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ABSTRACT

An evaluation is presented of some of the photoconductive and
luminescent properties of CdS crystals grown_by subiimation in
sealed tubes under excess pressures of cadmium and sulphur, It
is demonstrated that the use of impure starting material,-for

crystal growth, can lead to anomalous results,

Eight discrete sets of electron traps were found in the
present samples using the thermally stimulated current technique,
The trapping parameters and the vériation of trap density with
.growth conditions are given in the text. It is suggested that
one of these traps, which had a thermal activation energy of
0.15 eV, is associated with cadmium interstitials, The densities
of two traps, with activation energies of 0,53 eV and 0.60 eV,

changed in magnitude when differing conditions of illumination

were used prior to measurement, Such changes are shown to be
commensurate with traps of a photochemical nature, Three and

four probe measurements are also described, which were made to
determine how the crystal surface and the indium contacts modify

the thermally stimulated current,

Considerable differencés were found in the spectral response
and infrared quenching of photocurrent measured on cadmium and
sulphur rich samples, A disparity was found between the thermal
and optical separations of the sensitising Class 11 centres from
the valence band, which indicates that these centres are singly

negatively charged when occupied by electrons,

The structured luminescence, in the region 1,6 pm to 2.0 um,
has been attributed to radiative reccombination of electrons from
the sensitising Class 11 centres with holes in the upper branches

of the valence band.
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CHAPTER 1

DEVICE APPLICATIONS AND BAND STRUCTURE OF CdS

1.1, Introduction

CdS is a member of the 11-V]l family of compound semi-
conductors, occurring naturally in the form of Greenockite,
Growth of CdS from the melt requires high temperatures and
pressures (of the order of 1500°C and 50 atmospheres respectively
(Fahrig 1963)), so that early work was carried out on powders or
. on the scarce and impure natural ore. Although Lorentz (1891)
reported that 'relatively large' CdS crystals could easily be
grown by reacting cadmium vapour and hydrogen sulphide, it was not
until Frerichs (1947) modified this method that satisfactory
electrical and optical measurements were made on large numbers of

synthetic CdS crystals.

In recent years the majority of synthetic CdS crystals have
been grown by vapour phase techniques, either by sublimation of
CdS using a carrier gas or by pulling a sealed tube containing
CdS powder through a temperature gradient, Bulk CdS crystals
grown in this manner are n-type and grow with the hexagonal

wurtzite structure.

In this chapter some of the possible device applications of
CdS will be discussed together with some of the basic physical
properties such as the band structure, and the effective mass and

mobility of the charge carriers,

1,2. Device Applications of CdS

The devices described in this section depend to a greater or

lesser extent on the crystal quality and the concentrations of

K Ui
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defects in the CdS used. The major limitations to the perform-
ance of these devices are the lack of reproducibility {rom device
to device, the time dependent variation of device characteristics
which is sometimes observed, and in some cases the low device
efficiency. The growth of CdS in a reproducible manner, with
controlled electrical and optical properties, is of major impor-

tance when considering the manufacture of useful devices,

To achieve this end the processes involved in each device
must be understood and the physical propérties of the defects
present under the particular conditions of manufacture should be
known, Defect centres may both enhance or decrease device
efficiency, A better understanding of the chemical and phfsical
nature of the defects present in CdS should lead to the deterﬁina—

tion of the optimum conditions for device production,

The present work is concerned with the investigation of the
defect structure in CdS crystals, grown by the sublimation of CdS
powder in sealed tubes as described in Chapter 4, Although some
of the devices discussed in this section are based on evaporated
films, which have not been studied in the present work, a fuller.
understanding of the defect structure of single crystals is
essential to the production of material, with the required

properties, manufactured in different ways.

1.2.(a). CdS as a Photoconductor

Suitably prepared CdS is a sensitive photoconductor. Its
resistivity may also be decreased by irradiation with alpha and
beta particles, X-rays and gamma rays., The applications of CdS
as 4 light detector are numerous. It has been used as a light
meter in cameras, and also in burglar alarm systems where a

constant beam of light would be interrupted by an intruder.



CdS may also be used for chart recording densitometer traces,

such as those obtained from a spectrograph or electron micrograph.
One of the main limitations to the use of CdS as a photoconductor
is that more sensitive material has a slower response time, as is

demonstrated in Chapter 2.

1.2.(b). The CdS Solar Cell

The fact that CdS samples are always n-type indicates that
the observation of a photovoltaic effect requires either a
heterojunction or a surface barrier contact to separate free
carriers, A suitable heterojunction can be prepared by dipping
an evaporated film of CdS, on its substrate, into a solution of
cuprous ions {or a few seconds. The film is then washed and
dried at temperatures of approximately 250°C for a few minutes,
The result of these operations.is the production of a thin film
of CuzS on the CdS, Contact is then made to the CuZS and CdS

layers, and in direct sunlight conversion efficiencies of 6% may

be realised, The manufacture of reproducible cells is, at

present, not possible. Shirland (1966) has given a comprehen=
sive review of CdS solar cells describing their history,

manufacture and performance,

Where reproducible cells are obtained, they would have the
advantage of cheapness, plus the possibility that large area
devices could be fabricated. The space application is perhaps
obvious, where large area cells may be made on a thin plastic
sheet, which could then be unfurled after the satellite cleared
the Earth's atmosphere. It is also possible that the solar cell
might prove an economical proposition in desert land, where
convent ional production of power is expensive and where the loss

of power due to cloud cover would bec expected to be minimal,



1.2.{c). The Thin Film Transistor

The CdS thin {film transistor, Figure }.2.1, is similar in
operation to a M.0.S.T. Weimer (1962) gave a detailed account
of the design considerations and potential of such aevices.

Thin film transistors have been manufactured by de Graaff and
Koelmans (1966) by the evaporation of a 10um wide strip of CdS
onto a glass substrate, Source and drain contacts were
evaporated on to'either side of the CdS strip and a gate
electrode was separated from the CdS by a silicon monoxide film.
De Graaff and Koelmans produced devices with imput impedances of
IO4MR, and power amplification was obtained up to 200 Mc/sec,
Two unfortunate disadvantages were found with ;hese transistors,
i.e._the device characteristics were not reproducible, and

hysteresis effects were obtained.

. The -electrode configuration of the thin film transistor has
proved, however, to be a useful tool for studying surface effects

(see for example Waxman et al., (1965)).

1.2.(d). The Acousto-electric Amplifier

The principle of the acousto-~electric amplifier depends on
the interaction of acoustic waves travelling through a piezo-
electric material with electrons driven by an externai electric
field. Certain acoustic waves create strong longitudinal
electric fields, of piezoelectric origin, in CdS and the electrons
interact with the acoustic waves via these fields, Hutson et al,
(1961) first demonstrated the effect using shear waves travelling
perpehdicular to the ¢ axis of CdS, They showed that for
electron drift velocities>1ess than the velocity of sound the
acoustic wave was attenuated, and for drift velocities greater

than the velocity of sound acoustic gain was achieved,
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Although acoustic gain has been observed by many workers,
the main problem (apart from material control) is the loss incurred
in the coupling between the transducers and the CdS sa%ple. The
best coupling has been obtained by using evaporated high

resistivity CdS layers to form the transducers,

May (1965) has described the design considerations for a CdS
acousto~electric amplifier, A typical device is sho@n in
Figure 1.,2.2, The electrodes are formed by evaporation of
indium on to the ends of a suitable CdS bar, The transducers are
formed by evaporation of high resistivity CdS on to the electrodes,
which also act as the inner contacts to the transducers, It is
also possible that such a device might be made by first.diffusing
indium in to the bar to form a low resistivity contact zone,
followed by the careful diffusion of.copper to form a high
resistivity transducer zone. This second method has the advan-
tage that the transducer orientation is better, and with the
diffusion technique developed on other semiconductors this might

well prove a viable proposition,

1.2.(e). The Acoﬁsto-electric Oscillator

Maines and Paige (1969) discuss current oscillations in thin
CdS plates, from which an extremely simple acousto=-electric
oscillator may be-fabricated. This device is illustrated in
Figure 1,2.3, The 0,2 mm, CdS‘platelet éscillated at a frequency
of 100 MH=z. The signal was frequency modulated using transformer
coupling, and the CdS platelet was illuminated to obtain the
required resistivity of 103 Rcm, Proper control of fhe material
would mean that thé sample could be suitably treated to obtain the
optimum resistivity, To date, the output power of these devices

has been only a few microwatts,




1.2.(1L). The CdS Laser

Laser action of CdS under electron bombardment with current
densities in the order of amps/cmz, and accelerating voltages of
tens or hundreds of kilovolts was first observed in 1965,

Basov et al, (1965) Iound.three sharp peaks at 5035 A®, 4966 A°
and 4891 A® at helium temperatures using an accelerating vcltage
of 200 KV and electron beam densities of about 1 amp/cmz. They
obtained a superlinear variation of emission intensity and line
narrowing with increasing beam intersity, Increased direction-
ality of the emitted light‘was also observed, although the Fabry=-
Perot cavity modes expected from a laser were not resolved,

Benoit and Deverber (1965) working at helium temperatures observed
the four criteria for lasing, namely those recorded by Basov et al.,
together with the resolution of the Fabry=-Perot modes,. The
maximum emission was found in the region of 4910 Ao, with current

densities of about 5 amps/cmz, and accelerating voltages of 20 KV.

Nicoll (1967) has produced laser emission from CdS at room
temperatures with a wavelength of 5280 A°. The electron beam
acceierating voltage and current were similar to those used by
Benoit and Deverber, and the efficiency was found to be 0.,1% for
a beam current of 5 amp/cm2 at 24 KV, Basov et al, (1966)
reported optically stimulated laser emission from CdS at liquid

nitrogen temperatures using ruby laser excitation.

1.2.(g). Anti-Stokes Emission from CdS

The excitation of green edge emission from CdS at nitrogen
temperatures with photons of less than band gap energy was f{irst
reported by Halsted et al, (1959). They obtained an eff{iciency

of 0.5% for conversion of light with wavelengths greater than

7000 A° to edge emission, though correction for reflection gave



an internal efficiency of 5%. Such anti=-Stokes luminescence has
been investigated by a number of workers and is usually inter-
preted in terms of a two step process via an acceptor level lying
close to the middle of the forbidden éap (Halsted et al. 1961,

and Broser-Warminsky 1962{, The introduction of copper impurities
has been rhown to enhance the anti-Stokes luminescence, though the
observation of the process in undoped crystals indicates that
eithef copper is not necessary for anti~Stokes emission or all CdS
_samples so far investigated contain copper as an impurity,
Braunstein and Ockman (1964) used a ruby laser to excite edge
emission and concluded that the excitation was due to the simul-=-
taneous absorption of two photons, as the samples they investigated

were not intentionally doped.

There are two possible applications of anti-Stokes emission
in CdS, The use of CdS as a red or near infrared image converter -
would be possible if the conversion efficiency could be increased,
though the efficiency is inherently lipited by the low absorption

by CdS of long wavelength radiation,

Another possible application is the quantum counter discussed
by Halsted et al., (1961). Figure 1,2.4 shows the energy level
diagram, proposed by these workers, for photon amplification in
both CdS and ZnS. They found that the rate of recombination R21
from the intermediate levels to the shallow acceptors is greater
than the rate R32 at which electrons return from the conduction
band to the intermediate levels, Thus, where the intermediate
levels are filled by confinuous excitation of energy E12’ a signal
photon‘of energy E, 4 will allow a number of E12 photons to be

absorbed,

Halsted et.al. found photon amplification factors of 3 and

10 for copper doped CdS, where the optimum doping was of the order
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of 10 p.p.m. They confirmed that the analogous process occurs
in ZnS, with higher amplification factors, They irradiated the
ZnS with a continuous source of photons of energy E, where
<E<E

E23 HPY and found that the incidence of one photon of energy

greater than E23 corresponded to the emission of 160 R photons.

21
This output signal of 160 R21 photons was measured with a back=-
ground 'noise' of 1.7.104 photons generated by the pumping light
of energy ElZ' The rise time of R32 associated with the

increase of the input signal E23 was of the order of seconds and .

was attributed to the influence of trapping.

1.3, The Band Structure of CdS

It was pointed out in Section l.l that synthetic crystals of
CdS grow with a wurtzite structure, The conduction band of 11=-V1
compounds with this crystal structure is formed from the s orbitals
“of_the cations, and the valence band from the p orbitals of the
anions. An ideal wurtzite lattice has nearest neighbour atoms in
the same relative positions as the simpler zinc blende lattice.
The next nearest neighbour configuration ié very similar for the
two structures, Dif{ferences arise for atoms at greater than next

neighbour distances,

Birman (1959) obtained a qualitative picture of the conduc-
tion and valence bands at k = 0 (") from considerations of the
symmetry properties of these bands and the similarity between the
wurtzite and zinc blende structures, He applied a perturbation
to the zinc blende band structure, by considering a small non-
cubic field due to atoms at distance; greater than next nearest
neighbour. Figure 1.3.1(a) shows the band structure in the
absence of crystal field and spin orbit interactions. In

Figure 1.3.1(b) the crystal field is introduced, and in



Figure 1,.3.1(c) both spin orbit and crystal field splitting are

considered, Birman also showed that the transition P7—> m

9

is
allowed only for light polarised with its electric vector
perpendicular to the c axis, though the F% *’r} transitions are

allowed for both the electric victor parallel and perpendicular

to the ¢ axis.

Verification of this model has been obtained from the
exciton structure of 'edge'! emission and reflection in CdS by
Thomas and Hopfield (1959). These workers obéerved three
exciton absorption peaks at liquid nitrogen and liquid helium
temperatures, which they associated with the ground states of
excitons formed from the conduction band electrons and holes from
the three valence bands. At helium temperature they observed
two further absorption peaks due to the first excited states of
th of the excitons. The lowest energy exciton absorption
occurred only for E JF to the ¢ axis and was assigned to the
fﬁ é>rb transition., Using Thomas and Hopfield's data, the band

structure of CdS at helium temperatures is shown in Figure 1.3.2.

Balkanski and des Cloizeaux (1960) postulated-a more complex
band structure for wurtzite crystals, From group theoretical

arguments they deduced that the conduction band would have six

minima near k = 0, They calculated the.energy difference between
the conduction band minima and the conduction band at k = 0 and
found this to be 10-3eV. The results obtained by Thomas and

Hopfield and the galvomagnetic measurements of Zook and Dexter
(1963) are both consistent with Birman's single valleyed model of
the conduction band, though the multi-valleyed model could equally
well be applied. The experimental resolution necessary to
distinguish these models has not yet been achieved.
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The band gap of CdS decreases with increasing temperature and
increases with increasing prcssure, The tempecrature variation of
the band gap is given by Bube (1960) as

E; = Gy = AT (where % = 5.2.10" *ev/%K) 1.3.1

Hohler (1949) showed that, for CdS, the temperature variation of
the band gap due to thermal dilation of the lattice is about one
fifth of the total variation,

CdS undergoes a phase change to the rock salt structure at
about 2.4.104 atmospheres (Corll 1964), Below this transition

pressure the band gap, at constant temperaturc, is related to the

pressure by

E, = E;(P=0) + pP 1.3.2

where p = 3.3.10-6eV/atoms (Edwards et al., 1959).

1.4, Ef{ective Masses of the Charge Carriers in CdS

The effective mass of electrons, méz in CdS has been measured

by Baer and Dexter (1964) and Sawamoto (1964) using cyclotron

resonance techniques at liquid helium temperatures, Baer and
Dexter obtained values of mé 1F and II1 to the ¢ axis of 0,171 m
and 0,153 m, respectively, These are in reasonable agreement

with the mean value of 0,17 m, found by Sawamoto.

The effective mass may also be estimated from other experi-
ments where it is contained in the equations governihg the
experimentally measured quantities, | As will Dbe shown in the next
section, the effective mass may be used as an adjustable parameter
to fit theoretical variations of mobility to those obtained

experimentally. Piper and Halsted (1961) fitted the theoretical
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values for piezoelectric and polar optical mode scattering to
their Hall ef{fect measurements using mé = 0:16 m, . They also
obtained an effiective mass from a set of shallow donors, which
had a thermal activation eﬁergy of 0,032 eV; Assuming these
centres to be hydrogenic in nature, they estimated an effective

mass of 0,20 me .

Piper and Marple (1961) studied the contribution of free
electrons to the inf{rared absorption of gallium doped CdS5.
Their results yielded a value of mé = 0,22 m_, which was slightly
anisotropic, though the anisotropy was of the same order as their
experimental error, Hopfield and Thomas (1961) obtained a value
of mé = 0,205 m_, from their studies of the exciton structure of

CdS, which was anisotropic by about 5%.

Thus, the effective mass of a free electron in CdS is

approximately 0,2 m, and is also slightly anisotropic.

Little information is available on the effective mass, my
of holes in CdS, Sawamoto found an absorption in his cyclotron
resonance data consistent with an elfective mass of 0,81 mg .

He assigned this to a heavy hole. Hopfield and Thomas estimated
considerable anisotropy of hole effective masses, in the upper

(r7) valence band, from their exciton measurements yielding values
of mh(ll1 toc) =5 m_ and mh(_l_r toc) = 0.7 m_. The average
effective mass for a hole from these values is 1,87 ms which is

in considerable disagreement with Sawamoto's result, From this
limited information it may be concluded that the hole effective
mass is larger than that for the electron, and is also quite aniso-
tropic. However, as CdS grows as an n-type material, the hole

effective mass is not required to understand the majority of

transport processes.
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1.5. Carrier Mobilities in CdS

The mobility of a free carrier is defined as its drift
velocity per unit applied field,. As a carrier moves through a
material under the influence of an external field it will be
scattered by any region where deviations from the ideal lattice
occur, Such deviations can be caused by impurities, vacancies
and interstitials in the host lattice, dislocations and inhomo=-
geneities due to lattice vibratiagns. The carrier mobility and
its variation with temperature reflects these deviations from the
ideal, and it is for this reason that the value of carrier mobility

is sometimes used as a measure of crystal perfection,

The mobility of free electrons in CdS has been investigated
by a number of workers using Hall measurements, Most of the
results are consistent with the free electron mobility being
dominated by polar optical mode scattering at temperatures above
about lSOoK, and piezoelectric and ionised impurity scattering

below this temperature.

Polar optical mode scattering occurs in the partially icnic
CdS when the electrons interact with the dipoles produced where
longitudinal optical phonons disturb the crystal lattice, The

mobility, “np’ in this case may be expressed as

pop o in/z(me/mé)3/2(eO/T - 1) 1.5.1

where 8 is the Debye temperature (Zook and Dexter 1963).

Acoustic phonons in CdS would be expected to create a
deformation potential which would scatter electrons. Bardeen
and Shockley (1950) showed that the mobility, Hys limited by

deformation potential scattering is given by

ny o« my=5/25-372



13

These workers were considering monatomic, covalent, semiconductors
where the effect of a deformation potential would be dominant.

In piezoelectric materials, the acoustic phonons can also induce a
potential of piezoelectric origin which will scatter electrons.
According to Hutson (1960) piezoelectric scattering leads to a
mobility variation of the {form
3/2T-1/2

“p o (me/mé) 1.5.3

Impurity scattering by ionised centres has been considered

by Brooks (1955) and is given by

T3/2  AT2mY/m,
By = (me/mé)———zlog — 1.5.4
N.Z n
i
where Ni is the number of ionised impurity scattering centres with
charge Z, n is the free electron density, and A is a constant,

The weaker unionised impurity scattering was investigated by

Erginsoy (1950) who found it to be almost temperature independent,

Figure 1.,5.1 shows a typical plot of Hall mobility versus
temperature measured by Subhan (1969) on a CdS sample cut from a
boule crystal grown in this department. It was possible to fit
the theoretical values for polar optical mode, piezoelectric, and
‘ionised impurity scattering to these results using a value of
0.19 m for the effective mass of the electron, No contribution
from unionised impurity or deformation potential scattering could
be estimated from the Hall data, so that it may be concluded that
such effects are small in comparison with the other scattering

mechanisms,

A value for the mobility of holes in CdS is difficult to

obtain directly, because for most transport phenomena conduction
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is predominantly via free electrons. Spear and Mort (1963)
measured a mean value of 15 cmz/volt-sec. for the room temperature
drift mobility of holes in CdS using pulsed electron beam excita=-
tion and a pulsed electric field. They found that the drift
mobility at near liquid nitrogen temperatures-increased exponen-
tially with temperature yielding an activation energy of 0.019 *
0,002 eV, They interpreted this in terms of hole mobility

governed by holes in the upper two valence bands (", and P7), and

9
the variation in mobility as due to the change in occupancy of
these levels with temperature, Their value of 0.019 eV is close

to that found by Thomas and Hopfield (see Figure 1.3,1) for the

separation of the upper two valence bands,

Onuki and Hase (1965) measured the a.c. photo-Hall mobility
at different excitation energies and found that'the Hall mobility
decreased at wavelengfhs less than 5300 A°, Assuming this
decrea;e to be due to a contribution from hole mobility, they
deduced a value of 48 cm2/volt-sec° for the hole mobility,
Lecomber et al. (1966) measured a drift mobility of 23 cmZ/volt-
sec. on one of their CdS samples, when they were studying the
acousto=-electric iﬁteraction of carriers with acoustic waves,
Recently, Islam and Woods (1969) observed a second current
saturation in measurem=nts ofacoustic wave-carrier interaction,
when the sampie was illuminated with infrared quenching radiation,
Assuming this saturation to be due onset of acousto-electric
interaction with holes, they calculated the room temperature hole

mobility to be 48 cm2/v01t-sec.
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CHAPTER 2

PHOTOCONDUCTIVITY PHENOMENA IN CdS

2.1, Introduction

When photosensitive CdS is illuminated with radiation which
creates electron-hole pairs, the free holes are rapidly captured
at recombination centres and the current is carried mainly by
the free electrons, Where uniform irradiation creates F free
electrons per second in the whole crystal, the total number of

free electrons, n, under steady state conditions is given by
n = Fr 20101
n :

where Tn is the free electron lifetime,

I1f ohmic contact is now made to the material and a voltége,

V, applied the photocurrent, I, will be
I = ne/T 201-2
r :

where Tr is the transit time of an electron between the

electrodes and e is the electronic charge,

From Equations 2.1,1 and 2,1.2,
1 = Fer_/T_ = GeF 2,1,3
n°r

where G is the photoconductive gain factor,

.

The transit time is determined by the free electron mobility

B the electrode spacing L. and the applied voltage, such that

: 2
T. =1L /Vp.n . 2.1.4
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so that the photocurrent may be expressed as

FTnean

LZ

I =

2.2, The Free Electron Lifetime

From Equations 2.1,3 and 2,1,5 it can be seen that the
photoconductive gain is governed by the two material parameters
B and Ty The variation of the.electron mobility from sample
to sample of CdS does not usually exceed an order of magnitude
at room temperature, The variation of B with temperature, in
the rénge 100°K to 400°K, is again about one order of magnitude,
The free electron lifetime can, thever, vary by as much as eight
orders of magnitude depending on the method of growth and sample
preparation, Under certain conditions T, €an change
considerably with temperature and the intensity of illumination,
.The free electron lifétime is thus a key parameter for
determining photoconductive gain,

If the lifetime of a free electron is terminated by
recombination with a free hole trapped in a set of recombination

centres with density N_ and capture cross=section S

R R

-1
= (N_S 2.,2,1
T, = RSrY)
where v is the velocity of a free electron.
For a trap free material with a density of n free electrons

under i1llumination

/2

T = (nsRv)'1 and 1 o« F 2.2.2

because the number of free electrons is equal to the number of
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empty recombination centres,

Where n, trapping levels are introduced into the material

and are filled with electrons, and where n, >> n, the free
electron lifetime becomes
-1
T = (n Spv) and I « F 2.2.3
and the sensitivity of the material is reduced by a factor n/n

t.

2,3, The Response Time

The response time to is the time- for the photocurrent to
decay to 1/e of its value under steady state conditions following
the removal of the illumination, ‘"In a trap free material, or at
high light intensities, the response time is equal to the free
electron lifetime, Where there are trapping centres present,
the observed decay is modified by the thermal empty&ng of these
traps, The theoretical form of the isothermal decay of a s?ngle
set of discrete traps is discussed in Section 3,9, and
experimental results showing such a decay can be seen in Figure

5.6.6. The response time is typically of the order of minutes,

For a continuum of traps, with density (nt) within a KT

kT?

band near the steady state Fermi level for electrons, and where

(nt)kT >> n, then

_Ing )T,
o n

t

2.4, Space Charge Limited Currents

It would appear that the photoconductive gain, according to
Equation™2.1,5, can be increased indefinitely by increasing the

applied voltage or decreasing the electrode spacing, However,
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at sufficiently high fields (but below those at which dielectric
breakdown or impact ionisation would occur) a space charge is
injected from the cathode into the bulk of the material, Thus,
the photocurrent is obscured by the resulting space charge
limited current (S.C.L.C.). The S,C.L.C. varies with a power of
voltage of the order of two or greater, and when fields
sufficiently great to inject a space charge are reached, an
increase in field will-produce a S,C.L.C., which rapidly swémps
the photocurrent,

The limit is reached when the S.C.L.C. is of the same order
as the photocurrent, or using the analogy with conventional
amplification, when the signal (photocurrent) to noise (S.C.LLC.)
is equal to unity, Under S.C.L.C. conditions the transit time
T; of injected charge passing through the matefial is equal to
the dielectric relaxation time, which is effectively the
resistance;capacitance product for a particular saﬁple. The
space charge occurs because the material cannot dissipate the

injected. charge,

The transit time T; is governed by the drift mobility, Hyr

and’
T = LZIVp 2.,4.1
r A d Q L)

For a trap free photoconductor, the drift mobility and free

electron mobility are equal, so that

where Tr is the dielectric relaxation time,

The gain Gmax obtained when the S.C.L.C., is equal to the

photocurrent can be derived from Equations 2.1.5, 2.4.1 and 2,42
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and is

— a1 A
Gmax - Tn/Tr 2.4.3

The photoconductive gain will be larger at fields for which
the injected space charge is greater than the photocurrent,
because T, is inversely proportional to the conductivity,
However, in the above equation %; is the dielectric relaxation
time found for the situation where the photocurrent and S.C.L.C.
are equal. This is the approximats limit for practical

measurement .

When (nt)kT shallow traps are introduced into the photo=-

conductor, and (nt)k >> n, the drift mobility of free electrons

T

is related to the free electron mobility, so that

M n

b * TR0y o B

t'kT
Thus

Tt 'n
rn 'Tr

i [E e ) (ngdyr
and

T (n ) o
G = _Q_Ti_h; 2,4.6
max Trn

Hence from Equations 2.3.1 and 2.4.6

G =t [T} 2.4.7
- Tmax ol 'r

Therefore, the introduction of shallow traps into CdS

decreases the effective maximum gain,

In practice, maximum gains in CdS have been observed where

G = (t /T')M . 20408
max o r
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and M is of the order of hundreds. I{ (nt)d deep trapping levels
are present together with (nt)kT shallow traps, and where the

density of both these sets of traps is greater than n, By becomes

Bph
b, = 2.4.9
d (nt)kT + (n ),
so that the free electron transit time is given by
T = T;n 2.4,10
r T (n e+ Ingdy
The expression for G in this case is
max
Tl(n i + (ng)y]

G = , 2.4,11
max T rn ‘ .

The response time is still dependent on the traps in thermal

equilibrium with the conduction band, i.e.

T (n )
¢ . -n_t kT : 2.4,12
(o] n

hence, the maximum photoconductive gain can be written

- - . 1

G ax = (tO/Tr)M 2.4,13
where

M= 1+ (n),/(n) 2.4,14
2.5, Demarcation Levels

The preceding discussion has shown that the photoconductive
_propefties of a material are determined by the trapping levels
and recomb;nation centres present, Whether a centre acts as a
trap or recombination centre can be determined by using the

concept of demarcation levels,
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Figure 2.5.,1 shows the steady state Fermi levels and demarc-
ation levels for electrons and holes in an insulator. At the
demarcation level for eleetrons (holes), the electron (hole) has
an equal probability of being thermally excited to the conduction
band (valence band) or of acting as a recombination centre for a
carrier of the opposite charge. Above the electron demarcation
level the centres are predominantly electron traps, and below the
-hole demarcation level the centres are predominantly hole traps,
The region between the demarcation levels contains recombin-~tion
centres, Trapping centres lying above the electron demarcation
level but below the electron Fermi level will be substantially
filled with electrons. Although these centres have a greater
probability of acting as trapping centres than recombination
centres, the relatively large percentage occupancy by electrons

will allow some recombination of holes,

The probability, q, of thermal release of an electron from a

trap with activation energy, E and capture cross-section, Sn’

t ?

for electrons is
q = vexp(—Et/kT) 2.5.1

where v is the attempt to escape frequency, From considerations

of detailed balance it can be shown that
y = SnVNc 2.5,2

where v is the thermal velocity of a free electron and Nc is the

density of states in the conduction band,

If the concentration of free holes is p, and Sp is the hole
capture cross~section for holes by centres, containing electrons,

which lie at the electron demarcation level, Dn' then
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SnvNcexp(-Dn/kT) = vap 2.5.3

The concentrations of free electrons and holes can be found from

expressions similar to Equations 2.1.1 and 2.2.3. Thus
n = F/vanpr . 2,5,4

where Sn is the capture cross-section for electrons bg empty

recombination centres with a density Pp+ Also

p = F/vspnr 2.5.5

where Sp is the capture cross~section for holes of filled
recombination centres with a density n_, and where the velocity

of the electrons and holes are equal. It follows that
p/n = Snpr/Spnr 2.5,6

From Equations 2.8§.3 and 2.6.6 the electron demarcation level

can be rewritten
Dn = leog(Ncnr/npr) 2.5.7
Now the Fermi level for electrons, Efn’ is defined by
n = Ncexp(-Efn/kT) : 2,5,8
therefore

n = Ep leog(nr/pr) 2,5.9

By a similar argument
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Dp = Efp - leog(nr/pr) | 2.6.10
Here Dp and Efp are the hole demarcation level and Fermi level

respectively,

2.6, Sensitisation

Pure, stoichiometric crystals of CdS are usually poor photo-
conductors, The photosensitivity may often be increased markedly
by incorporating donors such as the halogens or the Group 111B
metals, The introduction of these donors would be expected to be

accompanied by an equal concentration of cadmium vacancies for

charge compensation,

The process of sensitisation can be explained as follows,
The lifetime of both free electrons and holes is of the order of
10-6 seconds in insensitive CdS, The introduction of compensated
acceptors in the form of cadmium vacancies, as described above or
by suitable impurity doping, leads to recombination centres
yielding free elecfron lifetimes and free hole lifetimes of 10~
.and 10-8 respectively, The recombination centres found in -
insensitive photoconductors are termed Class 1 centres, the

sensitising centres are called Class 11 centres,

Figure 2.,6.1(a) shows the recombination processes in an
insensitive material., The recombination centres have a large
capture cross~section for both electrons and holes, leading to a

small free electron lifetime and hence an insensitive material,

When Class 11 centres are introduced into the sample, their
effectiveness in increasing the free electron lifetime will depend
on whether or not they lie above or below the hole demarcation

level. In Figure 2,6,1(b) the Class 1l centres lie below the hole




FIGURE 2.6 SENSITISATION BY
INCORPORATION OF CLASS II CENTRES

CONDUCTION BANDICB

VALENCE BAND [V B]

al INSENSITIVE, CONTAINING ONLY FAST RECOMBINATION
CLASS I CENTRES

Cc.B

—_— e —————— — —— — D

— CLASSI
9 o o
. O 9 9 @ O CLASSI

V.B.

- bl INSENSITIVE, BECAUSE CLASS T CENTRES LIE BELOW
| D

p.
CB
______________ D,
o % %% cLass:
_______ T35 3 00 AT

c] SENSITIVE, RECOMBINATION OCCURRING MAINLY AT
' CLASS II CENTRES



26

demarcation level where they act as trapping levels and so do not

affect the recombination traffic significantly,

At lower temperatures and/or higher light intensities the
hole demarcation level will move towards the valence band. When
the hole demarcation level falls below the Class 11 centres, they
may now function as recombination centres, As the capture cross-
section for free electrons bs the Class 1 centres is much greater
than the capture cross~section for electrons of the Class 11
centres, the Class 1 centres will be predominantly filled with
electrons, Under these conditions the recombination of free
electrons is governed by the Class 11 centres, as shown in Figure
2.6.1(c), leading to an increase in free electron lifetime and a

more photoseasitive material,

2,7, Superlinearity

Under certain conditions a superlinear variation of photo~
cufrent with light intensity may be observed in CdS. Both above
and below the levels.of light intensity yielding this superlinear
behaviour, the photocurrent dependence on light intensity is found

in practice to be _approximately linear,

A simple model to explain the phenomenon of superlinearity can
be obtained by considering a trap free photoconductor containing
Class 1 and Class 11 centres as shown in Figures 2.6.1(b) and (c),
At low light intensities the Class 1 centres lie between the
demarcation levels for electrons and holes and act as recombin-
ation centres, The Class 11 centres lie well below the hole
demarcation level, as shown in Figure 2.6.1(b), and behave as hole
traps. When the illumination intensity is increased, the hole
demarcation level moves towards the valence band, and the photo=

current will vary as the one half power of light intensity (for

-
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this simple model) as will be demonstrated later in this section,

When the hole demarcation level ﬁasses through the Class 11
centres they will be converted from their role as hole traps to
recombination centres, During this sensitisation process thé
free electron lifetime will increase rapidly with increasing
light iniensity, and the resultant photocurrent will be super=-

linear.

After the sensitisation has been completed, the variation of
‘photocurrent with light intensity will again be sublinear and the
free electron lifetime is determined by.recombination at the
Class 11 centres as shown in Figure 2,6.1(c).

In the above discussion it was stated that a variation of
photocurrent with a one half power of light intensity wouid bhe
expected from this simple model outside the region of super-
linearity. Equating Equations 2.1,1 and 2.,2,2, for a photo-

conductor with a single set of recombination centres, gives

F = nZSRv 2.8.1

for the situation where thedensity of empty recombination centres

is equal to the free electron density, Thus
I « F* 2.8.2
where x = 1/2, In practice there will also be trapping levels

present which can change the value of x so that 1 > x > 1/2,
The value of x depends on the number and distribution of the

traps as shown by Rose (1951),

Superlinearity depends essentially on the sensitisation

process though the lower and upper breakpoints, as shown in
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Figure 2,7,1, will be modified by the addition of trapping levels,
Dussel and Bube (1966).have considered a four centre model which
contains Class 1 and Clasé 11 centres together with a set of deep
traps and a set of shallow traps, and give the criteria for the
two breakpoints under these conditions, From the variation éf
the breakpoints with iliuminafion intensity and temperature it is
possible to estimate the thermal ionisation energy and the ratio
Splsn for the Class 11 centres and also the ratio of the dénsity

of the Class 1 centres to the density of the Class 1 centres,

2.8, Thermal Quenching

The photocurrent of CdS crystals is often independent of
temperature in the range up to 300°K. A characteristic decrease
in photocurrent is usually observed at temperatures in the region

of room temperature, This phenomenon is called thermal quenching.

The mechanism of thermal quenching can be regarded as the
thermal desensitisation of a sensitised photoconductor containing
Class 1 and Class 11 centres, .As the temperature is raised, at
constant light intensity, the hole demarcation level will move
away from the valence band, In passing through the Class 11
centres there will be a decrease in the free eiectron lifetime and
a quenching of the photocurrent, At higher light intensities the
quenching described above would occur at higher temperatures as is

found in practice,

The measurement of superlinearity, described in the last
section, is usually derived from point to point measurement of
photocurrent with temperature where a number of different light
intensities is used, The superlinear variation of photocurrent

with light intensity occurs in the region of thermal quenching,
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2,9, Infrared Quenching

Infrared quenching occurs when the photocurrent of a sensit-
ised CdS crystal, irradiated with visible light, is reduced by
infrared illumination from a second source. Figure 2,9.1 shows
the model which will account for this phenomenon, Under visible
irradiation alone, electron recombination proceeds via the Class
1l centres and the Class 1 centres are filled and inoperative
(Figure 2;9.1(a)). Irradiation with infrared photons of suitablé
energy lifts electrons from the valence band to the Class 11
centres, The resulting {ree holes are captured by the Class 1
centres which now become active in recombination with a subsequent
decrease in the photocurrent (Figure 2.9.1(b)). Infrared
quenching is essentially an optical switching of the recombination
path for free electrons from Class 11 to Class 1 centres in a

sensitised photoconductor,

By studying the spectral distribution of photocurrent with
differing infrared wavelengths from the secondary source, it is
possible to estimate the energetic separation of the Class 11
centres from the valence band, Figures 9.3.1 to 9.3.5 show the
typical quenching spectra for samples investigated during the
course of the present work, The energy threshold for the onset
of infrared quenching is the height of the Class 11 centres above

the valence band,

2.10, Thermoelectric Power Measurements

It was stated, in the introduction to the presgnt chapter,
that current is carried mainly by free electrons in CdS when the
crystal is illuminated with radiation which creates electron-~hole
pairs, Where the crystal is thermally or optically quenched, and

also when it is irradiated with infrared radiation alone,
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a greater contribution to the current is expected {rom the freed

holes,

Recently, Lawrance and Bube (1968) have measured the thermo-
electric power, on bar shaped CdS samples. oriented with the c axis
lying parallel to the longest dimension of the bar, under the same
conditions of illumination and temperature as are usual for
spectral response, infrared quenching and thermally stimulated
current measurements, They showed that fhe spectral reséonse of
thermoeiectric power (T.E.P,) changes from positive to negative
with increasing photon energy in thé range 1,0 to 1,5eV indicating
a significant contribution from free holes when the samples weré
illuminated with infrared photons. " The spectral response of
T.E.P. also showed fine structure which was iﬁterpreted in terms -

of a multi-level recombination centre,

The optical quenching T.E.P.'measurements were characterised
by two broad bands at room temperature, which were similar in
basic structure to the infrared quenching of photocurrent, though
the T.E.P. quenching bands showed an increase in negative T.E.P,
(compared with the expected more positive contribution from freed
holes)," There was also considerable fine structure in the
T.E.P. quenching 'maxima'. To explain the fine structure and
the large negative values of the 'maxima', Lawrance and Bube
tentatively proposed that the sensitising centres were associated
pairs of intrinsic defects which could exist in various charge
states, Sucﬁ centres were assumed to be dipoles having a
preferred crystallographic orientation. Excitation with infrared
quenching radiation causes a change in the state of polarisation
of the dipo;es which results in an increase in the negative T.E,P.
The fine structure was associated with the vibrational modes of

the dipoles,
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Where the T.E.P. was monitored under similar conditions’ as
those used for thermally stimulated current measurement positive
T:E.P. maxima were observed at temperatures of épproximately 150°K
150°K, 280°K, and 36Q°K, The highest temperature maximum was

assumed to be caused by polar defects,

The T.E.P. measurements made by Lawrance and Bube indicate
that both the optical and thermal quenching of photocurrent are
more complex than would be expected from a simple model, aﬁd also
that hole traps may contribute sigrnificantly to thermally
stimulated current measurements, The polarisation and space
charge effects which they reported, however, suggest that a more
detailed program of work is required before an unambiguous

interpretation can be made from T.E.P. data,
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CHAPTER 3

THERMALLY STIMULATED CONDUCTIVITY

3.1, Introduction

When a photoconducting material containing trapped electrons
or holes is heated in the dark, the conductivity shows structure
which isldependent on the thermal release of the trapped carriers,
This variation of conductivity with temperature is - called thermally
stimulated conductivity, The study of thermally stimulated
conductivity has been widely used to determine thermal activation
energies, capture cross-sections, and densities of trapping

centres in photoconductors,

In this chapter an elementary model for describing electron
trapping phenomena is presented together with some of the
analytical techniques derived from it, which are applicable to
thermally stimulated conductivity, Although the following treat=-
ment is limited to electron trapping in n-type photoconductors,
it could equally well be applied to the trapping of holes in
p-type materials, The thermal release of charge carriers in
both cases is characterised by an increase in free carrier
density. (The thermal release of holes in a n-type crystal
yields a decrease in free electron density, because when the hole
is removed at the cathode an electron must also be removed from

the conduction band for charge conservation.)

3.2, An Elementary Model for Describing Electron Trapping

. Phenomena

The model consists of a single set of discrete trapping

levels, with thermal activation energy; E and a single set of

t!



34

recombination centres, St and Sr are the capture cross=sections

for electrons by the trapping and recombination centres

respectively,

The probability, q, of an electron escaping from a trap at

temperature T is
q = vexp(-E/kT) '- 3.2.1

where v is the attempt to escape frquency and k is Boltzmann's

constant,

The rate of change of trapped electron density, n., is

dnt/dt = -ntvexp(-E/kT) + nC(Nt - nt)Stv 3.2.2

where n, is the free electron density, v is the thermal velocity

of free electrons and Nt is the total density of traps,

The rate of change of n_ is given by

dnC/dt = - dnt/dt - nc/'rn .3.2.3
where Th is the free electron lifetime, It is found in practice
that n_/7  >> dnc/dt, so that Equation 3.2.3 may be expressed as
n

The heating rate, B, is usually arranged to be linear so that
B = dT/dt 3.2.5
The conductivity, o, can be found from the relationship
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where e and w, are the electronic charge and the free electron

mobility respectively,

Solutions to the above equations, which give the conductivity
as a function of temperature for the thermally stimulated emptying

of traps, are found in the three limiting cases:-

(a) Monomolecular Recombination or No Retrapping, where St << Sr

(b) Fast Retrapping, where §, >> S,

(c) Bimolecular Recombination, where St = 5

3.2(a), No Retrapping

Under these conditions, Equation 3,2,2 may be simplified to

dnt/dt = e ntvexp(-E/kT) 3.2.7

n, is found by integration of Equation 3,2.7 between the limits To
and T, where To is the temperature at the beginning of the
thermally stimulated current run. Substitution of n, in Equation

t
3.2,7 gives dnt/dt which is inserted into Equation 3.2.4 and leads

to the conductivity, o, where
o = nofnepnvexp[-E/kT

T:
. ] (v/B)exp( -E/KT)dT) 3,2.8
: !

o
Here n is the initial density of trapped electrons, In this

analysis it is assumed that B To and v are temperature

independent,

3,2(b). Fast Retrapping

In this case it is usual to assume that the traps are in

thermal equilibrium with the conduction band, thus
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nc/NC = (nt/Nt)exp(-E/kT) 3.2.9

where N, is the effective density of states in the conduction
~band, If the value of n., from Equation 3.,2.,9, is substituted

in Equation 3.2.4 then
dnt/dt = - (Ncnt/NtTn)exp(-E/kT) 3,2,.10

From Equations 3.2.4 and 3,2.10 the variation of conductivity with

temperature is given by
o = (Ncepnno/Nt)exp[-E/kT

- (e/NtB7h)TI Ncexp(—E/kT)dT] 3.2,.11

o

which holds when Mo and T, are independent of temperature.

The expressions for no retrapping and fast retrapping may

both be written in the form
T
¢ = Aexp[-E/kT -~ B j exp( ~E/kT) dT] 3.2,12
T
o

where A and B are often treated as constants, The only differ-
ence between Equations 3.2.8 and 3.2.11 expressed in the above |
manner is that for fast retrapping the terms A and B carry the
temperature dependence of Nc' This may be regarded as negligible
compared with the integral, which is a rapidly'varying function of

temperature,

The reason for the similarity of no retrapping and fast
retrapping thermally stimulated conductivity curves is the assump-
tion that trapping is a dominant process throughout the emptying
of fast retrapping centres. For this to be true, the centres

would have to be only partially filled, Since the probability of
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thermal release (which contains an implicit dependence on capture
cross-section) is greater for fast retrapping than for slow, mono-
molecular recombination, then fast traps would be expected to give
a measurable thermally stimulated conductivity at lower temper-
atures than for monomolecular recombination, Where fast traps
are initially full, the effect of retrapping is at first nmall,

As the traps empty retrapping will cause an_effective lessening of
the probability of thermal release and so the thermally stimulated
conductivity curve will broaden out af higher temperatures.

Where retrapping is predominant thoughout the emptying process,
then no broadening ensues and the variation of conductivity is

similar to that observed under monomolecular recombination,

3.2(c). Bimolecular Recombination

Garlick and Gibson (1948) first proposed a solution to the
allied problem of thermoluminescence as a function of temperature
under bimolecular conditions, They assumed that the density of
filled trapping centres was equal to the density of empty recom-
bination centres (i.e, n, << nt). The probability of a released

electron recombining at an empty recombination centre is thus
n/[(N, - n) +n]=n/N 3.2,13
This modifies Equation 3.2,2 giving
dn /dt =-- (n2/N,)vexp(-E/KT) 3.2.14

Thus the conductivity under bimolecular recombination may be
expressed as

2
n 7T | _vexp(-E/kT)
o = O n n 3.2.15

T 2
Nt[l + (nov/NtB)T Iexp(-E/kT)]
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Although B and v are assumed to be temperature independent,
Th will depend strongly on temperature, As.pointed out by
Saunders (1967), the density of recombination centres varies
during the emptying of the trapping centres., Because St = S

r

for bimolecular recombination, the free electron lifetime is

-1
T, = (8;n,v) 3.2.16

Substitution of this value of Th into Equation 3.2,15 yields

n_eu N _exp(=-E/kT)
G = o ngc 3,2,17

T
N (1 + (nov/NtB)TIexp(-E/kT)]
o}

3.3. Methods of Evaluating Trapping Parameters

Equations 3.2.,8, 3.2.11 and 3,2,17 represent the variation of
conduétivity with temperature to be expected in practice under the
conditions stated, Obtaining a 'best fit! between practical and
theoretical curves, as described in Section 3.7, would seem to be
the most accurate method of using these equations, However, the
calculations involved are tedious so that other approximate
expressions have been used in the past. Nicholas and Woods (1964)

reviewed these approximations, which fall into three groups,

3.3(a), Methods Utilising the Curve Geometry

These methods use the half heights and the temperature maximum
of the curve together with empirically determined constants to
obtain the thermal activation energy and in some cases the capture

crossesection.

Grossweinér's Method for monomolecular recombination provides

a typical example. If T' and T" are the -temperatures of the low
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temperature half height and the maximum of: the curve respectively,

¥
the Grossweiner ‘thermal activation energy 1is

E. = 1,51kT T'/(T*% - T') 3.3.1

G

Provided that EG/kT > 20 and chSt > 107 then EG is accurate to

better than 10%.,

Grossweiner also gave an expression for capture cross=-section’

namely

- 3T'Bexp(E/KT¥)
2N_vT*(T* . T')

3,3(b), Variation of Heating Rate Methods

These methods rely on the fact that the temperature, T*, of
the maximum changes with different heating rates, If Equation
3.2.,8 is differentiated with respect to temperature, then if-is

found that
exp(E/kT*) = chStT*ZIE ’ 3,3,3

Booth (1954) considered two heating rates with maxima at'TT and

'T; and obtained the expression
- * * * ¥ 2 *2
E = [kTiT3/(T] - T3)]log(T5°/T]") 3.3.4

Hoogenstraaten (1958) used a number of heating rates and plotted
log(T*Z/B) against 1/T) The slope of this line gives the thermal

activation energy,

3.3(c). Garlick and Gibson's Method

Garlick and Gibson (1948) considered the initial rise of the

conductivity curve, Under these conditions the integrals in
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Equations 3.2.8, 3.2.,1! and 3.2,17 are assumed to be negligible so

that the conductivity may be expressed as
o « exp(-E/KkT) 3.3.5

The integrals, in the expressions for conductivity with temper-
ature, are significant for values of conductivity greater than 10%

of the peak maximum value (Land 1969),

3,4, Keating's Method

.Apart from the assumption that the free electron lifetime and
electron mobility are temperature independent, Equations 3,2,8 and
3.2.17 also assume that the attempé to escape frequency, v, does
not vary with temperature, Implicit in this assumption is that
the capture cross-seétion S, = T-Z. Lax (1960) reviewed the
measured temperature dependences of capture cross-section, S, for
a number of impurity defects in silicon and found variations of

the fg?m
S « T ™ _ _ 3.4.1

with the value of n in the range 0 to 4.

Keating (1961) introduced the temperature dependence of St by
substituting Equation 3.4.1 into the expression for monomolecular
recombination, He obtained the following solution for thermal

activation energy

KT*/E = ((T*'* -~ T')/T*)(1.2Y - 0.54)

+ 5.5.10-3 - (r/2 - 0.75/2)2 3.4.2

where T'! is the temperature at half height on the high
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temperature side of the maximum, and
y= (T'* - T*)/(T* - T') 3.4.3

Keating also found that the relationship held in the case of fast
retrapping where the determination of thermal activation energies

was accurate to 3.5 % or better.

Récently Chen'(1969) has considered the temperature depend-
ence of St by substituting v = v'T-2 and v = v'TZ'into the
equation for monomolecular recombination, and v = v'T2 into the
equation for bimolecular recombination, He estimated that the
error in the value of thermal activation energy, by assuming v to
be be temperature independent, was 10% or less in these extreme

cases,

3.,5. Bube's Fermi Level Analysis

Bube (1955) assumed that quasi Fermi level at the maximum of
the conductivity curve corresponds to the thermal activation
energy. Thus

nc/Nc = exp( -E/kT)) 3.5.1

This relationship holds only when the traps are in quasi thermal
equilibrium with the conduction band (i.,e. under fast retrapping

conditions),

3,6, Haine and Carley-Read Analysis

.Using somewhat different notation for Equations 3.2,2 and
3.2.3, Haine and Carley-Read (1968) expressed the rate of change

of the free electron density as
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dnc/dT = ntO/Tf - nc(l - nt/Nt)/'rt
-n /T 3.6.1
¢’ 'n
where
0 = Nc/Ntexp(-E/kT) 3.6.2

and the trapping time, T is given by

t,
T = (N.S.v)" ! 3,6.3
t £5¢ -0

Haine and Carley-Read assumed, as in Section 2.2, that

dncjdt << nC/'rn so that Equation 3.6,1 may be rewritten as

n_ = nt0/(1 + Tt/Tn - nt/Nt) 3.6.4

| 3.6(a). Slope and Peak Maximum Expressions

If Equation 3.6.4 is differentiated with respect to

temperature, then

n, (de/dT) + (dn /dT)6
(L + 7 /1 - nJ/N)

dnC/dT

ntO(dnt/dT)
+ —5 3.6.5
Nt(l + Tt/Tn - nt/Nt)

From Equations 3.2.4 and 3,2.5 it follows that

dnt/dT - nc/(Tnﬁ) 3.6.6

and
de/dT = 6(E/kT + 3/2)/T 3.6.7

In practice it is found that E >> kT, so the temperature depend-

ence of Nc may be neglected and Equation 3,6.7 approximates to

-
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de/dT = GE/kT 3.6.8

Substituting Equations 3.6.6 and 3.6.8 into Equation 3.6.5, and

using the value of n, from Equation 3.6.4 we obtain the

relationship
2
dnc/dT = nc/('rn + Tt)[E(Tn + Tt)/kT
2 2
- (n_ + N_0) /(BNi-o)] | 3,6.9

When @ from Equation 3,6,2 is substituted in the above equation

(1/n_)dn_/dT = E/KT?

(n_ + N_exp(-E/kT))?
" BN ¥ 7,IN_exp(-EJKT) 3.6.10

Rearrangement of Equation 3.6,10 gives
N (7, + 7)) =

(n_ + Ncexp(-E/kT))2

3.6.11
5NC[E/kTZ - (llnc)dnC/dT]exp(-E/kT)_

As dnc/dT = 0 at the peak maximum, then

Nt('rn + 'rt) =

(kT*ZNc/EB)exp(-E/kT*)[l + (nc/Nc)exp(E/kT*)]z 3,6,12

In principle, solutions to Equation 3,6,11 may be obtained
by considering two points on a single thermally stimulated
conductivity curve, However, Haine and Carley-Read found that

the most convenient method of evaluation was to use two heating
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rates, The factor Nt('rn + Tt) can be eliminated when points on

the two curves with the same temperature are used, Thus

[n. + Ncexp(-'-E/kT)]2

BI[E/kTZ - (1/n_,)dn_,/dT] i

2
n ., + N _exp(-E/kT)]
[Pz * N 3,6,13

2
B,[E/kT® - (1/n_,)dn_,/dT]
from which the thermal activation energy can be célculated.
Equation 3,.6,.13 may be simplified when the parameters of the peak

maximum are used for one of the heating rates,

3,6(b). Integral Expression

Haine and Carley-Read also proposed an integral expression
for determining thermal activation energies, The density of

trapped electrons can be wtitten as

t

n, =n_ - oI(nc/Tn)dt 3.6.14

Substituting n,

into Equation 3,6.4

from equation 3.6,14 and 6 from Equation 3.6.2

. 'y t .
n_ - oI(nc/Tn)dt Ncexp(-E/kT)

nC = t 3.6.15

Nt(l + Tt/Tn) -n_ + oJ(nc/'rn)dt

This last equation may be rewritten as

t
Nt(l + Tt/Tn) -n, =n - oI(nc/'rn)dt
t .
.(Nc/nc)exp(-E/kT) - oI(nc/'rn)dt 3,6.16

Again, in principle, Equation 3,.,6,16 can be used to obtain

-
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activation energies by employing two integration limits, Where

the left hand sides of the resulting two equations are eliminated

exp(-E/kT) =

t )
nclnCZ[O I(nC/Tn)dt - oj(n(:/'r‘rl)dt]

I T 3.6.17
1 .2
nealng - [tng/rp)at) = ngy(n, - ) [ng/r )at]

Haine and Carley-Read suggest that a sihpler method is to use two

heating rates,

3.6(c). Capture Cross-sections

Assuming that the initial trép occupancy is governed by a
Fermi distribution, then after equilibrium has been reached in
the presence of exciting radiation at the lowest temperature

attained during a thermally stimulated conductivity measurement
-1
nO/Nt = (1 + (Nc/nco)exp(-E/kT)] 3,6,18

Thus for all but the shallowzst traps the probability of occupancy

will be unity,

The capture cross-section can be obtained from the value of
T, in the factor Nt(Tn + T,) from Equations 3,6.11 and 3,6,12 or
from the value of T  in the factor Nt(l + Tt/Th) from Equation
3,6.16, The free electron lifetime is found from photoconductive
measurement, and Nt is obtained from Equation 3.6.18, where n is
determined by the method described in Section 3.8, A value of

capture cross-section cannot be found for fast traps, as in this

case the ratio 7. /7  is small,

3,7, Curve Fitting Techniqgue

This technique was proposed by Cowell and Woods (1967).
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The theoretical expressions for thermally stimulated conductivity
derived in Section 3,2 are normalised to the experimental curves,
The value of thermal activation energy is then varied until a

'best fit' is found beteeen theory and practice.

3.7(a). Monomolecular Recombination

Following the argument of Cowell and Woods, the conductivity

in the case of monomolecular recombination may be.expressed as

t
o = Aexp(-t + B Iexp(-t)t-zdt) 3,7.1

t
o

where t = E/kT, and A and B are constants such that

A

n, T eu v 3.7.2

aﬁd

oo
n

vE/ﬁk 3,7.3

An exact solution of the integral in Equation 3.7.1 cannot be
obtained, but by successive integration by parts a convergent

series is; found and Equation 3.7.1 may be rewritten as

-1 -2

o = Aexp[-t - Bexp(-t)t-z(l - 2t + 6t

t
ceeedl] 3.7.4

to

- 24¢73

The lower limit of integration may be ignored, as in ﬁractice its
contribution to the thermally stimulated curve is less than 1%

provided that to < 1,5t ,

' The values of the constants, A and B, may be determined by

considering the peak maximum expressiion for conductivity, By

L.
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differentiating the peak maximum expression for Equation 3.7.1 and

equating it to zero, the constant B is given by
* ) %2
B = exp(t*)t 3.7.5

The normalisation constant, A, may be found from Equation 3.7.3

where

A = G*/[exp(-t*)- Bexp(—t*)t*-z(l - 2p¢71

+ 61.*-2 - 24t*-3 o 0o 000 )] 307-6

3.7(b). Fast Retrapping

‘'The thermally stimulated conductivity in the case of fast

retrapping was expressed by Cowell and Woods as

o = Cexp[-t - Dexp(-t)t™>*3(1 - 3,5t}

2 3

+ 15,75t 7 - 86.625t ~ ..... )] 3.7.7

where D is found from the peak maximum relationship to be given by

N*ES/Z /
- C - ¥ x7/2 -
D = . T*3/2k5/27 = exp(t™)t 3.7.8
tB n
The normalisation constant, C, is
.c = N_ep n /N, “3.7.9

and may also be found from Equation 3,7,7 at the peak maximum,

In the expression for fast retrapping, Cowell and Woods
consider that the temperature dependeﬂce of Nc is significant in

the constant D, but negligible in the constant C, If it may be

|
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regarded as negligible iﬁ both cases then, as demonstrated in

Section 3,2(b), the equations for monomolecular recombination and

fast retrapping are identical, The assumption that NC is constant
is reasonable, as By is assumed also to be temperature independent
though is known to vary in the form B, & T-3/2.

If the temperature dependence of Nc is included for both

constants, the equation for fast retrapping becomes

5 = Xt-3/2exp[-t - Yexp(—t)t-z(l - 3.5t-1
-2 -3
+ 15,75t 7 - 86,625t 7 ..... )] 3.7.10
where the normalisation constant is
N¥eu n '
_ ¢ "no 3/2
X = —mT—(E/k) 3,.7.11
T Nt
and
*
Yy = 32 (upn(t*)t*2) | 3,7.12
2™

In practice t* > 10, so that to a first approximation
*®y, %2 '
Y = exp(t™)t = B . 3,7.13

and the expressions for fast and no retrapping are again identical,

3.7(c). Bimolecular Recombination

In this case, which Cowell and Woods did not consider, the

conductivity (from Equation3.2.17) may be rewritten as

-3/2

2 exp(-t)/[1 + Blexp(-t)t-z(l - Zt:-1

+ 6t72 3

-24t77 ... )] 3.7.14
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where the normalisation constant, A is given by

1’

n_ep N*-

_ .o 'n ¢ . 3/2
Ay = parz Bk
N, T

3,7.15

and.can also be determined from Equation 3.7.14 at the peak maximum

where

2 -1
B1 = NEEE = t* exp(t*)[- 3/(2t% + 3) + 2t*
t
- 6t*-2 + 24t*-3.lill ]-1 307.16

3,7(d), Capture Cross-sections

The capture cross-section cannot be determined from the
equation for fast retrapping because it does not contain the para-
meter v, For monomolecular and bimolecular recombinafion, the

value of v may be obtained from the constants B and B, respective-

1
ly. The capture cross-section is then calculated using the
relationship

v = NS,v . 3.7.17

which is found by consideration of detailed balance,

3.8. Trap Densities

The charge, Q, passing through' a sample as a set of traps
empty may be found by integrating the total thermally stimulated
conductivity curve with respect to time, Where the bhotoconduct—
ive gain, G, is determined from Equation 2.1.3 and Vo is the

volume of the sample, then

n, = Q/eVoG _ 3.8.1
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3.9. Constant Temperature Method of Thermally Stimulated

Conductivity

If a photoconductor is held at constant temperature in the
temperature range of the thermal emptying for a particular trap,
but below its peak maximum temperature, then a decay in conductiv-
ity will be observed. From this variation of conductivity with
time it is possible to evaluate the parameters of the trap which
is emptying, To describe this variation, Haine and Carley-Read

(1968) rewrote Equation 3.6.4 as

n, =n0 Tn/Tt 3.9.1
where n, = Nt' Now

dnt/dt = - nc/Tn- 3.9.2
and so

n, = nOQ(Tn/Tt)e%p(-tQ/Tt) _ 3.9.3

Where n, << Ni, Equation 3.6.2 may be expressed as

-~

n_ = ntOTh/(Tn + Tt) 3'9f4

and from Equations 3,7.2 and 3,7.4

noOTn
n, = o ——exp -tQ/(Tn + T

c T T ) 3.9.5
n - t

t
Where log(nc) is plotted against time for a trap obeying mono-

molecular recombination kinetics ('rt >> Tn), then a single straight

line of slope Q/Tt is obtained regardless of occupancy, For fast

retrapping (Tt << Tn) and high initial occupancy, a plot of log(nc)
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versus time yields at first a line of slope 9/’rt (Equation 3.,9.3)
which changes via a curve of variable slope to a straight line of

slope Q/’rn (Equation 3.9.5),

Figure 5,6,6 shows a double exponential decay of current with
time for a set of traps which emptied with a thermally stimulated
current maximum at approximately 115°K. (Although the capture

-ZOCmZ{ their

cross-section for this set of traps was about 10
relatively high density PVI015/cm3) yielded a value of 40 for the
ratio 'rn/'rt and so they satisfied the criterion for fast
" retrapping. T, was found from Equation 3.6.3 and T, from photo-
conductivity measurements),

When a single exponential deca& is observed it is not possible
to differentiate between monomolecular recombination and fast
retrapping with initial low occupancy unless the ratio Tn/Tt is

known, However the thermal activation energy and capture cross-

section may easily be determined from a double exponential decay,.
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CHAPTER 4

CRYSTAL GROWTH AND EXPERIMENTAL APPARATUS

4,1, Introduction

In this chapter the growth of CdS boule érystals is described
togethe; with the preparation of samples for electrical and optical
measurement and the apparatus used, The method of growth is
particularly relevant because one of the main objeéts of the
present work was to compare the properties of samples grown in
" partial pressures of cadmium with.those grown in partial pressures

of sulphur,

For boule crystals grown in this manner, measurements were
made of thermally stimulated current, photocurrent with temper-
ature, spectral response of photocurreﬁt, infrared quenching, and
electron bombardment induced bﬁotocurrent using a two probe config-
uration of electrodes. Thermally simulated current, photocurrent
with temperature and spectral response were also monitored for
selected samples both for three probe and four probe electrode
arrangements so that the effects of the crystal surfaces and the
contacts might also be studied, Infrared luminescence from boule

crystals was investigated by irradiating cleaved crystal faces.

4,2, Growth of CdS Boule Crystals

Boule crystals of CdS were grown in this department using the
method described by Clark and Woods (1968), The undéped samples
were grown from 'Optran' Grade powder supplied by B.D.H. Chemicals
Ltd. Two boule crystals were grow; from 'Electronic! Grade powder
supplied by‘Defby Luminescents Ltd, One of these boules was
intentionally doped with sodium and -the other, although nominally

pure, showed similar properties to that which was sodium doped.
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In the majority of cases the powder supplied was used as the
charge from which boules were grown, However, for the two
'Derby' crystals and for two of the 'Optran' crystals the powder
was used to grow small CdS crystals using an argon flow process,
(The purpose of this treatment was to purify the starting material
by removing volatile impurities with the gas stream,) The flow
crystals were then crushed and used as the charge from which the

larger boule crystals were grown,

Mass spectrographic analysis of the 'Optran' powder showed
that most impurities were present in_concenfrations of < 0,1 p.pom.
Recfystallisation of this powder, using the argon flow process,

did not appear to significantly decrease the impurity concentrat-
ions except for a decrease in the copper concentration by a factor

of two,

'Derby' starting material was found to be contaminated with
zinc, pho§phorus, silicon, aluminium and manganese in concentrat-
ions of 30 ~ 90 p.p.m. Chlorine was also shown to be present in
concentrations of 150 p.p.m.,, though prior to the mass spectro~
graphic analysis the samples had been etched in a solution of
hydrochloric acid, Recrystallisation did effect a reduction in
the concentrations of impurities, though they were still present at

-levels of 1 = 10 p.p.m.

Figure 4.2.1 shows the furnace arrangement and the growth tube
used to grow the boule crystals, The upper and lower furnaces
were of conventional design and resistance heated, ' The temper-
ature of each furnace was recorded and controlled by a Pt.PtRh
thermocouple, A spacer was placed between the furnaces to prevent
excessive heat transfer, The growth tube was constructed from
quartz glasé and eomprised a 4,0 mm'diameter tube joined coaxially

to a 1,5 cm diameter growth chamber which was approximately 15 cm
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long.

The procedure used for the crystal growth was as follows,
0.1 gm of sulphur (cadmium) was placed in the growth chamber,
which had previously been evacuated and baked, The sulphur
(cadmium) was then melted under vacuum to remove volatile
impurities, On cooling, approximately 30 gm of CdS was added to
the growth chémber. The growth tube was evacuated for a few
hours and sealed. The growth tube was placed in the furnace
system, as shown in Figure 4.2.,1, and both furnaces were brought
to their operating temperatures of 1150°C for the upper furnace
and 50°C to 775°C for the lower (reservoir) furnace, The growth
tube was pulled vertically at a rate of either 0;6 mm/hr or
1.2 mm/hr, and the excess sulphur (cadmium) "distilled into the
'tail' of the growth tube which was situated in the reservoir
furnace., The partial pressure of sulphur (cadmium) could be
controlled, during the growth of the CdS boule, by adjusting the

temperdature of the reservoir furnace,

The boule grew from the apex at the top of the growth tube,
To avoid polycrystallinity the semi-angle of the conical apex had
to be about 300. With a greater or lesser angle, multiple
nucleation occurred, A boule took between 3 to 6 days to grow,
After growth it was slowly brought to room temperature over a

~

period of three days,

In the following chapters the notation ‘Fs = x°c (Tey = X°C)
will be used to denote a boule crystal grown in a partial pressure
of sulphur (cadmium), where the reservoir furnace was held at a

temperature of x°c.
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4,3, ELElectrical Contacts

Samples used for the electrical measurements were usually cut
from the boules using a diamond impregn;ted wheel on a Meyer and
Burger Ltd., cutting machine Type T,S3, although in some cases the
samples were cleaved from the boules and ground to the size
required with carborundum powder (grit size 600), In both cases
the samples were subsequently etched in chromic acid and washed in
distilled water, The chromic acid etch was made by dissolving
70 gm of chromic oxide in 200 cc of distilled watzr, 10 cc of
concentrated sulphuric acid was then added, and after the result-
ing solution had cooled it was diluted by the addition of three

parts of water to one part of chromic acid.

Electricgl contact to the samples was made using indium metal
which forms an ohmic contact to CdS (Smith 1955). Three types of
contact arrangements were used, which involved two, three and four
probe contact to the sample as described in Sections 4,3(a),
4,3(b) and 4.3(c) respectively, The majority of samples were
studied using the two probe configuration of electrodes and
selected samples were investigated with the three and four probe
arrangements, With a three electrode configuration, where a-
guard ring is used as the third contact, it is possible to monitor
the current flowing in the surface region of the sample and com-~
pare this with the current travelling through the bulk material,
The four probe electrode configuration allows the potential
between two central electrodes on a bar of CdS (Figure 4.3.3) to
be monitored whilst the current through the two end contacts 1is
measured, In this way the conductivity of the sample can be
compared with the current f{lowing through it, and hence the

contact resistance may be investigated,

In all cases, the contacts were made by the evaporation of
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1 = 2 pym thick indium lafers.on tothe samples in a conventional
evaporator ﬁnit evacuated by é water cooled mercury diffusion pump
which was backed by an oil rotary .pump. A liquid nitrogen 'cold
trap' was interposed between the evéporating chamber and the
diffusion pump. The indium was evaporated from a molybdenum boat
held at 850°C when the evaporating chamber had reached a pressure

of about 10-5 torr,

4.3(a). Two Probe Configuration of Electrodes

Samples for two probe measurement had dimensions which were
typically 1x2x5'mm3_(Figure 4,3,.1(a)). Indium was evaporated
onto the four sides of the CdS bar near to its ends (Figure 473.1
(b)) using a mask to maintain the centre portion of the bar free
from evaporant, The crystal was placed on a glass cover slip,
which had two copper wires fixed to it by means of silver filled
epoxy resin (Figure 4.3.1(c)), TQO small pieces of indium sheet
had also been placed in the resin, A strip of indium sheet was
laid between each of the evaporated layers on the sample and the

indium fixed to the slide (Figure 4,3.1(d)).

The slide was placed on a heater strip mounted under a small
bell jar, A chromel-alumel thermocouple was held in contact with
'the heater strip so that its temperature could be monitored. A
positive pressure of oxygen free nitrogen gas was maintained in
the bell jar to prevent oxidation of the indium and the CdS. The
bell jar was flushed out with nitrogen for five miﬁutes and then
the heater stripwas raised to a temperature of 200°C and maintain-
ed at this temperature until the molten indium sheet wetted the
evaporated layers, After cooling to room temperature, the cover
slip was removed from the heater and a robust sample was available

for measurement,
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4,3(b), Three Probe Configuration of Electrodes

Irregular shaped CdS plates, as shown in Figure 4,3.2(a),
were used for this electrode configuration, The plates were

taken from boule crystals both by sawing and by grinding cleaved

pieces, The samples were again etched in chromic acid and washed
in distilled water prior to the evaporation of indium, The
thickness of the plates varied from 0,5 to 1,0 mm, The surface

area (about 25 mm2) was sufficient to allow a guard ring, which
was 0,6 mm wide and had an outside diameter of 3,5 mm, to be
evaporated on toone surface, At the centre of this ring a spot
of indium, 1.2 mm in diameter, was also evaporated (Figure 4,.3.2
(b)), An indium disc of diameter 3.5 mm (bottom contact) was
evaporated onto the face of the crystal opposite to that on which

the guard ring had been deposited,

A disc of indium sheet of the same size as the bottom contact
was cemented to a cover slip, using silver filled epoxy resin,
together with two copper wires which were used as connections to
the guard ring and centre spot, A furthef disc of indium sheet
the same size as the bottom contact was gently pressec against the
evaporated bottom contact, and two small pieces of indium were
pressed onto the guard ring and the centre spot, The resulting
.sample, with the attached indium, was placed on the cover slip so
that the indium disc on the sample and that on the cover slip were
completely in contact, The cover slip was heated in an oxygen
free nitrogen gas flow until the indium melted, On cooling, the
samples connections were completed by attaching the two free
copper wires on the cover slip to the dots of indium on the guard

ring and centre spot (Figure 4.3.2(c) and (d)).

A guard ring arrangement was also used on bar shaped samples

approximately 6 mm long and 1 mm® in cross-sectional area, Two
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end contacts were evaporated in a similar manner to that employed

for electrical contact to two probe samples, In addition, a ring
of indium (0.5 mm wide) was deposited near to one of the end con-~-

tacts by performing four separate evaporations through a metal

mask,

4.3(c). Four Probe Configuration of Electrodes

Some of the techniques developed for the two and three probe
samples were used in attaching four probes to a CdS bar, Typical
dimensions of the samples were 1x2x8 mm3. The end contacts were
forﬁed in exactiy the same manner as those for a two probe sample,
The wires to the two evaporated spots between the end contacts
were fixed in the same way as the wires to the guard ring and

centre spot of a three probe specimen.

Figure 4.3.3 shows the steps in the manufacture of a four
probe sample. In Figure 4.3.3(a) the initial sample is sh&wn,
and in Figure 4.3,3(b) the evaporated indium layers can be seen.
Figure 4,3,3(c) and (d) shows the side elevation and perspective

view of the finished specimen,

4.4, D.C, Current Measurement.

The currents measured during the study of thermally stimulat-
ed current, spectral response and infrared quenching iay in the

3 to 10-13 amperes, Figure 4.4.1(a) shows the circuit

range 10~
diagram of the voltage supply together with a block diagram of the
amplifiers and the chart recorders, Non-microphonic cable and
B.N,C. plugs and sockets were used for all external electrical
coupling on the low current side of the d.c. amplifier, The

voltage supply was powéred by a 120 volt 'Winner' battery, which

was contained in an earthed metal box, The positive side of the



o) | y

b}

N AN

' S S

N N

FIGURE 4.3 3 FOUR PROBE CONFIGURATION OF ELECTRODES

al INITIAL SAMPLE.

bl. SAMPLE WITH EVAPORATED CONTACTS.
c] SIDE ELEVATION OF COMPLETED SPECIMEN.

d PERSPECTIVE VIEW OF COMPLETED SPECIMEN.




D.C. IS ~ CHART

ANPLIFIER AMPLIFIER RTCORDER
A A

r - - - - 71T - - - - 7 1
ceNTRE | B ® |
SPOT ‘*‘,‘—° "‘1 |
cuaRd | ¢ ¢ \ ’ |
RING EI . , a ™ 120v+ |

| y |

1w¥———0

| : I
BTy | |
'OrlO»:. = A

| p |
' I ' l

L T |

"FIGURE 4.4.1.(a) CIRCUIT DIAGRAM FOR
D.C. CURRENT MEASUREMENT.

S 9

N
._N\/\%\_g

IOOK/
LAANA_ s
1

! :

FIGURE 44.1.(b)] SWITCHABLE RESiISTORS
USED FOR MEASUREMENT OF CURRENT
IN THE RANGE 1073 TO 10~
AMPERES




60

voltage supply was maintained at earth potential,

For three proBe measurement a coaxial lead from the d.c.
amplifier, shown as A-A' in Figure 4.4.1(a), could either be
plugged into the current lead from the guard ring (B-B') or into
the current lead from the centre spot (C-C'), A plug was used to
short out C-C' (B-B') when it was required to monitor the centre
spot (guard ring) current while the guard ring (centre spot) was

held at substantially the same potential,

For two and four probe measurements the leads marked 'spot'
and 'bottom' in Figure 4.4.1(a) were connected to the ends of the

sample and the current measured by joining A-A' to B-B',

The d.c. amplifier was a Type NE 503B model manufactured by

‘Rank Nucleonics and Control Ltd, which was designed to measure

6 to 10.13 amperes, Where continuous

3

current in the range 10°
monitoring of higher currents in the range 10°° to 1070 amperes
was required switchable resistors (Figure 4,4.,1(b)) were placed
in series with the current lead and the voltage across these
resistors measured on the 0 ~« 1 volt range of the d.c. amplifier,

Accurate point to point measurement in the higher current range

was made using a Sangamo and Weston d.c. microammeter Model S82,

The output of the d.c; amplifier was from 0 - 1 milliamperes,
The output was fed to a 5 milliampere full scale deflection Reeord
chart recorder (Type M/A DC MC) via a 1:5 amplifier the gain of
which was linear in the required range, The chart recorder input
leads could be shorted out using a push button switch, This
enablea calibration marks to be placed on the recorder trace at
convenient temperatures as the current was being measured as a

function of temperature,

A Sweeney E,S.T.V. Model 1170 was used to measure the
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potential between electrodes during four probe studies, The

input impedance of this instrument was greater than 1013 ohms,

4.5; Cryostat Design and Specimen Mounting

Two cryostats were used during the course of the measurements
to be described in Chapters 5 to 9. These were similar as may be
seen frdm Figures 4,5,1 and 4.,5.2, which show the.cryostats used
for the measurement of (1) thermally stimulatqd gufrent anc¢ infra-
red luminescence and (2) spectral response anq.inirared;quenéhihg.
In both cases, the sample was mounted on a copper block af_the end
of the nitrogen 'tank', The copper block was cooled-by.pouring
liéuid nitrogen into the central tube, Heafing was achieved by
Placing a resistance heater inside fhis tube, The cryostat used
for the spectral response and infrafed quenching had a 0,7 litre
capacity tank above the speciﬁen block, ;t was therefore
possible to maintain liquid nitrogen temperatures for some three

hours from a single filling,

During the majority of measurements, the cryostat inner was
surrounded by a vacuum jacket which had 'O' ring sealed quartz
windows placed in positions appropriate to the measurement
required, The vacuum interspace could be maintained at either
rotéry oil pump pressures, or at diffuéion pump pressures by means
of a conventional water cooled oil diffusion pump backed by a
rotary pump, A liquid nitrogen 'cold trap' was situated between
the diffusion pump and the cryostat so that condensible vapours

could be removed when required,

The specimens were mounted on the copper block of the cryo-

stat in the fdllowing manner, A small quantity of Edwards high
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vacuum silicone grease was smeared under the cover slip to ensure
reasonable thermal contact to the block, The cover slip was
secured rigidly to the block by two phosphor bronze straps,

Thése straps were either held against the block by two small 'U!

bolts (Figure 4.5.1(b)) or bolted to it (Figure 4.5.2(c)).

Electrical connections from the mounted sample to the
exterior of the cryostat were made by means of a glass tometal seal
soft soldered to the outside wall of the cryostat. The leads
entering the body of the cryostat were electrically screened by a
metal cap bolted over the glass to metal seal, B.N.C. sockets
mounted on the cap were used for coaxial wire connection to the

power supply and the amplifier,

A copper/constantan thermocouple was soldered to the cover
s}ip with indium, The wires also passed to the cryostat exterior
via the glass to metal seal.: The reference junction of the
thermocouple was placed in a beaker of water at room temperature,
and the thérmocouple potenfial was measured using a portable
potentiometer (Cat. No. 7569P) manufactured by W.G. Pye and Co.
Ltd.

The samples for infrared luminescence measurement were
attached to the copper block with indium, The temperature was

again measured by a copper/constantan thermocouple soldered to the

block,

4,6, Thermally Stimulated Current Measurements

Thermally stimulated current measurements were made using the
cryostat shown in Figure 4.,5,1, with the sample attached as shown
in Figure 4.5.1(b) and (c). The larger opening was closed by

means of a flat plate and an 'O' ring seal, The sample could be
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illuminated through the-smaller window using a 750 watt tungsten
lamp, which was filtefed with a one centimetre path length of 10%
copper sulphate solution and two Chance HAl filters where this
was required, For measurements in the dark, a light~tight cap

was placed over the smaller window,

The details of the illumination schedule, heating rate and
applied voltage used during the course of thermally stimulated

current measurement are given in Section 2 of the following

chapter,

4,7, Infrared Luminescence

The samples for infrared luminescence were mounted on the
copper block of the cryostat as shown in Figure 4,5.1(a), A
schematic diagram of the experiﬁeﬂtal arrangement can be seen in
Figure 4.7.1, Radiation from a 250 watt mercury lamp was
filtered with a one centimetre path length of 10% copper sulphate
solution and two Chance HAl infrared absorbing filters, The
filtered ligﬁt was focussed onto the sample by a lens, The
luminescence emission from the sample, which was chopped at 800
cycles per second, was collected onto the input slits of a Ba?r
and Stroud monochromator Typé VL2 using two front silvered concave
mirrors, The output of the monochromator was measured with a PbS
cell, which was connected to a Barr and Stroud amplifier Type 7909
tuned to the chopping frequency. The output signal from the
amplifier was recorded on a Honeywell Electronik 15* strip chart

recorder,

The monochromator wavelength control was driven by a syne
chonous motor via a seven speed gear box (Barr and Stroud Type
SQ20). The control operated a switch which closed at intervals

of four minutes to record the rotation of the quartz prisms,
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This switch was used to activate a solenoid in the chart rccorder
which caused a subsiduary pen to trace out a short line perpen-

dicular to the edge of the chart.,

The PbS cell was calibrated against a thermopile using a
tungsten lamp, The output of the thermopile was again amplified
using the Barr and Stroud amlifier, The chopping frequency in

this case was 10 cycles per second.

Measurements of infrared luminescence, which are discussed in
Chapter 9, were made in-the-spectral range 0.6 - 2,5 um, " "This
range represented the effective limits of the above system. The
infrared filters passed light of wavelength less than 0,6 um, and
radiation passing through the monochromator was ‘cut off' at

2.5 um,

4,8, Spectral Response and Infrared Quenching of Photocurrent

Spectral response and infrared quenching measurements were
made uging the cryostat shown in Figure 4,5.2, The left hand
window (Figure 4,5.2(a)) of the cryostat was clamped againsu. the
output slits of the monochrométor with a special adaptor. This -

adapto; allowed for vertical movement of the cryostat relative to
the output slité. A 250 watt tungsten lamg was focussed on ihé
input slits of the monochromator using the two front silvered
mirrors, The sample was set at 45° to the two windows by rotat-
ing the inner section of the cryostat (Figure 4.5,2(c)), The
cryostat was then lifted vertically using a screw type 'jack!'

until the maximum response of the sample was obtained with light

coming from the output slits of the monochromator,

"For sﬁectral response meésurements, the right hand window
shown in Figure 4,5.2(a) was closed by means of a brass cap, so

that the only exciting radiation came from the output slits of the
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monochromator,

When infrared quenching was to be studied illumination from a
750 watt tungsten lamp, filtered with copper sulphate solution and
two Chance HA 1 filters, was also incident on the sample via the
riéht hand window, The quenching radiation was then supplied

from the output slits of the monochromator.

The spectral response and infrared éuenching radiations were
arrangea so that their energy density, in the region of the
sample, were constant for all the wavelengths examined. This was
achieved by measuring the output of the monochromator with a
thermopile, as described in Section 4.7, and adjusting the current
passing through the tungsten lamp to give constant energy output

at the wavelength band widths used,

Spectral response and infrared quenching will be discussed in
Chapter 8. Response measurements were made in the spectral range
0.44 pm to 2.50 um at 90°K, room temperéture and 388°K,. Infrared
quenching was measured at 90°K and at room temperature, fof

wavelengths from 0.7 uym to 2,0 um,
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CHAPTER 5

TWO PROBE THERMALLY STIMULATED CURRENT MEASUREMENT

5.1, Introduction

A theoretical discussion of thermally stimulated conductivity
was presented in Chapter 3, In practice the quantity measured is
the thermally stimulated current (T.S.C.) which is monitored while
the trapping centres are emptying, The form of an isolated T.S.C.
curve is the same as that for thermally stimulated conductivity,
thoﬁgh the normalisation constant for the particular type of
-recombination kinetics considered must be modified using the

. relationship
o = IL/VAr 5.1.1

where V is the voltage épplied to a sample of length L. and cross-
sectional area Ar. (A computor programme is given in Appendix 1;
which was used to -generate theoretical T.S.C. curves for mono-
molecular recombination, fast retrapping and bimolecular recombin-
‘ation, The qquafions for conductivity as a function of temper-
ature in these three cases, Equations 3,7.4, 3,7.7 and 3.7.14
respecltively, were modified using Equation 5.1.,1 to give the

expressions for T.S.C.)

Samples cut from 'Optran’' boule crysfals, grown with varying
cadmium and sulphur reservoir temperatures as described in Chapter
4, showedeight T.S.C. peaks in the temperature range 95°K to 3889K,
In this chapter the values of the trapping parameters of these-
eight traps will be discussed together with the variation of trap
density with growth conditions. The T.S.C. curves for two samples
obtained from boule crystals grown from Derby Luminescent material

are presented in Section 5,11,




68

In some samples the magnitude of the T.S.C. associated with
some of the peaks was seen to vary with the temperature of illumin-
ation prior to measurément. However, these phenomena will be

discussed in the following chapter,

5.2. Experimental Procedure

Each sample investigated was mounted on a pyrex slide as
described in Chapter 4, The slide was attached to the tail of a
liquid nitrogen cryostat, together with a copper constantan thermo-
couple, ’'In order that reproducible measurements could be obtained
a strict heating and cooling cycle was followed, The sample was
first heated in the dark to a temperature of 388°K and on cooling
was illuminated from any desired intermediate temperature Ti'

When the lowest temperature, approximately 95°K, was attained the
illumination was continued for a further five minutes, Where
T.S.C. measurement was required the illumination was removed. A
fixed voltage of 100 volts was then applied to the sample, and the
T.S.C. was monitored while the sample was heated from liquid
nitrogen temperatures to 388°K, To record the photccurrent as a
function of temperature, the illumination was maintained during the

heating from low temperature,

Illumination was carried out using a 750 watt tungsten lamp,
which was filtered using two Chance HA 1 infrared filters and a
one centimeter path length of 10% copper sulphate solution con-

tained in a pyrex cell,

It was not found possible to maintain a heating rate which was
constant over the range 95°%K to 388°K, but within the temperature
_region of a particular peak the deviation from linearity was small.
Figure 5.,2,1 shows a typical plot of temperature versus time during

a T.S.C, run. The heating rate in this case varied between an

initial rate of 0.53°K/sec and a final rate of 0.31°K/sec{
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5.3. Measurement of Photocurrent

The variation of the photocurrent with temperature was
measured on all samples examined using the T.S.C. technique, in
order that the variation of the free electron lifetime, To? might
be estimated. The theoretical expressions for T.S.C. are valid
only when the free electron lifetime is independent of temperature,
If Tn varies with temperature either a correction must be applied
or the T.S5.C, data must be disregarded, A knowledge of the value
of the free electron lifetime is also essential for the determin-
ation of the photoconductive géin, which must be known if the
density of trapping centres is to be calculated from the T.S.C.

data,

The {ree electron lifetime cannot bé obtained from photo-
current measurements made under the same conditions as those which
prevail during a T.S.C. run. If the photocurrent is measured,
with the temperature varying, at the same current level as the
T.S5.C. then the thermal emptying of the traps will modify the
photocurrgnt observed, Simi;ariy, measurement of the photocurrenf
at a number of fixed temperatures over the temperafurn span of a
T.S.C. run can only be used if it is assumed that the lifetime

under equilibrium conditions is equivalent to that where the

"temperature is varying,

In fact, the temperature variation of the photocurrent was

measured using the same intensity of illumination as that used to
excite the sample, Measurements of photocurrent versus light
intensity, at both liquid nitrogen and room temperatures, were
found to be reasonably linear down to current levels some two
orders of magnitude greater than the T.S.C. (Typical results of
photocurrent versﬁs light intensity are shown in Figure 5.3,1 for

a sample grown with TCd = 550°C). It was therefore assumed that
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the photocurrent at high light intensity reflects the variation of
lifetime at a current level similar to that experienced during a
T.S.C. run, at least for temperatures between liquid nitrogen and

room temperatures,

In this chapter the T.S.C. results reported are those obtained

when the temperature variation of lifetime was small,

5.4, Thermal Cleaning

Where a T.S.C. measurement yields two or more overlapping
peaks, the analysis of each peak is simplified by emptying the
traps lying on the low temperature side of the peak considered.
Figure 5.4.1 curve (a) is a complete T.S.C. curve containing two
such overlapping peaks, By heating the sample to a temperature
Tt the low temperature trap is emptied, and on cooling and sub-
sequent reheating curve'(b) is obtained, which.is the T.S.C.
contribution due to the higher temperature trap. It should be
noted that the magnitude of the T.S.C. of the higher temperature

trép is decreased by this cleaning process,

5.5. Variation of the T.S.C. Spectrum with Growth Conditions

The variation of T.S.C. with temperature yields a structured
curve which is analagous to optical absorption spectra, As the
absorption versus wavelength shows a number of absorption bands,
so the T.S.C., versus temperature curve shows band-like structure
due to the thermal emptying of different traps, The term 'T.S.C.

spectra' will be used to denote T.S.C., versus temperature curves,

‘Two basic forms of T.S.C. spectra were found in undoped
'Optran' samples grown with various over pressures of cadmium and
sulphur, Figure 5.5.1 shows the T.S;C. spectra as samples grown

with Toy = 350°C (two samples), Tg = 50°C and T. = 150°C,  The

S
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spectra in Figure 5.5.2 were found in samples grown with TS = 300°C
(two samples) and Tg = 450°c, In both Figures 5.5.1 and 5.5.2
the dark current has been subtracted from the spectra, To

simplify description of the various samples investigated, the term
'cadmium rich' will be used when referring to samples showing
T.S.C. spectra similar to those shown.in Figure 5.5,1 and the term
'sulphur rich' wheﬁ the T.S.C. is similar to that shown in Figure

5.5.2.

In most cases the T.S,C. specfra ﬁeasured on samples cut from
the same boule were similar, Figures 5.5,3 and 5.5.4 show the
T.S.C. spectra of samples cut from boule crystals grown with
Ty = 350°C and T_ = 300°C respectively, The magnitude of the
T.S5.C. in both figures indicates a maximum variation in trap
density of approximately one order of magnitude for samples taken
from the'same boule, (This observation is made directiy from the
T.S.C, levels in Figures 5,5.3 énd 5.5.4 as all four samples were
of similar dimensions (about 1x1x4 mm3) and the free electron life-

time was similar when the samples were obtained from the same

boule)."

When the T.S.C. spectrumwas remeasured on a sample, which had .
been etched in orthophosphoric acid at 150°C, it was found to be
similar to that measured previously. This may appear to be a
trivial observation, but it does indicate defect stability at 150°C

and also reproducibility of contact phenomena.

5.6, The Thermal Activation Energies and Capture Cross-sections

of the Low Temperature Traps

Five trapping centres were found which yielded peak maxima in
the temperature range 95°K to 230°K. These traps will be denoted

by the letters A, B, C, D and E. Their peak maximum temperatures
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were approximately 115°K, 138°K, 158°K, 190°K and 212°K respective-
ly, using heating rates in the range 0.1°K/sec to 0.5%K/sec. As
can be seen in Figure 5.5.1, traps A, B, andIC are predominant in
crystals grown either in excess pressures of cadmium or in low
pressures of sulphur, With crystals prepared under higher

sulphur pressures, the fourth lowest ﬁaximum (which in one sample
comprised two peaké due to traps D and E) was more prominent as

may be seen in Figure 5,5.2.

The values of thermal activation energy, E and capture

t,

cross-section, S for traps A, B, and C were, in most cases,

£?
found from samples grown in cadmium rich conditions, where

thermal cieaning gave reasonable curves. The trapping parameters
of traps D and E were obtained from samples grown in sulphur rich
conditions, It was found that a good fit was obtained using the
theoretical slow retrapping formula applied ‘to each of the five
lowest T.S.C. peaks. Figures 5,6.1 to 5.6,.3 show typical cleaned
peaks for traps A, B, and C, together with the points of the theo-

retical curves which give the best fit,

The fourth lowest maxima, found in a sample grown with TS =
450°C, could be fitted to a theoretical slow retrapping curve with,
an activation energy of 0,27 eV, However, careful thermal clean-
ing of this peak led to a trap depth of 0,43 eV, indicating that
the initial 'trap' was in fact a doublet comprising traps D and E,.
Figure 5.6,4 shows the doublet and the theorétical slow retrapping

curves the sum of which forms the envelope of the doublet,

Et = 0,31 eV for trap D and Et = 0.44 eV for trap E,

Trap E, found in a sample grown with Ts = 300°C, is shown in

Figure 5,6.5, A good fit was obtained with a theoretical slow

retrapping curve, where Et = 0.44 eV, though trap D could not be

detected,.
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Table 5,6.1 shows the mean values of temperature maximum,
thermal activation energy and captﬁre cross-section obtained from
the best fit monomolecular curves using the curve {itting method
described in Chapter 3. The table also contains the mean values
of thermal activation energies calculated using Bube's method
(1955), which is the value to be expected in the case of fast
retrapping. (It was pointed out in Section 3.2(b) that the
expression used in curve fitting for fast retrapping is similar to
that for slow retrapping, provided that the fast traps ayé only
partially filled at the beginning of the T.S.C. run, As the
cleaning of the five low temperature peaks meant that they must
satisfy this criterion then one would expect that were they fast
traps there would be agreement between their thermal activation
energies derived by Bube's method and those obtained from the mono-

molecular curve fitting technique,)

It can be seen, from Table 5.6.1, that the Bube value of Et
differs from that found from monomolecular curve fitting for traps
A, B, C and D and thus it may be assumed that these traps empty
with negligible retrapping. The similarity of the monomolecular
and Bube thermal activation energies for trap E suggests that it:
is a fast trap. A value of St = 10-17cm2 was found from the best
fitting monomolecular curve. This value is certainly in error,
if trap E is a fast trap, because the theoretical expression for
fast retrapping does not contain the implicit dependence on cépture

cross-section which occurs in the expression for monomolecular

recombination,

Isothermal current decays of trap A in cadm;um rich saﬁples
were analysed using Haine and Carley-Read's method, which is
described in Section 3.9, Using this method, log(current) is
Plotted against time, For slow. retrapping ('rt >> T, where T, =

(NtStv)-1 and Th is the free electron lifetime) a single straight




TABLE 5.6.1

Trapping Parameters of the Low Temperature Tfaps

Trap A B C D E
T* in °K 115 138 158 190 212
E, in eV 0.15 0.16 0.18 0,31 0.44
Bube E, 0.22 0.26 0.29 0.46 0.48
in eV

S. in cm® *
assuming 10"20 10'-22 10_22 10-20 10-17
slow

retrappin

% fast retrapping centre

TABLE 5.6.,2

Comparison of Isothermal Decay and T.S.C. Values

for the Trapping Parameters of Trap A

E, in eV |{S, in cm2 N, in
£ t 3
noé./cm
és°therma1 0.125 6.4x10°%29 ] 2.9x10%7
ecay
T.S.C. 0.15 10720 2x1012
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. line is obtained whose slope depends on T Fast retrapping

t.

(r, << Tn), where the initial trap occupancy is high, yields at

t

first a straight line dependent on T, which changes via .a variable

t
slope to a second straight line governed by The

Figure 5.6.6 shows a typical plot of the isothermal of trap A
in a sample grown with TCd = 350°C, Analysis of such curves led
to values of thermal activation energy of 0.125 eV and a capture
cross-section of 6.10-20cm2, which are in substantial agreement
with those found from the curve fitting technique assuming
conditions of slow retrapping. The values of thermal activation
energy, capture cross-section and trap density obtained from the
decay are included in Table 5.6.2, For comparison, Table 5.6.2

also gives the trapping paramefers of trap A obtained from slow

retrapping curve fitting.

It can be seen in Figure 5,6.6 that the isothermal decay leads
to a double exponential variation with temperature, This may seem
somewhat surprising at first sight, as the capture cross-section
of the trap is small and a double decay indicates some retrapping.
However, for the double decay shown in Figure 5,6.6 'T'n/'rt = 40,

which satisfies the criterion for fast retrapping that 7 << Th®

t
A correction was made to the lower current regiop of the iso-
thermal decay of trap A, and is shown as a dotted line in Figure
5.6.6, This allowed for the influence on the decay due to trap B.
In the present case the activation energy was only chaﬁged from
0.125 eV to 0.12eV,. (The interference of one trap on the iso-
thermal decay of another will be discussed in Section 5.12, where

the correction described above is used as an example,)

The assumption that traps A, B and C found in cadmium rich
conditions are identical with those seen in sulphur rich samples

is, in part, justified by the similarity of peak position with
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respect to temperature, It was found possible to isolate trap A
in one of the sulphur rich crystalé sufficiently well to apply the
curve fitting technigue, Figure 5.6.7 shows the T.S.C., curve for
trap A in a sample grown with Ts = 450°C, and the points for the
best fitting theoretical slow retrapping curve, The value of |
0.14 eV is in reasonable agreement with the trap depth of 0.15 eV
found in cadmium rich samples, especially as the T.S5.C. from trap
A is only a shoulder on the T.S.C. curve under sulphur rich

conditions,.

It has also been assumed that the shoulder on the T.S5.C, curve
found at about 210°K in cadmium rich samples is due to trap E,
which empties in this temperature region in sulphur rich samples.
It was not possible to isoléte a peak at 212°K in cadmium rich
samples, but plots of log(T.S.C.) versus 1/T (Garlick and Gibson's
method, see Section 3.3(c)) were obtained with the shoulder present
and also with the shoulder removed using the thermal cleaning
technique. Figure 5.6.8 shows these plots for a sample grown with
TCd = 350°C,- Where the shoulder was present a value of activation
energy of 0.44 eV was found, and when the shoulder was removed by
thermal cleaning an activation energy pf 0.60 eV was oBtainedf .
'Tﬂe Qalue of 0.44 eV is in agreement with the slow retrapping value

of 0.44 eV found for the 212°%K peak (trap E) in sulphur rich
samples, The large difference in activation energy before and
after cleaning indicates that the shoulder is due to a trap empty-

ing in the region of 210°K,

5.7, Trap Densities of the Low Temperature Traps

The trap density of a single set of traps, which yields an
isolated T.S.C. curve, can be calculated from Equation 3.8.1,

The total charge passing through the sample, during the emptying
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of the traps, is obtained from the area under the T.S.C. curve,
Because of the overlapping nature of the f}ve lowest temperature
maxima this simple method could not always be used, When peak
overlap occurred, the effective area under each T,S.C. maximum was
estimated using the best fitting monomolecular curve, normalised
to the uncleaned value of T.5.C, at the temperature maximum,

Such monomolecular curves were computed from the values of thermal

activation energy and temperature maximum presented in Table 5.6.1,

The values of trap densities are given in Table 5.7.1 for
samples grown in both cadmium rich and sulphur rich conditions,
The table also contains the reservoir temperatures and saturated
vapour pressures of cadmium and sulphur used during the growth of
the crystals., More exact values of density were calculated for
trap E, where an isolated, cleaned T.S.C. curve could be obtained
in sulphur rich samples, Trap D, which was found in one of the
samples grown with Ts = 450°C, could not be detected in samples
£aken from other boule crystals,

From Table 5,7.1 the marked decrease in the density of trap A,

_1_016/cm2 to 1012ém2, with increasing sulphur pressure during

f rom
growth indicates that this trap is associated with cadmium rich
cénditions. If it were a simple native defect, it would.be
supposed that it was a cadmium interstitial or a sulphur vacancy,
Boyn (1968) has studied the optical absorption of CdS heat treated
in cadmium and sulphur, and concluded that cadmium interstitials
and vacancies are the dominant native defects; He observed two
absorption bands at 0.32 eV and 0.4 eV in samples heat treated in
cadmium, and associated these with singly ionised cadmium inter-
stitials because the bands were not seen in samples heat treated
in sulphur, It seems reasonable to associate trap A with cadmium

interstitials, Further support for this hypothesis may be found

in the work of Arkad'eva (1964), who observed an optical threshold




TABLE 5.7.1

The Densities of the Low Temperature Traps (number/cm3)

Growth Saturated | Boule Trap | Trap | Trap | Trap | Trap
Conditions Vapour Number A B Cc D E
Pressure
in torr
Toq = 350°C | 4.0x107! | 78 1012 L 10t3 | 10t3 ] — [10!3
Ty = 350°C 4.0x10"} 79 1016 [ 1015 | 1013 — 1013
T = 50°C 4.0x107° 70 1012 | 10t 1013 | — |[10!3
T, = 150°C 1.5x10"1 76 1012 | 10t% | 1014 | — |10l
T = 300° | 5.0x10 190 101! 10t [ 1012 | — |10!%
T = 450°C | 7.6x10° 94 1012 [ 1013 | 10'% | 10% | 1014
T = 450°C 7.6x10% 100 1012 | 1011 {1012 | — [10%2
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of 0.32 eV for the emptying of a trap which had a thermal activ-
ation energy of 0,18 eV, calculatea from T.S5.C. measurements, The
optical trap depth of 0.32 eV, found by Arkad}eva, is the same as
the lower energy absorption band which Boyn reported. The the?mal
activation energy of 0.18 eV is close to the value of 0.15 eV found

for trap A during the course of the present work,

No distict variation with growth conditions was indicated for
the other low temperature traps, From this it may be inferred
that these traps are either due to impurities, oi to compiexes of
native defects not strongly affected by variations in the growth
conditions suffered, at leasf over the range of samples investi-

gated,

5.8, Anomalous Low Temperature Traps

The three lowest temperature traps were well defined in

samples cut from a boule crystal grown with T = 550°C, Figure

Cd
5.8.1 shows the T.S.,C. spectrum obtained from one of these samples,
after continuous illumination from 388°K, The T.S5.C. curves for
traps A, B,and C were extremely narrow, Consequently, mono-

molecular curve fitting yielded values of.Et, of 0.35 eV, 0.38 eV
and 0.40 eV respectively, which were larger than those previously
eﬂcountefed for these traps, (The reason for a large value of Et
for a narrow T.S5.C. curve is demonstrated most easily by reference
to Grossweiner's method for monomolecular recombination (Section
3.3(a)). The Grossweiner thermal activation energy is given in
Equation 3.3,1, where the difference between the peak maximum
temperature, T*, and the low temperature half height; T', is con-
tained in the denominaéor. T* - T' will be small for a narrow

.)

T.S5.C. curve, and hence leads to a large value of Et

The sample shown in Figure 5.8.1 was also excited with mono-

chromatic light centred on 4335 A® and 7700 A° , using Barr and
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Stroud interference filters, to determine whether or not the usual
broader peaks could be obtained. In both cases the 'sharp struct-
ure was observed. A similar spectrum was also obtained when the

indium contacts were renewed,

5.9. The High Temperature Traps

Three maxima were observed in the T.S.C. curves in the
temperature region from 250°K to 388°K, with values of T* of
approximately 270°K, 300°K and 350°K, using heating rates in the
range 0,1°K/sec to 0.5°%K/sec. These traps are denoted by the
letters F, G and H respectively, The calculation of the trapping

parameters of these traps was difficult for three reasons,

(a) ' Because of the overlap of the peaks, careful thermal

cleaning was required in order to obtain meaningful results,

(b) The onset of thermal quenching occurs in this temper-
ature region, Although the high intensity photocurrent showed
little decrease with increasing temperature below 350°K, in most
samples, the quenching at photocurrent levels of the same order as

the T.S.C. was considerable (see Figure 5.9.4) .for trap 'H.

(c) Under conditions where traps F and G varied with the
temperature of illumination, Ti’ prior to the T.S.C. run, their
T.S.C. curves were sharpened, leading to erroneous values of Et in

some cases as high as 1,10 eV,

In all cases a theoretical slow retrapping c¢urve could be

fitted to the experimental data,

Trap I gave values of Et in the range 0.7 eV to 0.8 eV where
it suffered minimal interference from trap G, and where there was
no apparent change in density with change in Ti’ The mean value

14 2

of E£ was 0,75 eV, with a capture cross-section of 6.10 " "cm”, A

typical curve, together with the points for the best fitting
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theoretical curve with Et = 0.72 eV, is shown in Figure 5.9.1.

Trap G gave values of Et in the range 0.47 eV to 0.57 eV, with
a mean value of Et = 0.53 eV and St = 10-190m2, where there was no

variation of peak height with change in Ti‘

Trap H, in many cases, yielded a narrow T.S.C. curve which
gave a high value of E, (see Section 5.8) calculated by curve
fitting on the assumption of slow retrapping. The narrowness of
the T.S.C. curve can be explained in terms of thermal quenching,
which causes a rapid change in lifetime during the emptying of trap
H. Figure 5.9.2 shows a cleaned T.S.C. curve for trap H, in a
samble grown with TCd = 350°C, The sample was cooled .after pass-
ing the peak maximum temperature, On reheating, the curve in
Figure 5.9.3 was obtained., The best fit to the first curve
yieldéd a value of Et = 0.60 eV, From the second curve E; = 1,06

eV,

In order that the variation of the free electron lifetime
might be estimated in the temperature region in which trap H
emptied, the photocurrent for the above sample was measured at
fixed temperature for a number of different light intensities
_(Figuré‘5.9.4). The photocurrent measurements were made in the
temperature range from 329°K to 388°K, It was found that at low
light intensities equilibrium was reached only after 30 to 60
minutes, The thermal quenching at a current level corresponding
to that of the T.S.C. maximum in Figure 5.,9.2 was comparatively
small. At a current level corresponding to the T.S.C. maxjmum_iﬁ
Figure 5.9.3, the quenching caused a change of three orders of
magnitude in the photocurrent, This large change in photocurrent
demoqstrafes that a significant variation in the free electron life-
time would be expected for the correspondiﬁg T.S.C. curve (Figure -

5.9.3). As the sample responded slowly to thermal queﬁching
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it is incorrect to modify the T.S.C. curve shown in Figure 5.9.3
using the variation in lifetime deduced from photocurrent
measurements, However, the large value of Et obtained from the
T.S.C. curve shown in Figure 5,9.3 is certainly explicable in

terms of thermal quenching,

Figure 5,9.,5 shows the thermally cleaned T.S5,C, curve for

trap H, found in another sample grownwith T = 350°C, A good

Cd
fit was obtained for the first part of this curve with a slow
retrapping thermal activation energy of 0,59 eV, The disagree-
ment with this theoretical value for the high temperature wing of
the curve was almost certainly due to the thermal quenching effect
discussed above, From these results a value of 0.6b eV was
assigned to trap H, the corresponding capture cross-sgction is

2.0x10"2%m?,

Table 5.9.1 gives the thermal activation energies, Bube
thermal activation energies and the capture cross-sections, on the
assumption of slow retrapping, for traps F, G and H, With trap F
the disagreement betwéen the slow retrapping value of Et and that
obtained using Bube's method indicates that although trap F has a
large capture cross-section it empties under slow retrapping
conditions, Trap G shows good agreement between the activation
energies calculated by both methods, though the variation of T*
with the T.S.C. level, which is expected for a fast trap, was not

found (see Figures 6,3,1 and 6,3.2).

For trap H there was again agreement between the two methods
of evaluating E. Reference to Figures 6.3.1 and 6.3.2 shows
that there is a variation of T*with the magnitude of the T.S.C.
for this trap, which also indicates that it is a fast retrapping

-20 2
c

centre, The small wvalue of St (~10 m~), obtained from curve



TABLE 5.9.1

Trapping Parameters of the High Temperature Traps

Trap T E Bube E, | S, in cm2
. o] .t . t .
in K{]in eV in eV assuming

slow
retrappin

F 270 | 0.75 1 0,49 10713

G 300 | 0.53 | 0.56 10719 *

H 350 | 0.60 ] 0.61 10720 *

xfast retrapping centres

TABLE 5,10,1

Trap Densities of the High Temperature Traps (number/cm3)

Growth Boule Trap | Trap | Trap
Conditions }Number ¥ G H
Toq = 350%C| 78 [ 10'% | 107% | 104
Toy = 350°¢| 79 [10'*] 10'* [ 10%*
Tg = 50°C 70 | 10*% | 103 [ 10%2
Tg = 150°% | 76 [10%* ] 10'* [ 10"3
Tg = 300°C | 190 1010 | 1010 | &
T, = 450°C | 94 [10'* ] 107° | —
Tg = 450°C | 100 |10% | 10'7| —

* A large variation in N, for trap H

was found in samples taken from this boule.

The maximum value was Nt = 1016/Cm3.
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fitting on the assumption of slow retrapping, is certainly
erroneous if trap H is a fast trap., The .change in the magnitude
of the T.S.C. with Ti will be further discussed in the following

chapter,

5,10, The Densities of the High Temperature Traps

Because of the variation of the densities of these trapping
centres with T., the values of trap density given in this section-
are the maximum found, The approximate method, described at the
beginning of Section 5.7, was used to estimate the trap densities,
Table 5,10,1 gives the densities found together with the temper-
ature of the cadmium or sulphur reservoir used in the growth of

the samples investigated,

—

Trap H was present in all samples grown under cadmium rich
conditions, It was also found in two samples taken from a boule
crystal grown with Ts = 300°C, although it was not observed in
four other samples from this boule, Trap H could not be detected
in samples grown with TS = 450°C, however the dark current was
high in these samples‘and may have obscured it if its density was
low,

There is a general trend of the densify of trap H to decrease
with increasing sulphur richness, although its occurrence in the
two samples grown with TS = 300°C is anomalous in this respect,
Woods and Nicholas (1964) studied a number of CdS samples, grown
by vapour phase recrystallisation in an argon gas flow, and found
that trap H occurred only in samples annealed in sulphur, (The
trapping parameters of Woods and Nicholas' 'trap H', thch had

T* = 330°K and Et = 0,63 eV, are sufficient justification for

associating it with trap H found in the present work, Woods
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and Nicholas also found that their trap H varied with T, in a

similar manner to the present trap H.) Thus it would appear that
AND SvLPHVL

trap H can exist under both cadmiuerich conditions, and hence it

seems reasonable to propose that it is more likely to be due to a

complex of native defects and/or impurities rather than a simple

native defect,

The relatively constant values of the densities of traps F
and G indicate that these also may be due complex native defects
or impurites, not substantially affected by the changes in the

conditions of growth of the present samples.

5.11, T,S.C. from two Derby Luminescent Samples

The T,S.C. spectra of two samples grown from Derby Luminesc- .
ent powder were investigated, In both cases, the T.S.C. curves
were not substantially affected by the temperature of illumination
prior to measurement, Figure 5.11,1, curves (a) and (b), shows

the spectra for these samples,grown with T = 300°C and T, =

Cd S

350°C, following illumination from 388°K, The Tg = 350°C sample

(curve (b)) did show a well defined T.S.C. curve at low temper-
ature (T* = 130°K), which yielded a value of E, = 0.09 eV by the

cd T

300°C sample showed some structure at low temperatures, it was not

slow retrapping curve fitting technique, Although the T

possible to isolate a T.S5.C, curve,

Attempts were made to thermally clean the broad structure in
both samples, which occurred above 150°K. It was found that
cleaning yielded the same structure at a lower T.S.C, level,
suggesting that the high temperature T.S.C. was due éo a continuum
of traps, (From the analysis of Optran samples one would expect

to find a number of traps in the temperature region 150°%K to 388°K,)

The Derby starting powder was found, by mass spectrographic
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TABLE 5,12,1

Comparison of'Et and T* for the Low Temperature Traps

and the traps found by Cowell and Woods (1967)

Present | Lo, 115 | 138 |158 | 190 |212

Work Egvln 0,151 0,16 0,18 |0.31 | 0,44
* .
Cowell |T_ in | ;45 130 162 | 205 240
and K
Woods
. . E, in

0.20 | 0.16 10,25 0.38 | 0,42
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analysis, to contain impurities whose densities were one to two
orders of magnitude greater than those‘found in Optran material
(see Section 4,2), The anomalous T.S.C, speétra of the Derby
samples, compared with Optran samples, may well be due to complex-
es formed by these impurities,

5.12. Discussion

Eight discrete trapping levels (denoted by the letters A to H)
have been found in Optran boule crystals grown in cadmium-and
sul phur overpressures, The trapping parameters of these céntres
are presented in Tables 5.6.1 and 5.9.1, The trap.densities, for
samples grown under both cadmium and sulphur rich conditions, can

be found in Tables 5.,7.1 and 5.10,1,

-

Trap A, which decreased in density by four orders of magnitude
with increasing sulphur pressures during growth, has been associ-
ated with a singly ionised cadmium interstitial, Trap D was only

detected in one boule crystal grown with TS = 450°C, and occurred

as a doublet.wifh trap E. Trap H decreased in density from

3 to 1012/cm3 for samples grown with T

— o -
cd = 350°C to TS =

150°cC., However,trap H was found indensities of the order of’

1014/cm

1016/cm3 in two samples taken from a boule grown with TS = 300°C,
which indicates that it can occur under both cadmium and sulphur

"rich conditions.,

The relatively constant values of densities for the other
traps suggests that, as they were unaffected by the conditions of
growth suffered during the present investigations, fhey are likely

to be due to impurities or native defect complexes,

Cowell and Woods (1967) discussed the evaluation of a T.S.C.
spectrum in a sample grown by the modified Piper and Polich method

described by Clark and Woods (1966), They used the curve fitting
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technique to estimate.trapping parameters, The results in this
thesis are in reasonable agreement-with,their work. (Table
5.12,1 shows, for comparison, the values of Et and T* determined
for traps A to E and the values of E  and T* found by Cowell and
Woods. ) Cowell and Woods found four T.S.C. maxima at 103°K, ‘
130°K, 162°K and 230°K, The thermal activation energies of the
three lowest temperature traps were 0,20 eV, 0,16 eV and 0.25 eV
respectively, though in some cases the lowest maximum yielded a

value of 0.16 eV,

During the course of the present work, trap D was found as a
doublet with trap E, Cowell and Woods (1967) also discovered a
doublet, with a maximum at approximately 230°K, which gave thermal
activation energies of 0.38 eV and 0,42 eV for the two components,
There is sufficient evidence from the work described here to
assign a value of 0.44 eV to the high temperature component (trap
E). Had this value been applied to their doublet, then the
lower component would have been broader, This would have led to

a value lower than 0,38 eV for the activation energy.

Cowell and Woods (1969) also discussed two traps, which
emptied with T* = 275°K and 325°K respectively, found in rods.which
had been grown by the flow process and subsequently annealed in
sulphur vapour, The thermal activation energies of these traps
wére 0.85 eV and 0.63 eV respectively, The agreement between the
value of E. = 0.60 eV for trap H and the value of E, = 0.63 eV,
reported by Cowell and Woods, is good, Trap F (Et = 0,75 eV and
T* = 270°K) and Cowell and Woods' lower temperature trap do not
compare so favourably, However, trap F was fouﬂd to yield higher
values ot Et when the T.S.C. level varied with the temperature, Ti’
of illumination prior to measurement. The trap 'F' discussed by

Cowell and Woods changed considerably in density with change in Ti’
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and may therefore have given a large value of Et for this reason,

Nicholas (1963) presented a number of T.S.C. spectra,.measure
ed on flow crystals, which showed seven maxiﬁa which were similar
to those found in this work, Nicholas' analysis of the data
obtained from these spectra was somewhat dubious, as he assumed
that a trap could empty and lead to a value of T¥ which varied by
as much as 100°K, Nicholas found traps with thermal activation
energies of 0,05 eV at low teﬁperatures, and 0,25 eV at approx-
imately-300°K. These were not found in the present work,
although overlapping curves in the same temperature regions did

yield similar values,

The general shape of the T.S.C, spectra found both by Cowell
and Woods and by Nicholas, from investigations of flow crystals,
indicates that their samples were grown under cadmium rich con-
ditions, This is not surprising, as no attempt was made to main-

tain stoichiometry during the growth of the flow crystals,

The method of Haine and Carley-Read (1968) was not used to
analyse the T.S.C. curves because of the overlapping nature of the
contributioné from each trap, The thermal cleaning process de-~
creases the occupancy of the trap investigated, as described in
Section 5.4, In order to apply the Haine and Carley-Read T.S.C.
technique it would be necessary to obtain cleaned curves at differ-
ent heating rates with the same density of filled traps, This

would have been very difficult to attain.

The trap depths obtained by Haine and Carley-Read from their
T.S.C. analysis are almost certainly in error, since none of their
curves was thermally cleaned, In both the spectra presented in
their paper, they assume only two traps in the temperature range
80°K to 360°K whereas eight have been detected in the present work,

Comparison of their T.S.C. spectra with those shown in Figures
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5.5.1 and 5.5.2 indicates that their samples were also grown under

cadmium rich conditions,

The constant temperature decay method advocated by Haine and
Carley-Read also requires careful application, From Equation
3.9.3, the decay at constant temperature for atrap emptying under
slow retrapping conditions may be written in the form

n, = noNcTnStv[exp(-Et/kT)

exp(-thvStexp(-E/kT))] 5.12,1
where the contribution to the free electron densffy at t = 0 is
n_ = noNC'rnStv[exp(-E./kT)] 5.12.2

Thus the initial free electron density from each of the full or
partially full traps present in the sample is governed by the

factor noStexp(—E/kT). A similar factor is found in the case of

fast retrapping.

Where trapping centres of similar density, capture cross-
section and thermal activation energy occur, as was the case with
the low temperature traps found in the present work, it is not
safe to assume that the interference from othcr traps is neglig=
ible, Also, the decay of one set of traps may be modified by a

contribution from a second set of traps whose density is greater

than the first.

In the present work the decay method was used to analyse trap
A (E, = 0.15 eV and T* = 115°K), which was two orders of magnitude
greater in densilty than trap B. The expected contribution from
trap B (.Et = 0.16 eV and T* = 138°) to the decay at 100°K would be
5.0:(.[0-8 aﬁperes at t = 0, using Equation 5.12.2 and assuming the

trapping parameters found {rom T.5.C. curves, After 103 seconds
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the contribution from trap B would have decreased by less than
0.1%, so the contribution to the decay is.essentially a constant
5.0x10-8 amperes, The isothermal decay of trap A is shown in
Figure 5.6.6, where the above correction for trap B is marked with
a dotted line. The curve shown in Figure 5.6.6 yielded a value
of Et = 0,125 eV, which was decreased to 0.12 eV when trap B was
considered, The correction is small in this case because trap A
was of much greater density than trap B, Had traps A and B .been
of equal density, the uncorrected decay would have yielded a value

of Et which was considerably larger,

Haine and Carley-Read found values of Et = 0,18 eV and Et =
0,24 eV for isothermal decays measured at 104°K and 103°K respect-
ively, in two different CdS samples, The large disparity between

-

these two results and also the value of Et = 0.12 eV from the
present work may well be explained in terms of interference from
other traps, (As Haine and Carley-Read did not thermally clean
their T.S.C, spectra it is not possible to apply a correction to
their values, However,comparison of the T.5.C. spectra shown in

Figure 5.5.1 with their spectra indicates that trap B may well have

been present.)

The method of analysis advocated by Bube (1955) does lead to
fairly.reproducible values of Et for a given trap in different
samples, There is, however, no reason to suppose that these are
the true values, Equation 3,5.1 may be rewritten to yield a Bube
thermal activation energy given by

= * * :
Et = kT log(Nc/nc ) 5.12.3

In the T.S.C., curves reported here the value of log(NC/nz ) varied
from 18 to 26, depending on the density of filled trapping centres,

This leads to a mean value Bube thermal activation energy, such

that
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Et = 22kT* 5.12.4

with an error of about 20%, This error is considerably smaller
than that incurred by curve fitting or allied techniques, where
lifetime variation is disregarded or insufficient thermal cleaning
is carried out. Thus the Bube value-gives a thermal activation
factor which may be used to describe a T.S.C. curve in a similar
manner to the approximation Et = 25kT* used by early workers on

thermoluminescence,

The initial rise method first proposed by Garlick and Gibson
(1948), although basically sound, was not often usea in the present
work Dbecause of the overlap of the peaks investigated. ‘When the
second of three overlapping peaks is thermally cleaned, great care
is required to ensure that this trap is not emptied to the extent
that it becomes only a shoulder on the next highest peak.
Inherently,.there may be a small contribution left from the lowest
peak, which would affect the second mainly in the initial rise

region,
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CHAPTER 6

VARIATION OF THERMALLY STIMULATED CURRENT LEVEL WITH

CONDITIONS OF ILLUMINATION

6.1, Introduction

In the last chapter, the values of thermal activation energy,
capture cross-section and trap density were determined under con-
ditions which yielded a maximum in trap density and a minimum in
the variation of the free electron lifetime with temperature.

For the majority of samples investigated, a change in the mag-
nitude of the T,S.C, was found with the temperature at which the
illumination was switched on during cooling, prior to the T.S.C.

measurement.

The results presented in this chapter are for measurements
made-using a two probe-electrode configuration as described in
Section 4.3(a), so that the observed changes in the magnitude of .
the T.S.C. might be cgused by contact effects. or by trapping
centres lying near to the surface of the CdS samples, A more
detailed investigation of contact and surface effects is given in
Chaﬁter 7. The phenomena reported here are confined to those
which have no apparent association with effects due to surface-

traps or the contacts,

A variation of the T.S.C. due to bulk effects can be explain-
ed in terms of a change in the free electron lifetime. The mag-
nitude of the T.S.C. can also vary due to a change in the density
of photochemical centres, or due to the change in the occupancy of

traps surrounded by a potential barrier,
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6.2, Variation of the Free Electron Lifetime

As described in Chapter 5, an estimate of the variation of
the free electron lifetime with temperature w;s obtained by
measuring the photocurrent as a function of temperature, at a
current level approximately two orders of magnitude greater than
that of the T.S.C. From Equation 2,1.5 it can be seen that the
value of photocurrent is a direct measure of the product of the
free electron lifetime and mobility, This product is of para-
mount importance in determining the shape of the T.S.C. curve for
an isolated trapping centre, and hence-the spectrum which is the

sum of such curves,

For samples investigated in this thesis, the illumination
could be switched on at any desired temperature, T., during cool-
ing to liquid nitrogen temperatures prior to the measurement of
‘either the T.S.C. or the photocurrent as a function of temperature,
By comparing the measurements of the photocurrent and the T.S5.C.,
made under the same conditions of pre-illumination, it is possible
to differentiate between variations of the T.,S.C. due to the
lifetime-mobility product and those due to a real variation of
trap density or occupancy. The free electron mobility would not
be expected to vary greatly for different illumination treatments
to the sample in the temperature range of the T.S.C. measurements,
and in consequence changes in the photocurrent level with illumin-

ation schedule can be attributed mainly to lifetime effects,

With most samples, the magnitudes of the T.S.C. and photo-
current were larger when the illumination was switched on at
higher temperatures, though in the majority of cases the maximum
change was by a factor two or less. These changes can be -
explained in terms of an increase in free electron lifetime,

Three samples investigated showed variations of photocurrent of a
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few orders of magnitude, depending on the value of Ti used,

Figure 6.2,1 éhows the T.S.C. spectra for sample grown with
Ts = 50°C, The sample was cooled and illuminated with a tungsten
lamp from 388°K, 200°K and 90°K. The photocurrent versus temper-
ature curves, shown in Figure 6.2.2, were obtained for the same
sample using a number of values of Ti between 388°K and 90°K,
The large variation of free electron lifetime is reflected in both
sets of curves, Similar changes in thé free electron lifetime
were observed in samples grown with TCd = 550°C and TS = 450°C, so
that no correlation can be made between the growth conditions and

the observation of this phenomenon,

The thermal sensitisation can be seen to be associated with a
comparatively small temperature region, From Figure 6.2.2, it is
clear that the photocurrent, and hence the lifetime, is very
sensitive to illumination for values of Ti between 168°K and 202°K,

o _ O~ . .
cd 550°C and TS = 450 °C the rapid

increase in photocurrent with increasing temperature also occurred

For the samples grown with T

at a temperature of about 200°K, This suggests that the sensit-
isation process is asgociated with a definite thermal step, As
the free electron lifetime 'is inversely proportional to the
density of Class 11 centres filled with holes (Equation 2,2.1),

the sensitive state occurs when the Class 11 centres are occupied

in lesser density by holes than when the sample is insensitive,
The sensitisation of samples discussed in this section may be
explained in terms of hole traps, each of which is surrounded by

a potential barrier. When the sample is illuminated whilst cool-
ing from high temperatures (Figure 6.2,2 curve (a)), the free
holes so created may be captured by the hole traps. The occup-
ancy of the Class 11 centres by holes is reduced, because some of
the holes are captured at the trapping centres, and the sample is

in its sensitive state. Excitation at low temperatures after
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cooling in the dark creates free holes, though they connot sur-
mount the barriers surrounding thé traps, . As the temperature 1is
raised under illumination (Figure 6.2,2 curve (b)), the thermal
energy of holes in the valence band becomes sufficient to surmount
the.barriers and the traps are filled with holes, The occupancy
of the Class 11 centres by holes is reduced, because some of the
holes are captured at the traps, and this leads to a higher free

electron lifetime,

Four Chance coloured filters peaking in the blue, green,
yellow and orange regions of the spectrum (filters OB 10, OY 12,
OY 18 and OY 1 respectively) were individually interposed between
the tungsten lamp and the TS = 50°C sample during illumination,
'together with two Chance HA 1 filters and a one centimetre path
Iength of 10% coppér sulphate solution, The photocurrent was
also monitored usinga tungsten lamp from which the infrared had
been removed, No significant change in the general shape of the
photocurrent versus temperature curves was found under these

conditions,

The large change.in the free electron lifetime will be dis-
cussed in the later chapters dealing with infrared quenching and
spectral response, and infrared luminescence, Particular
emphasis should be placed on the observation of luminescence
changeé which occur in the same temperature region as that for the
photocurrent rise, thus indicating that the effect cannot be
attributed to contacts, This was further confirmed in the con-

tact measurements which are described in the following chapter,

Variations in the level of the photocurrent with time under
constant illumination and temperature have been reported by a
number of workers (e,g. Zomov and Serdyuk 1969). In only two

cases were such effects observed in the present work, The first
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is discussed in connection with the traps which empty at approx-
imately 270°K and 300°K in a sample grown with Tg = 300°C (Section
6.3(b)). The other was observed during four probe measurements,

This is described in Section 7.3(c).

6.3, Photochemical and Potential Barrier Trapping Centres

The last section demonstrated that some of the variations of
the T.S.C. spectrum can be explained in terms of a change in the
free electron lifetime, Where a variation of T,S.,C. occurs, with
no corresponding change in the photocurrent, it must be assumed
that the density or occupancy of the traps varies with the temper -
ature of illumination, Two possible models may be used to

explain such phenomena,

Trapping centres which are observed only following illumin-
ation at high temperatures may be created under these conditions,
and may not exist following illumination at lower temperatures,
Where native defects, such as vacancies or interstitial atoms,
occur close to one another in the host lattice, then at sufficient-
ly high temperatures éhese may associate or dissociate to form a
trapping centre, Thus, they will only be observed when there is
sufficient lattice thermal energy to create the centres, Traps
of this nature are called photochemical traps, and the change in
magnitude of the T.S.C. with temperature of illumination corres-

ponds to a change in the density of these centres,

Another possible explanation of the observation of particular
trapping centres following high temperature treatment, is that
each centre is surrounded by a potential barrier, A£ elevated
temperatures, the free electrons in the conduction band have
sufficient thermal energy to surmount the barriers surrounding such

centres, so that their occupancy increases with increasing
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temperature of illumination,

In both cases, the peak height of the T.S.C. would be
expected to increase exponentially with increasing temperature of
illumination. For the photochemical centre this exponent is
associated with the activation energy required to create the trap,
and for the potential barrier trap the exponent is determined by

the barrier height,

Two variations in the density of trapped electrons were
observed during the course of the present work, These variations

were associated with

(a) trap H (T* = 350°C and E, = 0.60 eV) and

(b) trap F (T* = 270°K and E, = 0.75 eV) and trap G

(T* = 300°K and E, = 0,53 eV).

6.3(a). Trap H

The trapping parameters for this centre are given in Table
5.9.1. The agreement between the Bube thermal activation energy
and that found from ﬁonomoiecular curve fitting, and also the
change in T*¥ with the magnitude of the T.S.C. (see Figure§ 6.3.1
and 6.3,2), indicates that trap H is a fast trap. The capture

cross-section of 2.0x10-20cm2, which was calculated on the
assumption of monomolecular recombination is therefore open to

question,

.Although trap H was observed in two samples grown with TS =
3000C, it was not detected in any other sulphur rich sample
(TS > 300°C). In all but one cadmium rich sample ihvestigated,
the density of these traps decreased with decreasing Ti' Figures
6.3.1 and 6.3.2 show the T.S.C. of traps F, G and H in a sample
grown with TCd = 350°C, for different values of Ti under illumin-

ation by infrared filtered and unfiltered tungsten radiatiom
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respeétively. Trap H can be seen on the right hand side of these

figures,

If it is assumed that the variation in the height of the
T.S.C. curve is associated with the creation of trapping centres
of density Nt’ then

N, = Noexp(-Ea/kTi) 6.3,1

where E_ is the activation energy for the photochemical creation
of the trapping centres, and Ti is the temperature at which the
illumination of the sample was begun during the cooling cycle of
the T.5.C. schedule, A similar relationship is obtained for a
trap surrounded by a potential barrier, where Ea represents the
barrier height, A more detailed appraisal of the two models will
be_given in the discussion at the end of this chapter, where the

results of other workers will be considered,

Figure 6.3.3 shows a plot of I* (which is proportional to
trap density) versus the reciprocal of Ti' for illumination with
an infrared filtered tungsten lamp, An activation ene?gy of
0.27 eV was obtained, Similar values were found for four other
samples showing the effect, |

In addition to the change in I* with T., a variation of T
was observed with the T.S.C. level.,. Such an observation is
consistent with that expected from a fast retrapping centre,

Using the notation defined in Chapter 3, the expression
t*zexp(t*)=NE/N T k 6.3.2
Ee /N BT, e

is obtained from Equation 3.7.8 for a fast trap, where T = T¥%,

Equating Equations 6.3.1 and 6.3.2, and eliminating Nt’ leads to

v 2 o
4 ~ Ik . H o -t - i, )
NcEtaaqnlt exp(t™) = Nocxp( Ea/kTi) 6.3.3
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This simplifies to
%2 x> _ '
log{Bt™") + t* + const = Ea/kTi 6.3.4

A plot of log(Bt*Z) + t¥ versus 1/Ti is drawn in Figure
6.3.4, yielding an activation energy of 0.20 eV, The difference
between this value of Ea and that found above (0.27 eV) may be
explained in terms of the considerable scatter of experimental

points for the two methods of evaluating Ea'

Trap H was also studied using filtered light in the ‘blue,
green and red regions of the visible spectrum. Barr and Stroud
interference filters centred on 4380 Ao, 5460 A® and 7700 A° were
individually interposed between the tungsten lamp and the sample;
the two shorter wavelength filters were accompanied by a one centi-
metre path length of 10% copper sulphate solution and two Chance

HA 1 filters, Where the 4380 Ao and 7700 A° filters were used

for trap filling, only a small variation of T.S.C., level was
observed following illumination at temperatures of 388°K, 270°K
and 95°K, The.green 5460 A®° radiation caused an order of mag-
nitude variation, similar to that observed under broad band

illumination,

6.3(b). Traps F and G

The trapping parameters for these traps are given in Table
5.9.1. The T,.S.C. associated with these traps were observed to
vary with Ti in both cadmium and sulphur rich samples, though the
change with Ti was not as simple as that for trap H. In cadmium
rich samples the changes in the T.S,C. curves for traps F, G and H

occurred simultaneously,

Only two cadmium rich samples showed a significant variation
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of traps F and G with.a change in T,. Figure 6.3,1 shows the
T.S.C. curves for a T,y = 350°C sample illuminated with T, = 388°K,
350°K, 270°K and 90°K, where the illumination was an infrared
filtered tungsten lamp, The curves in Figure 6.3,2 were obtained
using the same values of Ti and an unfiltered tungsten lamp.

With both types of illumination, a decrease in the width at half
height of the T.S,C. curve for trap G (Figure 6.3,1) and trap F
(Figure 6,3.,2) was observed, as compared with the T.S.C. of traps
F and G in other samples where there was little variation of peak
height with Ti' As explained in Section 5.9, the sharpening of
the T,S.C. curves means that analysis yields a high value of Et'
Thus values of E, = 1,0 eV w2re obtained for trap G (Et = 0,53 eV)
in Figure 6,3,1 ana for trap F (Et = 0,75 eV) in Figure 6,3,2,

P

using the curve fitting technique described in Chapters 3 and 5,

The peak height of trap G, following infrared filtered
illumination, is plotted against 1/Ti in Figure 6,3.5, and an
activation energy of 0.16 eV is derived from the line of positive
slope., A line of negative slope has been drawn through the two
lowest temperature points in Figure 6.3.5, yielding an activation
energy of 0,32 eV, This last value is only approximate, but it
indicates the order of magnitude of the negatfve activation
energy, A similar variation with Ti was observed for trap G after
the saﬁple was irradiated with unfiltered tungsten light, The
line of positive slope gave an activation energy of 0,14 eV and
that of negative slope an activation energy of 0,21 eV, The line
of positive slope may be considered to yield the activation energy
to destroy these centres, and the line of negative slspe the

activation energy to create or fill the traps,

Figure 6.3.6 shows the variation of the peak maximum current,

I*, of trap I versus 1/Ti, where points are given both for
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filtered and unfiltered tungsten irradiation, I* for trap F can
be seen to be relatively constant, except for Ti = 388°K with
unf{iltered tungsten radiation, The photocurrent was also

monitored for the same values of Ti as the T,5.C,, and an
increase in photocurrent was observed for unfiltered tungsten
illumination at Ti = 388°K, This corresponds with the increase
in the general level of the T.S.C. The density of trap F may

therefore be considered to remain unchanged with variation of Ti.‘

A similar change of traps F and G was observed in another
TCd ;.350°C sample, The main difference in the T.S.C. of the
two samples was that in the first sample described the maximum
T.S.C. for traps F, G and H were similar in magnitude, The
second sample showed a maximum value of T.S.C, for traps F and G

which was two orders of magnitude greater than that observed for

trap H,

A number of samples were taken from a Ts = 300°C boule, which
showed considerable changes in the T.S,C. levels of traps F and
G with Ti’ although trap H was not detected, The changes in the
T.S.C. level were in qualitative agreement with that observed in
the two cadmium rich samples, Figure 6.3.7 shows the T.S.C.

from F and G for one sample cut from this boule, using a number

of values of Ti'

Difficulty was experienced in finding a consistent variation

of trap F and G in the TS = 300°C samples for a number of reasons,

(a) The resolution of traps F and G was much better for
cadmium rich samples than sulphur rich samples, In:Figures é.3.1
and 5.3.2, the maxima of trap F and trap G can be clearly seen.
Figure 6,3.7 shows the T.S.C. in the temperature region at which
traps F and G empty, in a TS - 300°C sample, Although the two

traps cannot be resolved, thermal cleaning indicated that both
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traps were present,

(b) There were considerable differences, from sample to
sample, in the variation with Ti‘ Figure 6.3.8 shéws the
maximum current for the doublet, comprising traps F and G, for
the sample shown in Figure 6,3.,7, and for trap G in another sample
taken from the same boule, In both éases an infrared filtered

tungsten lamp was used to fill the traps,

(c) In sulphur rich samples the dark current in the region

of traps F and G is in some cases comparable in magnitude to the

T.S.C.
(d) Variation of lifetime occurred in some samples, which
was not always reproducible, In one sample a decrease in life-~

time was observed, as measured by the current level of the T.S.C.,
from one T.S.C. run to the next. In another sample continuous
illumination at 388°K led to a rise in photocurrent with time, as

shown in Figure 6.3,9,

Under these conditions widely differing values of activation
energies were obtaineé, from sample to sample, by plotting I*
against 1/Ti. A qualitative agreement with the variation
observed in cadmium rich samples can be seen in Figurg 6.3.8,
where a maximum in I® was obtained for values of Ti in the region

200°K to 300°K.

6.4, Discussion

In this chapter it has been demonstrated that variation of
lifetime can have a very significant effect on the observed T.S.C.
measured after differing conditions of illumination. Measure-
ments of photocurrent under the same conditions of pre—illumin-

ation can be used to show where such lifetime effects occur, The
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author knows of no report of a rapid increase in photocurrent with

increasing temperature, similar to that observed (see Figure 6.2.2)
during the course of the present work,

The variation in the magnitude of the T.S.C. for traps F, G
and H has been described in this chapter. Trap H was observed
mainly in cadmium rich samples, and increased exponentially with
increasing Ti' Trap G was observed to have a maximum in T.S.C,
for Ti in the range 200%K to 300°K, for both caamium and sulphur
rich samples, where a change in the T.S5.C. level was found,

Trap F varied with Ti in sulphur rich samples, although it was

relatively constant in cadmium rich samples for Ti < 388°K,

Woods and Nicholas (1964), and Cowell and Woods (1969) have
observed variations of the high temperature traps which are very
similar to those observed here, In both papers it was noted that
the density of trap H reached a maximum under illumination at high
temperature, Cowell and Woods also found an exponential increase
of trap H with Ti’ although their value of activagion energy
(0.07 eV) does not agree with the values of between 0.20 eV and

0.27 eV obtained from the present results,

Cowell and Woods also reported a variation of I* for a trap
with T* = 275°K, and a thermal activation energy of 0.85 eV,
This variation with Ti is almost identical to that observed fpr
trap G (E, = 0.53 eV) in cadmium rich samples, ' They found a
maximum in density for Ti = 200°K, and a plot of I* versus 1/Ti
gave activation energies of 0,18 eV and 0.32 eV for the lines of
negative and positive slope repectively, These values agree well
with the values of 0,16 eV and 0,32 eV, found in the present work
for illumination of a T = 350°C sample with an infrared filtered

Cd

tungsten lamp,

A large disparity can be seen between the values of Et found
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for trap G (0.53 eV) and that reported by Cowell and Woods (0,85
eV). This may well be due to the sharpening of the T.S.C. curve
(yielding a high value of Et) which occurs when there is a var-
iation of the T.S.C. with Ti“ Trap G gave values thch were as
large as 1,0 eV under these conditions, When no significant
change in the T.S.C. level was observed, thermal activation

energies between 0.47 eV and 0.57 eV were obtained,

Trap F yielded values of Et= 0.75 eV and T* = 270°K, which
are comparable to the parameters found by Cowell and Woods. In
most cases trap F gave high values of Et (1,0 eV) where the T.S.C.
spectrum changed with Ti' As described earlier (see Figure
6.3.6), the magnitude of trap F remained relatively constant for
values of T.1 < 388°K, and so does not behave similarly to Cowell

and Woods' 'trap F',

Bube et al, (1966) observed a T.S.C. curve with T* = 2899
in mixed CdS:Se crystals, The trap responsible for this curve
had a thermal activation energy of 0,73 eV, using a best fit mono-
molecular curve, Th§ magnitude of the T,5.C, varied with Ti such
that it was essentially constant for values of Ti below 180°K and
.;bpve 210°K, Bube et al, interpreted the change in the level of
tge T.5.C. in terms of a trap surrounded by a potential barrier,
Where tunnelling through the barrier is considered negligible, the

cross-section for capture of carriers, S is related to the

tc?
effective cross-section for escape of carriers, Ste’ by the
relationship
Ste = StcexP(Eb/kT) 6.4,1
where Eb is the barrier height, The results of Bube et al, were

consistent with a barrier height of approximately 0.3 eV, and

-14 2
c

values of S, and S, of approximately 10 m? and 107 9¢cm?
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respectively,

The value of 6.32 eV, found in the present work for the
exponential increase in I* for trap G with Ti’ is in good agree-
ment with the value of Bube et al, although the values of Et were
completely different, Another significant difference is that
Bube et al, did not observe a maximum for I¥ with Ti’ but reported

a saturation of trap filling for T, > 210K,

Cowell and Woods postulated that their traps, which compare
in T* and Et with traps F and H, varied in a photochemical
manner, They also proposed that their traps were associated,

In the present work, traps G and H behaved in a similar manner to
the traps reported by Cowell and Woods, Traps G and H do not

appear to be associated for three reasons,

(a) In most cadmium rich samples the variation of trap H

was not accompanied by a change of trap G,

(b) Trap H was not observed in most of the sulphur rich

samples, although a variation in trap G was observed,

(c) In the two cadmium rich samples investigated, the
ratios of the maximum value of I¥ for traps G and H was two orders
of magnitude, (The photocurrent versus temperature measurements
made on these samples indicated that the differences in the
T.S.C..could not be explained in terms of the free electron life-
time, )

Woods and Nicholas, and Cowell and Woods observed variations
of the high temperature traps in flow crystals annealed in sulphur
vapour, which were similar to those observed in the two cadmium
rich samples, Nicholas and Woods also found that trap G occurred
only in sulphur annealed flow crystals, In this thesis trap H

was detected mainly in cadmium rich crystals, but was also found
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in two sulphur rich Qamples. Traps F and G were observed in the
majority of sampleé investigated, Thus it would appear that the
high temperature traps can exist under both cadmium and sulphur
rich conditions, It seems reasonable to propose that they are
likely to be due to complex assocations of native defects and/or

impurities than to simple native defects,

Equation 6.3,2, for a fast trap at T*, shows that T” depends
on the two material parameters Th and Nt (the trap density),
Because T, was found from photocurrent measurement to be relative-
ly constant for the cadmium rich sample described in Section
6.3(a), the variation in T* for trap H suggests that it is caused
by a change in Nt' Such a change in density of a set of traps
is commensurate with centres of a photochemical nature, The
relatively good agreement between values. of Ea for trap H of
0.20 eV and 0.27 eV, deduced from the variations of I* and
respectively, also favour a variation in density rather than
occupancy, As trap H behaves as a fast trap it is difficuit to
equate a large capture cross-section with a centre surrounded by
a potential barrier, . The behaviour of trap H therefore strongly
suggests that it is a photochemical centre, whose activation

energy for creation is approximately 0.24 eV,

Trap G gave values of Et which were similar for both mono-
molecular curve fitting and Bube's method, This indicates that
trap G is also a fast retrapping centre. Again the large‘capture
cross-section is not compatible with a potential barrier centre,
The more complex variation of trap G with Ti’ yielding both an
activation energy for creation and destruction does nﬁt fit the
model propsed by Bube et al, Thus, the variation of trap G with

Ti favours a photochemical centre,
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CHAPTER 7

CONTACTS AND SURFACE EFFECTS

7.1, Introduction

The T.S.C. measurements described in Chapters 5 and 6 were
made on rod shaped samples with indium contacts made to each end,
as described in Section 4.3(a). With such a configuration of
electrodes it is not possible to determine how the T.S.C. is
modified by contact effects or to determine whether some of the
trapping centres observed are associated with the surfaces of the

samples,

In this chapter experiments are described in which a four
electrode arrangement was used to investigate the uniformity of the
potential distribution along a crystal. A three probe configur-
ation of electrodes was used to determine whether there was a sig-
nificant contribution to the T.S.C. from surface traps, The
effects of ambient pressure on the T.S.C. measurements, made on

samples with two probes, is also discussed,

T.2. Contacts

Indium and galliun have been used extensively to make contacts
to CdS, and Smith (1955) showed that both were ohmic, The indium
contacts used for the two probe measurements made during the pres-

ent work were tested against the following criteria:-
(a) Linearity of current-voltage curves under -illumination.

(b) Reproducibility of T.S.C. on reversing the current

through the sample,
(c) The absence of noise during T.S.C. measurement,

All samples were etched before contact was made, so that the
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the anomalous dark current effects, reported by Verdyuk and Bube

(1967), were rarely encountered,

It was considerably more difficult to maké ohmic contacts to
sulphur rich than to cadmium rich samples. This observation is in
agreement with the work of Stewart and Wilson (1967) who found a
similar difficulty. They found a correlation between the ease of
making ohmic contacts and the density of etch pits which could be
produced, They concluded that ohmic contact was made by diffusion

of the contact material into dislocations,

7.3. Four Probe Measurements

For this mode of measurement, the samples were provided with
contacts and mounted as described in Section 4.3(c), ° The experi-
mental arrangement used for the electrical measurements has also
been described earlier in Section 4.4, A side elevation of a
typical specimen with four electrodes (numbered 1 to 4) is shown

in the insert on Figure 7.3.1,

A potential of IQO volts was applied across the two end con-
tacts (1 and 4) and the T.S.C. or photocurrent was monitored with
the current flow via these contacts, The potential between the
central electrodes (2 and 3) was also recorded during the T.S.C. or
photocurrent run, Where a large variation of potential occurred,
further measurement was made between either of the end electrodes
and its nearest neighbour electrode (1 and 2 or 3 and 4), This
electrode number notation will be followed in the text below, since
it simplifies the description of the pairs of electrodes used for

potential or other measurement,

Four samples were investigated in the manner described above,
Three of these (A, B and C) were grown under cadmium rich

conditions and the fourth (D) was sulpbur rich. Using the three
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criteria listed in Section 7.2, the contacts to sample A were non-

ohmic whereas the contacts to samples B, C and D were ohmic,

7.3(a). Sample A

This sample was obtained from a boule grown with TS = 50°C,
Figure 7.3.1 shows the T.S.C. curves ((a) and (b)) for both direc-
tions of current through the sample after illumination with an
infrared filtered tungsten lamp during cooling from 388°K to 95°K.
Figure 7.3,2 shows (i) the potential developed between electrodes
2 and 3, and (ii) the potential occurring between electrode 1 (the
cathode) and electrode 2, during the observation of the T.S.C,
curve Figure 7,.3,1 (a), Figure 7.3.1 curve (c) shovs the thermal-
ly stimulated conductance derived from Figure 7,3.1 (a) and the
potential measurements in Figuré 7.3.2 (ii), (A thermally stim-
ulated conductance curve corresponding to the T.S.C. shown in -
curve.(b) Figure 7.3.1 has not been presented, because the T.S.C.
measurement was extremely noisy and so casts some doubt on the

reliability of the conductance values,)

From Figure 7,3.,1 it is quite clear that the end contacts can-
not be regarded as ohmic {from the second criterion in Section 7.2)
since there is a considerable difference between the T.S.C. for -
the two directions of current flow, For both directions of flow,
the majority of the applied potential was dropped between the
negative end electrode and its nearest neighbour electrode, Such
an observation is consistent with a rectifyiﬁg or non-ohmic con-
tact, The distortion of the T.S.C. curves, due to the imperfect
contacts, can be clearly seen by comparing the T.S.C. and thermal-

ly stimulated conductance values given in Figure 7.3.1,
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7.3(b), Sample B

Sample B was taken {from a boule grown with T = 350°C., When

Cd
the electrodes were applied, all three criteria for ohmic contact
were obeyed, Figure 7.3.3 shows the T.S.C., curve (a), measured
after cooling from 388°K to 95°K under illumination, whereas curve
(b) was monitored after cooling in the dark and illuminating at
95°K for five minutes. The excitation radiation was provided by
an infrared filtered tungsten lamp, The T.S.C. curves were
characteristic of cadmium rich samples, showing the variations

associated with the highest temperature trap which were discussed

in Chapter 6,

Figure 7,3.4 shows the potential dropped between electrodes 2
and 3 during the course of both the T.S.C. runs illustrated in
Figure 7.3.3. The magnitude aﬁd temperature variation of the
poten?ial dropped between electrodes 2 and 3.were the same when
the current was reversed in direction through the sample, The
minimum in potential can be seen to correspond to the maximum of
the trap emptying ét 300°K; As described in Chapter 6, this
centre can vary in density with differing illumination freatment,
and it would seem that the emptying of fhis trap is associated
with a space charge built up at the end contacts, The potential
between electrodes 2 and 3 remained practically constant when the
photocurrent was monitored as a function of temperature followiné

either of the two standard cooling schedules,

For completeness, the thermally stimulated conductance curves
are shown in I'igure 7.3;3, for comparison with the corresponding
T.S.C. curves also shown in this figure, The T.S.C. and thermal-
ly stimulated conductance spectra, made for the same illumination

schedule, can be seen to be very similar,
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7.3(c). Sample .C

This sample was obtained from a boule grown with T = 550°C,

Cd
According to the three criteria, the indium contacts were ohmic.
Under continuous illumination at room temperature a decay in

photocurrent was observed. Figure 7.3.5 shows the photocurrent

as a function of time during irradiation at 295°K, with an infra-

red filtered tungsten lamp.,

Figure 7.3.6 curve (a) shows the T.S.C. measured after a
schedule of illumination at room temperature for 25 minutes,
followed by cooling to 95°K under illumination, Curve (b) shows
the T.S.C., measured after a schedule of illumination whilst |
cooling from room temperature as soon as the illumination was
switched on, Two main features are evident from these curves,
i.e, the magnitude of the T.S.C; associated with the ‘low temper-
ature traps decreased while that of the highest temperature trap

increased, after illumination for 25 minutes at room temperature,

Figure 5.3.7 shows the potentials, as measured between
electrodes 2 and-3, which correspond to the T.S.,C., curves (a) and
(b) in Figure 7.3.6, Using these values of potential as a
function of temperature, the thermally stimulated conductance:
curves, corresponding to the T.,S,C. measurements, are also

presented in Figure 7.3.6.

Where the sample was illuminated during cooling from 388°K,
the resultant T.S.C. curve was essentially the same as that
observed. after 25 minutes illumination at room temperature
(Figure 7.3.6 curve (a)), Figure 7,3.8 curve (i) shows the
potential measured between electrodes 1 and 2, curve (i1i) shows
the potential measured between electrodes 2 and 3 and curve (1ii)
shows the potential measured between electrodes 3 and 4 during a

T.S.C. run made after illumination while cooling from 388°K,
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The apparent decrease in the density of the low temperature
traps is therefore associated with a build up of potential between
electrodes 1 and 2, When the current through the sample was
reversed while the crystal was illuminated, there was a decay in
the photocurrent, Under the reverse potential there was also a
decrease in the apparent density of the low temperature traps and
an increase in the T,S.C, associated with the highest temperature
trap, following the schedule which involved illumination at room
temperature for 25 minutes. The potentials measured between
electrodes 1 and 2, 2 and 3 and 3 and 4 were the same as those
observed before current reversal, for T.S.C. curves recorded using

the same illumination conditions,

Thus, the potential build up was associated with the same
electrodes (1 and 2) for both directions of current flow through
the sample, Such an observation is not compatible with any
theorf, known to the author, which describes a rectifying or non-
ohmic contact, It would seem most probable that the sample was
not homogeneous, and that part of the sample lying in the region
of the end contact (1) could suffer a large change in resistivity

under certain conditions of illumination,

Two probe T.S.C. measurements were also made between elect-
rodes 2 and 3, after !rradiation while cooling from 388°K, The
magnitude of the T.S.C. of the low temperature traps was approx-
imately a factor 4 smaller than that observed during four probe
measurements after cooling from room temperature under illumin-
ation, although the T.S.C. curves at high temperature were similar
in both cases. This indicates that part of the inhomogenecous
region lay between electrodes 2 and 3, Such an observation is
counsistent with the therma}ly stimulated conductance curves shown

in Figure 7,3.6. Here the apparent density of the low
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temperature traps is an order of magnitude smaller, following
illumination at room temperature for 25 minutes (curve (c)),
compared with the conductance monitored after illumination while

cooling from room temperature (curve (d)),

The density of the low temperature traps was again low
according to the T.S.C., monitored following five minutes irradi-
ation at.95°K. This, however, was not unexpected as other
samples cut from the TCd = 550°C boule had previously shown the
same phenomenon, see Section 6,2, where there is a decrease in the
apparent density of the low temperature traps, following irradi-
ation at low temperature, due to a decrease in the free electron

lifetime, The photocurrent was similarly decreased at low

temperatures following a similar illumination schedule,

Figure 7,3.9 curve (a) sho&s the photocurrent as a fuﬁction
of temperature following five minutes illumination at 95°K.
There is the anticipated rise in photocurrent at approximately
200°K. It should be emphasised that the isothermal decay in
photocurrent and the sharp rise in photocurrent with temperature
appear to be two separate phenomena, No large change in the
potential between electrodes 2 and 3 was detected during the T.S.C.
run following low temperature irradiation of the sample, Figure
7.3.9 also shows the photocurrent versus temperature for three
other relevant illumination treatments, It can be seen that
illumination during cooling from 288°K (curve (b)) and illumin=
ation for 25 minutes at room temperature (curve (c)) both cause a
decrease in the photocurrent level compared with the situation
following illumination whilst cooling from room temperature (curve
(d)). The structure of curve (a) is different from that of
curves (b), (c) and (d), and it should be noted that the sharp

rise in photocurrent with temperature is associated with the low
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temperature illumination treatment,

The isothermal decay of photocurrent in the region of room
temperature has been reported by a number of workers on CdS,
Recently, Zomov and Serdyuk (1969) observed a variation of photo-
current similar to that reported here, They explained the effect
in terms of a model with a single set of traps, of density Nt and
capture cross-section St’ and a single set of recombination
centres, They assumed that the occupancy of the traps increased
with time, and so decreased the density of recombination centres
occupied by electrons, This leads to a reduction in the free
electron lifetime with time, and hence an isothermal decay of
photocurrent, (It will be shown later in this section that the
present isothermal decay is commensurate with a photochemical
increase in the density of traps, and is not due to a change in
their occupancy. The arguments of Zomov and Serdyuk will however
be foilowed, as the decay observed here may be expressed in a

similar form to theirs,)

If it is assumed that the traps are initially empty and that
the density. of recombination centres occupied by holes is N_,
under illumination which creates F free electrons per second, then

the free electron density is given by

nC = F/NRSRV 7.3.1

where SR is the capture cross-section for electrons by recombin-
ation centres containing holes, and v is the thermal velocity of
the free electron. When n, traps are filled with electrons, the
free electron density becomes

- /(N A
n_ J./(.TR F nt)SRv 7.3.2

For an order of magnitude change in thc free electron
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lifetime NR << n,, and the f{ree electron density can be expressed

as

nc = F/ntsrv 7.3.3

The equation for the kinetics of trap occupancy, Equation 3,2,2,

may be rewritten so that

dnt/dt.= StvncNt - ntStVth 7.3.4

where the substitutions v = NcStv and Ncexp(-Et/kT) = th are made,

and where it is assumed that th >> n.. Integration of Equation

7.3.4 yields the relationship
/thJ(l - exp(-5 VN_ t)) 7.3.5

and when this value of n, is substituted in Equation 7.3.3 we

obtain the following expression

1/ni - 1/n2 = (llni)exp(—StVNc t) 713-6

t
where the value of n, at t—>co is given by

/2

1

ﬂAs the isothermal decay is attributed to a change in free
electron 1ifetime and not to a change in mobility, a plot of
log(l/Ii - 1/12) versus Lime should yield a straight line, Here
I is the.photocurrént at time t, Figure 7.3.10 shows the iso-
thermal decay of photoéurrent for sample C, measured at 303°K,
308.5%K, 322°K and 334°K, plotted in the form of log(I/Ii - 1/1%)
versus time, The initial part of each of these curves conforms
to a straight line, although they deviate from the ideal relation-

ship after some 10 to 20 minutes, This indicates that the
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photocurrent, and hence the free electron lifetime, is decreasing
more rapidly with time than would be expected from the simple
theory, The photocurrent versus temperature curves, illustrated
in Figure 7.3.9, indicate that the onset of thermal-quenching
occurs at approximately 300°K. Under these conditions, the free
electron lifetime is very sensitive to the position of the Fermi
level for electrons, (In Chapter 2 it was demonstrated that
thermal quenching occurs when the hole demarcation level for the
sensitising Class 11 centres lies in the region of these centres,
The electron Fermi level and hole demarcation level are intimately
related, as may be seen by reference to Equation 8,3.1.,) Thus
the decay in photocurrent cruses an additional decrease in the
free electron lifetime due to the effect of thermal quéncﬁing.
The dependence of the magnitude of thermal quenching on the free

electron density can be clearly seen in Figure 5.9.4.

Following the argument of Zomov and Serdyuk, the temperature

dependence of the decay can be found from the gradient, StVNc of

t)
‘- the curves shown in Figure 7.3.10 plotted in the form of log(grad-
ient) as a function of /T, Here T is the temperature at which
the decay was measured. Such a plot should yield the thermal

activation energy of the traps which are filled during the decay,

as N = Ncexp(—Et/kT).

Figure 7.3,11 shows log(gradient), from Figure 7.3,10
1/T yielding an activation energy of 0.17 eV, From earlier
T.S.C. measurements, illustrated in Figure 7.3.6, it can be seen
that the isothermal decay is associated with an increase in the
density of the highest temperature trap (trap H), which has a
thermal activation energy of 0.60 eV, Theve 1s a considerable
difference between the value of Et for trap H and the valune of
0.17 eV, found from the tecmperature dependence of the decay.

However, it has been shown in Chapter 6, that tvap H is createad
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photochemically with an activation energy of between 0,20 gV and
0.27 eV, The similarity between the activation energy found here
and the value found for trap H previously suggests that trap H is
again produced photochemically, so that the density of traps, n,,

created under illumination at time t is given by

n, = AncNt(l - exp(-Bexp(-Ea/kT)t)) 7.3.,7

where A and B are constants, N, is the maximum density of photo-

t
chemically produced traps at temperature T, and E (=0,17 eV) is
the activation energy for creation of the traps, (There is some
error in the decay curves, and hence the value of Ea’ due to the
effect of thermal quenching described above, It is not possible
to correct for the quenching of photocurrent, by recording the

photocurrent as a function of light intensity at fixed temperature,

because the decay itself would interfere with such measurements.)

7,3(d) Sample D

This sample was cut from a boule grown under sulphur rich
conditions with TS = 300°C. "Figure 7.3.12 shows the variation of
potential, measured between electrodes 2 and 3, during the course
of a T.S.C. run, Figure 7.3.13, made after illuminating the sample
during cooling from 388°K with an infrared filtered tungsten lamp.
The potential can be seen to be essentially constant, although a
minimum occurs at approximately 200°K corresponding to trap E
(Et = 0,44 eV) which is more prominent in sulphur rich samples,
The potential between electrodes 2 and 3 decreases at high temper-
atures, where the dark current is relatively high, A thermally
stimulated conductance curve islalso presented in Figure 7.3.13,
which corresponds to the T.S.C. spectra, The two curves can be

seen to be similar,
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7.4. Three Probe Measurements

Three probe measurements were made on samples which had
already been used for the investigations described in Chapters 5
and 6, A guard ring arrangement of electrodes was used in an
attempt to show whether surface trapping centres affect the T.S.C.
The preparation of three probe specimens is presented in Chapter

4; where two types of electrode configuration are described,

Essentially, samples of the type.shown in Figure 4;3,2 were
platelets approximately 1 mm thick, with an irregular‘shaped
cross-section, the area of which was of the order of 25 mmz. On
one side of the platelet an evaporated indium diéc, 1.2 mm in
diameter, was surrounded by an evaporated indium guard ring with
an internal diameter of 2.3 mm and an outside diameter of 3.5 mm,
A third indium contact, again disc shaped, was evaporated on to

the side of the platelet opposite that of the guard ring. This

contact was approximately 3.5 mm in diameter,

The second arrangement of three electrodes is shown in the
insert in Figure 7.4,5, In this case the samples were bar-shaped
some 6 mm long, with a rectangular cross-section of approximately

1 mmz. Indium contacts were evaporated on to both ends, and a

ring contact 1 mm in thickness was deposited some 1 mm distance

from one of the end contacts,

Electrical measurements were carried out by holding the anode
and guard ring at a similar potential with respect to the cathode,
Because the d,c, amplifier had to be interposed in the required
channel to make current measurements (either guard ring to cathode
or anode to cathode), the potentials of the guard ring and anode
were not ex-act.ly'equal° The voltage drop across the d.c, amp-
lifier was 1 volt for a maximum meter deflection. The influence

of this disparity of potential between the guard ring and anode
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- was investigated in two ways,

(a) Three probe T.S.C. measurements were made using
potentials of 10 volts, 50 volts and 100 volts acrbss the sample
4
for the same illumination schedule, Apart from the expected

changes in the magnitude, - the T.S.C. curves were essentially the

same,

(b) A known voltage was applied to one of the channels,
using a Tinsley Potentiometer, whilst the current was monitored
through the other channel, In addition, during these measure-
ments, made at room temperature under illumination, 100 volts was
applied across the sample, For a variation in pbtential of T 1
volt applied to the anode, the current in the guard ring to
cathode circuit showed negligible variation, though_ihe same
change in potential applied to the guard ring caused a variation
of approximately * 20% in the current flowing between the anode

and the cathode,

This lést observation indicates that the three probe measure-
ments, made for current flow through the anode, are in error by a
maximum of 20% due to the disparity between the anode and guard
ring potentials, A number of the experimental resdlts presented
in this section show that the current flowing through the anode
circuit is at least a factor 2 larger when the guard ring is
floating, than when the measurements are made using three
electrodes, Such effects cannot, therefore, be attributed to the
anode-guard ring potential dif{ference, (The error in the anode
current, under three probe conditions, is however a source of
erroxn {n the analysis of a T.S.C. curve when trapping parameters
are required, The samples used here had alvready been studied in
depth as described in Chapters 5 and 6. The similarity of the

T.5.C. spectra made using both two and three probe electrode
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arrangements shows that the same trapping centres are present,
Thus, detailed analysis of the T.S.C. curves is not required,)
During the three probe measurements, described below, either 50 or

100 volts were applied to the sample,

To study surface traps, it would appear instructive to com-
pare the current monitored through the guard ring circuit with
that flowing through the anode, using three probe measurements
madz following the same illumination schedule, However, the
differences in the electrode geometry for the two measurements
makes analysis difficult, Figure 7.4,1 shows the T.S.C, spectra
for a TCd = 350°C platelet sample, monitored after cooling undér
illumination from 388°K with an infrared filtered tungsten lamp,
Curves (a) and (b) are the anode and guard ring curves respective-
ly, using three probes and with 100 volts applied to the sample,
Curve (c) shows the two probe measurement made between the anode
and céthode, again with 100 volts applied to the sample, Curves
(b) and (c) are essentially the same in basic structure, although
their magnitudes are considerably different, This indicates that
the T.S.C. monitored in the guard ring circuit is structurally
similar to two probe measurements made between the anode and
cathode, For this reason, and also because of the large differ-
ence in the magnitudes of the anode (curve (a)) and guard ring
(curve (b)) T.S.C., due to electrode geometry, the results which
follow will show comparison of the current flowing via the anode,
with and without the guard ring held at a similar potential (e.g.

curves (a) and (c) respectively),

Figure 7.4.2 shows the spectral response of photocurrent of a
TCrl = 350°C platelet sample. These measurements were made at
950K, after cooling the samplc in the dark from 388°K. Curve (a)

shows the photocurrent measured between the cathode and anode with
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the guard ring floating, and curve (b) shows the response when the
guard ring was held at 100 volts (i.e. approximately anode
potential). The spectral response has not been corrected for the
spectral distribution of the tungsten lamp, however the same slit
settings and lamp intensity were used in both cases, A more
detailed study of the spectral response of a variety of samples is
reported in Chapter 8, 1In these experiments, the lamp current was
adjusted for each monochromator setting to provide constant light

energy incident upon the samples,

The most important conclusion to be drawn from the results
shown in Figure 7.4.2 is that for wavelengths less than about
0.5 um, the majority of the free carriers are generated close to
the surface. The results indicate, therefore, that the effects

. PiFFVSIoN

of fluorescent-induced bulk photocurrent and excitoanrom the
surface are small in the present sample. The observation of the
large decrease in the bulk photocurrent (Figure 7.4,2 curve (b))
for wavelengths shorter than 0,5 pum, also shows that the guard
ring configuration conforms to its expected role, i.e. measure-

ments made between the anode and cathode, with the guard ring held

at near anode potential, are a measure of the bulk conduction.

Theltwo T.S.C. curves obtained after illuminating the ;bove
TCd= 350°C sample during cooling, with a narrow band of light
centred on 0,65 pm, are shown in Figure 7.4.3, Curve (a) was
measured with the guard ring floating, and curve (b) with the
guard ring held at 100 volts. The structure of the two curves
can be séen to be essentially the same, though the magnitude of

the T.S.C, is different,

The T.S.C. was also monitored following illumination with

o]

light centred on 0,48 um during cooling (rom 388°K. Curve (a),

Figure 7.4.4 shows the T.S.C. measured in the anode lead with the
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guard ring floating, Curves (b) and (c) are for consecutive runs
with the guard ring held at 100 volts, and show that the T.S.C,
level of the high temperature traps is less than that observed
during two probe measurements, The significance of this observ-
ation will be discussed together wiéh the following three probe

measurements made on a bar-shaped sample,

‘The T.S5.C. of a bar-shaped TCd = 350°C sample, with three
electrodes, was also measured and is shown in Figure 7.4.5.

Curves (a) and (b) were obtained when the guard ring was floating,
and curves (c) and (d) when the guard ring was held at a similar
potential to that of the anode, In all four sets of measurements
the anode was held at a potential of 160 volts with respect to the
cathode, and illumination was switched on at 3889k during cooling,.
Curves (a) and (c) were obtained following excitation with a 750
watt tungsten lamp filtered by two Chance HA 1 filters apd a one
centimetre path length of 10 % copper sulphate solution, together
with a Barr and Stroud interference filter centred on 0.4358 um,
Curves (b) and (d) were measured using the same copper sulphate
and Chance filters and a Barr and Stroud interference filter
centred on 0.5460 um, The T.S.C. monitored after irradiation
with this latter 'green' light showed a much more pronounced-
structure of the three highest temperature traps, The T.S.C.
level of the high temperature traps, during the three probe
measurements shown in Figure 7.4.5, can be seen to be greater by
two orders of magnitude when green light was used to fill the

traps, than when blue light was used,

Some of the differences in the current level, and T.S.C,
spectra, in Figures 7,4,4 and 7.4.5 are due to the differences in
contact configurations. The essential similarity is that,

following illumination with blue light, the T.S.C. level of the
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high temperature traps is relatively low during bulk measurements.
The results for the séectral response of photocurrent, Figure
7.4.,2, show that blue light is strongly absorbed at the crystal
surface, Hence one would expected that mainly surface traps
would be filled under blue irradiation, This is substantiated by
the three probe measurements in Figure 7.4.5, where green illumin-
ation causes a greater number of traps to be filled than blue
irradiation, Comparison of the curves shown in Figure 7.4.5
indicates that the ratio of the high to low temperature traps,
from curves (c) and (d), is greater for the bulk than for the two
probe measurements. This implies that the shallow traps, which
are observed at low temperature, are present at the surface in

greater concentration than the deep, high temperature centres,

Illumination with broad band visible radiation from a 750
~watt tungsten lamp, filtered with two Chance HA 1 filters and a
one centimetre path length of 10% copper sulphate solution to
remove infrared quenching radiétion, yielded T.S.C., spectra very

similar to those observed using narrow band green light,

Two sulphur rich platelets (Ts = 300°C) were investigated

using the infrared filtered, wide band radiation -as defined above,.

Figure 7.4,6 shows the T.S.C. obtained after cooling under illumin-

ation from 388°K, Curve (a) was monitored with the guard ring
floating and curve (b) with the guard ring held at anode potential,
Following these measurements, the sample was subjected to bombard-
ment by 2 KV hydrogen ions for 165 minutes. From the area of the
discharée glow and the ion current, an estimated ion flux density
of 1016cmnzsec-1 was used, The T.S.C. measurements made after
this treatment are shown in Figure 7.,4.7, where curves (a) and (b)
wcecre measured under the same conditions as curves (a) and (b):in

Figure 7.4.6,
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In Figure 7.4.7 (as in Figure 7.4,6) the two and three probe
measurements are similar ;nd so demonstrate that the bombardment
did not affect the conductivity of the surface, Comparison of
Figures 7.4.6 and 7.4.7 shows, however that ion bombardment did
decrease the T,.S.C, in the region of the maximum at approximately
200°K, The two and three probe measurements in Figure 7,4,7
indicate that the trap associated with the 200°K maximum is a bulk
entity, Hence the change in the apparent magnitude of this trap
could be due to bombardment-induced surface states which affect
the lifetime, (The hydrogen ion would be expected to affect the

crystal only in the surface region.)

The second sulphur ricl. platelet was cuf from the same (TS =
300°C) boule as the sample discussed above, Both of the flat
surfaces were ground using 600 LLC. carborundum powder in water,
The sample was then washed in distilled water, but no attempt was
made to etch the surfaces, The T.S.C. measured after irradiation
while cooling {from 388°K is shown in Figure 7.4.8. Curve (a) was

obtained with the guard ring floating, and curve (b) with the

guard ring held at 100 volts,

It was thought that the surface grinding might well create
trapping centres which would show up under three probe T.S.é.
measurement, This was clearly not the case as the curves in
Figure 7.4.8 demonstrate, The structure of the T.S.C. spectra
are similar for both two and threc probe measurement, and are
typical of other samples taken from this boule, However, the
difference in the current level between the two and three probe
curves suggests that the surface treatment created a more highly

conducting surface,

7.5, Effect of Ambient Pressure on the T.S,C. Spectra

During the course of the present work a number of samples
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were studied using the same irradiation conditions, in air
pressures of approximately 5x10_5 torr and 10-2 torr, The effect

on the T.S.C. was found to be negligible for all samples,

A number of workers have observed marked changes in the T.S.C,
and spectral response of photocurrent associated with the sorption
of oxygen and water vapour by CdS samples, using ambient pressures
similar to those reported here. - Bube (1953) has studied the
effects of water vapour on the spectral response of CdS samples,
and Reed and Scott (1964) and Mark (1965 (a) and (b)) considered
the effects of oxygen absorption, In all cases, higher pressures

of these ambients decreased the surface lifetime."

In the following chapter it will be demonstrated that the
spectral response of photocurrent for a cadmium rich sample (TCd =
350°C) was slightly sensitive td ambient pressure, when a range of
fféssure was used which was larger than that for T.S.C. measure-
meﬁt. When the response measurements were made at 388°K, a
change in air pressure from atmospheric:pressure to 5x10-5 torr
caused less than a factor 2 increase in the photocurrent level,
Thus, an effect due to ambient may have been seen in the T.S.C.
measurements had they been made on the present samples under ultra

high vacuum conditions,

7.6, Discussion

Three main features of the work presented in this chapter are
of direct relevance to the two probe T.5.C. measurements which

were discussed in Chapters 5 and 6,

(a) The four probe measurements indicate that the use of
the three criteria for ohmic contacts give adequate protection
against the inadvertent use of non-ohmic contacts, However, in

all the samples examined, some variation in the potential dropped
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between the central electrodes (2 and 3) occurred during the four
probe T.S.C, studies,'so that measurement of thermally stimulated

conductance should yield more accurate results.

The use of the four probe configuration of electrodes also
demonstrated the existence of crystal inhomogeneity, which has
also been observed by Islam and Woods (1970) in samples grown in a
similar manner to those measured here, In only one case was an
isothermal variation of photocufrent with time observed during the
course of two probe measurements. Thus, it may be assumed that
inhomogeneities, of the type found in sample C (Section 7.3(c)),
did not play a significant detrimental role in the present two

prebe studies,

(b) With the CdS samples investigated here, excitation with
broad band visible light, with the infrared quenching element
removed, yields T.S.C. spectra. which are not greatly influenced in
structure by surface states, although the carrier lifetime is
almost certainly governed in part by the crystal surface. Even
when a deliberate attempt was made (by ion bombardment and by
measuring a lapped and unetched sample) to induce surface states,
the three probe technique revealed no significant change in the

structure of the T.S.C. spectra.

(c) No large change in carrier lifetime was observed when

the ambient pressure was changed by three orders of magnitude,

Thus the two probe T.S5.C., measurements appear to be.represent—
ative of the bulk material, However, the three probe measurements
made using narrow band visible illumination seem to indicate that

the shallow traps occur in greater density at the crystal surface,

Three probe measurements on cadmium and sulphur rich platelets

show that the surface states have a significanl effect on the
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surface conduction for cadmium rich samples, where there is a
large difference in the T.S.C. levels for two and three probe
measurement, The sulphur rich samples, when etched, do not show
such large changes, This supports the spectral response measure-
ments to be reported in the following chapter, where a cadmium
rich sample was found to be more sensitive to ambient pressure

than a sulphur rich sample,
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CHAPTER 8

SPECTRAL. RESPONSE AND INFRARED QUENCHING OF PHOTOCURRENT

8.1, Introduction

The spectral response and infrared quenching was measured
for representative samples taken from among those on which T.S.C,.
mecasurements had been made (see Chapter 5). Significant differ-
ences were found between samples grown in a cadmium rich atmos-
phere and those grown under sulphur rich conditions, Where
impure starting material was used to grow the boule crystals

anomalous results were obtained.

The spectral response and infrared quenching measurements
will be interpreted in terms of a model, shown in Figure 8,1,1,
which contaips two sets of Class 11 centres (11a and llb) together
with a set of Class 1 centres, Infrared quenchihg results from
the optical excitation of electrons to the Class 11a centres
either from the valence band (Transition 1) or from the Class 11b
.cgntres (Transition 2), . Transition 2 also involves a thermal
step so that holes are freed to the valence band. The photo-

current is quenched when the resulting freed holes are captured

at the Class 1 centres,

8.2. Spectral Response Measurements

These measurements were made on bar-shaped samples having an
indium contact at each end. The experimental arrangement has

been described in Chapter 4,

It was found necessary to prolong the illumination at each
wavelength for some time (about 15 minutes) to enable the photo-

current to reach equilibrium, so that continuous variation of the
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exciting wavelength was not used, Instead, the photocurrent was
measured at a number of fixed wavelengths after equilibrium had
been reached, By adjusting the tungsten lamp current, the
exciting radiation from the monochromator was arranged to give the
same response on a thermopile at each wavelength, From the
sensitivity of the thermopile and the gain of the Barr and Stroud
amplifier, the energy density of fhe exciting radiation in the

9 2

region of the sample was calculated to be 5,10 ’uWem °,

8.2.1, Dependence of the Spectral Response on the Conditions

of Crystal Growth

Figure 8.2,1 shows the spectral response measured at 90°K,
after cooling in the dark from 388°K, for five samples taken from
different boule crystals grown f?om Optran starting material,
Curfeg (a) and (b) were obtained from two samples grown with Teq =
350°C, Curves (c), (d) and (e) were monitored for samples grown
with sulphur reservoirs held at 50, 300 and 450°C respectively,
All the samples were of approximately the same dimensions, i.e.

with a 1 mm2 cross-sectional area and with 2 mm to 3 mm between

contacts,

Three significant observations can be made from these curves,
(a) The response at approximately 0,48 pm is two orders of
magnitude greater with cadmium rich samples than with sulphur rich

samples,

(b) The response for cadmium rich samples is markedly

greater in the region 0,50 pum to 0,70 um,

(c) The short wavelength response decreases rapidly with

decreasing wavelengths for the more sensitive cadmium rich samples.
. . |

Bube (1956) reported a similar family of spectral response
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curves for CdS which showed thesé Fhree features, He interpreted
the variation in sensitivity in terms of changes in stoichiometry
or impurity concentration during the growth of his crystals, The
present observations indicate that the increase in sensitivity,
with increasing cadmium content, is due to changes in stoichio-
metry though it is by no means certain that the process is

governed by simple native defects,

The threshold of photoconductivity for the cadmium rich
samples occurs at approximately 0,75 um, whereas that for sulphur
rich samples occurs at approximately 0.60 pm, Thus, in the dark
at 90°K the cadmium rich samples contain centres filled with
electrons up to approximately 0.85 eV from the valence band, In
sulphur rich samples under the same conditions, centres are only

filled up to an energetic separafion of 0.43 eV from the valence

baqd.

The response in the short wavelength region has been shown by
Reed and Scott (1968) to vary considerably with electrode config-
uration, They found that the response was greatest where two
contacts were made to their crystal platelets on the saﬁe side as
the incident illumination. The present contact arrangement is
very similar to this optimum condition. - Reed and'Scott also
showed that their short wavelength.response could be fitted to
theqretical contributions from surface photocurrent and a bulk
photocurrent excited by fluorescence from the surface region.
The spectral response of a cadmium rich sample with three probes
1s shown in [igure 7.4.2. Although this sample had a somewhat
different electrode configuration, the large ratio between the
surface and bulk response for Qavelengths shorter than the band
gap suggests that fluorescence—induced bulk photocurrent, and also

exciton diffusion from the surface, is comparatively small in the
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present samples, The decrease in the spectral response is there-
fore indicative of the presence of surface states with a short

free electron lifetime,

8.2.2. Effect of Illumination on the Low Temperature Spectral

Response

The spectral response measurements described in Section 8.2,1
weré obtained after each of the samples had been heated to 388°K
and cooled in the dark to 90°K, Because changes in the T.S.C.
and photocurrent with temperature were observed in some samples,
following previous illumination at different temperatures, the
effect of illuminating the sample with a 250 watt tungsten lamp
(filtered to remove the infrared quenching radiation) prior to the

response measurement was also studied.

o
S_.300 C and TS =

450°C, showed no significant variation in the spectral response

The two sulphur rich samples, grown with T

after the illumination treatment, The two cadmium rich samples
showed a marked increase in response after illumination. Figure
8.2.2 shows the spectral response of a cadmium rich sample ﬁonit—
ored immediately after cooling in the dark to 90°K (curve (a)) and
the response following five minutes illumination at 90°K (curve
(b)). (After illuminating cadmium rich samples at 90°K, it was
necessary to heat the samples to approximately 150°K and then cool
in the dark to 90°K. Without this treatment, the isothermal
emptying of the shallowér traps yielded a background current of
the order of 10—9 amperés which obscured the long wavelength

threshold of photocurrent.)

In Section 6,2, it was shown that a few samples exhibited a

large change in photocurrent with temperature at about 200°K (see
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~Figure 6.2.2) when they had been cooled in the dark before excit-
ation, Figure 8.2.3 shows the spectral response of such a sample
(TS = 50°C) at 90°K, where curve (a) was monitored after the
sample had been cooled in the dark from 388°K, and curve (b)
obtained after cooling from room temperature under illumination.
Again, the increase in sensitivity was associated with an increase
in the contribution.to the photocurrent on the long wavelengtﬁ
side of the band edge, though for the sample to which Figure 8,2.3

refers, this has been achieved simply by illumination.

The infrared quenching of the sample grown with Tg = 50°C
also showed considerable changes when it was monitored at 90°K
(see Figure 8,3,3) following the th illumination treatments used
in Figure 8.2.3. The spectral response and infrared quenching

measurements will be discussed in Section 8.5,

8.2.3. The Ef fect of the Ambient Pressure on the Spectral

ResEonse

Attempts to measure the effect of air pressures of 10-5 torr
and one atmosphere, on the spectral response of one of the -sulphur
rich samples and one of the cadmium rich samples, were made at
room temperature and 388°K. Previous measurements of the T.S.C.
in air pressures of 10"2 and 10-5 torr showed negligible differ-
ences with all the samples investigated, Spectral response
measurements at 90°K and room temperature, for the five samples
discusscd in Section 8.2,1, were also unaffected by changes in

, -2 -5
ambient pressure between 10 and 10 torr,

With the sulphur rich sample, no difference was observed
between Lhe photocurrents measured at pressures of 10—5 torr and
one atmosphere either at room temperature or 388°K, Although the

cadmium rich sample was unaffected by changes in ambient pressure
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. at room temperature, there was an increased response at 388°K for
a pressure o£.10-5 torr compared with atmospheric pressure, The
increase in sensitivity at the lower pressure was by less than a
factor two, Figure 8.2.4 curves (a) and (b) are tﬁe spectral
response curves for the cadmium rich sample measured at pressures
of 10-5 torr and one atmosphere respectively, The current at
long wavelengths is associated with the dark current, which

becomes significant at 388°K,

It has been shown in Section 8.2.1 that cadmium rich samples
are more‘sensitive than sulphur rich samples, and in Chapter 7 it
was also demonstrated that the surface of a cadmium rich crystal
carried a significant propoition of the free electrons, In
addition, samples grown in cadmium rich conditions should have a
greater density of sulphur vacanéies than sulphur rich ones, The
sulphur vacancy would be an ideal site for substitution of an iso-
electronic oxygen ion, or other negative.iqns (e.g. OH ). The
effect of surface adsorption would therefore be expected to be

greater in cadmium rich samples,

For completeness, it should be noted that a greater effect,
due to ambient pressure, may have been recorded had the present

measurements been extended to ultra high vacuum conditions.

8.2.4, Anomalous Spectral Response

In Section 5,11, the T.S,C. spectra of two samples grown from
Derby Luminescent grade material were shown to be significantly
different from those recorded with Optran material, Figure 8.2.5
shows the photocurrent as a function of wavelength for the two
Derby samples, The measurements were made at 90°K after cooling
in the dark from 388°K, Curve (a) was obtained from a boule

crystal, which was grown with T - 300°C. Curve (b) is for a

Cd
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crystal grown with T, = 350°C, The large difference in sensit-

S
ivity, which was observed between Optran samples grown in cadmium
and sulphur ambients, was not evident in the Derby crystals, The
spectral responses of the Derby samples are anomalous because the
sulphur rich Derby sample, which was more sensitive than the
cadmium rich sample, also showed a greater response at long wave-
length. With Optran grown boules, cadmium rich samples were more
sensitive and their response was greater at long wavelength,

The effects of stoichiometry were presumably swamped by impurities

introduced with the starting material,

8.3. Infrared Quenching

The infrared quenching of the photocurrent was measured with
the samples illuminated with primary excitation supplied by a
tungsten lamp, filtered by two Chance HA 1 infrared absorbing
filtefs and a one centimetre path length of 10% copper sulphate
solution. The quenching radiation was derived from the output
slits of a Barr and Stroud double prism monochromator. The
quenching radiation was such that its energy density was held

constant at 4.'10_7|1Wcm-2 at each wavelength,

For all the samples investigated it was necessary to reduce
the primary light intensity, using a 1% Barr and Stroud neutral
density filter, so that appreciable quenching could be observed,
This represented a flux of approximately 102 lumens/(metre)z'

incident on the sample from the primary excitation,

Quenching measurements were made at 90°K and at room temper-
ature on the samples discussed in Sections 8,2.2 and 8.2.4, The
measurc of quenching used is the percentage decrease in the

primary excited photocurrent,
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8.3.1, Crystals Grown from Optran Material

The infrared quenching data for the two samples grown with
Teq = 350°C were similar. Figure 8,3,1. curve (a) shows the

quenching spectrum obtained at 90°K, and curve (b) that at room

temperature for one of these samples,

The curves in Figure 8.3.2 illustrate the infrared quenching
at liquid nitrogen and room temperatures for the sample grown with
Tg = 450°C.  The sample grown with Tg = 300°C showed a similar

basic structure to that depicted in Figure 8.3.2, though the two

room temperature bands were not so well defined,

By comparison of Figures 8,3.1 and 8,3.2, it may be seen that
the long wavelength btand, which was only observed at room temper-
ature in cadmium rich samples, also occurred at low temperature in

sulphur rich samples,

In Section 8.2.2 it was demonstrated that the sensitivity and
long wavelength spectral response at 90°K for the sample grown
with TS =50°C could be increased by illumination from room temper-
ature prior to the response measurement (see Figure 8.2,3).

Figure 8.3,3 curve (a) shows the quenching spectrum, measured at

90°K, after cooling the sample in the dark from 388°K._ Curvé (b)
shows the low temperature quenching after excitation of the sample
with primary irradiation during cooling from 388°K, Curve (c) is

the room temperature spectrum,

Thus, in the less sensitive state, curve (a), the low temper-
ature quénching is similar to that obtained from the less sensit-
ive sulphur rich samples, and in the more sensitive state, curve
(b), the low temperature quenching resembles that observed in

cadmium rich samples,

The. experimental wrcsults presented in this section are
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indicative of two main quenching bands, which is in agreement with
other workers. fhe similarity of the room temperature bands
suggests that the same quenching mechanism occurs in both cadmium
and sulphur rich samples.. The model which accounts for these two
bands has been shown in Figure 8.1.1, where the long wavelength
band is caused by Transitioﬁ 1 and the short wavelength band by
Transition 2, From the quenching data in this section the
optical Transition 1 is approximately 0.92 eV using the maximum of
the long wavelength band (1.35 um). The threshold of the short
wavelength band (1.05 pum) yields a value of 1.2 eV for Transition
2. These are substantially the same values (0.89 eV and 1.1 eV)
as given by Bube (1960), who discussed this model-in detail,
Bube is of the opinion that the long wavelength band is not seen
at.low temperatures, though both bands are seen at room temper-
ature (as in Figure 8.3.1). He assumed that the thermal ionis-
ation of holes from the Class 11, centres (Figure 8.1.,1) only

b

becomes significant at elevated temperatures,

The hole demarcation level (H.D.L;) for centres 11b is the
key parameter which determines whether or not there is a signif-
icant thermal ionisation of holes to the valence band, When the
H.D.L. lies below the centres, electron recombination is more
probable (see Section 2.,5). The present results suggest that,
during infrared quenching at 90°K, the H.D.L. for centres 11b lies

above these centres in sulphur rich samples and below them in

cadmium rich samples,

A value of the H.D.L., Dp’ (for a centre with a capture cross-
section Sp for holes when filled with electrons, and a capture
cross-section Sn for electrons when filled with holes) has been

given in Section 2.5, The H.D.L. may also be expressed in the

form
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Dp = B, + leog(Sp/Sn)

+ (3/2)kTlog(m /m!) 8.3.1

To a first approximation mh/mé = 1, so that DP depends on the

electron Fermi level and the ratio Sp/Sn’

Values of Efn were calculated for the samples discussed in

this section from their photoconductivity at 90°K, when they were
illuminated with the primary excitation used for the infrared
quenching measurements, Efn was 0,14 eV for both of the more
sensitive cadmium rich samples.,. The less sensitive sulphur rich
samples yielded values of Efn of 0,17 eV and 0.19ﬂeV. The sample
grown with Tg = 50°C gave values of E,

0.2 eV when in its more and less sensitive states respectively.

n equal to 0.16 eV and 0,2

According to the argument advanced above, the H.D.L. for
centrés 11b lies in the region of these centres for values of'Efn
between 0.16 eV and 0.18 eV, under the above conditions of
measurement, Assuming that SP/Sn for centres 11b is between 1
and 105, then centres 11b are separated from the valence band by
0.16 eV to 0.27 eV. From the optical energies of Transitions 1
and 2, the centres llb lie 0.28 eV above the valence band. Thus
there is qualitative agreement between the thermal ‘and optical
separations of the centres 11b from the valence band, (Ihe

thermal and optical positions of a centre are not necessarily

equal, as will be demonstrated in Section 8.4.)

§.3.2. Derby Luminescent Material

The infrared quenching of samples grown from Derby powder
also gave anomalous results when compared with the data recorded

for Optran material. As stated earlier (Section 8.2.4), the
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spectral response at 90°K for these two samples was anomalous, in
that the cadmium (sulphur) rich Derby sample resembled Optran
sulphur (cadmium) rich samples. The low energy quenching band, a

at low temperatures, again follows this pattern,

Figures 8.3.4 and 8.3.5 show the low temperature and room
temperature quenching for the samples grown with TS = 350°C and
TCd = 300°C respectively. The low temperature quenching of the
sulphur (cadmium) rich Derby sample is similar to that shown for

cadmium (sulphur) rich Optran samples,

Values of Efn were again calculated for the Derby samples at
90°k under irradiation from the infrared quenching primary source,
The sulphur rich sample yielded a value of 0,16 eV, and the
cadmium rick sample an energy of 0.19 eV. These energies are

similar to those found for Optran samples when they showed the

same low temperature quenching behaviour,

8.4. Optical Trap Emptying

Optical trap emptying was studied at 90°K using the same
experimental arrangement as that employed to determine the
spectral response. The illumination to fill the trabs was

supplied by a tungsten lamp, filtered to remove infrared quenching

radiation,

A cadmium rich sample, grown with TCd = 350°C, was chosen for
mzasurements of the optical trap emptying of the three highest
temperature traps, as this sample showed most of the trapping
centres during the measurement of T.S.C. First it was necessary
to empty the shallow traps, as their thermal emptying contributed

considerably to the measured current.

A sample grown with TS = 450°C was also investigated. The
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lower density of the shallow traps in this sample greatly reduced
the interference associated with their thermal emptying. After

a period of approximately 30 minutes in the dark, the current
associated with the thermal emptying of the shallow traps was only
3.10° 3 amperes, The T.S.C. measurements of such samples showed
a dominant trap emptying at approximately ZOOOK, it is concluded

therefore that the threshold for optical emptying was associated

with this centre,

Figure 8.4.1 curves (a) and (b) show the typical variation of
photocurrent with wavelength for optical trap emptying. Previous
measurements of the low temperature spectral response of both
samples yielded no detectab'e current (i.,e, < lo-lé'amperes) for
wavelengths greater than the impurity response (i.e, in the region
0.5 pﬁ to 0.8 um) when the samples were cooled in the dark from
388°K. It follows therefore that the longer wavelength thres-
holds discussed in this section are associated with trapped
electrons, In the present work, the optical trap depth waé

measured, somewhat arbitarily, as the energy at which the response

was 1.10-13 amperes above the background current,

The spectral response measurements illustrated in Figure
8.4.1(a) were obtained after the cadmium rich sample had been
illuminated whilst cooling from 388°K, and then heated in the dark
to 246°K to empty all but the three highest temperature traps.,

Two separately measured curves are shown in Figure 8.4.1(a), which
yielded a mean value of 0,75 eV for the optical trap depth, The

same trap depth was found from T.S5,C. analysis of this trap.,

The three spectra shown in Figure 8.4.1(b) were monitored in
a similar manner, excepting that all but the two highest Lemper-
ature traps were emptied before the response was measured, by

heating the sample to 268°K in the dark. The photocurrent at




PHOTOCURRENT IN 103 AMPERES

-13
10 AMPERES

IN

PHOTOCURRENT

44
(o]
3—1
(o)
(<)
5- (o]
o (] o
I—
(o]
© o o
Q
O] T T T < T © 1
-4 15 1.6 1-7 18 149
’ WAVELENGTH IN MICRONS
o
FIGURE 8 4 1la) SPECTRAL RESPONSE AT 90 K DUE TO OPTICAL
TRAP EMPTYING, FOR A TCd‘=3SO°C SAMPLE HEATED
TO 246°K IN° THE DARK PRIOR TO MEASUREMENT
10
A
(@]
8-
@
6-
(4]
4_
(%)
A A o
2"‘ o 0 A
(2]
O I @& @“]
08 09 1.0 Y 112 13

WAVELENGTH IN MICRONS

FIGURE B84 I(b) SPECTRAL RESPONSE AT QOOK DUE TO OPTICAL

TRAP Eg\/IPTYING FOR A TCd=3500C SAMPLE HEATED
TO 286 K IN THE DARK PRIOR TO MEASUREMENT



140

1.10-13 amperes yielded a mean value of 1,13 eV for the optical
trap depth of the centre for which the thermal activation energy

was 0,53 eV,

In a further experiment, the cadmium rich sample was heated
to 310°K, and then cooled to 90°K, leaving only the highest
temperature trap occupied by electrons, From the mean value of
three separate determinations of the threshold at 1.10-13 amperes,
the optical trap depth of this centre was 1,21 eV compared with a

thermal trap depth of 0,60 eV,

The sulphur rich sample was illuminated at 90°K for five
minutes, and then left in the dark for a further thirty minutes
prior to measurement, Assuming the response to Be associated
with the dominant trap observed in sulphur rich samples, which
empties at approximately 200°K during T.S.C. measurement, the
optical trap depth was 0,60 eV, This value was obtained from the
mean of three separate determinations of the response threshold,
at a current level 1,107 13 amperes above the background, The

thermal activation energy of this centre was 0,44 eV,

o’

The results-given in this section are shown in Table 8,4.1,
together with theIQalues found by Arkad'eva (1964) for a shallow
trap, It can be seen that, except for the trap yielding a value
of 0.75 eV for both optical trap depth (Eop) and thermal trap
depth (Eth)’ the ratio EOP/Eth is greater than unity, Such a
result is not unexpected for polar crystals containing electron
traps which are positively charged when empty. Because the
charged trap distorts the surrounding lattice, the minimum of the
electron energy-coordinate system of the centre does not correspond
to the position of the electron energy minimum in the surrounding

lattice, Figure 8.,4,2 shows a qualitative picture of the
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The Optical and Thermal Trap Depths of five Electron Traps

\‘kcd' <

Present Work }?1;64?Vd
Optical
Trap 0.60 0.75 1.13 1.21 0.32
Depth
in ev
Thermal
T].'EIP. 0.44 0.75 0.53 0.60 0.18
Depth
in eV
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.energy-coordinate arrangement of the centre and the conduction
band in the surrounding lattice, where A, B, C and D are cardinal
points, A and D are the energy minima of the electrons in the
conduction band and the centre respectively, B (C) is the point
on the energy-coordinate system for the conduction band (centre)
which corresponds to the.same coordinate point as the centre
(conduction band) energy minimum, Transitions DA, DB and AC
correspond to the energies for thermal emptying (Eth)’ optical

emptying (Eop) and emission (Eem) respectively,.

Hoogenstraaten (1958) has considered such a model, and from a
semi-classical analysis of the polarisation caused by a charged

centre in polar crystals, derived the following expressions :-

E,, = (1/2)m![z/ + 5c/16]° 8.4.1
B, = (1/2)ml[a/e + 15/16] [zl + 5c/16)  8.4.2
E_ = (1/2)m'[z/e]? ' 8.4.3
em e

where mé is the electron effective mass, z is the charge on the
centre, and € and €, are the static and optical dielectric

constants respectively such that c is given by
c = 1/€o + 1/e 8.4.4

(The above equations are expressed in units which were originally
proposed by Hartree (1928) such that e = m = h = 1, and where the

unit of length, ag, = 0.529 A° and the unit of energy is 17,2 eV,)

From the above equations EOP/Eth = R may be written in the
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form
zlec = (5/16) (3 - R)/(R - 1) . 8.4.5

Assuming that €5 = 5,85 and € = 11,6 for CdS, a plot of z versus
R is shown in Figure 8.4,3. Thus for a centre which is singly

positively charged, R = 1,45, E 0.049 eV and

th
E = 0.020 eV (where m' = 0.2 m_),
em e e

= 0.034 eV, E
op

For the traps shown in Table 8.4.1, z lies between 0.6 and 1,
excepting the centre which gave both thermal and optical energies
of 0.75 eV, However, this centre has been shown to be unusual as
in some cases its density can vary with illuminat}on treatment
prior toT.S.C. measurement (see Section 6.3), moreover it has a
higher thermal activation energy (from T.S.C. measurement) than
would be expected from the temperature at which fhe T.S.C., maximum

occurs,

8.5, Discussion

It has been demonstrated in this chapter that samples grown
in cadmium rich conditions are more photosensitive than those
grown in sulphur rich conditions, The long wavelength spectral
response extends to longer wavelengths in cadmium rich samples,
The infrared quenching of sulphur rich samples shows both quench-
ing bands at liquid nitrogen temperatures, where cadmium rich

samples show only the short wavelength band,

The simple model shown in Figure 8.1.,1 is sufficient to
explain qualitatively the infrared quenching phenomena, The
gimilarity of the infrared quenching data at room temperature, for
all the samples investigated, sﬁggests that the quenching mechan-

ism is basically the same, The upper lying Class 111 centres lie
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optically 1.2 eV above the valence band. Optical measurements
also show that the Class 11b centres lie 0,28 eV above the valence
band, Calculations, which are described in Section 8.3.1,

suggest that the thermal ionisation energy of the Class 11b centre
centres lies in the region 0.16 eV to 0.27 eV (assuming that SP/Sn

for these centres is between 1 and 105 and mh/mé = 1),

An estimate of the thermal position of the Class 11a centres
above the valence band may be obtained from a knowledge of the
position of the Fermi level at the onset of thermal quenching of
photocurrent, (Under these conditions,theH.D.L; for the Class
11a centres will lie in the region of these centres.) Using
Equation 8.3.1, and assuming that Sp/Sn for the Class 11 centres
is 107, and mh/mé = 1, the H.D.L. was calculated at thé onset of
thermal quenching for a cadmium fich sample grown with TCd = 350°C
and fqr a sulphur rich sample grown with TS = 450°C, In both
cases the calculations yielded a value for the H.D.L. in the
region of 0.85 eV, (It has been reported by Dussel and Bube
(1966) that, for certain trapdistributiéns,such a calculation can
be in error, However, the effect of the traps causes a decrease
in the estimated thermal activation energy of the sensitising
centres, In the example cited by Dussel and Bube the decrease
was from 0,74 eV, which is substantially the valuelgiven above, to

a value of 0,41 eV,)

It follows that the thermal and optical position of the Class
11a centres are not the same, From Figure 8,4.3, which shows the
ratio of Eop/Eth for centres in CdS with a charge z, the ratio
1,41 is commensurate with a centre having approximately a single
negative charge, (Although the curve depicted in Figure 8.4.3
was calculated for the analysis of electron traps, the expressions

frocm which it was devived contain only the optical and static



144

dielectric constants, so that it is equally well applicable to
hole traps.) The difference between the optical and thermal
separation of the Class 11a centres from the valence band implies-
that their position when filled with electrons will also be

different from that when they are empty.

The long wavelength threshold of photoconductivity indicates
the energetic level to which centres are filled by electrons in
the dark. For cadmium rich samples this energy was approximately
0.85 eV (above the valence band) and for sulphur .rich samples the-
value was approximately 0,43 eV, Of particular interest is the
occupancy of the Class 1 and Class 11 centrés. From the values
found for Eth and Eop for the Class 11a centres it is concluded
that z = 1, Equation 8.,4,3 was used used to calculate Eem' the
emission energy for electrons from the Class 11a centres to the
valence band, The hole effective mass was obtained from Equation
8.4.1; and yielded a value of Eem of approximately 0.6 eV, Where
it is assumed that the optical excitation of electrons from the
Class 11a centres to the conduction band corresponds. to an energy
of Eg - Eem (1.9 eV), then it must be presumed that the Class 11a
centres are substantially filled with electrons in cadmium rich
sample;, and substantially empty in sulphur rich samples, Such a
situation would explzin the greater sensitivity of-the cadmium

rich samples,

The increase in sensitivity of the two samples discussed in
Section 8.2.,2 may also be QUalitatively explained in terms of the
occupancy of the Class 11a centres. For the samples grown with
Tg = 50°C (Figure 8,2.3) there is a marked increase in the impur-
ity responsc (curve (b)) following the illumination treatment
which caused the sensitisation. This indicates that the sensit-

isation was achieved by decreasing the number of available centres
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for the recombination of electrons. (A possible explanation of
the sensitisation phenomenon of the TS = 50°C sample has been
given in Section 6.2, where a set of hole traps was postulated,
such that each trap was surrounded by a potential birrier. Under
illumination at low temperatures only, the hole traps cannot
capture a significant number of holes, because they have to
surmount the barrier, Following illumination from elevated
temperatures, the hole traps will be filled, Where holes are
distributed between the hole traps and the Class 11a centres,.
illumination at high temperatures will decrease the occupancy of
the Class 11a centres by holes and thus increase the free electron

lifetime by reduciﬁg recombination via the Class 11, centres,)

The cadmium rich samples grown with TCd = 350°C did not show
such a pronounced increase in the long wavelength response after
sensitisation, However, reference to Figure 8.2.2 shows that
after sensitisation (curve (b)) there is a relative increase at
0.62 pm (marked A in the figure) compared with the response at
0.52 pm (B). Where the response in the.region A is due to
optical excitation of electrons from the Class 11a centres, and
the région B due to optical excitation of electrons from a shallow
centre lying near to the valence band, the sensitisation may be

explained in terms of the redistribution of electrons from the

shallow centres to the Class 11a centres,

The low temperature infrared quenching observed in sulphur
rich samples (see Figure 8.3.2) does not show the two main bands
clearly, It would appear that a third band is present with a
maximum in the region of 1,2 um, which corresponds to an optical
transition of 1,05 eV, This places the centre from which the

electron 1s excited at 0,15 eV above the valence band, Such a
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centre may be that which was used to explain the sensitisation of
the cadmium rich samples after illumination, discussed in the

previous paragraph.

The observation of optical quenching involving two main
centres (e.g. Transition 1 in Figure 8.1.1) presumes that the
centres a?e in close proximity, because the transition does not
involve a carrier entering either the conduction or valence bands,
The two quenching bands have been interpreted, by Boyn (1968) and

other workers, in terms of the Class 11, centre being an excited

b
state (for a hole) of the Class 11a centre,. The present observ-
ations are consistent with such a model. (In this case, the

optical quenching.radiation for the long wavelength band excites
holes from the Class 11a centres to the Class 11b centres,
Quenching is observed when the oﬁtically excited holes can be

thermally stimulated to the valence band,)

The precise nature of the Class 11 centres i®mCdS is not
known at the present time. Boyn (1968) has.studied the optical
absorption of CdS heat treated in cadmium and sulphur, and
concluded that cadmium interstitials and vacancies are the domin-
ant native defects. He suggested that the cadmium vacancy
containing a single electron is the sensitising recombination
centre, Absorption corresponding to the two infrared quencliing
bands was only found in sulphur rich samples, which supports his
argument that the Class 11 centre is a cadmium vacancy, In this
chapter it has been shown that the occupancy of the Class lla
centres by electrons is greater in cadmium rich samples, This
again indicates that the observation of the quenching bands in
absorption should be more likely in sulphur rich samples,

Bube and Cardon (1964) found that the electron capture cross-

section for the sensitising centres is of the order of 10-21cm2.
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Because of the weak temperature dependence of the capture cross-
section, they suggested that the likely recombination mechanism
was radiative recombination at a neutral centre, Later work by
Hemila and Bube (1967) suggests that the Class 11 centres are
complex in nature, and also that more than one centre may be

involved,

The calculations described earlier in this section, relating
to the ratio of the optical and thermal separation of the Class
11a centres from the valence band, are compatible with the Class
lla centre having a single negative charge when occupiedlby an
electron. When the Class 11a centre is behaving.as a recombin-
ation centre for électrons, it will be approximately neutral in
charge, which agrees with the hypothesis of Bube and Cardon, It
is not possible to e#plain the small capture cross-section for
this neutral centre, though it would appear unlikely that the

centre is simple in nature,

The thermoelectric power measurements made by Lawrance and
Bube (1968) (see Section 2,10), under'coﬁditions of illﬁmination
‘corresponding to thoée used for the infrared quenching of the
pﬁotocurrent, are also explicable in terms of the present model
for the Class 11a centres, Their observation of an increase in
the negative thermoelectric power with optical quenching radiation
suggests a polarisation effect, which would occur with sensitising

centres of the type discussed above,

The anomalous spectral response and infrared quenching of the
boule crystals'grown from Derby material can only be interpreted
in terms of the presence of other recombination centres and hole
traps associated with impurities. Yoshizawa (1968) found a

further quenching band at 0,575 um (2.15 eV) in CdS doped with
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phosphorous, (The observation of such quenching during the
present work would have been obscured by the increase in the
photocurrent, due to impurity response, at such wavelengths.) He

suggested that the phosphorous substituted for sulphur,

In Figure 8.,3.5, a third quenching band may be seen in the
spectral range 1,60 ym to 2,00 pm, Because of the number of
impurities present, it is not possible to assign this to any
particular impurity from this result alone. However, this sample
was intentionally doped with sodium to a level of 2 p.p.m. The
sulhpur rich sample shown in Figure 8.3.2 also shows this band,
and mass spectrographic analysis indicated a similar concentration

of sodium, Thus, the third quenching band may be associated with

sodium.




149

References to Chapter 8

Arkad'eva, E.N., 1964, Sov. Phys. Solid State 6, 798.

Boyn, R., 1968, Phys, Stat., Sol. 29, 307,

Bube, R.H., 1956, Phys., Rev, 101, 1668,

Bube, R.H., 1960,.Photoconductivity of Solids, published by
John Wiley and Sons, Inc, New York, P. 348,

Bube, R.H. and F. Cardon, 1964, J. Appl. Phys. 35, 2712,

Dussel, G.A, and R.H. Bube, 1966, J. Appl. Phys, 37, 13.

Hartree, D.R., 1928, Proc. Cambr. Phil. Soc. 24, 89.

Hemila, S.0. and R.H. Bube, 1967, J. Appl. Phys. 38, 5258,

Hoogenstraaten, W., 1958, Thesis, University of Amstardam,
submitted February 1958.

Lawrance, R, and R.H. Bube, 1968, J. Appl. Phys. 39, 1807,

Reed, C.E. and C.G, Scott, 1968, J. Phys. D. (Brit. J,

Appl. Phys.) Series 2, 1, 1125,

Yoshizawa, M,, 1968, Japanese J, Appl., Phys., 7, 182,




150

CHAPTER 9

INFRARED LUMINESCENCE

9.1, Introduction

The infrared luminescence (I.R.L.) in the spectral range
0.65 um to 2.50 um was measured at liquid nitrogen temperatures
for a number of samples for which the T.S.C. and photoconductivity
had also been studied, In addition, a few semi-conducting
samples and some lightly doped samples were investigated., In all
the samples the change in the intenéity of each of the main lumin-

escent bands was monitored, as the temperature was increased from

85°K to 388°K.

The experimental arrangement for the measurement of I.R.L. is

described in Chapter 4,

9.2, I1.R.L. from Photoconducting Optran Samples

Figure 9.2.1 curves (a) and (b) show the I.R.L. emission,
observed at 85°K, from two cadmium rich samples grown with TCd =
350°c, Figures 9.2,2 and 9,2,3 show the I.R.L,, at 85°K, from

two sulphur rich samples grown with sulphur reservoirs at 300°C

and 450°C respectively,

All the phofoconducting samples showed the band with a
maximum at 1,02 pum, and the structured luminescence in the region
1.60 pm to 2,00 pum, which comprised two peaks at 1.60 pm and
1,83 pm together with a shoulder at approximately 2.00 um, The
cadmium rich samples also yielded an emission centred on 0.70 um
which was not observed with sulphur rich crystals. The replica
of the 1,60 um to 2.00 um emission, which was located at 2.00 pum

to 2.50 pm (Figure 9.2.3), was ouly observed to a marked extent in
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- one undoped sample (TS = 450°C) and in one impure sample which is
described in Section 9.4, The replica emission contained two
peaks centred on 2.12 um and 2,33 pm, Similar long wavelength

I.R.L. has been reported by Bryant and Cox (1966), and is

discussed at the end of this chapter,

Two simple models to explain the temperature quenching of
luminescence are illustrated in Figure 9.2.4 (a) and (b). The
quenching in Figure 9.2.4(a) results from the thermal excitation
of an electron from the valence band to an empty luminescent

centre situated at an energy E, above the valence band, As a

A
re;ult, recombination of conduction electrons with the centre is
reduced, In the second model, the emission associated with an
electron transition from a localised level to a luminescent centre.
may be quenched, as shown in Figﬁre 9.2.4(b), when the electron

in the excited state is thermally ionised to the conduction band,
For both transitions, the dependence of the luminescent effipiency,
Ny, on temperature may be expressed as

Ny, = 1/(1 + Cexp(E,;/kT)) 9.2.1

where Ei = EA for the first model and Ei = Et' the trap or excited
state ionisation energy in the second. The variation of N, with
temperature, according to Equation 9.2.1, is shown in Figure

9.2.4(c). The intensity of luminescent emission, I, will

obviously vary in a similar manner,

Curves (a) to (d) in Figure 9.2.5 are the intensities of the
0.70 pm, 1-02um, 1.60 um and 1.83 um emissions respectively
plotted against temperature for one of the cadmium rich (TCd = 350

350°C) samples, The thermal quenching of the 0.70 pum emission in

the cadmium rich samples above 300°K approximates to the simple
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. relationship, Equation 9.2.1, so that a plot of log[(Imax-ITVIT]
versus the reciprocal of temperature should yield a straight line,
from which the activation energy of the quenching process can be
obtained, Figure 9.2.6 curves (a) and (b) are two‘such plots for
the 0,70 um emission from different cadmium rich boules. The
slopes of the lines yield activation energies of 0,56 eV and

0.58 eV,

In contrast, the 1.02 pm emission was found to increase in
intensity, with increasing temperature, in the range where the

0.70 pm emission was quenched in cadmium rich samples (Figure

9.2,5).

The similarity of the thermal quenching of the I.R.,L. bands
centred on 1,60 pm and 1,83 pm can be seen in Figure 9.2.5.
Their intensity decreased as the temperature was raised from 85°K,
so that a true value of Imax could not be measured, However,
from Equation 9.2.1, when 1 + Cexp(-Ei/kT) >> 1, then the lumin-
escent emission intensity at temperature T can be expressed as

Ip = exp(E;/kT) 8.2.2

Thus a plot of log(IT) versus 1/T should yield an activation

energy for the quenching process,

Figure 9.2.7 shows this plot for the 1,60 pm emission from
two cadmium rich samples (TCd - 350°C). In the first case,
curve (a), a single activation energy of 0.06 eV was obtained.
Curve (b) shows two straight line regions lecading to an activation
energy of 0,03 eV at low temperatures and 0.17 eV at high temper-
ature. Similar changes in activation energies for the thermal

quenching of the analogous structured luminescence in ZnS

phosphors (which occurs at 1,20 pm to 1.50 um) have been reported
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by Browne (1956).

The 0.70 pm lumiﬁescent band was not observed in the sulphur
rich samples grown with TS = 300°C and 450°C. Also, the
intensity of the 1.02 pm emission did not increase at temperatures
above 300°K, as was the case for the cadmium rich samples,

Figure 9.2.8 shows the variation of the 1,02 pm and 1.60 pm peaks

with temperature, for the sample grown with a sulphur reservoir at

300°c, The 1.60 um peak yielded an activation energy of 0,06 eV,

The quenching of the 1,60 um, 1.83 pym, 2.12 um and 2,33 um
emissions of the 450°C sulphur rich sample is shown in Figure
9.2.9, curves (a) to (d) respectively. It is particularly inter-
es:ing to note that although the 1.60 pm and 1,83 um peaks are
quenched in a similar manner, the 2,12 pm and 2.33 pum emissions
are not, The 2.12 pm emission does, however, vary in a somewhat
similar manner to the 1.60 um and 1.83 luminescence, (Bryant and
Cox (1966) have discussed the structured luminescence (1.60 um to
2,00 pm), They attributed both to radiative recombination from
electrons from-a centre with holes in the upper branches of the
valence band. In all cases during the present work, the 1,60 um
and 1,83 uym emissions were quenched in a similar manner, If the
replica emission results from a similar recombination mechanigm,
then the 2.12 uym and 2.33 um emissions might ~lso be expected to
be similarly quenched.) A plot of log(luminescent intensity)
vergus 1/T for the four curves shown in Figure 9.2.9 yielded

activation energies in the region of 0.4 eV above 220°K,

9.3, Variation of the I.R.L. from Photoconducting Optran Samples

with Conditions of Illumination

It has been demonstrated in earlier chapters, that the

temperature at which illumination is commenced, during the cooling
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of a sample, prior to the measurement of the T.S.C., photo-
current etc. can have a marked effect on the ensuing measurement.
It was found, in some cases, that changes in the intensities of
the I.R.L. bands also occurred when comparison was made between
spectra obtained after cooling the sample in the dark from 388°K
and after illumination during cooling. In most samples the

intensity change was less than a factor of two,

In Sections 6.2, 8.2.2 and 8.3,1 the photocurrent.versus
temperature, spectral response and infrared quenching respec-
tively are described for a sample grown with TS = 50°C. This
sample showed a large change in free electron lifetime when it
was illuminated during cooling from temperatures in the region
of 200°K. When it was irradiated below this temperature region,
a large change in photocurrent wés observed at approximately
ZOOOK'(see Figure 6.2.2), It was found that the intensity of
the 1,06 uym to 2,00 um emission was also associated with this

lifetime change,

Figure 9.3.1 shows the spectral distribution of the I.R.L.,
at 85°K, for the TS = 50°C sample, Curve (a) was obtained
after illumination at 85°K only, whereas curve (b) was measured
after illumination during cooling from 388°K. In curQe (a) the
emission at 0.70 pm is seen together with a maximum at 1.15 um,
(No I.R.L. was observed in the region of 1.02 um). Curve (b)
shows no emission at 0.70 ym, though the 1.02 pm maximum is

present. The structured luminescence has increased in intensity

by over one order of magnitude.

Cowell and Woods (1967) studied the relationship between
the intensity of the structured luminescence and the magnitude
of the T.S.C., spectrum following similar pre-illumination treat-

ments, They suggested that the recombination of free electrons
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in their samples occurred at a centre with a level lying
approximately 0,70 eV above the valence band. The structured
luminescence resulted from radiative recombination of electrons
from this centre with holes in the valence band. This model
was chosen because the structured luminescence intensity was
greater when the free electron lifetime was longer (i.e. the

occupancy of the recombination centres was greater).

Although the present sample showed an increase in free
electron lifetime in the temperature range 85°%K io ZOOOK,
whereas Cowell and Woods observed changes for the whole of their
T.S.C. spectrum (85°K to 390°K), the structured luminescence was
again of greater intensity when the sample was more photosensi-

tive.

Figure 9.3.2 shows the variation of the intensify of the
1,60 ym emission maximum with increasing temperature from 85°K.
In curve (a) the magnitude of the emission is lower where the
sample was irradiated at 85°K only, however a marked increase in
emission is seen at approximately 200°K corresponding to the
steep rise in photocurrent which is illustrated in Figure 6.2.2,
When the sample was continuously illuminated during éooling
from 388°K a continuous decrease in the intensity of the 1.60 pum
emission was observed with increasing temperature (Figure 9.3.2

curve (b)).

The measurements of spectral response of photocurrent and
infrared quenching, discussed in Chapter 8, suggest that the
reccombination of free electrons is associated with two centres
(Class 11a and Class 11b in Figure 8.1.1) lying 1.2 eV and
0.28 eV above the valence band, The upper of these centres

(Class lla) is the sensitising centre, the thermal activation
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energy of which was calculated, from the onset of thermal
quenching, to be 0.85 eV, Luminescent emission by reéombina-
tion of electrons from the Class 11a centre with hoies in the
conduction band will correspond to an energy of approximately
0.6 eV (using the above values of thermal and optical activation
energies and Equations 8.,4.1 to 8.4.5). The structured
luminescence yields three emissién bands centred on 1.60 um,
1.83 pm and 2,00 um, The 2,00 pm (0,62 eV) band is close to
the calculated emission energy (0.6 eV) for electrons from the
Class 11a centres with holes in the valence band. The simple
model described in Chapter 8 considers a single valence band
only, so that the 1,60 um and 1,83 um emission bands could
result from the recombination of electrons from the Class 11a
centres with holes in the deeper lying valence bands., (An
account of the theoretical work of Birman (1959) and the
excitén studies of Thomas and Hopfield (1959) has been given in
Section 1.3, where it is shown that the upper branches of the

CdS valence band comprise three separate bands.)

Cox et al. (1968) have studied the decay time witﬁ tempera-
ture of the structured luminescence and from practical and
theoretical considerations conclude that the emission stems
from radiative recombination of electrons, from a ;ingly
negatively charged cadmium vacancy, with holes in the valence
band. Such a centre could well be the Class lla centre

observed during measurements of photoconductivity,

‘The 1.15 pm emission observéd after illumination of the
TS = 50°C sample at low temperatures {(curve (a) in Figure 9.3.1)
was monitored with increasing temperature as shown in
Figure 9.3,3 curve (a). The emission centred on 1,02 um was

also measured with increasing temperature after low temperature
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irradiation and is shown in Figure 9.3,3 curve (b), The
reason for making this second measurement was to investigate
the possibility that the observation of the 1.02 um peak after
high temperature illumination and a 1,15 um peak after low
temperature illumination might result from a continuous shift
of the emission maximum between two extrema depending on the
condition of sensitisation of the sample. From Figure 9.3.3
this is clearly no£ the case, partly because the decrease in
the 1,15 um emissioﬂ does not correspond to the increase of the
1,02 uym emission, and in particular because both emissions are

seen above 345°K.

The nature of the 1,15 um emission is not clear, though
from Figure 9.3.3 it can be seen to occur at low temperatures
where the sample is in its less Sensitive state,-aqd also above
345°K where thermal quenching of photocurrent usually occurs,
The 1,02 um emission also increases above 345°K and so the two

emissions may be associated with each other in some way,

9.4. I.R.L. from Photoconducting Derby Material

The photoconductive properties of two boule crystals, grown
f{rom Derby Luminescent starting powder, have been shown to differ
considerably from those of samples taken from boule crystals
grown from Optran material. The luminescent spectra obtained

from these two samples also reflect these differences,

The sample grown with de = 450°C showed a single I.R.L.
maximum at 2.07 pm, The green edge emission from this sample,
when excited with blue and ultraviolet light, was easily detected

with the PbS cell and was the most intense of all the samples

investigated.
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The I.R.L. from the sample grown with TS = 350°C is shown in
Figure 9.4.1. Here curve (a) was monitored after the sample had
been cooled under illumination from 388°K and curve (b) where the
I.R.L., was measured following cooling of the sample from 388°K in
the dark, The emission spectrum differs from that seen in
sul phur rich Optran material because the 0.70 pm peak was not
observed in these samples, Also two shoulders can be seen on
either side of the 1,02 pm maximum, at approximately 1,15 um and
0.87 pum, The 1,15 pum emission was also observed in the sample

from which the curves in Figure 9.3,1 were obtained, though the

0.87 pym peak was not observed in any other sample investigated,

The observation of a single I.R.L. maximum in tlie Derby
sample grown with TCd = 450°C and a luminescent spectrum contain-
ing all the emission maxima (seen in Optran samples) plus an
additional peak centred on 0,87 pm for the Derby sample grown with
TS = 350°C is difficult to explain, The data for the sulphur
rich sample suggests that the same luminescent centres occur in
this sample as for Optran material, The cadmium rich Derby
sample showed none of the usual emission bands from 0.70 um to
2.00 um, so that in this case it may be tentatively concluded that
impurities in the starting material create non-radiative recombin-

ation paths.

9.5, I.R.L., from Conducting and Lightly Doped Samples

A number of samples taken from boule crystals were found to
be scmi-conducting and not photoconductive so that they were not
amenable to the measurements described in earlier chapters,

howcver their luminescent properties could be studied,

The cadmium rich samples showed very similar I.R.L. to that

observed in photoconducting Optran samples grown in a similar way,
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Some variation was found in the maximum near to 0.70 um, This
was observed to vary between 0,70 pum and 0.76 pm, The '0.70 pm’
emission was again quenched above room temperature, and in most

cases there was a corresponding increase in the 1,02 ym emission,

One semi-conducting sample grown with TS = 450°C showed a
maximum at 0,76 um together with the 1,02 pm and structured
emissions. The 0.76 um emission was more intense than the 1.02
1.02 pm peak by more_than_an_grder-o£ magnitude, and was ggepshed
above room temperaturé with a thermal activation enéféy of o

0.57 eV,

The thermal quenching of the structured luminescence of the
semi-conducting samples gave the thermal activation energy in the

region of 0,1 eV,

In additioh, five lightly doped samples were studied. Two

of these were doped with copper and grown with T, = 350°C and

S
TCd = 650°C, while two others were doped with chlorine under the
same growth conditions as the copper doped samples, The copper
doping was achieved by the addition of approximately 0.5 mgm of
CuZS to the charge of the growth tube, and chlorine was added by
placing 0.3 mgm of CdCl2 with the charge.. An antimohy doped'
sample was also studied, and was grown with TCd = 650°C, and
Zd mgm of ahtimony was introduced into the tail before growth,
Mass spectrograéhic analysis indicated that copper was intro-
duced in concentrations of approximately 0.2 p.p.m. and chlorine
in concentrations of approximately 1 p.p.m. The antimony sample
was doped to a ievel of 1.2 p,p.m. with antimony. These impurity
concentrations were similar to those found in the Optran starting

material,

In all cases, the 1,02 pm emission appeared together with the
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~the structured luminescence, though the 0,70 um emission was not
observed in the chlorine doped cadmium rich sample, The 0.70 pym
-luminescence was quenched above room temperature in all samples
where it could be detected, and was accompanied by an increase in
the 1,02 pm emission maximum. No significant trend could be seen
in the intensity of the I.R,L. with conditions of growth, The
copper doped sample grown in cadmium rich conditions did, however,
show an additional luminescence maximum at approximately 1,43 um,
as may be seen in Figure 9,5.1. The emission at 1,43 pm was only
observed when the sample was cooled under illumination from 388°K,
though the other maxima were of similar intensity.for both

illumination from 388°K and illumination at 85°K only.

9.6, Discussion

During the course of the present work, two main emission
maxima have been observed in the region of 0,70 um and 1,02 um,
together with a structured luminescence in the region 1,60 ph to
2.00 um, Additional luminescent peaks were seen in some samples
at 0.87 um, 1.15 um and 1.43 pm, and a structured luminescence
which occurred in the region 2.00 um to 2,50 um (this has been
described as a replica of the 1,60 uym to 2,00 pm structure),
Emission spectra similar to that shown in Figure 9.2.1 have been
observed by many workers and analogous emission is seen in ZnS,

with a shift of each of the peak maxima to shorter wavelengths,

In the cadmium rich (Optran) photoconductii.g samples, where
the 0.70 pm and 1,02 pm emissions occurred together, the 0,70 um
emission was quencﬁed above room temperature. The thermal
activation energy for quenching of the 0,70 pm peak was found to
be close to a value of 0.57 eV, In a number of samples the

1.02 pm emission incrcased in intensity as the 0,70 um emission
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: n
was quenched, In contrast, the sulphur rich photocgducting

samples did not show the 0,70 um peak,

Cox et al, (1968) have discussed the 0.70 um and 1,02 um
emissions in CdS, and the analogous 'copper blue' and 'copper
green' emissions in ZnS, and interpreted these in terms of
electron regombination at cation vacancies, They proposed that
the 0,70 um emission resulted from an electron, in an excited state
of the centre, recombining with the ground state of a singly
negatively charged cadmium vacancy (V.,). The 1.02 pm emission

Cd

occurs when an electron in an excited state of a doubly negatively

1
charged cadmium vacancy (VCd) recombines at the ground state,.

The fact that the 0.70 pm emission is quenched where the
1.02 pm emission irncreases in intensity is qualitatively in agree-
ment with the model proposed by Cox et al, If the 0.70 um
emission occurs at a V' and the 1,02 um at a V"

Cd Cd

1 1
quenching of the 0,70 um emission would convert the VCd to VCd

centre, then

with an increase in the 1,02 um emission,

The Class 11a sensitising centre may be associated with a
Véd when filled with an electron. Although photoconductivity
measurements indicated two main levels (Class 11a and Class 11b in
Figure 8,1,1) Cox et al. showed that such a centre should comprise
a number of levels, The 0.70 pm band could result from electron
recombination at one of these levels which was not observed during
photoconductivity measurements, (The quenching of the 0.70 um
emission (0.57 eV) does not correspond to the calculated thermal

separation from the valence band of either the Class 111'(0.85 eV)

or the Class 11b (0,16 eV to 0.27 eV)).

The 0,70 pm emission was not detected in sulphur rich photo-

conducting Optran samples, This might result from the lesser




162

. occupancy of the Class 11a centres by electrons, though intuitive-
ly one would expect a greater density of cadmium vacancies in
sulphur rich samples, One possible explanation is that the

0.70 um emission occurs when electrons from the shallow trap,
observed with a thermal activation energy of 0,15 eV by T.S.C.
measurement, recombine at a level in a neutrally charged cadmium
vacancy, This trap, which yielded a T.S.C, maximum at approx-
imately 115°K, was associated with cadmium interstitials (see
Section 5.12) and was some four orders of magnitude greater in

density in cadmium rich samples compared with sulphur rich samples,

The structured luminescence was observed in all but one of
the samples investigated, ai.d the similarity of the thermal
quenching of the two major peaks suggests that it is the result of
three associated transitions, It has been proposed by a number
of workers that the structured luminescence is associated with
copper impurifies, as the intensity of the emission increases with

the addition of copper,

For the analogous emission in ZnS, Broser et al, (1965)
attributed the luﬁinescencé to internal transitions of a (3d)9
configuration of copper ions, and Broser and Franke (1965) showed
that the luminescence increased with time following irradiation
of ZnS with neutrons. Broser and Franke interpretéd'the increase
in the intensity of the structured luminescence in terms of the
increase of 6 Cu ions on zinc §ites, as the 65Cu isotope is the

decay product of the 65Zn created during neutroa bombardment,

It has been demonstrated by Cox et al. (1968) that 98% of the

L . 65 65 . . ces s
transitions {rom Zn to Cu involve energies sufficient to
displace the 6SCu to an interstitial site, Thus the final

product of the decay could be a zinc vacancy and a copper
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interstitial, or an iqterstitial copper-vacancy defect centre, as
well as the simpler explanation given by Broser and Franke, The
work of Cox et al, suggests that the luminescent decay time is
commensurate with the structured luminescence resulting from
recombination of electrons from a level in a Véd centre with holes
in the valence band,

The thermal quenching of the structured luminescence is
difficult to explain in terms of either of the above models, as

the activation energy of the quenching process is comparatively

small and broadly similar for all the samples investigated,

The increase in the intensity of the structured luminescence,
which was accompanied by an increase in the free electron lifetime,
has been discussed in Section 9.3. The results indicate that the
structured luminescence occurs when electrons from the Class 11a
centres recombine with holes in the upper branches of the valence

"band, The ratio of the thermal and optical positions of the
Class 11a centres (above the valence band) suggest that the Class

11a centres are approximately singly negatively charged when

filled with electrons, They could therefore be levels in a VCd

which would agree with the proposal of Cox et al,

The 'replica' emission (of the 1.60 pm to 2,00 um emission),
which occurred.in the region of 2,00 pm to 2.5 pm, has been
reported by Bryant and Cox (1966) and was only seen in two samples,
The thermal quenching of the emission maxima at 2.12 pm and
2,33 um were not similar, as is the case for the 1,60 um and
1,83 pm maxima observed in the structured luminescence,. This
therefore casts some doubt on the similarity of the recombination
mechansims of the structured luminescence and its replica, which

was suggested by Bryant and Cox.
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CHAPTER 10

CONCLUSION -

10.1, Introduction

It has been demonstrated in this thesis that the properties
of samples grown in excess cadmium are significantly different
from those of samplés grown in excess sulphur, In addition, it
has also been shown that where the relatively impure Derby
Luminescent Grade material was used to grow boule crystals, their
photoconductive and luminescent properties were anomalous by
comparison with boules grown from the purer Optran starting

powder,

10.2, Thermally Stimulated Current Measurements

The érystals examined contained up to eight discrete electron
traps, with thermal activation energies of 0,15, 0.16, 0,18, 0,31,
0.44, 0,53, 0,60 and 0,75 eV, Comparison of trap depths calcul-
ated on the éssumption of moromolecular recombination and by
Bube's method (Bube 1955) suggests that the traps with activation
energies of 0,44, 0,53 and 0,60 eV empty under fast retrapping
con&itions. The 0.60 eV trap also exhibited a change ir the
position of the temperature maximum of the T.S.C. curve, which is

to be expected for a fast trap.

The density of the 0.15 eV trap decreased by four orders of
magnitude with inceasing sulphur pressure during growth, Boyn
(1968) observed two absorption bands in samples heat treated in
cadmium, which were not observed in samples annealed in sulphur,
The two bands, at energies of 0.32 eV and 0.4 eV, were attributed
to singly ionised cadmium interstitials, Arkad'eva (1964)

reported the observation of a trap, which yielded a thermal
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activation energy of 0,18 eV, from T,S,C, measurements, and an
optical trap depth of 0,32 eV, Arkad'eva's optical trap depth
and Boyn's lower energy absorption band have the same energy,

The activation energy of 0,15 eV, found for the present trap, is
similar to Arkad'eva's value of 0,18 eV, This suggeéfs that the
0.15 eV trap is associated with singly ionised cadmium

interstitials,

It has been shown that the magnitude and structure of T.S.C.
curves can vary with the conditions of illumination prior to
meéasurement, In some caées, the free electron lifetime can
change in such a manner as to severely modify the observed T.S.C,
spectrum, The two traps, with Et = 0,53 eV and 0,60 eV, were
associated with changes in the T.S.C, level which indicate that
they are photochemically created, The 0.60 eV trap yielded a
consistent variation of trap density with illumination conditions,
from éample to sample, which led to an activation energy for
creation of approximately 0,25 eV, The 0.53 eV trap varied in
density in a comparatively few samples, Analysis yielded an
activation energy of 0,32 eV for the creation of these traps, and

an activation energy of 0,16 eV for their destruction,

Four probe T.S.C. measurements have been reported, which show
that the three criteiia, listed in Section 7.2, proﬁide adequate
protection against the inadvertent use of non-ohmic contacts., It
should be noted, however, that some variation of the potential
distribution along the samples was observed during four probe
T.S.C. measurements, and so use of the four electrode arrangement

should yield more accurate results,
Three probe studies indicated that the surfaces of the CdS
samples did not significantly modify the structure of the T.S.C.

spectrum, although the surfaces ol cadmium rich samples appear to
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be more highly conducting than those of sﬁlphur rich samples,

When deliberate attempts were made to damage the surface, by
hydrogen ion bombardment and surface lapping; the T.S5.C, structure
was not affected, although the lapping treatment did increase the

surface conductivity,

10,3, Spectral Response and Infrared Quenching of Photocurrent

The spectral response measurements showed that the cadmium
rich samples were. considerably more photosensitive than sulphur
rich samples, The optical quenching has been interpreted in
terms of a model containing two centres, which lie optically
0.28 eV and 1.2 €V above the valence band, The structure of the
infrared quenching at liquid nitrogen temperatures was signific=-
antly different for cadmium richlsamples than sulphur rich
samples, This difference has been explained in terms of the
position of the hole demarcation level for the shallow (0.28 eV)
quenching centres, Calculations indicate that the thermal activ-

ation energy of the shallow centres lies between 0,16 and 0,27 eV,

From the position of the e;ectron Fermi level at the onset of
thermal quenching, a value of 0.85 eV has been calculated for the
thermal activation energy of the upper Class 11 centres, The
disparity between the optical (1.2 eV) and thermal (0,85 eV)
separation of the upper Class 11 centres from the valence band
suggests that they are neutrally charged when unoccupied by
electrons, using the analysis proposed by Hoogenstraaten (1958).
Such an observation is in agreement with Bube and Cardon (1964)

who also concluded that the Class 11 centres were charge neutral,
The apparently anomalous measurements of the infrared
quenching of thermoelectric power, reported by Lawrance and Bube

(1968), can also be explained in terms of the present model for the
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upper Class 11 centres, Under conditions of illumination which
correspond to those used for the measurement of the infrared
quenching of photocurrent, Lawrance and Bube observed an increase
in the negative thermoelectric power, It might be expected that
the thermoelectric power would become more positive, uﬁder infra=-
red quenching conditions, due to the greater density of free holes,
However, during optical quenching of the Class 11 centres described
above, the centres will become negatively charged and so polarise
the surrounding lattice, . Lawrance and Bube also invoked polar-

isation effects to explain the phenomenon which they observed,

The spectral response due to the optical emptying of the
traps, with thermal activation energies of 0.44, 0.,5%, 0.60 and
0.75 eV, were also studied. The ratio of thermal to optical trap
depth for the 0,75 eV centre was unity. The other three traps
yielded optical trap depths which indicated that they were posit-

ively charged, with effective charges lying between 0.6 and 1,

10.4, Infrared Luminescence

It is not possible ta make a reliable assignment of the
centres involved in all the luminescent transitions observed
during the course of the present work, However, the structured
luminescence, in the region 1,6 ym to 2,0 um, can bé explained in
terms of radiative recombination of electrons from the sensitising

Class 11 centres with holes in the valence band,

The difference between the thermal and optical positions of
the upper Class 11 centres implies that the emission energy, for
electrons from the Class 11 centres to the valence band, 1is
considerably smaller than the optical energy required to fill the
Class 11 centres with electrons. Calculations indicate that

radiative recombination of electrons from the Class 11 centres
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with holes in the valence band corresponds to an energy of approx-
imately 0.6 eV. The lowest energy band in the structured lumin-
escence occurs at about 2.0 um (0.62 eV). It was also shown that
the intensity‘of the structured luminescence increased when the
free electron lifetime increased, i.e. when the occupancy of the
Class 11 centres by electrons was greater, The similarity in the
structure of the infrared quenching of photocurrent and the
excitation spectrum for the structured luminescence is also

consistent with this model,

10.5. Suggestions for Further Work

The four probe studies, described in Chapter 7, demonstrate
that some variation of the potential distribution along a crystal
occurred during T.S5.C. measurements, Although there was .no
serious change in potential, greater accuracy would be obtained

using the four probe configuration of electrodes.

The thermopower measurements made by Lawrance and Bube (1968)
indicated that hole traps were present in the CdS crystals they
studiéd, A more detailed appraisal on a range of samples,
similar to that employed here, would be an obvious advantage for
the understanding of the role that hole traps play during T.S.C.

measurements,

A number of the samples taken for the present studies were
found to be semi-conducting and were not amenable to electrical
measurements of the type described in this thesis, Recently,
Weisberg and Schade (1968) demonstrated that T.S.C. measurements
can be made on p~-n junctions and Schottky diodes fabricated on
semi-conducting GaAsO.5P0.5, These measurements were made under

constant reverse bias, The fabrication of p-n junctions from CdS
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appears to be a fundamental impossibility, except by employing
ion implantation techniques, due to autocompensation effects,
However, Schottky diodes can be made by evaporating gold onto the
surface of CdS samples (Goodman 1963), Semi-conducting CdS
crystals are often annealed in sulphur to incease the resistivity
and photosensitivity, The use of the Schottky-T.S.C. technique
allows the measurement of trapping parameters without the intro-
duction of other traps, which may occur during doping treatments

used to increase the material resistivity.
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APPENDIX 1

COMPUTOR PROGRAMME USED FOR T.S.C. CURVE FITTING

The following programme was used to generate theoretical
points for T.S.C. curves under conditions of slow retrapping (ITI1)
(IT1), fast retrapping (IT2) and bimolecular recombination (IT3),
The theoretical points were normalised to the experimental results
using the measured values of the temperature maximum (TTS) and the
current maximum (IMAX). The temperature, in °K, has been written

as TT, and the trap depth, in eV, as EP,

//DAP 01(1601,68),M.A.CARTER

/ [EXEC NPL1FCLG

//SYSIN DD *

TSC: PROCEDURE OPTIONS(MAIN);

DCL (A,B,C,D,Al,B1,IT1,1T2,IT3,IMAX, TS,EP, T,K, TT, TTS) FLOAT;
Q: GET LIST(N,M, IMAX, TTS);

BEGIN; DCL AA(N) FLOAT;

GET LIST(AA); PUT SKIP(3) DATA{TTS, IMAX); PUT SKIP(2);

L: DO I=1 TO M BY 1;

GET LIST(EP); PUT DATA(EP); PUT SKIP(2);

LL: DO II=1 TO N BY 1;

TT=AA(I1);

K=8,61E-05;

T=EP/(KXTT); TS=EP/(K#TTS);

B:EXP(TS)%TS*%(Z); D=EXP( TS )#*TS%x%(7/2);

B1=TS%% (2 )¥EXP(TS) /( ( =3/ (2%TS+3) ) +2%TS#%( =1 ) =6¢TSk%( -2 )
F2AXTSX%( -3) ) ;

AL=TMAXRTS¥%( 3/2 )% EXP( TS)% ( L +BIXEXP( ~TS )* TSk%( -2 )% ( 1 -2%TS%%( -1)

FORTSHHR( -2 ) -24%TS*%(-3)));
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A=IMAX*EXP( TS+BX*EXP( -TS JRTSH*( =2 )% (1-2%TS¥*( -1) +6%TS*x%( ~2)
-24%TS%%( -3)));

C=IMAXXEXP( TS+DXEXP( -TS)*TS*%( -7/2 )% (1-7/2%TS*%( -1)
+1,575E01%TS%%( -2)~8.663E01XTS*%%(-3)));

ITI=AXEXP( -T-BXEXP( ~T)*T%%( -2 )%( 1 -2%TxX%( -1)+6X%Tx%(-2)
-24XT*%(-3)));

IT2 =CXEXP( -T-DXEXP( ~T)%T**( =7/2)%( 1-7/2%T%%(~1)+1.,575E01%T%*( -2)
~8.663E01%T*%%(-3)));

IT3=AIXT*%( -3/2 )¥EXP( -T)/ ( 14+BIXEXP( ~T)XT%X( =2 )% (1 -2%T%x( -1)
FOXTH¥( -2 ) -24%T%%#(-3)) ) ; |
anmmwnlm,ermﬁ PUT SKIP(2); END LL;

PI'T DATA(B,D,B1,Al1,A,C); PUT SKIP(2): END L;

END;

GO TO Q;

END TSC;

/%

The data for each set of curves was presented in the

following manner

//G. SYSIN DD *

N, M, IMAX, TTS,

TTl’ ..... . TTI,
EPl 2 2 e o 9 00 EPM,
/%

N and M are integers, where N is the number of values of
temperature, TT, and M is the number of values of trap depth, EP,
Except for N and M, all data must be written in the form X,YZEUV,

e.g., 12,1 = 1,21E01, and 0,121 = 1.21E-01,
DA
[ 150CTI97

. E0YiI07)
o LluraRy




