS charge was contained in a graphite erucible surrounded by
a furnace, Once the charge was molten the power to the furnace was
slowly reduced causing progressive freezing of the melt starting &b
one end of the charge, Growth started at the bottom of the crucible
and proceeded vertically, Fahrig4 reported a further extension of
the work in which crystals 1 cm in diameter and 3 em long could be
grown in 8 hours and larger ingots in up to 16 hours. Doping could
be achieved by adding small quantities of metallic salts to the charge
before melting, Most dopants were found to distribute uniformly
throughout the crystals but with some impurities segregation did occur,
50243+ Growth from the vapour phase (sealed system),

Growth of CdS crystals from the vapour phase can be achieved

either in a sealed system or by a flow method. In sealed systems
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the CdS charge is sublimed down a temperature gradient in an atmos~
phere of argon, hydrogen sulphide, or in vacuum. The sublimation
under these conditions produces a polycrystalline boule, the cryst-
allites of which can be as large as 10 ml in volume., Piper and

| Polich? modified this method by pulling the tube through the furnace
and obtained good single crystals of 1 em? cross section and 3 cm long.
Clark and Woods6 of this laboratory have reviewed the methods of
growth in closed systems, These authors obtained good results by
modifying Piper and Polich's arrangement. The tube was pulled through
the furnace whilst an atmosphere of one atmosphere pressure of argon
was maintained over the charge, This produced boules 1 c¢m in
diameter and 3 cem long. Clark and Woods concluded that the best
results would be obtained with an evacuated tube containing the charge
being pulled through a vertical furnace, The important feature of
this method is that exact stoichiomeiry of the charge must be main-
tained if reasonable transport is to occur, This can be seen from

the results of Somorjai and Jepson7

who showed that the rate of
evaporation of crystals of CdS containing an excess of cadmium or
sulphur was two orders of magnitude less than that of stoichoimetrie
crystals. Nitscheaﬂincreased the rate of iransport by introducing
& small quantity of iodine into a sealed evacuated ampoule. The
lodine transports the CdS down a temperature gradient by reacting

to form cadmium iodide and sulphur., At the cold end of the tube the

reaction is reversed to give CdS and iodine. The iodine then diffuses



back down the concentration gradient, The method is only useful if
contamination of the crystals by iodine can be tolerated. TFor most
experiments on CdS the method is unsuitable since iodine forms shallow
donors and conducting n=type material ié produced,
5e2e4s Growth from the vapour phase (flow method),

The flow method was reintroduced by Frerichs9 who reacted
streams of cadmium vapour and hydrogen sulphide, The cadmium vapour
was carried in hydrogen., The vapours passed through a high temper-
ature region at 1100 °C and the CdS condensed in the cooler part of
the furnace on a silica substrate at about 900 0C. Fahrig4 synthesised
CdS from the purified elements, The cadmium and sulphur vapours were
transported into the reaction chamber from separate boilers, An
inert carrier gas was useds The conditions were such that the' growth
tock place in an atmosphere containing a non~stoichiometric excess of
sulphur, Stanleylo gublimed CdS powder in an oxygen free stream of
nitrogen, The CdS powder charge had been prepared by precipitation

from solutions of cadmium salts, Fochsll

modified Stanley's
technique by varying the growth temperature during the run, This
enabled the orystals to grow separately from one another and thus
attain larger dimensions. Vecht, Ely, and Apling have shown that
CdS is purified by the partial sublimation process since non-volatile
impurities remain in the unsublimed residue, and impurities more

volatile than CdS condense beyond the growth region.

Woods15 has studied the growth habit of CdS erystals grown by
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Frerichs' methods The majority of the crystals were found to be rods
or rectangular plates with the c=axis in the plane of the plate,
Ibukil4 came to a similar conclusion for CdS orystals grown by Stanley's

techniq.ueo

5¢3e Choice of method for growing CdS crystals for double injection

experimentge.

The requirements for double injection experiments are such that
thin plates of CdS are essential if convenient low voltages (less than
1 kV) are to be employed. The flow methods of Frerichs and Stanley
both produce thin plates and are therefore most suitable, The
Frerichs technique was not practicable in these laboratories because
of inadequate fume extraction facilities. Stanley's method had been
used here previously by Clark, Nicholas, and Marlor with considerable
success and was therefore selected, Furthermore it had the advantage
that the apparatus could be set up quickly and relatively cheaply,

The main disadvantage is that stoichiometry of the erystals is
difficult to control using this method since growth takes place under

non~equilibrium conditions.

5¢4¢ Description of the erystal growing apparatuss

A gchematic diagram of the apparatus is shown in figure 5.1,
and a photograph of the equipment in figure 5,2 The argon gas was
supplied by B.0.C. Ltd. and was 99.995% pure. It was passed via the
cylinder reduction valve to a conventional vacuum needle valve, The
stability of the flow was such that in a run of 2 hours duration the

maximum drift in the flow rate of 180 ml/min was 25 ml/min., The
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needle valve also enabled fine adjustments to be made, The argon
then passed through a drying tower containing calcium aluminium
silicate to remove any water from the gas. A Rotameter flow meter
was used to measure the flow rate, and heated copper turnings at a
temperature of 400 °¢ removed oxygen from the gas stream, At this
stage the purified argon entered the silica growth tube, passed over
the heated charge at 1180 oC,‘and finally left the system via an
exhaust pipe into the atmosphere. Growth fock place on a gplit
silica liner which was a close fit in the ftube. The use of the liner
facilitated the removal of the crystals without breeking them.s A
substrate was present on the liner from previous runs and this also
agsisted in preventing diffusion of impurities from the silica into
the crystals, and at the same time provided nucleation centres for
growthlzw The growth ofthe crystals could be observed through the
flat silica end plate connected to the growth tube by a cone and
socket joint,

The electric furnace for heating the CdS charge comprised a
lagged mullite tube wound with Kanthal A wire in a single untapped
winding, The temperature profile of the furnace is shown in figure
5¢3s The temperature of the charge was measured with a Pt:Pt 1%/ Rh
thermocouple placed between the growth tube and the mallite tube. ////’
The furnace temperature was stabilised wit?/gg/EtHéF7ﬁ;fi;;aﬁﬁy_—/,V*H/R\Jj//
anticipatory té?fffﬂf!§9“3°ﬁ¥ibller which was used to switch a

registance ig series with the winding, The resistance reduced the
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current through the furnace by 30%. With this arrangement the control

was better than 5 °C at 1180 °C,

5¢5e Pre=treatment of the starting charge,

Ideally the starting CdS powder should be pure and stoichiometric,
Ja.oksonl5 at A.E,T., Rugby has prepared ultra-pufe CdS powder with
a total metallic impurity content of less than 1 ppms His method is
as follows: cadmium chloride solution and an organo=sulphur compound
are purified by ion exchange, The two pure solutions are then mixed
together with vigorous stirring. The chemical reaction that tekes
place gives homogeneous precipitation of CdS which ensures that
stoichiometry resultss The reaction proceeds at room temperature so
that there is no tendency for the CdS to dissociate, Unfortunately
the price of such ultra=pure CdS powder is prohibitively high, -
Suitable CdS ocan be obtained commercially in less pure form but ﬁust
be gliven some initial heat treatment to remove volatile impurities.
During this work, the starting material has been bought from two
sources namely L.,Light and Co., and Derby Luminescent Co. The latter
produce powder with better uniformity from batch to batoh as judged
by the crystal yield from & large number of runs. In both cases the
CdS is prepared by precipitation from cadmium chloride solution
using ammonium sulphide. As & result the powder can contain as much
as 15 of ammonium chloride, The heat treatment is designed to remove
the ammonium chloride from the powder so that chlorine doped orystals

are not produceds The powder is bsked at 500 oC‘under vacuum whilst



being contimuocusly pumped. A beke of 6 hours duration was found to
change the colour of the powder from orange to pale yellow. 500 °C
was chosen as the upper limit in temperature for the beke since at
higher temperatures significant dissociation of the CdS with the
resultant loss of sulphur would occur, The powder was spread over
the bottom of a 10 cm diameter pyrex vessels The pumping was carried
out through a 3 cm diameter outlet pipée opposite the large surface aree
of the powdér. The high vacuum was provided by a mercury diffusion
pump backed by e conventional rotary oil pumpe A liquid nitrogen
cold trap was employed to prevent contamlnation of the powder by
mercury vapour., The starting pressure was 10‘5 torr ag measured on a
McLeod gauge and never roge above 10-5 torr during the whole out-
gassing period, This bake was the only pre~treatment given to the
CdS powder,

5¢60 Procedure for crystal growthe

Some 30 gm of the beked out powder was loaded into the centre
of the 27 mm internal diameter gilica tube, The 12 cm long split
cylinder silica liner was placed adjacent to the charge and extended to
the edge of the furnace, The argon flow was then turned on and adj-
usted to 180 ml/min whilst the copper furnace was brought up to
temperature in 30 min, During this time the growth tub:fgiushed with
argon, The growth furnace was then switched on and with 6 amps passing

o
took 30 min to reach the sublimation temperature of 1180 C,  Growth






=69
was observed from time to time through the end window, and the run
was stopped when the tube was completely blocked with crystals, This
occurred when half to two thirds of the charge had sublimed, The
furnace was then allowed to cool (usually overnight) with the argon
flowing. The liner and residue were removed from the tube when it
wag colde Finally the split cylinder was opened out and the crystals
removed with fine tweezers, A good run produces of the order of 20
clear unstriated plates varying in ares from 4 to 25 mm?, and in thick=
ness from 20 to 300 microns., A photograph of some plates is shown
in figure 5.4, When undoped crystals were grown, the tube and liner

were washed only after about every 8 runs (following reference 12).

5¢Te Observations during erowthe

As the furnace temperature was raised beyong 600 OC; the lasgt

residual volatile impurities remaining from the beke were removed from

the charge into the carrier gass At 600 oC“a white smcke could be geen

which disappeared at 700 °. This was probably the last remaining
small trace of ammonium chloride, Observation of the gas flow
showed that the flow is streamlined in two counter-rotating currents.
The longitudinal veloecity of the gas was approximately 5 mm/gec which
is consistent with streamline flow. At still higher temperatures in
the range T00 to 1000 °c the vapour wes black indicating that free
cadmium was being evolved from the charges This cadmium was carried

in the gas stream and condensed on the cold part of the tube outside the
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furnace, Some of the cadmium diffused backwards against the gas flow
and condensed on the tube at the entrance to the furnace, Once the
temperature reached 1100 oC the gas flow was clear, At this temperature
it could be seen that growth had already started. The growth started
on the roof of the liner and later proceeded from all parts of it.
Plates grew either directly on the substrate, or like flags on flag-
poles from thin needles, The growth took place in the.temperature
range 850 to 950 OC; There was no correlation between the growth
temperature and the degree of striation of the plates. Good clear
plates could be found at all places in the growth region. One of the
most important coﬂditfons for the production of geod plates was stability
of the gas flow. Temperature stability did not seem to have any effect
on the quality ofthe plates in agreement with the findings of Fochgll
who varied the growth temperature deliberately, Rods were produced in
all runs even when the conditions favoured the growth of plates.

5.8+ Addition of excess sulphur to the starting charge,

The large quantity of cadmium deposited on the cold part of the
tube indicated that the starting charge was cadmium rich, Similar
conclusions have been reached by Clark. Therefore, in order to
improve the stoichiometry of the crystals, 1 or 2% of sulphur was added
to the 30 gm charge. The sulphur was 6N purity supplied by L.l&ght
and Cos It was hoped that the sulphur would resect with the cadmium

before the sulphur boiled away, The result of utilising excess sulphur



was that the yield of plates was improved, Such plates were also

less striated and of larger area than those produced without the addition
of sulphure Tt seems reasonable to conclude that the excess sulphur
improved the stoichiometry of the charge which in turn led to the

better ylelds It follows therefore that stoichiometric gTszg s
conditions favour the plate habit. Good électro~1uminescent ;Zre
fabricated from the crystalsrgrown from a charge containing excess

sulphur,

5e9¢ Purity of the crystals,

No sensitive analytical facilities were available in these
laboratories However, a mass spectirometer analysis of a small
number of crystals was carried out at U.JK.A.E.X,, Capenhurst, Whilst
the results are only accurate to 50%, the tremds are shown. The
analysis showed that the main contribution to the impurity content
was due to 130 ppm of zinc, 8 ppm of silicon, and 4 ppm of nickel,
Other metallie impurities were present in small quantities totalling
10 ppm. The values for the starting powder were 60 ppm of zine,
80 ppm of silicon, 25 ppm of nickel, andothers totalling 30 PPl
Apart from the increase in zine concentration, the sublimation did
purify the CdS to some extemt, in sgreement with the findings of Vecht,
Ely, and Aplingl2,
¢10e Doped orystal growth,

Stanley's method is highly suitable for the production of doped

crystalse The doped crystals were grown mainly for luminescence
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measurements done as a separate piece of work by Guy Marlor. The
dopants were introduced into the gas flow prior to its entering the
furnace, or were placed in a silica boat in the furnace in front of
the charge, or were mixed with the charge itsself. The range of

dopants used is tabulated below in table 5e¢le

Table 5.1,
Dopant Group Method of incorporation
Copper Ib Copper sulphide mixed with the charge
Aluminium
1 Indium
Boron IIT Metal in silica boat
Gallium
Thallium
Oxygen Vi Carrier gas 9%, argon, 5% oxygen
Chlorine ' VIT Argon bubbled through HOL
Indium: Chlorine ITI-VIT | Indium chloride mixed with the charge
Coppers Chlorine Ib «VII | As for copper and chlorine combined

The effect of dopants was to alter the growth rate and to modify
the crystal habit, For example oxygen enhanced the growth rate and
gave a good yield of plates, On the other hand the group ITI metals
slowed down the rate of growth and produced crystds mostly in the form
of hollow cones. Details of the crystal growing runs are listed in
Appendix 1,

Sells Conclusiong,.

Stanley's method provides plates suitable for double injection




experiments, The addition of 1% excess sulphur to the starting
charge enhances the yileld of plates with a high degree of crystalline
perfection, The sulphur improves the stolchiometry of the charge
and this is reflected in the growing conditions, More than 50 runs
have been carried out in the éourse of this work to produce both pure
and doped crystals of CdS3 for the fabrication of electro=luminescent

devices,
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CHAPTER 6

Meagurements of the spectral distribution of the luminegcence

from cadmium sulphide
6+1e Introduction,

Measurements of the spectral distribution of the luminescence of
pure CdS erystals have been made at femperatures close to that of
liquid nitrogen. A comparison has been made of the photo-, cathodo-,
and electiro-luminescent spectra, The wavelength range covered in

the measurements was from 4800 to 6000 R.

»6.2, Experimental,

The meagurements were méde using an Optica CF4~DRNI contimuously
recording spectrophotometer which has a range from 1850 & to 4 microns.
The instrument is a double beam, grating spectrophotometer with best
regolution of about 2 8, For these measurements the single beam mode
was employed. In this mode the input signal is compared with a
constant reference signal, The difference between the input and the
reference is amplified and read out by a Honeywell potentiometric
chart recorder. The light inpﬁt is converted into an electrical
signal"by an R.C.A. TP 28 photomltiplier. The results presented in
thiis chapter are not corrected for the spectral response of the photo=
multipliers The data from the chart recorder was analysed by trans*
lating the graphs into digital form with a d=MAC mechanical digitiser
type FD 8 which enabled a large number (of the order of 300 per graph)

of points to be printed out onto 5~hole paper tape, The accuraey of
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the digi tiser is 0.0l ome The wavelengths of the pesks in the spectra
were measured with the digitiser, and a simple computer programme
enabled the wavelength, energy, and wave number of each peak to be
printed out, The computer progremme s shown in Appendix 2, Since
many scanning speeds were employed it was necessary for ease of com-
parison to alter the wavelengith scales of the various graphs so that
the abscissae were identical and thus a unified presentation could be
given, This was achieved by scaling the digitised points with the
Elliott 803 computer, and drawing out the scaled graphs with a Benson-
Lehner digital incremental graph plotter type 121, The graph plotter
Joins up the points with a series of straight lines in steps of

0,005 inches. The programme used to scale the points is shown in
Appendix 3, and this was used with a pre-compiled graph plotter package.
I am most grateful to Mike Holroyd of -the Geophysics department for
his assistance with graph scaling proceedures, A control test was
made to ensure that the wavelengths of the pesks corresponded with

the values obtained by measuring the graphs directly., The agreement
was better than 5 X, which is the best accuracy to which the peaks
could be locatede All wavelength values are quoted to the nearest
Angstrom unit.

The photo-~luminescence wag excited by a high piessure mercury
lamp. The current through the lamp was stabilised to reduce noise
and the power dissipation was 500 Watts. The 3650 R excitation
wavelength was selected by passing the light from the lanp through

Chance glass filters to remove the unwanted mercury lines, The light
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was focussed onto the crystal by a large diameter condenser lens,

The devices were mounted on the copper block of an all metal cryostat,
the design of which is shown in figure 6,1, The cryostat was evac=
uated with an Edwards rotary oil pump type EB 35 and the temperature
of the crystal was monitored with a copper=congtant§n thermocouple
attached to the copper block cloge to the crystale The normal
operating temperature of the cryostat was in the region of 100 %
but temperatures as low as 85 o'li('were frequently attained., The
electro-luminescent spectra were obtained from the light emitting
devices, the construction of which is described in Appendix 4, The
D.C. spectra were obtained with the device connected in a circuit
designed to stabilise the current flow, The circuit is the'simple
negative feedback arrangement shown in figure 6,2, For the spectira
measured with pulsed D.C. applied across the device, the same exper-
imental arrangement as is described in section 7.2 was employed, For
the cathodo=luminescent spectra an all glags cryostat was used. The
cryostat was evacuated to a high vacuum by a mercufy diffusion pump
with a liquid nitrogen cold trap. The G.E.C, electrostatically
focussed electron gun had s maximum operating voltage of 14 kV,

6.3, Photo~luminescent spectra of pure CdS orystals.

The photo=luminescent spectrum-of a pure CdS crystal is shown in
figure 6,3, The crystal was grown with excess sulphur added to the
starting charge, Most of the devices examined were made from such
crystalse The emission consists of the normal edge emission from

CdS with two ad ditional bands centred at approximately 4950 and
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5020 K. These two high energy bands were found to inerease in
amplitude with time when the crystal was maintained at temperatures
close to 100 % with the ultra=violet light contimuously incident on
the crystal. Figure 6.4 shows the increase in amplitude of the two
high energy bands with time, Their amplitude was initially zero.
After 15 minates the band centred at 4950 R was clearly visible, and
the other band was present but of smaller magnitude, After about

2 hours the amplitudes of both bands reached saturation values equal
to those of figure 6.,4.4. Whenever these two bands were observed
the one centred at 4950 ® was the larger, The spectrum beyond

5500 2 is not shown, In sulphur rich crystals there was no em¥ssion
detectable beyond 5500 X. In crystds grown without the addition of
excess sulphur a week, broad, structureless band centred bn approx=
imately 5800 % could sometimes be seen, Discussion of the spectral
meagurements is deferred until chapter 8,

6.4.'2.0.‘eleetro-lmmingggeht spectra of CdS devices,

As was stated in the introduction to this thesis, one of the
initial aims of this work was to improve the light output of the
devices so that sufficient intensity could be obtained in order that
the spectral digtribution of the electro~luminescence could be
measured, The first device to be bright enough for this to be
achieved was device 15 which was prepared from a crystal grown without
the addition of excess sulphur to the charge. The measurement was

carried out by Guy Marlor, and the spectrum he obtained is shown in
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figure 6.5, In contrast to the photo-luminescence the main contrib-
ution to the light output lies in the high energy region. The main
peak at 4988 X has a shoulder at 5025 X, and then at longer wave=-
lengths the edge emission geries follows., This device also showed
a weak band at 5800 R corresponding to thephoto~luminescence band
present in these crystals at that wavelength. The spectra of a
device made from a sulphur rich orystal is shown in figures 6.6.and
6,7s Three different current densities were used, Wiith this
particular crystal the edge emission was:the dominant process, but
the high energy emission was much more intense than in the corresp=
onding photo=luminescence curve shown in figure 6.3,

6650 Pulsed DoC. electro-luminescence of CdS devices,

Two spectra were obtained when pulsed D.C. voltages were applied
to the devices, Figure 6.8 shows the spectrum of device 39 which
was pulsed with square wave voltage pulses of 100 mS period and 75 mS
duration, The curve obtained was similar to that of the D.C,
spectrums With this device it was not possible to obtain & spectrum
at very low duty cycles so that the heating of the device could be
reduceds Device 43, however, was sufficiently bright for a low duty
cyolg to be measured and the spectral distribution of the emission is
shown in figure 6,9, The period was 2 mS and the duration wag
300 microseconds. The emission was all in the edge emission region
with no high energy components. The high energy components were

also absent from the photo-luminescent spectrum of this crystals
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606. Cathodo=luminescence of pure CdS.

The cathodo=luminescent spectrum of a pure CdS orystal was
meagured for comparison with the photo=, and electro=luminescence,
Excitation was provided by a DeC. electron beam, the intengity and
energy of which could be varied by altering the control grid bias and
the accelerating potential respectively, The emigsion intensity was
found to decrease in about 20 minutes from a bright visible green
light (of comparable intensity to the elec tro-luminescence) until it
was no longer visible with the néked eye. Thig wag thought to be
due to parts of the cryostat charging up, thus deflecting the beam away
from the crystale A small permament magnet placed close to the crystal
outside the cryostat was found to keep the electron beam incident
on the crystale However the light output was now amplitude modu‘é¢ed
at a frequency of about 0.5 cepess These oscillations were not only
visible to the naked eye but of sufficiently low frequency for the
spectrophotometer to respond to thems, The frequency of the oscill-
ations was found to be virtually independent of the beam energy and
intensitys In order to display the spéctra, these oscillations were
averaged outs Figure 6,10 shows the gpectra measured at two excit=
ation levels. The lower intensity spectrum exhibits no structure,
but the edge emission series is apparent at the higher intensity,
Luminescence at temperatures above liquid nitrogen temperature was
algo visible, At room temperature, the luminescence appeared to the

eye to be more yellow than at 77 %K but the intensity was too low
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for the spectral distribution to be measured.
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CHAPTER 7

Electrical and optical double injection effects

Tele Introduction,

This chapter describes the variations in the current through CdS
crystals as a function of applied voltage and external illumination.
The éﬁrrent flow Is determined to a large extent by the hole lifetime
which in turn is governed by the occupancy of a recombination centre
which is situated near the middle of the forbidden emergy gep. This
recombination level is a class II centre (sﬁf)sn) 80 that once
a given centre has captured a hole there is only a small probability
that it will then capture an electron. With low D.C. voltages
applied to the crystals Ohm's law is obeyed, as predicted by the model
of Ashley and Milnes which was discussed in section 2.5. At some
higher voltage Vo significant electron injection tekes place and the
current varies as the square of the voltage, A transition region is
observed at still higher voltages and at a voltage Vg electrical
breakdown occurs. At the breskdown voltage, the hole transit time
is approximately equal to the hole lifetime, and the breakdown
corresponds to the onset of two carrier current flow, After breakdown
the the current riges almost vertically at constant voltage V,. In
all crystals measured in the dark, the breskdown was followed by
negative resistance so that VpHVy.

When external illumination of photon energy greater than Ep,

the energy required to raise an electron from the recombination centre
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to the conduction band, Is incident on the crystal, the hole lifetime
increases as the recombiration centres become filled with holes,

Thus if a voltage V in the range Vmﬁ:V<:VB Is applied across the
crystal, then in the dark a low current will flow, In this condition
epplication of light of photon energy greater than Egp of sufficient
intensity can increase the hole lifetime to & value equal to the hole
transit time and two carrier current flow commences, Once twp carrier
current flow has been initiated, the higher current persists even
when the illumination is removed, The action ofthe light therefore
is to gwitch the device from a low one carrier current to a high two
carrier current state, This effect will be termed optical switching,

Measurements have also been performed with A.C. and pulsed D,C.
voltages applied across the samples,

Te2e Experimental,
Te2ele DoC. measurements,

The D.C. current-voltage characteristic measurements were carried
out with the device mounted in the all metal cryostat deseribed in
section 6.2, Light could not be completely excluded from the cryo-
stat so it was enclosed in an aluminium light tight box. The
voliage across the crystal was measured with a Philips valve voitmeter
tyoe GM 6020 which has a range from 10 mV to 1000 V and an input

-6

impedance of 108 ohms, The lowest current measured was 10 amps.

A Sangamo-Weston meter type S 82 was used over the range 10-'6 to

10 ’ ampse  For higher currents up to 10 amps an AVO meter mark 8 IT

was employed. The light output was measured with an EMI 9541



photomultiplier which operated with 1250 V between the cathode and the
collectore I am grateful to Derek Ellis of this department who
designed and built the stabilised supply for the photomiltiplier.
The D.C. voltages applied to the samples were obtained from a O to
300 V,, O to 100 mA stabilised power supplye. The optical threshold
wavelength, and infra=red quenching measurements were performed with
the eryostat in front of the exit slits of a Hilger and Watts
monochromator type D 285,
Te2e24 A.C. meagurementse

The A.C. drive for the modulation of the current through the
erystals was provided by setting a steady bias current through the
erystal with the circuit employed in the spectral measurements
described in section 6.4. The circuit is that shown in figure 6.2,
For the A.C., measurements the voltage on the control grid was sine
wave modulated with a Venner oscillator type TSA 625/2, At all
times the amplitude of the modulation of the current through the
crystal was less than the standing D.C, biag current, The current and
light waveforms were displayed on a Tektronix 545A oscilloscope with
a dvual beam plug=in unit type CA, In one experiment the light
was trangmitted along a light pipe 1 metre long and 8 cm in diameter,
- The pipe was a pyrex cylinded coated on the inside with an opaque
film of silver obtained by precipitation from ammoniacael silver nitrate,
Te2¢3¢ Pulged D,C. measurementse

The pulses were supplied by Solartron pulse generators types
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GO 110L and OPS 100 C, The former had a wider range of pulse durations
(10-6 to 107} sec) but had a high output impedance (2500 ohms),.
whereas the latter had an output impedance of 140 ohms but a maximum
duration of 250 microseconds, Both generators had & maximum voltage
output of 100 Vo  The voltage, current, and light pulses were
displayed on a Tektronix 545A oscilloscopes The B timebase of the
oscilloscope was employed to trigger the pulse generator, and the A
timebase displayed the signal, The period could thus be varied from
20 microseconds to 10 seconds, When required,the trace was photo=
graphed with a Schackmen 35 mm oscilloscope camera type AC 2/25,

Te3s DesCo measurements.

In the course of the work it was found that many crystals,
perticularly those thicker than 100 microns, were very photo-sensitive,
These samples were of very high resistivity in the dark where the
current was typically less then 1 microamp with 100 V applied,
Investigation of the photoconductivity revealed that under certain
conditions , the increase in conductivity when the sample was irradiated
could be stored at liquid nitrogen temperature., The effect was
Initially investigated with light from a microscope lamp passing
through a Chance glass filter OGr i, which trangmits light in the
visible range between 4500 and 6000 £, Any glven crystal was found
to have a breakdown voltage VBabelow which only low currents were

observed, and above which the current increased with decreasing
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voltage., TFinally the current‘rose with almost constant voltage, Vy,
across the crystal. It was necessary to incorporate a current limiting
mechanism into the circuit or the current rose to such a level that
the device was destroyeds If a voltage in the range VM<V<V-’B
was applied to the erystal, then in the dark a low current flowed.,
Illumination with the green light could now raise the current to a
high value as observed in the post breskdown region of the characteristic
measured in the dark, When the illumination was switched off, the
current remained at the higher level and d¥d nat return to its original
low level in the dark, Thus the crystals may be considered as a
switch which can be triggered by applying a sufficiently high voltage
or by illuminating them with light. TInvestigations of both kinds of
triggering were carried out,

The current-voltage characteristic for a crystal at 88 QK is
shown in figure 7.le The characteristic consists of an ohmic region
at low voltages followed by a square law dependence of the current on
voltage above about 6 Volts, The square law dependence contimnues
until a transition region is reached at 50 volts, Between 50 and 65
volts the current rises very steeply until at 65 volts breskdown
occurses At breakdown the current through the crystal rises to 8 mA
and the voltage across the crystal falls to 40 volts, In the post-
breskdown region, the current rises practically vertically with almost

constant voltage across the sample, The post—breskdown region was
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not explored beyond 15 mA because of the dange? of the crystal

being destroyed by thermal runaway. For reasons discussed in section
Te5, the higher current section of thebcharacteristic was not explored
with pulse techniques,

The switching effect could be obtained at temperatures up to
room temperature. Figure 7.2 shows the room temperature characteristic
where the ohmic region extends over a wide current range up to 200
microamps, and the square law dependence is not observed, At 7 volts
the current starts to rise superlinearly with the current varying as
the voltage to the power 1.4, and breakdown tekes place at 27 volts
compared with 65 volts at 88 %, In the post=breakdown region a
vertical rise in current at constant voltage occurs.

The post—breakdown current is dependent on the resistance in
series with the device, and hysteresis is observed when the char-
acteristic is teken with the current increasing and with it decreasing.
The current=voltage characteristic is shown on a linear scale in
figure 7.3 to emphasise the post-breskdown region. The resistance in
series with the crystal was 4700 ohms, As the breaskdown voltage is
reached, the devgle switches on to pass a current of 13 mA with 35
volts across the crystal. At 15 mA the voltage across the sample is
3505 volts, As the total applied voltage is reduced; the current
falls and can be reduced below 13 mA with the h¥gh current state
remaining, The current could be reduced to 7 mA before switching

occurred and the voltage across the crystal rose to 70 volts. The
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change in impedance of the device between the off and the on state

is approximately a four-fold reduction., With between 35 and 65 volts
across the crystal in the off state, a transition to the on state
could be produced by applying a voltege pulse in addition to the D.C, -
biag, Switching took place if the total voltage across the sample
during the pulse was greater than the 65 volt breakdown threshold.

The pre-breakdown characteristics just described are in agree-
ment with the theory of Ashley and Milneéffor a partially compensated
gsemiconductor. However, not all devices showed this kind of
characteristic. Some crystals had extremely high power law dependences
of current on voltage and no ohmic regime was observed at the lowest
currents measured,

The theory of Ashley and Milnes predicts that the breakdown
voltage should vary as the square ofthe crystal thickness for crystals
of a given material with identical doping levels, Figure 7.4 shows
the log=log plot of breakdown voltage against thickness for 7 samples

LR L
from the same crystal growth run, The smooth line B
dopondened as predicted by Ashley and Milnes, The agreement with
the square law variation is good, particularly since the crystals
must have shown slight variations in defect concentrations., Crystals
from other growth runs were never more than an order of magnitude
away from the smooth line,

The effect of a bias light on the current-voltage characteristic

was iﬁvestigated for one crystal, The characteristic is shown in
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figure T.5. The bias light was obtained by passing the output from
a microscope lamp through a Chance glass filter OGr 1. Curve 1
is the characteristic obtained with the sample in the dark, With
light of 4 f.c. intensity incident on the crystal, a swktching effect
is not observed, The current-voltage curve shows a slight negative
registance as seen in curve 2, The negative resistance disappears
completely in curve 3 where the intensity of illumination was 110 f,.c,
The switching effect observed when a crystal biased below the
breakdown voltage was irradiated with green light was investigated
further using light from a monochromstor, The crystal was placed
infront of the exit slits of a Hilger and Watts monochromator with
a tungst@n filament lamp ag source, The crystal was biased just
below threshold at close to 100 ﬁK, and attempts were made to
obgerve the switching effect with light of wavelength in the range
4500 R to2 microns. With light of photon energy much greater than
the fundamental absorption edge no switching occurred, but when the
wavelength was increased to 4880‘3, the crystal switched to the
high current state, All light in the wavelength range 4880 to
8100 X produced switching, but no light of wavelength greater than
8100 2 could switch the current even with thetungsten lamp giving
maximum outpute With very low light intensities spurious thresholds
were obtained because a shorter wavelength of light was required to
make the crystal switch,

Since the switching on of the devices was thought to be due to
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increasing thehole lifetime by ejecting electrons from a recombination
centre, attempts were made to switch the current from the high to the
low state by raising electrons from the valence band to the recom=
bination centre, The raising of electrons from the valence band to
levels in the forbidden energy gap i's known to be responsible for
the Infra=red quenching of the photocurrent in CdS., Tt was first
verified that the infra=red quenching effect toock place in the crystals
used In this work.. The infra~red quenching bands were investigated
by irradiating the sample with a bias light to produce a photo=
current, and with quenching light from a monochromator. The photo-
current was excited by the emission from a microscope lamp passing
through a Chance glass filter OGr 1, The infra-red quenching spectrum
was measured at 90 and 294 QK. The results for device 50 are ghown
in figure 7.6 and are not corrected for the variation of the mono=
chromator output with wavelengthe At the temperature in the region
at which the switching threshold was investigated a strong quenching
band centred on 0,85 microns is present, and at room temperature
there are two bands centred on 0,92 and 1.45 microns. The bias light
was now removed , and with the erystal in the on state light from the
monochromator was used to try to switch the current into the low state.
No switching was observed with light in the wavelength range 0.45 to
2,0 mierons,

With the crystals in thelow current state, no light output was
observed even at temperatures below 100 QK. In the high current state

visible green light was emitted at all temperatures below approximately
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Current-light output characteristic for device‘43.

!

Figure 7.8.

A .
Log light output
(arb. units)
Light”output proportional to
square of the current.
14 : :
Y 77 : o
0] 1 Log T ’‘mA)



Current-light output characteristic for device
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A.C. Modulation of light output.
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A.C. Light output against current.
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140 %. The light output=current characteriétics have been measured
for several samples and are linear over a wide range, Figure 7,7
shows the characteristics for two orystals and indicates the wide
variation in the output from sample to sample, Two snemetews obher
power law dependences were observed. The characteristic of device 43
shown in figure 7.8 is a square law, whilst that of device 50 dig=
played in figure 7.9 is a fifth power law.

Tedo A.Co measurementsg,

When A.C, modulation is superimposed on a steady D.C. current
through the erystal, the light output is also A.C. modulated, A
photograph of the oscilloscope trace showing sine wave modulation
of both the light and the current waveforms is shown in figure 7.10.
Theupper of the two traces is the light, and the lower is the current
waveforms The A.C. light output=A.C. current characteristic is
shown in figure T.1ll, and is linear, The frequency response of the
light output is shown in figure 7.12. Thecurrent was also frequency
dependent and the curve in figure 7,12 was corrected by normalising the
current, The output varies by less than:a factor 5 over the range
100 ¢/s to 100 k¢/s. No measurement was possible at frequencies
above 100 k¢/s because the noise on the signal became of the same
order as the sine wave amplitude,

Any source of light whose output can be modulated directly by
modulating the current through it has potential for use in tele=

commnication systems, since if the light can be modulated at a
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very high frequency then a large amount of information can be transmitted

along a single beam, Thus with a light source that can be modulated

at up to 1 Ge/s, of the order of 106 telephone channels could be carried

down a single light pipe. The light pipe experiment was tried with

the CdS light emltting devices, The path length was 1 metre and

was chogen to demonstrate the feasibility of the experiment as well

as to determine its limitations. The current through the crystal was

A.C, sine wave modulated on top of a steady D.C. current. The light

from the sample was directed down a silvered pyrex tube and then

detected at the other end with a photomultiplier. The output from

the photomultiplier was either displayed on a Tektronix oseilloscope

type 545A, or amplified and passed through a loudspesker coils The

maximum frequency of modulation before the signal was obliterated

by noise was 500 kc/so This was the highest frequency of modulation

of any device constructed in the course of this work. This low

frequency of cut=off coupled with the low intensity of output compared

to injection lasers in other materials means that the CdS light

emi tting device.is unlikely to have any telecommunications applications.
One extra experiment performed out of interest rather than for

gaining information about CdS was to modulate the current through the

device with audio frequency signals from a commercial record player.

The light pipe transmitted the music as would be expected from the

sine wave modulation experiments, and after amplification the signal

from thephotomultiplier was easily recognisable as music with noise
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and distortion superimposed,

Observations of the sine wave modulation showed that there was a
phase difference between the light and current waveforms s the current
leading the light. No measurements were made of this phase relation=
ship because it was found to be too complex,

Te5¢ Pulsed D,C. meagurements,

Measurements have been made with rectangular pulses applied to
CdS erystals. During the pulse, the voltage across the sample was
forward bias as for the D.C. measurements, and after the pulse duration
had expired the voltage across the crystal was zero., When pulses are
used a new range of phenomena occur, When the pulse amplitude is
less than the D.C.breakdown voltage VB,a low current flows and the
current waveform is that of a diferentiating circuit which corresponds
to the crystal behaving like a capacitor, The current=voltage
characteristic of a crystal measured under these conditions is
illustrated in figure T.13., The pulse duration was 0.5 mS and the
- period was 200 mS, At low voltages the characteristic is ohmic
while above 7 volts the current increases as the cube of the applied
voltage,

When the pulse amplitude exceeds Vé, the current is much larger than
before, the difference being similar to that observed when D,C.
switching occurs. The important feature of the pulse measurements
is that when the voltage pulse amplitude is greater than VB the current
pulse waveform containg a atep, This effect is shown in figure T,14.

Three pairs of waveforms illustrate the current and light waveforms
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at constant voltage and period but with the duration increasing

from 8 mS in 7,14,1 to 16 mS in 7.14.3. Theperiod was 200 mS,

In Tel4sl the step is not fully developed, but the back end of the
current pulse is rising from the initial plateau, Figure T.1l4.2 shows
the step with the back of the pulse flattening off to another level
hgiher than the plateau, and in 7.,14.3 the second level extends over
nearly half the duration of the pulse, Since the light is not emitted
during the initial plateau but only when the current starts to rise,

it is clear that the back end of the pulse where the light is emitted
corresponds to the D,C, on state ofthe crystal, and is therefore
associated with high hole lifetime and complete filling of the

class IT recombination centre with holes. The explanation of the

step in the current pulse is deferred until Chapter 9.

The length ofthe initial plateau is dependent on the following

parameters:
le The temperature.
2¢ The pulse duration and periode
3¢ The external illumination,
4, The initial plateau height (which in turn depends on the voltagg
pulse amplitude.).

The measurements of the variation of the initial plateau length
were hempered by the necessity to keep all the other parameters
congtant, and the plateau length itaself jitiered under constant

conditions of the parameters under control (temperature, period,
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duration, illumination, pulse amplitude). The variation of the

platean length with temperature is shown in figure 7.15.  The pulse

duration was 1 mS and the period was 100 mS., Figure 7.15 indicates

that 1f the platean length is P then it can be expressed in the form
P=K.exp(~W/kT) |

where K is a constant, and W is the activation energy for the process,

In figure T.15, W= 0075 eV,

The variation of the plateau length P with rep@tition rate was -
meagured on a crystal which showed a relationship which.can be explained
on a simple models The model is described in chapter 9, and predicts
that a plot of log(lPP/PG) against t should be linear. t is the
time that the pulse is off (i.e. t period-duration), A plot of
log(1~P/Py) agsinst t is shown in figure 7.16 for device 40 and for
a crystal previously mounted up and measured by Marlor., The difference
in the slopes of the lines is due to the measurements being carried
out on different crystals at different temperatures. Both are good
straight lines but the intercepts differ from unity predicted by theory
by about %5 for Marlor's crystal, and by 15% for that used in this
work. |

The change in the plateau length when external illumination is
incident on the crystal has also been observed., With the Hilger and
Watts monochromator and tungsten lamp, insufficient intensity could
be obtained so the effect was studied using a microscope lamp and

Chance glags filters. With red, yellow, and green light the plateau
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length decreased when the illumination was applieds With blue light
however an anomalous effectt was obgerved., Let the initial plateau
length be P;. As the intensity of the blue light was increased,
the plateau length increased from Py until it was equal to the
duratién of the pulge and no step was visible. As the light intensity
was increased still further, the plateau length suddenly shortened
to a value Pg where'Pf<(Pi. Removal of the illumination increased
the plateau length to a value slightly greater than P, but still less
than Pj., If the pulsed voltage was removed for a few seconds, and
then re-applied, the plateau length was restored to its original
value Pj.

The variation of the light output under pulsed conditions with
temperature is plotted in figure T.lT. The efficiency was assumed
to be 100% at 130 % and below. The large jitter on the readings
is not due to experimental error but because the light output jittered
with time. The noise on the signal also increased as the temperature
was raisede If the SchonXlasens model of thermal quenching as
described in section 3.3 is assumed to hold, then a linear relation=
ship between log(l/ﬁ -1) and 1/T is expecteds Figure 7.18 shows
that the relationship is linear for points in the range 160 to 195
%, The activation energy for the precess is 0,16 eV,

Although the light output falls off as the temperature is raised,
and noise on the light waveform inecreases, light output at room temp=

erature has been detected with a photomultiplier although it was not
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visible to the neked eye, Figure 7.19 is a photogreph of the

oscilloscope trace when the device was maintained at room temperature,
A check was made to ensure that the signal was not spurious. The
insertion of a shutter removed the signal and the insertion of filters

indicated that the light was inithe wavelength range 4500 to 6000 R,



CHAPTER 8

Discugsion of the spectral digtribution measurements

8s1. Analysis of the photo-luminescent spec trum,

8elels The edge emission,

The values of the wavelengths of the maxima of the bands which
form the edge emission spectrum of CdS are tabulated in figure 8,1
for two sets of measurements performed on the same erystal on sep~
arate oceasions. The photon energy and wave number corresponding to
each maximum is algo shown in figure 8,1, The agreement between the
two runs is better than 10 X except for the fifth maximum which was
only tentatively identified and therefore difficult to locate accurately,
The separation between the positions of the mexima is of the order of
300 cmfl which is consistent with the geries being due to recombination
via a defect with the emission of 0y 1, 2, 3,000+ longitudinal optical
phonons (wave number 295 cm"1 from section 4.7). If it is agsumed
following Marlor and Wbodsl that the first maximum is due to a centre 1,
and that the rest of the series is due %o recombination via a separate
centre 2 with the emission of 0, 1, 2,444, phohons, then the photon
energies of the two transitions involved in the luminescence are 2,407
and 2,373 eV respectively, The forbidden energy gap of CdS at 77 %
is 252 eV, and the shift of bamd gap with temperature is -5 X 10°4
eV/K, so that the band gap at 107 % is 2,505 eV, Thus the centres
1 and 2 are 0,10 and 0.13 eV from a band edge at 107 %K. This result

is consistent with the findings of Reynolds2 and of Marlor and W’oods1



1

- Photo-luminescence of device 39 (see fig 6.3).
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Energy levels in CdS at 77 and 107 K.
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Positions of high energy peaks (see fig 6.4).
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Reynolds found that the wavelength of the green emission shifted
little with temperature, In agreement with this Marlor and Woods
obtained 2,404 and 2,369 eV for the luminescent photon energies at
T7 QK compared with 2,407 and 2373 &V at 107 QK’measured in the
present work, Thus the energy separation of centre 1 from its
band shifts frém 0.12 to 0,10 eV, and that of centre 2 from Q.15 to
013 eV when the temperature is raised from 77 to 107 QK. Since both
centres shift by the same amount, the tentative suggestion is that both
levels are agsociated with the same band, For illustration purposes
the levels are assumed to be close to the conduction band, and the
energy level scheme of the present work is compared with that of Marlor
and Woods in figure 8.2,
8ele2s The high energy bands.

As stated in section 6.3, the two emission bands with maxima
at energies greater than the edge emission series appear when the
orystal is maintained at low temperatures whilst being illuminated
with lighte This implies that the two high energy bands are assoc-
iated with a surface or bulk photo-chemical effect or with photo-
adsorbtion of impurities onto the surface of the erystal, The
positions of the two maxima of the two bands are tabulated in figure
8¢3 for the three cases illustrated in figure 6.4. The maximum 1
islocated at a wavelength corresponding to a photon energy almost
equal to that of the forbidden energy gap of CdS at the temperature

at which the measurement was made, and is due to either direct electron=



'C. Electro-luminescence of device 15 (see fig 6.5).

|',
Wavelength Energy Wave number Separation

Figure 8.4.

Ry G (en™ 1) (em™1)
4988 2.485 20,050
. 150
5026 2.467 19,900 |
- 510
5158 2.403 19,390
.20
5243 2.365 19,070
- 50
5343 2.320 18, 920 |
' ‘ 1,470
5800 2.140 17,250
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hole recombination or to recombination via a level which is almost
merged into one of the bands,

2 found emigsion bands eentred at 4880, 4927, and 5012 )

Reynolds
at 77 %( which shifted by the same amount as the band gep with temp=
erature, therefore these wavelengths correspond to 4910, 4957, and
5042 R at 107 %(. Thus the second two bands obsgerved by Reynolds
correspond to the two high energy bands observed in the present work,
The energy agsociated with the second maximum ig 247 eV which places
the energy level responsible 0,03 eV from a band edges This is of
the order of the depth of shallow donor levels below the conduction band
in CdS4. Thus it may be postulated that the high energy emission
observed by Reynolds and in this work is due to the same two recombin-
adion mechanisms, and that the higher energy band is due to a transition
which produces the emission of photons with energies almost exactly
equal %o that of the forbidden energy gap, and that the other band

is a result of recombination between a free hole and an eleectron

trapped at a donor level 0,03 eV below the conduction band,

8e2, Analysis of the D.C. electro=luminescent spectra.
8e2¢le Device 15,

The spectral distribution of the emission from device 15 was shown
in figure 6.5, and the wavelengths of the maxima of the bands are tab=
ulated in figure 8,4, The temperature of the crystal was not monitored
but other measurements have shown that with 50 mA flowing through the

sample, the temperature is approximately 130 %. The crystal had



D.C. Electro-luminescehée of device 39 (see figs 6.6 and 6.7).

Wavelength Energy Wave number Separation

@ (eV) (en™h) (em™1y
20mA 1 5017 2.471 19,930 |

105 °k 2 5164 2.401 19,370
30mA 1 5033 2.463 19,870
116 °k 2 5170 2.398 19,340
45 mA 1 4935 %.512 20,250

. 380
2 5029 2.465 19,880

530
3 5169  2.398 19,350

| | 240
4 5233 2,369 19,110

= 340
5 5327 2.327 18,770

130

-

5359 - 2.313 18,660

'1ﬁﬁ“‘

.Figure 8.5.
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an air dried, silver paint anode and evaporated indium as cathode,

In contrast to the photo~luminescence the emission was mainly in
two bands centred at 4988 and 5026 £, The 5026 % maximm is at the
same wavelength as the second maximum identified in section 8,1.2 and
therefore is probably associated with the same defect, but the band
centred at 4988 2 does not correspond to any emission band previously
observed, The edge emission series although weaker than‘in the photo=
luminescence still has the same 300 cm.-':L spacing and despite the high
temperature shows no shift in wavelength from the photo=luminescence
at 77 %K, adding further confirmation to Reynolds findings. The
feeble band at 5800 & corregponds to recombination which tekes plaée
via a level approximately 0.4 eV from a band edge.
84262+ Device 39,

The photo=luminescent spectrum discussed in section 8.1 was
that of the crystal from which device 39 was constructed, The
wavelengths of the maxima of the electro~luminescence of device 39
for the three current densities used for the measurements shown in
figures 6,6 and 6,7, are tabulated in figure 8,5, For the two
spectra measured with 20 amd 30 mA passing through the crystal there is
in each case one band at high energy and one band corresponding to
the edge emission. The high energy band centred at a mean position
of 5025 2 is the same band as the second band observed in the photo=

luminescent spectrum., The edge emission series is not resolved but



Pulsed D.C. electro-luminescence of device 39
(see fig 6.7).

Wavelength Energy Wave number Spacing

&) V) (em™h (em™ )

1 5040 2.460 - 19,840
L , 500

2 5169 2.398 19,340
| 240

3 5234 2.368 19,100
, 250

4 5306 2.336 18,850

) . !

Figure 8.6. . .
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the maximum of the bands with 20 and 30 mA passing is displaced
to longer wavelength than the first band of the edge emission series
in the photo=luminescence,

The spectrum meagured at a current of 45 mA was obtained just
before the crystal was destréyed by thermal runaway., The two high
energy bands are centred at 4935 and 5029 X, which is in good agreement
with the location of the band maxima in thephote-luminescent spectira.
The edge emission series has the first band maximum displaced to
longer wavelength relative to the photo-luminescence, but the second
maximim ig located at about 5230 % in both the electro=, and the
photo-luminescence,

8e3. Analysis of the pulsed D.,C. electro=luminescent spectrae

8s3s1s Device 39,

The spectral distribution of the light output from device 39
was meagured when pulsed D.C. voltages were applied., The spectrum
is shown in figure 6,8, and the locations of the band maxima are
tabulated in figure 8.,6. The pulse duration was 75 mS and the
period was 100 mS, There are fwo important features of the spectrum:
l. There is a high energy maximum located a} 5040 R which is common
to all spectra analysed so far.
2, The first band in the edge emission series is centred at 5169 2
as in the D,C, electro~luminescent spectra, which is a displacement

o
to longer wavelength of 20 A compared with the photo-luminescence,
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The second maximum in the edge emission is not significantly dis~
placed..

8+342. Device 43,

The spectrum of device 43 is shown in figure 6.9, The pulse
duration was 300 microseconds, and the period was 2 mS. A current of
125 mA flowed during the pulse, The spectrum is different from
all the other electro=luminescent spectra in that there is no high
energy component, The maximum emission is centred on 5178 ) which
repregents a displacement of the maln edge emission band by about
25 K from the corresponding photo=luminescent band, In addition
there is a sglight shoulder at approximately 5267 %, The absence of
high energy structure could be explained by associating a slow rise
time with the high energy bands so that during 300 microseconds the
emigsion would not have time to build up to a detectable level,
Alternatively, the surface states responsible for the emission could
be absent from this crystal.s The second explanation is the more
likely since the high energy bands were absent from the photo=
luminescence, nor did an§ high energy emiission appear in the electro=-
luminescent spectrum after the crystal had been exposed to ultra=
violet light at low temperature,

8440 Analysis of the cathodo—~luminescent spectra,

The cathodo-luminescent gpectra of a pure CdS crystal measured

at two excitation levels is shown in figure 6,10, The positions of



i

Cathodo-luminescence of CdS (see fig 6.10).

- Low excitation.

Wavelength  Energy Wave number Spacing

&) (eV) (em™1) (en™ 1)
1 5200 2.384 19,230
, 240
2 5265 2.355 18,990 3

High excitation

Wavelength Energy = Wave number Spacing

®) (eV) (em™h) (em™t)
1 5133 2.415 19,480
| ' 25G
2 5199 2,385 19,230
3 % 5230 2.370 19,120
‘ , : . : 120
4 5264 °  2.355 19,000
o I 150
5 = 5306 12.337 18,850 |
N\
' x‘\. .

Figure 8.7.



=10%=

the maxime of the bands are tabulated in figure 8,7, The errors
in the positions of the maxima are greater than the errors in the
location of the maxima of the photo=, and electro=luminescence already
described, because as was stated in section 6.6 the cathodo=lumin-
escent spectra were obtained after the sine wave modulation had been
averaged out. No high energy components are present in the two
cathodo=luminescent spectra, The explanation for this could lie
in the atmosphere surrounding the crystal, In the photo-, and electro=
lumineseent spectral distribution measurements the crystal was effectively
a cold finger in a vacuum of 0,05 torr provided by a backing pump of
the conventional kind. In the cathodo—=luminescent measurements
however the vacuum of 10'-5 was achieved by the use of a mercury
diffusion pump and a liquid nitrogen cold trape Thus in the former
case any volatile component in the vapour surrounding the crystal would
condense onto the crystal as soon as the refrigerant was peured into
the cryostat., In the latter case, the liquid nitrogen cold trap
would condense the residual volatile vapours before the crystal was
cooled down.

The edge emission serieg is resolved at the high excitation level
and has the usual maxima situated in this case at 5133, 5230, and
5306 K. However both the cathodo=-luminescent spectra have umisual

bands centred on 5200 and 5265 ® which remain unexplained.
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8¢5+ Comparison of photo~, electro=, and cathodo=luminescent spectra,

8e5¢1e Comparison of the photo~luminescence in the present work
with the results of other workers,

The photo-lumineseent spectra desgeribed in this thesis will
be compared with the results of Marlor and’Wbodsl, and with those
of Furlong and Ravilious?, Figure 8.8 shows a comparison of the
high energy and the edge emission band maxima. In the high energy
region there is good agreement between the results of the present
work and those of Furlong and Raviliouse TFurlong and Ravilious
showed that the high energy bands disappeared if the ciystal was
baked whilst the cryostat was pumped. The bands could be restored
if the crystal was exposed to the atmosphere, Thus it was concluded
that the high energy bands were due to gas adsorbed on the surface
of the CdS. The agreement between the two sets of results despite
the difference in the temperature at which they were measured is
in contradiction with the results of Reynolds who found that the
bands shifted in energy by 5 X 10 4 ev/°c.

The values of the positions of the band maxima for the edge
emigsion series obtained in the present work show fair agreement
with those obtained by Marlor and Woods, and Farlong and Ravilious,
. The difference between the location of any given maximm between the
three sets of results is never worse than 20 & for the first five

maxima.
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8e5¢2¢ Comparison between all the luminescent spectra of device 39,
Figure 8.9 shows the wavelengths of all the maxima of the bands in
the photo-luminescence, and in the D,C, and pulsed D.C. electro=
luminescence of device 39, Whichever form of excitation was used,
the location of the mexima of the two high energy bands coincided
to within 10 & which is of the order of the limit of the experimental
asccuracy of the measdrements. Thus the average values of the wavelengths
on which the two bands are centred are 4939 and 5028 3.
The three edge emission series show good agreement for the
second and third maxima when they were resolved, However, the first
band of the edge emission series in all the electro~luminescent spectra
is shifted to longer wavelengths relative to the photo-luminescent
band. The average values are 5152 and 5168 % for the photo=,, and
electro=luminescence respectively, This shift could be additional
evidence for associating the first maximum of the series with a
different centre from the rest of the series, Thus the first
maximm could be the luminescence excited primarily by the ultra=
violet light ag it is absorbed e¢lose to the surface of the crystal,
The rest of the series could then be excited by the absorption of
the radiation associated with the first maximum in the btulk of the
crystale ~Any change in the state of the surface of the erystal,
for eiample the shallow diffusien of the anode during mounting up
of the crystal would affect the position of the first maximum but

not the rest of the luminescence, However, the difference may not
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be significant and might be accounted for in the different temperature
variations of the two types of luminescent process .
84503 Photo=, electro=, and cathodo~luminescent spectra,

Figure 8,10 shows a comparison between:
1, All the luminescent spectra obtained from device 39,
2o The cathodo~luminescent spectrum of pure CdS,
5s The pulsed D.C. electro-luminescent spectrum of device 43,

In both the pulsed meagurements the highest energy meximum is
missing and in the gpectrum of device 43, the other high energy
maximam is also absent. The cathodo=luminescent spectrum shows
good agreement with the edge emission series of the photo=luminescence
except for the firgt peek which was badly defined by the averaging
process already described. Both the cathodo~lumirescent spectra
have additional maxima at 5200 and 5265 2. The 5265 guband is also
observed in the spectrum of device 43, but the band centred at 5200 X
has not been observed in any spectrum other than the cathodo=lumin=
escence, No explanation for these two bands can be offered at thigs
stage.

The difference in the position of the first edge emission band
of the electro~luminescence and the photo-luminescence is most marked
in the pulsed electro—-luminescent spectrum of device 43, The evidence
is thus in favour of the shift to longer wavelengths in the electro-
luminegeent spectra being due to heating of the orystals The current

during the pulse whilst the spectrum of device 43 was being measured
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was 125 mA and it seems likely that this caused Joule heating of

the crystal during the pulse, and that the thermocouple did not respond
to the increase in temperature fast enough to give a trqe indication
of the actual cpystal temperature during the time throughout which

the light was being emitteds Thus it must be deduced that in all

the electro~luminescent spectral measurements the actual temperature of
the crystal was greater than that registered by the thermocouple.

It could therefore be concluded that the wavelength of the first edge
emission peak is temperature dependent above aboﬁt 110 QK, but as was
shown in section 8,1.l, the wavelength does not shift with temperature
between 77 and 107 QK. Since the second and third mexims of the edge
emission series do not show a similar shift, it must be concluded

that the first maximum is associated with one centre whilst the rest
of the series is associated with a different centre,

8.6+ Summary of the conclusions from the luminescent spectra.

8e6ele The origin of the high energy bands.

The maxima of the two high energy bands occur at 4940 and 5030 K
in both the photo-, and electro-luminescent spectra, The amplitudes
of both these bandsﬁgg enhanced if the crystal isg Illuminated with
ultra=violet light at temperatures in the region of 100 %I, and
saturates after a period of illumination of 2 hours. In the spectra
of some crystals the bands were absent no matter how long the radiation
was incident on the crystale With the photo-luminescence, the band

centred on 4940 R was always found to be of greater amplitude than that



-108-

centred on 5030 X,,whereas for the electro=luminescence the reverse
was true., The ensrgy corresponding to the photon energy of the
shorter wavelength band is almost exactly equal to that of the forbidden
energy gap of CdS at 100 o'[1."(2.51 eV) and is probably due to recom=
bination at the surface of the crystal via an extremely shallow

level, and the photon energy of the other band maximm (2,47 eV)
corregponds to a level 0,03 eV from a band edge, and is therefore
probably due to recombination between a free hole and an electron
trapped at the shallow donor level 0,03 eV below the conduction

band. The two bands eccur at wavelengths almost exaetly equal to
those observed by Furlong and Ravilious (4946 and 5027 ) at 77 %

and if these are due to the same surface processes as seems likely,
then the positions of the maxima do not shift with temperature

in the range T7 to 107 %, since the high energy bands do not appear
in all crystals their origin must be more complicated than mere
adsorption of gas onto the surface of the (dS. Photo-chemical effects

are well known to occur in CdE‘>6"’7

, end a surface photo-chemical
reaction coupled with the adsorption of gaseous impurities may be
necessary to produce the effect.
8.6.2, The nature of the edge emission series.

The edge emigsion series observed in the photo-luminescent
spectrum of CdS is observed in the electro-luminescent spectra

under both D.C. and pulsed D.C. excitation, and also in the cathodo=

luminescent spectra. The firgt three bands of the series have
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maxime which can be located with reasonable accuracy in the electro=,
and cathodo-luminescence, but beyond the third meximum the resolution
has been inadequate to enable location of the remainder of the maxime
to be made with accuracy.In the photo-luminescent spectra, the first three
peeks lie at worst less than 15 X, and at best less than 10 & within
the values obtained by Marlor at a temperature 30 % less than

that employed in the present work, Thus in agreement with Reynolds
findings, it is clear that the edge emission wavelengths do not

shift in the temperature range 77 to 107 °%. Therefore the 1eveis
responsible for the emission mist shift relative to the band in whose
proximity they lie at the same rate as the band gap shifts with
temperature (5 X 10‘4 éV/OC). Rurther Marlor and Woods have shown
that the first pesk is of a different origin to the rest of the series,
so that centre 1 as defined in section 8.l.1 shifts from 0,12 to 0,10
eV, and eentre 2 shifts from 0,15 to 0.13 eV from a band edge as

the temperature is raised from 77 to 107 QK. Since both levels

shift by the same amount, it seems reasonable to postulate that they
are associated with the same band, Further evidence that there are |
two levels involved is provided by the electro=luminescent spectral
measurements, In all the electro-luminescent spectra, the first
maximim of the edge emission series is displaced to longer wavelength
by as much as 20 K, whereas the second and third maxima are essentially
at the same wavelengths as in the photo-luminescence, The mechanism
of the shift could be either the Stark effect or heating of the crystal.

Marther work is necessary to distinguish between these hypotheses wut
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the heating of the crystal seems the more likely explanatiion, This
latter explanation would mean that the first band of the series would
be temperature dependent above 110 CJ"K'wherea.s the rest of the series
would have wavelengths independent of the temperature over the range
investigatede In order to verify this theory it will be necessary
to construct devices with built=in thermocouples of low thermal
inertia.. This has not been possible with the device structure
employed in the course of this work,

The assignment of longitudinal opticel phonons as being regponsible
for the edge emigsion series after the first maximum has not been
completely confirmed by the present work. It is possible from the
spacings observed in the photo=luminescence of device 39 that transverse
optical mode phonons may be responsible for some of the maxima since
spacings of the order of 250 cm.-l were found and these correspond to
the wave numbers of the TO phonons (TO1 261, and TOo 238 cm-l)o
Further work with better resolution at lower temperatures is required

to clarify the situation,
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CHAPTER 9

Discugsion of the electrical measurements

9.1, D,C, current-voltage characteristics,

The current-voltage characteristic of device 46 measured at 88 K
in figure T.l corregponds clogsely to the type of characteristic
predicted by the theory of Ashley and Milnes (section 2,5). The
low voltage region is ohmic , whereas for voltages in excess of a
transition voltage Vi, a square law is obeyed, After the square
law regime, the current riges vertically at the breakdown voltage

Vge According to Ashley and Milnes, the value} of Vi end=—¥g-esel§.

Vez_ 12 9414
MY
and VB= L2nRQo §P .th AR W e 942¢
Vs

where the symbols have the same significance as in section 2.5.

For device 46, the values are V.= 6V, VB=65 V, and L =130 microns.
Teking an electron mobility of 250 cm?/v sec, equation 9.1 gives a
value of the electron lifetime of 1.1 X 105 sedondse The solution
of equation 9.2 would be possible if elther the capture cross section
for holes,. Spy. OT the electron dengity in the recombingtion centres
in thermal equilibrium npowere known. In the model applicable to

- -
CdS, ngy®Np . Ths from equation 9.2, Noes =10 “om 1 s ir

p
Sp is agsumed to be 10~18 cm?, then the density of recombination

centres NR is 1016 cm"3.

The square law dependence of the breskdown voltage, Vp, on device



| Hole lifetime in CdS (fig 7.5).
Device L(p) VB(Volts) t(nS)
| 51 55 51 40
| 54 51 4l ! 37
| 57 116 Y164 55
| 58 68 40 7
59 47 22 &7
f 63 44 32 G0
§ 64 43 22 ' 56
|
| :
| 46 130 65 173

o y\‘ < ’
. !]Hl Mean hole lifetime=53 nS.
Figure 9.1.
. v
\
! 1



Hole lifetime

I

in CdS.

Workers

Method of Value (Sec)l
measurement I
' 2 . -7 |
Spear and Mort Drift 10 {
. ,3’T . .=8
KegtlnaL' Double 1.5 X .0
i ! injection (
Friedrﬁch4 P.E.M. 10" to i~ f
| 3 -8
Rushby Double : 5 X 10
injection

:Figure'9;21
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thickness, L, was tested on several crystals from the same growth
run where the variatiion in Np from crystal to orystal should be

é minimim, Figure 7.5 shows the log~log plot of breskdown voltage
against device thickness, and a reasonable agreement with the square
law dependence predicted by the theory of Ashley and Milnes is found,
Since breskdown occurs when the transit time for holes is of the same
order as the hole lifetime, the values of Vg can be used to calculate
the values of the hole lifetime, The hole lifetimes are tabulated
in figure 9.1l A mean value of the hole lifetime of 5.3 X lo-ssec
is obtained for the devices whose breskdown voltages were plotted
againgt thicknesgs in figure 7.5. The values of the hole lifetime
are within an order of magnitude of the results of other workers on
CdS which are summarised in figure 9.2 for comparison purposes.

In contrast to the characteristic at 88-%(w the room temperature
characteristic has an extended ohmic region which is dueto the higher
thermal density of electrons. In the characteristic shown in
figure T2, the square law region is not observed since the breakdown
region is reached before the transition from ohmic to gquare law
dependence has taken place. This implies that the product of the
electron lifetime and the electron mobility mist be less at 295 ﬁ(
than at 88 %K. The value of Vg is less at the higher temperature
despite the thermal velocity of holes Vip being approximately

1/2
(3) / greater, The difference is accounted for by the increase
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in the hole mobility with temperature. Mort and SPear2 found that
the hole mobility was 5 times greater at room temperature then at
88 X, and the factor (3)Y2 5s within 20 of the value required

Yo explain the differenZe in Vg between 88 and 295 %K.

The hysteresis in the post-breskdown characteristic is also
congistent with the theory of Ashley and Milnes which requires that
for negative resistance to be observed, the capture cross sections
of the recombination centre for electrons, sy, and for holes, Spo
mst obey the innequality

spen
Thus once the recombination centre las captured a hole, there is only
a small probability that it will recapture an electron, and the
high lifetime state for holes can be maintained with lower hole
injection rates than those initially required to switch the device intc
the high ocurrent state. As a result the device will stay on at lower
currents than are nedessary when switching ocours. Once thé rate of
hole injection is no longer sufficient to populate the recombingtion
entirely with holes, the hole lifetime decreases by several orders

of magnitude and the device switches off,

942+ Optical switching effectse
The switching from a low to a high current state,when the device
is biaged below the breskdown voltage, by irradiation with light of

suiteble wavelength is due to the depopulation of the recombination
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centres of electrons. This increases the hole lifetime because

the recombination centres have a mich greater capture cross ssction
for holes than for electrons, When the hole lifetime is increased

to a value of the order of the hole transit time, switching occurs,
Once the device has switched, it will remain in the high current state
with the illuminatién removed, The switching is a bulk effect

as shown by the fact that light which is absorbed close to the

surface will not switch the device., The long wavelength threshold
(8100 K) corresponds to a photon energy of 1.53 eV, which gives the
position of the recombination centre 1,55 eV below the conduction band
or 0,98 eV above the valence band, if the band gap is teken to be
2,51 eV at 100 K. A similar gwitching effect has been observed in
silicon by Marsh, Baron, and Mayer? They agscribe the effect to

the same type of process as described above, Further these authors
were able to switch the device off by irradiating the device with light
of suitable wavelength, In CdS this corresponds to light of photon
energy sufficient to raise an electron from the valence band to the
recombination centre, but insufficient to raise an electron from

the centre to the conduction band, With the CdS devices all attempts
to switch the current from the high to the low state by optical

means failed, The switching effect i;ﬁgkgﬁlot associated with

the levels responsible for the infra=red quenching band centred

‘at 8500 & (1,45 eV), which is easily observable,
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The reduction in the breakdown voltage VB when the erystal
ig irradiated is shown in figure T.4. As the light intensity is
increased, the negative resistance range decreases and at the
highest light intensity shown disappears completely, Similar
characteriatics have been obtained from Ge, 5i, and GeAs devices
by Holonyek et alé. These workers applied Lampert's theory

(section 2.4) to obtain

8p o Vth

For most CdS crystals this would give & maximum value for the ratio
sp/sn of 3, which is far too small for the strong asymmetry of the
centre, sp$>sn, required by Lampert's theory,

9+3. A.C. oharactéristiqg;

Figure 7.7 shows that the D.C. current-light output characteristic
is linear over a wide range, As would be expected, A.C. modulation
of the current ebout a standing D.C. bias current, to keep the
device on at all times, also produces & linear A.C. ocurrent-A.C,
light output characteristic, The phase difference between the current
and the light is complex with the current leading the light, This
relationship is probably associated with the process which is
responsible for the delays observed in the pulse measurements deseribed
in section 9.4. From figure 7,12, the bandwidth of modulation of
the light, which is taken as the frequency separation between the

points at which the light output is half the maximum, is 17 ke/s
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and the maximum frequency of modulation is 500 kc/s, so that it
mist be concluded that the device has little probability of being
employed in optical telecommnication systems. It is likely that
themaximum frequency of modulation is limited by the phosphorescent
nature of the luminescent process so that the lifetime associated
with the luminescence is 2 microseconds.

9.4. Effects observed uging pulsed D.C. voltages.

The current=voltage characteristic for device 39 when pulsed
D.C. voltages were applied ig shown in figure 7.13. The maximm
voltage applied was less than VBiduring the pulse so that the
characteristic corresponds to the device in the off state. At low
voltages ohm's law is obeyed, followed by a region where the current
depends on the cube of the voltage, The cube law corresponds to
the characteristic for a plasma injected into a trap free insulator
(section 2.3)e Measurements of the current-voltage characteristics
of othef devices have yielded a wide variety of power laws, All
crystals had ohmic regions followed by power laws as high as 10,
The wide variety of power laws indicates that in CdS there is a
large variation of trap densities from crystal to ocrystal which makes
it very difficult to produce a consistent explanation of the effects
observed in this material,. |

The step in the current pulse already‘demonstrated in figure T.14
owes its origin to similar hole trapping effedts as those which are

regponsible for the switching efrfects described in section 9.1. The
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explanation is as follows. Consider that a train of current pulses
has been initiated (either by applying a voltage greater than Vgs.

or by irradiating the ecrystal with light). The waveform of the current
pulse is as described in section 7.5 During the latter part of the
pulse all the recombination centres are occupied with holes and the
hole lifetime is high, At the end of the pulse the occupation of
the recombination centres changes as the Fermi level shifts. This
means that during the off time of the pulse a fractionof the centres
becomes filled with eiectrons. When the next pulse arrives, the
hole lifetime Is low and enough holes must be injected to fill the
centres occupied with electrons before two carrier current flow can
be established. Thus the current remains in the low state until

the requisite mumber of holes have been injected after which the
current rises to a higher level. Once the current has risen to the
higher level, thevfree holes can recombine via class I centres,

and in particular radiative recombination can occur. This explains
why in figure T7.14 there 1s no light emitted during the plateau, but
only when the current starts to rise,

A simple model of the effect is as follows. Let the density of
the recombination centres Be Np ém-35 After time t measured from the
end of the pulse, the mumber of centres containing holes will be

N = Npoexp(=pt)
where p is the probability that a hole can thermally escape from a

centre, p is of the form

p= V.exp(=E/kT)
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where ¥ is the attempt to escape frequency., If t; is the time
before the next pulse arrives, then the mumber of centres which
mist be filled by the next pulse is
NR.(l-exp(-ptl) )
If it is assumed that the rate of hole injection and hole trapping
are linear with time, then the plateau length P will be given by
P'-"K.NR,(l-eXp('ptl)‘ ) , where K is a constant.
Thus
log(1=P/Pg)= =pty
where P is the value of the plateau length at large t;. This only
holds if the applied voltage is greater than Vg otherwise the device
will switch off at low duty cyclese Figure T.16 shows a plot of
Log (l’P/P@9 against tl for one crystal meagured by Marlor7and one
from which device 40 was constructed. In both cases a good straight
line is obtained although the intercept in the plot for device 40
is some 15% away from the value unity as predicted by the theory.

This simple theory does not account for the behaviour under pulsed
voltages observed in all devices., The results here are presented
for the best two fits to the simple theory. Some crystals showed
a marked departure from the predictions of this model, and some crystals
had a second step which appeared at the back of the current pulse
as the voltage was increased beyond a certain level, The second step

could be due to to the filling of a second set of recombination
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centres, Undoubtedly, the behaviour of all the crystals can only
be satisfaetorily explained using a very complicated model which
is impossible to formuiate on the evidence presented in this thesis.
The measurement of the change in the plateau length as the temp=
erature ﬁas raised algo indicates that the process is more complicated
than the simple model would predict.. Theimodel already described
Was based on the assumption that the recombination centre released
holes which were thermally liberated to the valence band. This
process should have an activation energy of 0.98 eV which is the
energy above the valence band at which the centre lies. The slope
of the plot of log P against 1/T which is shown in figure 7.15 is
0,075 eV which is considerably less than 0.98 eV, It is possible that
the recombination centre captures electrons not by direct excitation
from the valence band to the centre, btut by the thermal release of
electrons from levels close (0.075 eV) to the conduction band foll=
owed by the electrons‘falling into the recombination centre. Thisg
explanation is only offered tentatively. A step in the current
pulses through GaAs diodes has been observed by Ing et al 8, who
attributed it to a redistribution of the trapped carrier population.
In addition to the delay between the application of a voltage
pulse and the onset of light outpﬁt due to the filling of the recom=
bination centres with holeg, there is a further delay effect which
shows up at low pulse durations.s At pulse durations of the order of

a few microseconds, most of the light is emitted after the pulse has
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finished, Initially the delay was thought to be caused by the transit
of holes across the electrode spacing, but the delay is independent

of the applied voltage and can be as large as 40 microseconds. Yo
consistent pattern has emerged from observations of the delay except

to contradict the hypothesis that 1t is associated with the transit

of holes, Possibly the mechanism is associated with the release

of carriers from traps as in the case of phosphorescence (section 3,2)
and this would be similar in explanation to that offered in the previous
paragraph to explain the variation of the plateau length with
temperature,

The decrease in the plateau length when red, yellow and green
light is incident on the crystal can be explained in terms of the
occupancy of the recombination centress The light provides a supply
of holes, some of wﬁioh are trapped at the recombination centres.

Thus the mumber of holes which need to be injected during the plateau
is less than in the dark, so the platean is shorter, The behaviour
with blue light is anomalous. The blue light passing through the
filters has a component which is sufficiently energetic to eject
electrons from the recombination centre, and this should lead to

a reduction in the platean length., Since the plateau length increases
at low intensities, the rate of hole injection must be reduced by

the light or some other process mist affect the occupancy of the
recombination centres in favour of electrons. Once the jump from

long to ghort platean length has taken place under more intense blue
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illumination, the behaviour is as would be expected from the explan=
ation of the effect with light of other wavelengths,

The efficiency of the radiative recombination process decreases
as the temperature is raiseds The variation of the light output with
temperature is shown in figure 7.17. The classical theory of thermal
quenching of luminescence is due to Schon and Klagsens. The quenching
is due to thermal activation of carriers of one sign from the recom=
bination centre to the nearest energy band which prevents the recom=
bination of carriers of the opposite sign through the centre. Thus if
the recombination is through a level close to the conduction band then
a free hole in the valence band cannot recombine through that levels
if the centre has already been filled with a hole by the thermal
release of an electron from the centre to the conduction band,

According to these ideas, the efficiency,” , falls off as

) = e

where A is a constant, and W is the activation energy,
Thus

10g£1/5 =1)= =W/kT + constant
The plot of log(l/y -1) against 103/'1" for the points in the region
where the light output is falling is shown in figure 7,18, The
slope gives an activation energy of 0,16 eV, which is in reasonable
agreement with the activation energles of 0,10 and 0.13 eV of the two

centre model for the luminescence proposed in gection 8,1,
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9.5 Conclusions from the electrical meagurements.

The double injection effects described in this chapter are
governed by the dominant recombination cecentre in these erystals
which has a capture cr: g section for holes much greater than that
for electrons, and liesj0.98 eV above the valence band, The theory
of Ashley and Milnes describes the current-voltage characteristics
more closely than that of Lampert. No theoretical model has so
far been produced which explains the steep rise in the post-breskdown
regions, Both Ashley and Milnes, and Lampert's theories require the
current to vary with the square of the voltage and this is not
obgerved, Two explanations of post=breakdown characteristics with
vertical ri@e in the current have been proposed by other workers>
performing measurements on other materials, Dunke (section 2,8)
has explained the negative resistance and steep rise in the post-
breakdown current in GaAs diodes as being due to the re-absorption
of the recombination radiation, and Wagener and Mi“lnes9 have postulated
that the vertical rise in the current in the post-breakdown region
in silicon p~n diodes is due to the spread of filamentary breakdown
through the device, Once the filament has spread throughout the
whole cross section of the junction then the btulk properties govern
the current flow and the square law dependence of current on voltage
is observed. The current in the post=breakdown region rises by

more than two orders of magnitude before the square law dependence



is observed, The filamentary model is unlikely to hold for CdS
because if the breakdown were filamentary, then filaments of the
crystal would emit light and spots at the ends of the filaments
would be geen, This is not the case in CdS where the emission
appears to emanate uniformly from the bulk of the material., The
re-absorption of light postulated by Durke could provide the explan-
ation, Since the recombination is emitted via two separate paths
the higher energy ecould be reabsorbed to activate the lower energy
recombination, Further measurements in the post-~breskdown region
arc necessary to elucidate the mechanism.

The plateau in the current pulse is explained by filling of
the recombination centre 0.98 eV above the valence band wlth holes.
The simple theory fits for two erystals but gives only poor fit for
several other samples., Clearly the model is too simple to have
general application. The activation energy for the thermal gquench=
ing of the luminescence is in good agreement with the energy level
structure propdsed in section 8.1.

Some of the measurements reported in this chapter were published
in a recent paper by Rushby and Woods, a copy of which is attached in

Appendix 5,
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CHAPTER 10

CONCLUSIONS

10,1, Summary.

Dauble injection has been used as a tool for investigating
the defects in CdS.. Information about the dominaht centre sit=
uated close to the middle of the forbidden energy gap, which cannot
be obtained from thermally stimulated current measurements, has
been found, The centre has a mich larger capture cross section for
holes than for electrons, and this gives rise to the switching
effects and the steps observed in the current pulses. The study of
the recombination radiation shows that the emission is due to
the same processes whatever the mode of excltation, but that different
mechanisms dominate in each case. The surface recombination is
mich stronger in the electro-luminescent spectra than in the photo-
luminescent spectra, The surface recombination was found to depend
on the treatment given to the erystal, and in particular it has been
suggested that photo-assisted adsorption of gaseous impurities onto
the surface is responsible for producing the levels via which the
surface recombination proceeds. The wavelength of the edge emission
in CdS i's found to depend very littie on the temperature in the range
77 to 107 %C, but shifts in the electro-luminescent spectra at
currents above 10 mA indicate that the emission is probably temp=

erature dependent above 110 QK. The major difficulty in the work
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has been-one that ig common to all the work that has ever been
performed on this material, namely that uniform samples with con=
trolle% ﬁzperties cannot yet be produced. The recombination centre
loeatquO;98 eV above the valence band appears predominantly in
crystals which were grown with excess sulphur added to the charge,
and on this evidence it is tempting to assign the effect to cadmium
vacancies, However, it is impossible to explain all the effects

described in this thesis on a simple model,

10,26 Suggestions for further work.

The most difficult aspect of the work descriBed in this thesis
has been that although most of the crystals showed qualitatively
the same behaviour, the quantitative results were widely different
indicating a wide variation in the density of defects from crystal
to erystal.s Clearly if the work can be repeated on samples cut
from a uniform large single crystal, many of the difficulties will
be removed, Work is at present belng successfully carried out in
these laboratories to produce lapge uniform single erystals of CdS
and in the very near future such crystals should be available.

The measurement of the spectral distribution of the photo-
luminescence in the temperature range 100 to 160 QK with the tempera-
ture accurately controlled should enable the shift in the first
edge emission peak of the electro-luminescence to be elucidated,

If the shift of this peak is due to the heating of the crystal as

suggested in this thesis, then this would be evident from the
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measurements at the diffefent temperatures.

The theory that the high energy emission is due to photo=
adsorption of gaseous impurities onto the surface of the crystal
could be tested by exposging the crystal to a series of controlled
atmospheres at different temperatures with and without illumination.
This work could be carried out in conjunction with thermally stim-
ulated current measurements,

The assignment of the delay in the light output under short
duration pulses to phosphorescent effects could be verified by meas=
uring the variation of the delay with temperature, If the delay is
agsociated with the lifetime of a meta~stable state, then the relation-
ship

14, = S.exp(-E/kT)
where /4 is the lifetime, E is the activation energy, and Sis a
constant, should be obeyede Alternatively chopped ultra=violet
light or very short duration flash tube excitation could be employed
to see if a similar delay exists in tﬁe photo=luminescence,

The variation of the stoichiometry of the CdS by heat treatment
in atmospheres of cadmium and sulphur vapour changes the defect
concentrations. The influence of such changes on the steps in the
current pulses and on the switching of the D.C. current should enable
further informaetion to be obtained about the complex defect respon~

sible for the effects observed.
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10
11
12
13
14
15
16
17
18
19
20

Starting
charge

Lights 1
Lights 1
Lights 1
Lights 2
Lights 1
Lights 1
Lights 1
Lights 1
Lights 1
Lights 1
Lights 1
Lights 1
Lights 1
Lights 1
Lights 2
Lights 2
Lights 2
Lights 2
Lights 2

Lights 3
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APPENDIX 1

Details of crystal growing runs

Dopant

Com)
80
110
90
120
120
75
35
90
90
45
60
45
45
15
15
40
55
45
0
50

Result

Rods

Poor

Poor

Rods

12 Plates

15 Plates
Rods

Plates
Plates
Plates

Poor

Poor

Thin plates
Thin plates
Rods

Small plates
6 good plates
Smell plates
Rods

Poor plates
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Run Starting Dopant Duration Result
charge (min)

2l Derby 1 25 Small plates

22 Elements 10 Poor

23 Run 22 35 3 Plates

24 Lightg 3 45 Plates

25 Lights 3 55 Plates

26 Lights 3 In 60 Hollow rods

27 Lights 3 0o | 30 Good plates

28 Lights 3 Ga 100 Rods

29 Lights 3 Ga 75 Small rods

30 Lights 3 Cu | 70 Plates

31 Lights 3 90 Plates

32 Lights 3 Al 60 Rods

33 Lights 3 B 120 Plates

34 Lights 3 71 180 Hollow rods

35 Lights 3 B 120 Rods

36 Lights 3 T1 130 Rods

37 Lights 3 0, 70 Plates

38 Lights 3 75 Thin plates

39 Lights 3 Cl 100 Plates

40 Lights 3 - C1 125 Large rods

41 Lights 3 Al 5 Plates

42 Lights 3 cu:Cl 210 Poor

43 Derby 2 Xs 8 1% 40 Good plates
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Run Starting Dopant Daration Result
charge (min)

44 Derby 2 Xs 8 2% 35 Plates

45 Derby 2 45 . Few plates
46 Derby 2 Xs 8 1% 50 Poor plates
47 Derby 2 In:Cl ,00% 120 Plates

48 Derby 2 In:Cl ,006% 105 Plates

49 Derby 2 H2:C'1 | 30 Poor

50 Derby 2 H‘2301 60 Poor

51 Derby 2 Hé:Cl 135 Rods

52 Derby 2 H2:Cl 105 Rods

Pre~treatment of the starting charge

Lights 13 Powder bsked at 900 OC‘ under vacuum..
Lights 2¢ Powder baked at 500 °C under vacuum.
Lights 3: Powder beked at 500 oC under vacuun,
Derby 1: Inminescent grade powder vaked at 500 OC under vacuum,

Derby 2: Electronic grade powder baked at 500 °C under vacuum,
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APPENDIX 2

Programme for calculating the positions of the pesks

WAVELENGTH ENERGY AND WAVENUMBER'

BEGIN REAL X0,Y0"
INTEGER T,Np!
ARRAY X,Y,7(13:1000)*

READ NP,X0,YO'
FOR Tt=l STEP 1 UNTIL NP DO
READ X(T), Y(I)*
FOR T:=l STEP 1 UNTIL NP DO
BEGIN Y(1):=5500=(X(I)=X0)/3.81"
X(1):=12396,9/Y(1)*
72(1)+=108/¥(1) "
PRINT ALIGNED (4,0),Y(I), SAMELINE, ££5477,
ALIGNED (1,3),x(1), ££5427
ALIGNED (5,0),2(T)*

END! END!
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APPENDIX 3

Programme for gcaling the emission spectra

GRAPH SCALE
BEGIN REAL DX, DY, XsC, YsC, X0, YO!
INTEGER NX, NY, 1, NP
ARRAY  X,Y(1:1000)*
BEGIN READ NP,XSC, YSC,DX,DY,NX,NY,X0,Y0"
ORTGIN 0,0).
XAXTS( 0,0, DX, NX) *
YAXTS( 0,0, DY, NY)*
FOR T:=1 STEP 1 UNTIL NP DO
BEGIN READ X(I),Y(I)*
X(I) 1=XsCH(X(T)=X0)/254*
Y(1) :=YSCH( ¥(T)=Y0) /254"
END"
DRAW (X,Y,NP)"

END! END! END!
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APPENDIX 4

Congtruction of the electre-luminescent devices

The electro-luminescent devices were made only from clear,
unstriated CdS plates. The thickness of the plate was measured by
focussing a metallurgical microscope on the top and bottom of the
crystal, This gave the apparent thickness of the crystal, The
real thickness was then obtained by multiplying by the refractive
index of CdS (2.6). The average thickness was found by measuring
the thickness at 10 places over the surface of the plate. The
accuracy of the measurement was of the order of 10 microns.

In all cases the electron injecting contact was indium which was
applied by evaporation from a molybdemum boat in a vacuum of the
order of 10—5 to lO- torr as measured on a Mcleod gauge. This
vacuum was maintained in a 6 inch diameter glass bell jar pumped by a
mercury diffusion pump backed by a conventional rotary oil pump., A
liquid nitrogen cold trap was employed to reduce contamination by
volatile impurities, The evaporation was preceeded by bombardment
of the crystal with hydrogen ions in a gas discharge.

Silver, graphite, gold, copper, and nickel were all found to be
successful hole injecting materials.s The final choice was evaporated
gold as thig adhered to the CdS well, and was free from electricsl
noise. Colloidal silver and graphite applied in the form of a

paste were found to be poor both electrically and mechanically at
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liquid nitrogen temperature.

The proceedure for constructing the devices was as follows:
1.. The crystal was cleaved to provide a piece small enough to fit
onto & TO=18 transistor header. The size was of the order of 2 X 2. mm,
26 The average thickness of the crystal was measured with a metall=
urgical microscope.
3, The indium cathode was evaporated following a one mimite gas dis-
charge in hydrogen.
4, The gold anode was evaporated onto the opposite face of the
crystal without a preceding discharge, Both these evaporations
were performed through a circular maske
5 - The crystal was placed indium face down on a TO-18 transistor
header which had previously had a thin piece of indium melted onto
ite The header and crystal were now heated to between 250 and 300 °¢
in an atmosphere of argon in a specially designed molybderum strip
heater, The temperature was monitored with a Pt:Pt 13%Rh thermo=
couples The ensemble was maintained at the heater temperature for
two mimutes, then cooled down in argon. When cool,the crystal was
bonded firmly to the header, Occasional failures due to poor
wetting or poor flushing did occur, but only rarely.
6o A 0,25 mm dieameter gold wire was now soldered to the header
post with indium, This manipualtion was facilitated by observing

the header through a X10 binocular microscope,
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7. Connection between the gold film and the gold wire was achieved
by bonding the two together with Johnson=Matthey thermosetting
silver preparation FSP 43. The device was then stoved at 80 oC
for 2 hours to cure the silver preparation.

The TO~10 headers were chosen because they were found to be
a convenient size, and the thermal coefficient of expansion of the
Nilo=K from which they are made, matched that of CdS fairly closely
gso that effects associated with piezo=electric voltages could be
minimiseds, Occasionally, larger ares devices were fabricated on

TO=5 headers.
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APPENDIX 5

Double injection effects and electro~luminescence in CdS
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Abstract. Observations on the negative resistance of insulating crystals of CdS with
indium cathodes and gold anodes are reported. With applied voltages below the
critical voltage for the onset of negative resistance a crystal can be switched from a
low current to a high current state by light of wavelengths shorter than 8100 A. This
effect is attributed to the presence of hole traps about 1 ev above the valence band.
With pulsed applied voltages the current shows a steep rise to a highly conducting
state after an induction time during which holes are being accumulated at the hole
traps.

At low temperatures visible light is emitted when a crystal is in the highly
conducting state. The spectral distribution of this radiation is compared with the
photoluminescence.

1. Introduction

When electrons and holes are injected electrically into thin platelets of insulating CdS
from suitable cathode and anode contacts, green recombination radiation can be observed
provided the temperature is low enough. The main purpose of the present paper is to
describe the spectral distribution of the recombination radiation and to report a variety of
measurements made using pulsed voltages. A negative resistance region of the current-
voltage characteristic is found and the crystals are bi-stable, that is to say crystals can be
switched from a low current to a high current state by irradiation with suitable illumination.
The results suggest that the effect is due to the presence of hole traps about 1 ev above the
valence band. Similar negative resistance characteristics and switching effects have
previously been reported in cadmium sulphide by Litton and Reynolds (1964); in Ge and
Si by Ashley and Milnes (1964), Marsh, Baron and Mayer (1965) and Wagener and Milnes
(1964); and in GaAs by Holonyak et al. (1962).

Two-carrier space-charge-limited currents in semiconductors and insulators have been
studied extensively in recent years. The theoretical work has been summarized by Lampert
(1962a) and Rose (1964). The double carrier models most appropriate to insulating CdS
are those suggested by Lampert (1962b) and Ashley and Milnes (1964). The model
proposed by the latter workers would appear to fit our results more closely.

2. Experimental technique -

The crystals used in this work were thin (150200 m) plates of CdS grown by sublimation
from a charge of high purity CdS powder in a stream of argon. The resistivity of all
samples lay in the range 101°-102 Q cm. Electrical contacts were applied to the large area
faces of the platelets. Indium was used as the electron injecting cathode and gold as the
hole injecting anode.

The sample was mounted on the copper block of an all-metal vacuum cryostat. The
temperature which ranged between 77 and 300°k was monitored with a copper-constantan
thermocouple. ‘

To prevent the destruction of the sample under negative resistance conditions, d.c.
current-voltage characteristics were made with the sample in a simple current-limiting
circuit. For the pulse work, pulse lengths between 1 usec and 100 msec were employed, at
various repetition rates down to 1 per 10sec. The resulting current and light output
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1188 A. N. Rushby and J. Woods

pulses were displayed on a Tektronix oscilloscope type 545A. The light output was moni-
tored with an EMI 9451 photomultiplier, and its spectral distribution was measured with
an Optica DRNI recording spectrophotometer.

3. Negative resistance effects

The static current-voltage characteristic of a typical platelet of CdS is shown in figure 1.
The measurements were performed at 77°k. The contacts were 1 mm? in area and the
thickness of the crystal was 200 um. At low applied voltages Ohm’s law is obeyed. At
some transition potential ¥;, which in this sample is at 5v, the current begins to increase as
V2  As the voltage is still further increased a region of negative resistance is encountered
(figure 1) which begins when the critical voltage V. is exceeded. In the sample illustrated
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Figure 1. Current—voltage'characteristic of a CdS platelet measured at 77°K.

Ve =68 v. Because the current was limited the shape of the characteristic after the onset
of negative resistance is not therefore significant. Similar negative resistance effects have
previously been observed on CdS crystals examined in this laboratory by Marlor and
Woods (1963). They applied Lampert’s (1962b) theory of double injection to their results
and concluded that at V% the lifetime of an injected hole increased a thousand-fold from
10-8 to 10-5sec. However their results were not completely consistent with Lampert’s
theory, in particular the negative resistance region should cover a voltage range of 1000 : 1,
i.e. the ratio of hole lifetimes after and before the onset of double injection. In figure 1
this would require the voltage to fall to 0:068 v after the critical voltage was reached.
Clearly this does not happen.

A characteristic similar to that illustrated in figure 1 would seem to be more closely
described by the theory due to Ashley and Milnes (1964). Their theory differs from
Lampert’s in that Lampert considers a model with a single set of recombination centres
which are fully occupied by electrons in thermal equilibrium, whereas Ashley and Milnes
introduce a set of acceptor levels so that the recombination centres are partially compen-
sated and therefore not fully occupied by electrons in equilibrium. According to Ashley
and Milnes the square law region is still due to the space-charge-limited flow of one of the
carriers as in Lampert’s scheme (electrons in the case of CdS). The essential difference
however is that both the electron and hole flows are limited by space-charge barriers in
front of the respective metal contacts. When the applied voltage exceeds Ve, hole injection
becomes large. Ashley and Milnes’ model predicts a steep vertical increase in the current
with a negative resistance region only if the recombination centres capture holes more
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efficiently than they capture electrons. This model would appear to be more in accord
with our observations than that of Lampert.

Little attempt has been made to test these conclusions since the main interest has been in
the bi-stable behaviour described in §4.

4, Switching effects

A crystal biased in the state represented by A (figure 1) where it is passing a current of
1-8 ma can be switched to a higher current state passing 10-100 ma simply by illuminating
the sample with visible light. Once the sample is switched into the high current state the
high current persists until the applied voltage is removed. The switching can be performed
at all temperatures in the range investigated, i.e. 77-300°k. Below 140°k the high current
state is associated with the emission of recombination radiation.

Using the beam of light from the exit slit of a monochromator as the excitation for the
switching, we have found that there is a wavelength threshold beyond which optical
switching is no longer possible. This threshold lies at 8100 .

In our opinion Ashley and Milnes’ model with a single incompletely filled recombination
centre can be used to describe the observed behaviour. Thus light with
X = 8100 &, hv = 1-52 ev is required to eject electrons from the recombination centres so
that in effect these centres become preponderantly occupied by holes. When this happens
large hole injection occurs and the high two-carrier space-charge-limited currents can flow.
With the crystal in the dark the high current state is achieved by increasing the applied
voltage to Ve. At this stage injected holes are trapped at the recombination centres and the
electronic configuration is identical to that described above when light is used to eject the
electrons from the same centres. This experiment shows that the recombination centres lie
about 1-5 ev below the conduction band and therefore 1-0 ev above the valence band.

Ashley and Milnes argue that to observe a negative resistance the capture cross section of
these centres for holes, op, must be much larger than their capture cross section for electrons,
on. If op> oy holes once trapped at such centres would remain there and the high current
would continue to flow. A somewhat similar effect has been reported by Litton and
Reynolds (1964). .

Switching can be effected with greater efficiency when light is used which is absorbed at
the optical absorption edge (A ~ 5100 ). Such light creates both free holes and electrons,
hole trapping ensues followed by the switching effect.

When infra-red radiation which quenches the photoconductivity is used, no switching
occurs. We have examined crystals which display a large infra-red quenching band
centred at 0-85 ym at 100°k. This radiation is quite ineffective in switching the crystals
from the low to the high current state or vice versa. Switching from the high to the low
states might have been expected since infra-red quenching involves an electron transition
from the valence band to a state approximately 1 ev above the top edge of the band.

The switching speed is usually slow, most crystals require a few tenths of a second follow-
ing the onset of irradiation to switch to the high current state.

5, Switching with pulsed voltages

When the applied voltages are square pulses of about 1 msec duration a new range of
phenomena is observed. At low voltages the current pulse is small and of the same shape
as the voltage pulse. When the voltage is increased to the vicinity of V. the current pulse
develops a step as illustrated in the oscillograms of figure 2(b). At the beginning of the
pulse, A, the current is small, corresponding to the low current state, but eventually there is
a sharp rise at B, to a new high current state. This is the switching effect under pulsed
conditions. The length of time #, during which the crystal remains in the low current state
after the start of the pulse is a measure of the time it takes for the holes to be trapped at
the recombination centres. Once the holes are trapped the current rises steeply to the high
current level. When the voltage pulse finishes, the hole traps gradually fill with electrons
before the next pulse begins. The period between consecutive pulses should therefore be
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related to the length of time ¢, that the crystal remains in the low current state after the start
of the next pulse. This is borne out in practice as the two sets of oscillograms in figures 2
and 3 demonstrate. In each sequence curve () is the light output pulse and (b) the current
pulse. The important features are (i) that the induction time ¢, decreases with increase in
pulse repetition frequency, and (ii) light is only emitted when the crystal is passing the
higher current.
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Figure 2. Oscillograms of (a) light output Figure 3. Oscillograms of (a) light output

pulse, (b) current pulse with a pulsed voltage of pulse, (b) current pulse with voltage pulses of

8 msec duration. Repetition frequency 5, 10 3 different durations and repetition frequency
and 20 c/s. Scfs.

Consider two consecutive pulses. Suppose that time is measured from the end of the
first pulse at C. At this point since the high current state prevails, the recombination
centres, of which there are Ny per cm?, are completely empty of electrons. Suppose that
the dominant process of emptying the centres of their trapped holes is by thermal excitation
of electrons from the valence band, then at time ¢ after the end of the first pulse, the
concentration of recombination centres containing holes will be

N = Ngexp (— pt) 1

where p is the probability that a hole can be thermally excited from a recombination centre
to the valence band. p is therefore of the form

p =vexp (— E[kT)

where v is the attempt to escape frequency and E is the energetic distance of a recombina-
tion level above the valence band. If the second pulse begins at time ?,, the number of
recombination centres which will have lost their holes while no voltage is applied will be
Ng{l — exp (— pty)}. This therefore will be the number which have to be trapped follow-
ing the start of the second pulse before the current can switch to the high level state. If it
is assumed that the rate of hole trapping following injection is linear with time, then the
induction time ¢, during which the holes are being trapped is given by

to = KNg{l — exp (— pt,)} 2
where K is a constant.
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If the duty cycle is decreased so that ¢, tends to infinity, the induction time should saturate
at a value #,. This is observed in practice. It follows from equation (2) that KNg = ¢,

and therefore
In (1 — t/t.) = — pt.. &)

A number of measurements of pulse shape were made as a function of repetition fre-
quency and the results plotted in the form In (1 — #,/t,,) against #; are shown in curve A,
figure 4, for a typical sample. Good straight lines were obtained with all crystals examined.
The curve marked B, figure 4, was obtained from some previous unpublished results of

ot

InCi-¢/¢t)

0245810 25%107
t, (msec)

Figure 4. Plots of In (1 — #,/t,,) against ¢,, the interval of time between consecutive pulses. The
curve marked B was plotted from earlier data obtained by G. A. Marlor.

Marlor’s. His measurements were made on different crystals at a different temperature.
The difference in temperature explains the variation in the slopes of the lines. In principle
if the slopes p of a number of lines such as those in figure 4 were measured as a function of
temperature, a plot of log p against 1/7 would yield the value of the activation energy E of
the trap. We have so far failed to obtain such a line since the experiment requires a variety
of low temperatures to be maintained for a considerable length of time. This experiment
would require a redesigned cryostat. Rough preliminary experiments indicate that the
trap activation energy is much smaller than 1 ev, i.e. the process of hole de-trapping is not
one of thermal excitation of holes to the valence band, but is probably associated with the
release of trapped electrons from relatively shallow electron traps which then recombine
with the holes at the recombination centres.

6. Recombination radiation

With a crystal at low temperatures (< 140°k) and in the high current state a visible
green recombination radiation can be readily observed. The intensity of this luminescence
increases linearly with current density up to the highest currents used (10 A cm~2, pulsed).
At low temperatures from 77 to 130°k the intensity is practically independent of tempera-
ture, but as the temperature is increased further the luminescence is rapidly quenched. If
it is assumed that the quenching can be described by the well-known formula

L ={1+ Bexp(— WIkT)}* @

then the activation energy for quenching W is about 0-15 ev.

The spectral distribution of the recombination radiation at 100°k has also been measured
and is compared with photoluminescence excited by ultra-violet light (A = 3650 ) from a
high pressure mercury arc. Curve A, figure 5, illustrates the ultra-violet excited lumines-
cence. The curve exhibits the well-known phonon-assisted ‘edge’ emission with peaks at
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Figure 5. Spectral emission distribution of the photoluminescence (curve A) and the recombina-
tion radiation (curves B and C) of a sample at 100°k. The results on curve B were measured for a
current density of 1 Acm~2 and curve C for 1-5 Acm~2.

5150, 5233 A etc. The photoluminescence when examined initially did not exhibit either
of the two short wave peaks at 5050 and 4950 . These emission bands appeared after
prolonged excitation with the ultra-violet light and are presumably associated with surface
changes. Curves B and C show the spectral distribution of the recombination radiation
at current densities of 1-0 and 1-5 A cm~2 respectively. The emission appears to be con-
centrated into one broad band centred at 5150 A and second band at 5050 2. It would seem
reasonable to suppose that the longer wavelength emission is due to recombination in the
bulk and is of the same nature as edge emission, whereas the shorter wavelength emission
is associated with surface recombination effects. It is worth recording that no appreciable
narrowing of the emission bands was observed at the highest current densities obtainable
(10a cm™2),

7. Discussion

The emission of recombination radiation at low temperatures when the crystal is passing
current beyond the threshold V. indicates that electrons and holes are injected into the
insulating cadmium sulphide. Within the limits of experimental error the various CdS
samples examined by us indicate that V. varies as the square of the separation of the elec-
trodes. This supports the idea that negative resistance occurs when the hole transit time
equals the hole lifetime, as required by the theories of Lampert and Ashley and Milnes.
The spectral distribution of the radiation and the activation energy for temperature quench-
ing shows that the electron hole recombination takes place via the same defect which is
responsible for edge emission (Marlor and Woods 1965). This defect is situated some
0-15ev from a band edge. Microscopic examination of a crystal emitting light fails to
reveal whether the emission is localized at the anode or cathode. This failure is attributable
to the high refractive index of cadmium sulphide which causes too much total internal
reflection for direct observations to be of any value. However, it does seem clear that the
light is emitted uniformly and not from spots or streaks. That is to say the hole injection
process takes place uniformly over the anode and not at localized spots or filaments.

The d.c. and pulsed voltage investigations of the switching effect indicate that the high
current region is associated with hole trapping at recombination centres which are situated
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1-0 ev above the valence band. These centres must have a much larger capture cross
section for electrons than for holes, but quantitative values for these can only be obtained
via Ashley and Milnes’ ideas provided the concentration of free holes in thermal equili-
brium is known, together with an estimate of the density of the recombination centres.
The results, however, clearly show that a single recombination centre model with one set of
donors is too simple to explain the behaviour of cadmium sulphide. The radiative transi-
tion takes place via an energy level situated 0-15 ev from a band edge and in addition the
centres responsible for infra-red quenching of the photoconductivity are also present. The
quenching centres are unlikely to be identical with those which allow the switching effect
to occur. If they were, irradiation in the quenching band would switch the crystal from
the higher current to the low current state. Further, infra-red quenching is observed in
practically all CdS crystals, whereas the switching effect is prominant in crystals grown in
an excess of sulphur vapour. This would suggest on a simple charge compensation argu-
ment that the recombination centres associated with the switching effect are cadmium
vacancies.

The measurement of the switching threshold permits the measurement of parameters of
centres with levels near the middle of the forbidden gap in CdS. Means of investigating
such centres are unfortunately all too few. We propose to continue this work to investigate
infra-red luminescence in switching crystals to try and correlate the luminescent emission
with infra-red quenching and switching thresholds. We shall also conduct the experiment
with varying repetition rates, discussed in §5, at various temperatures in an attempt to
determine the thermal activation involved in the hole de-trapping process.
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