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INTRODUCTION

Photoconductivity can be def&ned as the increase
in electrical conductivity of a substance when radlatlon
ig incident upon it. Photoconduct1v1ty was flrst reported
by Willoughby Smith in 1873. He;observed a:@ecrease
in the resistance of a bar of sel?nium when it was
illuminated. For many years sele%ium remained the most
studied photoconductor though sev%ral other substances
were found to possessthis propert&.

By 1925 phptoeoﬁductivity waé shown to beia bu@k
property of most materials, due t§ an increaéeiin the
number of charge carriers, rather%than to a change in
their mobilities. This was conclﬁded from'Hali efféct
measurementsz. Other mechanisms ére also possible,;and
in lead sulphide in particular it%has been'argued tﬁat
the photoconductive effect in che@ically prepared films
might be due to inter-granular po%entialAbarriers. ;According‘
to this mechanism an increase in ¢onduction securs Qhen
the barrier heights are reduced b& illumination.3

Gudden and Pohl in the l920's were the first to make
systematic observations of the effect in cadmium and zine
sulphldes.4 »3 They also showed that a decrease in resistance
could be produced by radiation otéer than visible light.

In particular they studied the effects of X-rays and high
speed electrons., Bergmann and Hansler,6 using the Dember

{ e N()‘v 1%3
. .




effect, showed that an increase%in free elecﬁrons‘caused
the increase in conductivity in%cadmium sulphide. They
also measured the wavelength ofémaximum sensitivity.

Since then considerable adyanees have been made in
the understanding of photecondu%tivity. The importance
of contacts was realised, and it was found necessary to
assume that several carriers pa?sed between the cathode
and anode for each incident photon absorbed. To explain
thege results photocurrents weré divided into primary
and secondary currents. With primary currents, cérriers
are produced in the crystal andgdrift in the applied field
towards the appropriate electrode and are either lost
from the crystal or trapped within it. Carriers ére
not replenished via the electrodes. If “"ohmic" contacts
are applied to the crystal, a cérrier can enter the crystal
at one electrode for each carriér which leaves at the
other (see section 1.16). The gurrent is then a secondary
current. The transit of carriefs between thé contacts
will continue until a carrier ié lost by recémbination
within the crystal. Ohnic contacts were used throughout
the work described in this the31s.

The detailed properties of cadmlum sulphlde phote—
conductors are largely determlned by varlous crystal

defects. The study of these defects dominates the present

investigations.




For many years the uses of photoconductors were
limited by their comparatively lpw sensitivity. Photo-
voltaic cells in the optical region, photographic plates
in the X-ray region, and thermalfdetectors“in the infra
red were superior to photoconducﬁive cells. With improved
performances there is an increasingknumber of applications
for photoconductors. Cadmium sulphide is being developed
for use in optical, X-ray, Gamma ray and electron bean

devices. Thus cadmium sulphide could be used in image

converters and intensifiers, and also in furnace controllers,

relay circuits, electron and X-ray diffraction experiments
for example.

Photoconductive cadmium sulphide cells are already
available commercially. The main practical difficulties
preventing a wide scale application of cadmium sulphide
in many devices is its slow response at low light levels,
coupled with the problem of prepéring the material with
controlled and reproducible properties. A proper under-
standing of electron trapping phénomena would greatly
assist the resolution of both these problems. The work
described in this thesis forms a contribution to this

end.

L
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CHAPTER I.

The Theory of Conduction in Crystals.

1.1l Introduction.

Though photoconductivity is not confined to
crystalline solids most of the modern theoretical and
practical developments have been made on such substances.
It is necessary first of all the?efore to understand
conduction processes in a crystai.

A crystal is a periodic array of atoms or ions in

three dimensions. The three main types of bonding holding

the atoms in place are metallic, covalent and ionic.
| Metallic bonding relies on a sea of shared eléctrons
to bind the ions together. As a result a large in@rease
in the number of free electrons would be needed to cause
~ an appreciable fractional change in the number of free
electrons, and comseguently the conductivity. Due to the
large concentration of free carriers and their ready
access to unfilled energy bands (see section 1.8), free
carrier absorption is the dominant mechanism of optical
absorption in metals. This procéss is not associated
with any appreciable change in cdnductivity.

With the lower electron dengities which are poésible
with covalent and ionic bonded cﬁystals” greater photo-
conductive sensitivity can be obﬁained. ‘PhotoSensi#ivity

is defined as the fractional change in conductivity per
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unit incident photon. With covélent bonding‘one‘or
more electrons are shared by an%atom with othenﬁadjacent
atoms forming paired bonding foﬁces. In ionic bonding
an atom loses one 0O more electnons‘while neighbouring
atoms gain electrons. The Coulombic attraction between
the charged atoms provides the Easis of the bending.‘
With all the kinds of bondihg the repulsive forces
between the atoms balancing those of attraction are due
to the repulsion of the tightly bound electrons forming
the ion cores. Most non-metallic crystalsvexhibit a
mixture of part ionic-part coval?nt bonding, The pro-
portion of ionic to covalent bonaing present in a erystal
can be determined by the effect of the -electron cloéuds
on X-ray diffraction experiments?, piezoelectric effect38
and luminescenceg. A guide to the degree of ionicity
can be obtained from the electropegativity (affinity for
electron attraction) of the atoms in the crystal. The
greater the difference between the electronegativity of
the different elements present the more jionic the bonding.
Perhaps the most satisfactory way of determining the
degree of ioniecity 1is to study Restrahlen absorptien‘and
apply the Szigeti relations.
1.2 Band Theory

To discover the distribution of allowed quantum

mechanical electron states in a crystal within what is




called the 'one electron approximation"there are two
methods of approach. The first’is to consider an isolated
atom and its electronic states and then study the effects
of bringing other atoms into its vicinity to form a crystal.
This is called the valence bond;model and is based on the
Heitler and London model of molecular bonding. The other
method where the electrons are regarded as belonging to

the whole crystal was proposed by Blochlo.

1.3 The Valence Bond Model or Tight Bindimg;Apprqximation.

Allowed energies for a completely free electron are

given by the solution of the Schrodinger equation
2 i

- h 2 _ ‘
s X VoY= EY (1.1)
where h is Planck's constant, m is the electron mass, E
is its energy and ¥ ite wave function. r¢|2dv is
the probability of finding an electron in the voluﬁe element
dv.
It can be shown that E can have any value greater or
equal to zero, under the necessary conditions that ¥
is finite over all space and not identically zero, and
that ¥ and Vi are continuous over real space.
If we consider the outermost electron bound to an
isolated ion, the Schrodinger equation becomes
- 2 2 . .
'8-;'2; x Vg~ Vix,y,z) =Ey (1.2)

where V(x,¥,z) is the potential energy of the electron in
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the field due to the nucleus. For a Coulomb field V(X,y,z)

Ze?

4neor
e the charge on an electron, eo:the permittivity of free

is where Z is the effective charge on the nucleus,
space and r the distance of thevelectron from the nucleus.
Solution of equation (1.2) leadé to the result that the
electron can take on only certain discrete values of
energy E.

If we no longer consider the atom as isolated but
consider two similar atoms gradually brought together,
their electrical potentials wili interact with each other
and V in equation 1.2 will be modified. The electron
energy levels in the isolated atoms are degenerate (indis-~
tinguishable). They are split by the interaction between
the electron clouds as the atoms approach one another.

The degree of splitting will depend on the degree of
interaction. This will be increased by bringing the atoms
closer, and the effect will be greatest for the oufermost
electrons of an atom which are néarest the equivalent
electrons in the other atom and not electrically shielded
from them. In this way the degeheracy will be removed.

- If now we consider a regular lattice of atoms being
brought together, the energy levels will show N foid
splitting, where N is the total nunber of atoms. The
splitting will inecrease as the atoms are brought tbgether,

and a band of levels will be setfup,each band containing



a level corresponding to a discﬁete level in each of
the separate atoms. The degree bf splitting will be least
for the innermost electrons in levels which are shielded
from the corresponding electrons in neighbouring atoms.
Figure 1Jd illustrates the effects on the discrete energy
levels as the atoms approach each other. .
This model assumes‘thét an electron sees a potential
due to all the other electrons, ﬁhieh together with the
potential of the positive ions cpmprises a nefwork of
potential wells. This assumption is typical of the one
electron approximation. The Bloéh model is also bésed on
the one electron approximation.

l.4 The Bloch or Weak Blndlng Model

In this model the crystal is regarded as an 1nf1n1te
solid. First consider a one dimensional field with a
periodic potential of period a. Then V, = V(x + ar) where
r is an 1nteger. Using Bloch's theorem the' Schrodinger

equation can be solved to give a solutlon

'¢k‘x) = Uk(x)exp(ikx) (1.3)
where Uk(x) is a periodid function of x with the same
period a, and k is called the wave number vector. Wave
packets comprised of waves of this form are required to

describe localised electrons. The electron velocity is

equivalent to a group velocity of the waves dw/dk where

w is the angular frequeney w = 27v, v 1is the wave
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frequency. Then since Ek =hv the electroh velocity

aw _ 2= 48 (1.4)
dk h dk

From equation 1.3

P(x) = Hk(x)equl%ggg) (1.5)
S expi(k + 2nr/a)x % Ukv(x)expﬁik'x)

where k' = k + 2nr/a, and Uk,(x)éis a periedic function
of a. Thus E is a periodic funcfion of k,sand k can be
restricted to the range -x/agkgn/a. As V’(x) is uwsually
an even function of x only the 0Lk n/a ré,nge need be
used. This is called a reduced representaﬁion.

In three dimensions the same - argument can be followed
with the vector r replaeing_x and ra beingfreplaced by ra =
nlali + nzazi + n3a3g where Ny Ny, Ny are integers, 8ys8592,
are the lattice spacings and i,j,k are unit vectors in
the directions of the crystal axés. ‘

Thence the electron‘velocity

. 2R .
K» - _ﬁ— Vk Ek ("]-.6)

Kronig and Penneyll discussed a model%in which atoms
formed square potential wells in a one diménsional lattice.
They showed that the distribution of electﬁon levels in

energy: -

(1) Consists of a series of allowed energj bands separated

by forbidden regions.




- 1O . -

(2) The width of the bands 1ncreases with 1ncreas1ng
crystal binding energy.

(3) The width of the band decreases with 1norea31ng
electron binding energy. !

(4) Discontinuities in allowed energy as a functicn‘of
wave vector occur at k = nn/a where n = 1,2,3,¢00..

(5) The reduced representation 1s appllPaBIE.

(6) The total number of wave functlons (allowed energy
levels) in each band is equal to the number of unit
cells in the crystal which’ is equal to the number
of atoms, N, in the crystal.

The first, third and last conclusions hhd‘been arrived
at in the tight binding theory. &s the bind&ngeenergy of
a crystal increases with decreasiﬁg lattice bpacing (2)
also follows from the tight binding model. @igmre 1.2
shows a reduced representation of a typical Set of energy
bands. | |

1.5 Number of Eleetrons per-LeveL.

According to the concept of dlectron spin and the

Pauli exclusion principle two electrons can occupy one

quantum state as a result of the two allowed spin orientations.
A level cah;therefore accommodete two electrsns, and‘if

there are N atoms in a crysfal, tﬁe crystal ean‘have32N
electrons in each band of levelsf

1.6 Effectlve Mass

If an electric field F is applled to a erystal which
contains a free electron, its subquuent motion in the

field is described by the following eQuations
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dE _ a(SIft . dk _ 27eF
'd—_'E = eFv )( ) s 3% ——-—h

where t is the time and e is the charge on an electron.
From equation 1.4 it follows that the electron experiences

an acceleration

2 2 ‘
dv  _ Zﬂ d E d - 4x"eFy 4B

Comparison with the motion of a free particle of ma&s m
according to classical mechanics%where the acceleration
equals eF/m leads to the definition of effective mass, mx,
of an electron, so that the élassical formula can étill

be used to aescribe the motion of an electron iq a 'solid.

Thus o
n* =L (1.8)

Clearly m" varies with the wave vector k. The concept of
effective mass applies only to charge‘transport properties

of the crystal. In three dimensions

l = _4'7:2 : i
= = 2 grad, igrad, E(k) (1.9)

where gradkgradkE(k) is a temsor quantity rather than the
scalar defined by equation (1.8).
Por comparison with the‘CIQSsical case the effective

number of free electrons will be Nye ==z(E§) summed over
i
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all occupied states in the band.i For a one dimensional
lattice the number of levels is aék/2 in the range k to

k + 8k where a is the lattice pa;ameter. With two electrons
per level the effective number of electrons in the band

is

_ 8nam
Negr = ( =) (dk)k =k

Thus for a full band the effecti&e number of conduction
electrons is zero as dE/dk is zefo at the top of the band,
see figure 1.2. The maximum number will occur when (dE/dk)k
is a maximum, that is at the poiht of inflection in the E(k)
curve.

1.7 Positive Holes

The current, i, due t0o an electron passing from omne
contact to another separated by a distance 4 is given by

its charge, -e, divided by the transit time, t,.
i = - ..e.. = - e
T d

where v is the electron velocity. For all the electroms

present
I = - % rv

with a full band this is zero and there is no conduction.

If one electron is misgsing from an otherwise full band
, = _ e = e V

where Vp is the velocity the miséing electron would have
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had in the crystal. The resultihg current is cleayly
equal to that carried by a positive charged electron with
the same velocity as the missingieléctron would have had.
This effective positive electronfis referred to as a
pqsitive hole, or simply a hole.:

1.8 Electric Conduction in Crystals.

|
In a full band no conduction can take place as the

effective number of free electro@s is zero. This means
that the conductivity depends onithe degree of filling
of the uppermost bands with electrons. The diagraﬁs in

figure 1.3 show four simple cases.

In the first 1.3(a) the lower band is full and cannot
lead to conduction. The next band is empty with allarge
energy gap between the two allowgd bands. The effective
number of free electrons in eachgband is zero and the
substance is an insulator.

If, however, the energy gap;betweem the bands is small,
as in figure 1.3(U),at temperatures above absolute zero,
some electrons will be thermallyiexéiteé into the empty
band from the highest full band, so that neither bénd will
be completely full nor empty. C@nduction will now take
place in both bands. The tempergture at which conduction
will become appreciable depends dn the energy gap and to
a lesser extent on the mobilities and demsities ofgstates

in the bands concerned. Where this temperature is
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experimentally obtained the crystal is classed as an

intrinsic semiconductor. A
If a band is only half full as in the figure 1.3(c)
conduction will be very high and;thé crystal behavgs»as
a metal. With a three dimensionél crystal lattice it is
possible for two bands to overlap in energy. In this way
a crystal whichvwould have been én insulator or semiconductor
becomes a metal.s This is shown for the example of magnesium
in figure 1.3(d).
These four examples comprise the main éonductibn
mechanisms found in pure(intrinsic) crystals to whigh band'
theory can be applied. |

l.9 Semiconductors.

The highest full band (at absolute zero) is called
the valence band (V.B. in figure 1.3) and the lowest empty
or partially empty band is called the conduction band(C.B.
in figure 1.3). The energy gap between these bands is
called the forbiddern gap.

If there are localised emergy levels between the
conduction and valence bands due fo impqrities or imper-
fections in the crystal, they can affect the number of
free electrons. In particular a centre w1th a level near
the conduction band which is fllled with an electron can
lose it to the conduction band by thermal excitatiom and

so help to increase conductivity. Such a level is called
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a donor.

Similarly any centres with e@pty levels near the
valence band will be capable of éapturing elegtrons
leaving a hole in the valence baﬁd. This type of centre
is called an acceptor. ‘

A crystal with donors and predominantly electron
‘conduction is referred to as n-tjpe. In a crystal in
which holes are the main means of conduction the crystal
is said to be p-type. If impurities are responsiblé for
the production of donors and accéptors the specimen is
called an impurity semiconductor. |

1.10 Distribution of Electrons

In this discussion all energies are measured from
the bottom of the conduction band unless otherwise stated.

Electrons are Fermions and Qbey Fermi-Dirac statistics.
The probability of ocecupancy of dn allowed quantum state
at energy B is

= 1
ME) = f (1.10)
(E - Ep)

e —I + 1
kT

where EF is the Fermi energy, an& is the energy at which
the probability of occupancy is ome half. 1If the density
of 52:::; with energies between E and E ; dE is Z(E)dE

The density of electrons in the range E to E + dE will be

N(E) = F(E)Z(E)dE. If the electroms are g-fold spin
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degenerate, but obey Pauli's exdlusion principle there
will be g possible electron statbs per level.

For an intrinsic semicondu@tor the number of elgctrons
in the conduction band with energies in the rénge E to
E + dE is ne(EOdE = Z(E)F(E)AE é‘ch(E)F(E)dE; Integrating
over the conduction band;‘the to&al number of electrons |

in the conduction band becomes

Ey ,
n, =g JO N, (E)F(E)aE  (1.11)

where Ex is the energy at the top of the conduction band.
Similarly for holes in the valenpe band where the probability

of occurrence of a hole is that of finding an empty electron

state. .
p(E)AE = N (E)(1-F(E))dE (1.12)
and the total number of holes in a band
- A E : ’
Py = & IAE N,(E) (1-F(E))aE (1.13)
< Eb

where the energydis -AE at the top and Ey at the bottom of
the valence band.

For spherical constant energy surfaces in k space

3/2 -3 1/2 |
NC(E)dE zn(zm)/ (—21?-1-‘) E/ dE  (1.14)

N (E)AE = 21!(2mh)3/ 9‘2}%1?) 3(—-AE - 5)Y%E8 (1.15)

where m, and m, are the effective masses of electrons and

holes respectively.
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Assuming that the carriers fill only states near the

band edges so that the semiconduétor is non-degenerate and

E - By >>kT, it follows that
2mm kT 3/2 By Eg :
n, = 2(——;§—~) exp(ET) = gc expLET) (1.16 a & b)
3/2 ‘
2w, kT -BE_+AE E.+AE
= h STy = L (CF ™)
(1.17 a2 & b)

For an intrinsic semiconductor pi = n.. Then from the

above equations

. = . AE . 3k? . Thy ‘
Bp = T WG (1.18)

In an impurity semiconductor the number of intrinsie
carriers is small compared with those originating from
impurities. For donors equation 1.16b still holds, as

does equation 1l.17b for acceptors

Thus np =N, N_ exp(fé%ED % ni2 (1.19)

This means that the product np iséindependent of the

addition of impurities (doping) but the depth of thé Fermi

level will vary, e.g. with variations of n in equation 1.19.
Often in an impurity semiconauctor the impurities

are closer than kT in energy to tbe edges of the bands in

which they produce carriers. The reason for this can be




gseen from a calculation of the io@isaﬁpn energy of impurities
assuming a hydrogen like model, gThen the ienibation energy

is given by

my
(15) eV

o
(o))

1

6E =

y

where € is the dielect;ic constanﬁ of thekmaterial and mx/m
the effective mass ratio. For high dielectric materials
where the electron orbit is largq the crystal dielectric
constant can be used. The l/e2 ﬁactor leads to the
shallowness of impurities mention@d above for materials of
large dieleetric constant such asécadmium sulphide,;germanium,
silicon ete. |

When the impurity depths are;within an energy kT of
the appropriate band nearly all t%e donors will have lost
their electrons to the conductioniband and all acceptors
will have gained electrons from tﬁe valence band. The
impurities are then said to be f@lly ionised or exhéusted.

If N; is the number of donor& and N, the numbe# of
acceptors and they are both fullyfionised, theh there will
be Ny - N + n, electrons in the @onduction band (If Ng>N_).
If n; is negligible the crystal is n-type and Nd - Na -

N, exp (Ep/kT) (1.20). For N >Ny and n; the erystal will

6]

be p-type and N, - N, = N, exp(—(EF +AE)/kT). The donors

and acceptors in such a crystal are said to bejeompensated.

If a semiconductor is at a shfficiently low temperature
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the impurities will not be ionis?d and the carrier‘con~
centration is low. As the tempe%ature is increased some
impurities are ionised and the cérricr concentration
increases until they are all ionﬁsed. The density of carriers
will remain constant as the température}rises further. At
higher temperatures the carrier concentration‘increases
with temperature again due to intrinsic excitation across
the band gap. Whether or not the intrinsic rcgion is
reached will depend mainly on the band gap, the magnitude
of the impurity conductivity and' the temperature aﬁtainable
without destroying the crystal.

1.11 Defects

Any form of crystal defect or chemical impurity may
produce an electron level in the forbidden gap of the crystal.
One common method for producing p—type and p-type material

is to use chemical doping.

If an adeom in the crystal lattice is replaced‘by one
of an element in the next higherfgroup in the pcricdic table
this new atom will have one too @any electrons tovsatisfy
bonding in covalent crystals. Tpe extra electron, as a
result, will only be loosely bou@d to the atom and the atom
acts as a donor level. In this way the erystal ca@ be
made n-type. Atoms of elements more than one group higher
may also be usable in this way fbrming double'donors.

To produce p-type semiconduptors a replacement atom
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of an element one group lower th@n the origip@l»at@m

is used. The dimpurity is defici%nt of onevelectron for
bonding requirements and readily%acéepts one,3 AnAglement
more than one group lower than tﬁe original oné can also
be used if it will go substitutibnaily into the lattice.

1. 12 Relaxatien Tlme and Carrler M@bllltz

Following Sommerfeld's theory of free electron con-
duction in metals, let the densiﬁy of occupied states in

thermal equilibrium in an elemen% dp,, dp , dp, of phase

y’

space be (2/h3)F (pldp dpydp where F, is the Fermi

distribution function and p the momentum. When an electric
field E is applied in the x diréction the distribution
functlon is disturbed and the den31ty of filled states

xﬁ dpy, dp becomes (2/h )
F(p)dp§dp dp « Thence the current density is

per unit volume in the range dp

= - <-—3)¢jjv (F-F,)ap,dp,dp, @

where V. is the x component of vélocity of the electrons
with momentum p.

In the steady state the raté of change of}distribution
due to the field must be balanced by that due to sdattering
processes. | ‘

=-c g (SF ) : (1.22)

(§%)0011

It is assumedthat a relaxation tlme (Tp) can be deflned such
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that
F - F_) '

dF - ( 0

(Zf)coll B Th (1.23)

As the energy of electrons E = (px + Py * pz)/2m

and from equations 1.23 and 1.22
F-F &F
o _ <]

— - e yx Py (E7) (1.24)‘

Here it is assumed that the applied fie%d, E is small
HF

and %% in (1.22) can be replaced by o/

x .

(1.24) in equation 1.21, and assuming T, is a function of

ép,- Substituting

energy but independent of direction it can be shown that

J 2, 4 1R 2
X _ _ léme“(2m)* _ ne”~ TR

where Tp is the value of TR for the electron energy at the

Fermi level.

The same result can be obtained from band theory with

e T
the effective mass replacing the electron mass. Then InFe

e

is then referred to as the electron mobility (Fé),
A similar result applies to semiconductors with degenerate
gtatistics. 1In non-degenerate semiconductors the mpbility

depends on the mean relaxation time <T> averaged over

e<r>

all electron energies and B = =

1.13 Seattering Processes.

The relaxation time depends on the mechanism of carrier
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scattering. The ¢arriers can be scqttered byAthe.lattiee
vibrations (acousticél aﬁd opﬁieal_ﬂodes); charged or neutral
impurities, and other carriers. %Eadh mode offspatﬁéring
leads to a different temperature'dependence of mobility.

In cadmium sulphide for Lnstaﬁcekthe[mobility varies as

) indieating the dominant Seaﬁtering mechan@sm is by

longitudinal acoustical mode Vibfaﬁons of the iattice,

~despite the ionic component in its bonding.

1.14 Conductivity.

The conductivity of a semicdnductor is given by the sum

of the electron and hole conductﬁvities. Thus from equation

1.25 and equivalent equation fOriholes
o = nep, + pepp (1.26)

where n and p are the densities OE electrons_and holes in
the conduction band and valenee‘b?nd‘respectively.

1,15 The Hall Effect.

One method of evaluating mobﬁlities is by;meas@ring
the Hall effectlwhieh can be dOne%in metals as‘wellias in
semiconductors. f | '

An electric field Ex;is applied‘to the ciystalin the
x direction, as shown in figure 1.4. This‘gau$es&;éurrent

density J, to flow. A magnetic field B, is applied in

the z direction and contacts are placed on the crystal to

measure a voltage in the mutually%perpendicular y direction.
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The carriers accumultte at the surface of the sample and

set up an electric field hy

of carriers by the Lorentz forces. E, is called the Hall

which opposes further deflection

field and Ey ='RJsz where R is éaﬂled the Hall constant.

In equilibrium undef.open circuit conditipns the
force on charged carriers due to BZ in the‘y direction,
must balance the force on the ch@rges due to Ey' kmhus
with electrons in an n-type specimen

X J

- ¥ o= , : Fo= _X
e B, =-e B Vg =- -5 since Vx = g

where VX is the average drift velocity.
If & is the Hall angle, that is the angle between
the resultant electric field direction and the applied

electric field then

E
tan 8 = -ﬁi = - B, (lf27)

- Tz . _ T .
Vy = +&== = BZPeEiW | (lf2&)

where I is the total current, t is the crystal thickmess,
w is the width of the specimen and n is the electron density.
This simple analysis also shows that R = - l/né. |

The analysis assumes amonggother things that 7, the
relaxation time is independent of electron velocity. Since
this is only true of metals and degenerate semicondhetors

a factor r varying between 1 and32 should be introduced.




As a result the Hall constant becomes |
R = - 1r/ne | ' (1.2§).
The product of Hall constan@ and electridal conductivity,
Ro, is defined as the Hall mobility, since
RO = TR ' (1.30),
It must be remembered that ﬁhe Hall mbbiiity is not
necessarily equal to the conductivity mobility, pe The

<1%>

factor r = —5 s where the averaéing is done over all
<T > : |

electron energies, and cannot‘begcalculated‘uﬁless the
scattering mechanism is known. ‘

Carrier mobilities can alsogbe‘determined in experimenté
in which the drift velocities of either minority Orzmajorityj

. 1
carriers are measured. ?

The drift mobility is not necessarily(
identical with either the Hall or conductivity moblllty,
except in hlghly extrinsic, trap: free material.

1,16 Electrical Contacts.

In order to measure the electrical properties of é
crystal it is usually necessary %o make electﬁical @ontacts
to the crystal. Consider a crystal in vacuo. The aiagram
in figure 1.5 shows the energy 1ével situation at the surface.
d is the work function and X the electron afflnlty. The
depth of the Fermi level below the conduction band
= By - X

Placing metal contacts on tﬁe crystal may‘formja metal

E (1.31)

S

semiconductor barrier. Ignoringisurface effects on the

semiconductor, the situation for an n-type semiconductor




is shown in figure 1.5 for con%acts formed with metals
of (a) high and (b) low work f@ncﬁion gm'

If wifh the metal and sémiconduptor separated the
Fermi level in the metal is lo@er than in_the seﬁiconductor,
i.e. ¢£’:> ¢s, electrons will @iffuse from the semiconductor
into the metal. This process éont;nues_unti;_a.large enough
field is set up to prevent anyffurther net diffusion of
electrons. The loss of electr?ns from the gemicdnductor
produces an insulating layer n%ar the surface of the semi-
conductor containing a net positive chargg,due to ionised
donors. Such a layer is calleé a depletion 1aye:. The
contact possesses rectifying p?operties‘and‘may Qell
limit the current flow when angelectric field is?aﬁplied.

When the Fermi level of tﬁe isolated metai is higher
than that of the semicbnductoréi.e. Gﬁ~< Qé‘no barrier
is set up and the admission oféelectrons into thé‘crystal
is governed by the bulk proper%ies of the crystaI, Such
a contact is called an;ohmic c?ntact and 1is suitéble for
the determination of the bulk %roperties of‘the éemi—
conductor. On this agzgument @he eondition‘for ohmie
contacts is that the work func%ion of the metal must
be legs than that of the semicbnductor.

For a p-type semieonducto% whgre_an ohmic céntact
requires the injectionlof hole%_into theiggéicondgctpr

the work function of the metal must be greater than that
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of the semiconductor. If it is not a depletion layer forms
a barrier and complicates the measurement of bulk properties.

1.17 Surface States.

Even if the work funetion of the contact metal is
matched to the semiconductor, crystal surface states may
introduce a barrier and a depletion layer. An pxide film
on the surface is one of several such sources of surface
states. If the film is conducting it will effectively short
circuit the bulk of the crystal. In the absence of an
oxide layer, surface states known as Tamm levels which are
due to the disruption of the periodicity of the crystal
lattice can still act as acceptors on an n-type semiconductor
or donors on a p-type semiconductor. In this way an
'inversion' barrier is set up at the surface.

Surface properties are affected by mechanical damage
as well as mechanical and chemical polishing techniques.
Diffusion of the metal of the contact into the crystal can
also agsist the production of an ohmic contact if this
tends to form a localised n' or p+ conducting region at
the contact, 6r if it neutralises the surface states.
Clearly a metal that tends to form an insulating layer if
it diffuses in, is unsuitable as a contact as it will always

form a surface barrier.
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CHAPTER 2.

Optical Properties

2.1 Radiation

Electromagnetic radiation of frequency v can be
regar@ed as composed of photons with energy E =hv (2.1)
where h is Planck's constant. Except for very high energy
photons ( ,nu) 1MeV) where the Compton effect is appreciable,
each photon gives up all its energy in one interaction.
Electromagnetic radiation can be dbsorbed by semiconductors
in several ways. Considering absorption by electroms only,
the radiation can be absorbed by inner shell electrons,
valence band electrons, free carriers, and electrons bound
to localised impurity and defect centres (see figure 2.2).

Inner shell electrons require large photons to exeite
them to higher empty states as the;lower energy states are
full. This is beyond the range of optical or near optical
radiations and will not be conmsidered in detail.

In a semiconductor free carrier absorption will take
place at low photon énergies. At higher photon energies,
usually near the visible region, absorption by excitation
of electrons from the valence to the conduction band 1is
possible. Absorption involving‘exciton states near the
conduction band occurs at slightly lower energies.

The selection rules of guantum mechanics require that
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The wave vector k must be conserﬁed in absorption for
the process to be allowed and have a high probgbility
of taking place. As the wave vector of radiation in the
near visible region is small comp@red with}that of electrons
in the crystal, the wave vector of the e1e¢tron must be
almost unchanged by its transfer from the‘valence to
conduction band when a photon is absorbedf' Since most
energy level diagrams of semiconductbrs have the wave
vector plotted as the abscissa ana the energy as the ordinate,
transitions of constant wave vector are called vertical
transitions.

If the structure of the energy bands is simple and
the minimum of the conduction bana and the maximum of
the valence band occur at k = 0 (see figurev2’1(a)), the
minimum energy transition of an electron‘between the bands
is vertical (direct) and there is a sharp increase in
absorption when the photon energy is increased through
this minimum value. If the bands are such that the minimum
energy transition between the bands is not vertical there
will still be an increase in absorption as the photon energy
passes through this minimum value:(seé figure 2.1 (b)).
This is because non vertical (indirect) transitions‘have
a finite probability of occurringf Momentum is conserved
by the emission or‘absorption of a phonon. When the energy

of the incident photon is increased still more there will
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be a further increase infabsorption when direct transitions
at k = O can occur. |

The_density of phonons incréases with tgmperature,
causing absorption by indirect transitions to increase.

If a phonon is absorbed in the interaction the threshold
for band to band absorption can be slightly less than the
indirect forbidden gap, by an améunt equal to the phonon
energy. The situation theoretically is further complicated
by the fact thatsindirect or direct transitions can be
"gllowed" or "forbidden" dependihg on the parity of the
initial and final wave functions. This however is important
guantitatively rather than qualitatiﬁely.

Direct or indirect transitionsfrom the valence to
conduction band due to irradiation will both lead to an
increase in conductivity as a re?ult of the increased
concentration of free electrons and holes in the conduction
and valence bands. This is the first stage of the photo-
conductive process. A

Absorption by free carriers in a»band is limited by
the width of the band and usuallj only occurs at wavelengths
greater than 1 micron. The absofptien increasges with wave-
length and depends strongly on the density of free carriers.
It is only significant for semicénductors with high carrier
concentrations. Optical’absorption in crystals can be

complicated by the production of excitoms. Excitons can
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be regarded as electrons orbiting round atoms in the tight
binding model or electrons orbiting round holeé in thé
loose binding model. Thus they can be rggarded as electrons
occupying bound excited states. ;The excitation levels form
a hydrogen like series just below the conduction band (see
figure 2.2). Though an electron in such a state does not
contribute to conduction directly, the electrons can be
excited thermally into the conduction band if the temperature
is high enough for lattice vibrations to supply the exciton
binding energy. In this way exciton absorption can lead
at sufficiently high temperatures to an increase in the
free electron concemtration and thus to photeconduofivity.
Turning to impure crystals, electrons in bound
impurities can be excited to higher levels Within the
impurity or into the'conduction band. Excitation within
a bound impurity cannot lead to photoconductivity. If the
electron, however, is excited into the conduction band it
can then contribute to comduction. Impurity absorption
appears either as a continuum or a separate absorption
band on the long wavelength side of the absorption edge.
The higher the crystal temperature the nearer the spectrum
approaches to a continuum. This effect is due to phonon
interactions.

2.2 Continuity Equatiena

Once an electron-hole pair has been produced the
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carriers diffuse by thermal agitation, and are influenced by
any fields present. Thus we have the continuity equations
describing production, diffusion, drift in an electric field,

and recombination of electroms and holes.

-q (291 av T (2.2) 68 - g (s Laiv T (2.3)]
it = ephpﬁ - eD, grad p (2.4)

J = bephnﬁ + beD, grad n (2.5) T =3 5 (2.6):
div E = e (Ap -An)/e (2.7)

where p stands for the density of holes and n for the density
of electrons; o as a suffix denotes the density in the absence
of illumination. q is the rate of generation of electron-hole

pairs by the illumination, T ig their free life time and

J* and I~ are the hole and electron currents, By is the hole
D
mobility and D, is the hole diffusion constant. b =‘E9 = ==
h | Pn  Dn

is the mobility ratio and Pe and De.are the electron mobility
and diffusion coefficient. E is the applied electric field
and € the dielectric constant of the material, Ap = p - Py

An = n -~ n and the net current J=3"+3.

For a more conducting type of semiconductor it can be

assumed that at any point there is charge neutrality.

S.Ap =An and in the low illumination case Ap << p or n.
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Then %ﬁ? =q - %P + D div grad Ap + PE grad Ap (2.8)

n b
where the ambipolar diffusion comstant D = D 2. 9
P, _n ¢ byt Py
and effective mobility p = mg 73—5—59].
) o .o

For more insulating materia}s Where charge neutrality
does not occur but assuming intrinsic material and a small
signal, the equations aré again soluble. For irradiation
with I photons per unit area of a solid with a coefficient
of absorption X, the rate of generation of electron-hole
pairs assumingyone pair is produced per absorbed photon 1is
q = KI exp(-Ky) (2.9) where y is the depth below the

surface on which the radiation is incident.

' Pn i
From the above assumptions and assuming <D is
? h
very large it follows that
1%a° Ap -
>+ - Ap = Kie exp(-Ky) (2.10)
dy '

where L = (BT)% is the ambipolarédiffusion length. If

we assume that the surface recombination velocity (s) is
the same for both the front and back surfaces Jt=-es A P
at the top surface (y = 0) and IJ¥= es Ap at the bottom

(y = t) surface, and

Ap =P, cosh T+ P, sinh £ +

0<y<t (2.11)

2.3 Photoconductivity in Intrinsic Semiconductors.

If electrodes are applied to the specimen in the x
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direction (see figure 2.3) and the%distribution‘of carriers
in the y direction is negléoted‘th%n the photocurrent for a
crystal with thickness t is

t
e(b + 1 )F-h ' : .
Ai= T Exj Apdy. Let AP =| Apdy, then A.ie< AP.
% _ , o

from equation (2.11) if o = %ﬁ )

(KL~ u)exp(-Kt)-KL-—i

(2.12)
(1+ o )s:.nh ]:c: + 20tcosh £

Now considér some special cases.
(1) 1If surface recombination is neglected
AP =71 (1 - exp(-Kt)) =¢(total absorbed quanta)
(2) For thick samples where t>>L and if x~ 1, (i.e. the
recombination velocity is small) and KL«yl (surface absorption

of the radiation), as K

APo =1 T p¢ (2.13)
where ’]:"Teff = %‘,— + %

(3) If & and t are large but x<< KL e.g. at short wave
lengths AP = %T-

(4) If oy, i.e. total recombination at the surface

AP(1-K°L2)/I+ = 1-KT tanh gi - (14Kl tanmh g%)exp(—Kt) (2.14)
This has & meximum AP, = 0.511I at KL = 0.54 for ¢ = 5
K and therefore XL can be varied by varying the wave-

length of radiation falling om the crystal. In practice
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the surface recombinatiqn velaci?y can be obtained from
equations (2.13) and (2.14) sincé {%;EQE = 0,51u(2;l5)
(see figure 2.4).

Photoconductivity in certain more insulating semi—

conductors will be.discussed later in this thesis.g

2.4 Dember Effect.

Another effect observed in a homogeneous semiconductor
is the Dember effect.l3 fThe ¢crystal is illuminated as
shown in the diagram in figure (2.5).

Radiation strongly absorbedéat the surface of the crystal
producés electron-hole pairs”‘ The electrons and holes in
the absence of a field diffuse away from the surface. The
rate of diffusion for electroms is different from that
for holes and as a result charge}separation will take
place in the crystal. This setszup an e.m.f. opposing the
charge separation and as a result equilibrium is established
with a voltage difference between the top and bott&m surfaces
of the crystal.

With surface absorption of the radiation, charge

neutrality, and a thick specimen; the open circuit voltage

_(b-1)gl
D ph(no+p09(l-+u

in the illuminated surface.

v

) (2,16) where ®&; refers to recombination |

As might have been expected the voltage is proportional
to the difference between the mobilities of electrons and

holes, to the rate of exeitation and the ambipolar ‘diffusion




length. The voltage also decreases for higher surface

recombination velocities and the (no + p,) factor means

that the Dember voltage is highest in an intrinsic sample
= 2 —_— " '

(as np, =N constant).

2.5 Photoelectromagnetic Effect (P.E.M.)M#713:16-

A magnetic field is applied %o the crystal parallel
to the surface of the crystal in say the z direction.
Illumination is still considered to be incident normally on

the crystal surface and to be absorbed at the surface.

Electrons and holeg will diffuse away from the surface as
in the Dember effect, but now they will be deflected in
the magnetic field as shown in the diagram in figure (2.6).
As the electrons and holes are deflected in opposite
directions a voltage will be set up between contacts at the
ends of the crystal in the x direction. For a low density
of photoexcited carriers, and a small magnetic field, the
diffusion lengths of the carriers must be equai as no current
flows in the y direction .. I, = Lp = JrD .

1f the contacts are short circuited the charge transfer

per electron-hole.pair between the contacts is
%o( tar .
(DPr)<e(tan 8+ tan Gp)

X
for the holes and electrons and X is the length of the

where Gp and 6 are the Hall angles

specimen between the electrodes. 'The short circuit current

is then
Jy =q e (DTQ%B(Pn+ Pp) = q B[ZkaePan(an*Fp)]%
(2#17)
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and the open circuit voltage E@@f (%%) (fo% (2.18)

1
5.6 PhotoHall Effect.~ '

This is the Hall effecp ﬁeaéured under illumination
where most of the carriers'are pﬁotoexcited, It has been
found that under illumination thé mobility varies with
illumination and temperature in éertain substances including
cadmiun sulphide. The variation;of temperature and illumin-
ation changeé the occupancy and so-charges in the defects.

In this way the scattering and so mobility is altered.

Interpretation of the reéults can give information about
the parametérs of defects in the crystal.(see figuﬁe 2.7).

2.7 Photovoltaic Effect.

If the crystal is not homogéneous but contains a p-n
junction, photo generated minority carriers will diffuse
across the junetion. This cause$ a photovoltage to develop
between contacts on the crystal. The process is called
the photovoltaic effect. It can be used to convert radiant
energy into electrical emergy. This is utilised in solar
batteries.

2.8 Luminescence.

If an electron is excited t¢ a higher energy state it
may return to the original stateéwith the emission of

radiation. According to the Fraﬁek-Condon principle (see

figure 2. 8 ) electron excitation transitions take place s0
|

rapidly (10—13sec) that the tranéitions are vertical (comstant |
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radius) and the high frequency dielectric cén&tant mast
be used for calculations'concerning the transition. With
the electron in the excited staté relaxation of the system
takes place more slowly. During?this process the effective
dielectric constant is the low f#equency one., The relaxation
process involves a loss in energy by the electron to the
lattice. As a result the energygemitted when de-excitafion
takes place is less than that absorbed duringjexcitation.
This is the explanation of Stokefs law of fluorescénce.
The Franck-Condon principle also;shows that optical and
thermal activation energies will be different in cfystals
with any component of ionicitj iﬁ their bonding. ‘
If the emission follows theéexcitation within;10~8
seconds it is called fluQrescencé but if the emission is
delayed longer than this it is célled phosphorescence.

10~8

secs is chosen somewhat arb;trarily as a dividing
line. It is of the order of theélife of an excited state
of an isolated atom.

In some phosphor systems excitation can take place
from one state to another within%an impurity atom @nd not
contribute to conductivity. On ?he other hand in many
phosphors including the Sulphide@types an electron;can (1)
be excited from an impurity level into the conduction band,

(2) from the valence band to an impurity level or (3) from

the valence %o conduction band.  Each of these processes
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can lead eventually to Luminescént emission accompanied

by photoconductivity. I@ gener%l however radiative emission
must take place before non-radidtive thermal de-excitation
can oeccur. It is necessary thenefore for the electron to
have only a short life time im the excited state and this

leads to low photoconductive sensitivity.

As most non-radiative de~excitations are at least

partly thermal they tend to increase with temperature
causing the luminescence to decﬁease with increasing E
temperature. This is known as thermal quenching. ‘Forv
gome radiative recombination processes, however, thermal
excitation from a metastable‘exéited level is needéd prior
to emission. This causes a peak in emission at a parti-
cular temperature as the crystal temperature is ingreased.
Study of these peaks will be discussed later under thermal

glow curves.
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CHAPTER 3.

Cadmium Sulphide and Related Compounds.

3.1 Semiconductors and Semi-insulators.

~ Several assumptions made in chapter 2 during the
discussion of photoconductivity in semiconductors will no
longer be valid when they are‘applied to semi-insulators
such as undoped cadmium sulphide.

One such assumption is that;charge neutrality will be
observed in the crystal as far as free carriers are concernegd.
This is not true for a semi-insulator. One reason for this
is that the number of trapping sﬁates is appreciable compared
with the number of free carriers in the crystal injthe dark.
Another result of the large numbér of traps is to make the
life time of holes in the valence band different from that
of electrons in the conduction band. It was assumed for
semiconductors that under illﬁmihation the increase in the
concentration of carriers would be much less than thermal
equilibrium coﬂcentrations of carriers in the crystal. In
semi~insulators the density of photoexcited carriers is
often several orders of magnitude greater than the dark
density of carriers.

These differences between semi-insulators and semi-
conductors though they affect‘seweral formulae derived above

for semiconductors do not afféctfthe basic concepts of energy
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bands, mobility, effective mass o? ohmic contacts in semi-
insullators. The differences in p?operties of semi-insulators
alter the various effectS<discuss?d above for intrinsic
semiconductors guantitatively rather than gualitatively.
For this reason only photOeonduct@vity, and to a leéser
extent luminescence, will be considered again specifically
in semi-insulators.

Semi-insulators are characterised by having forbidden
band gaps of 1.5 - 5.0 eV and daﬁk conductivities of the

order of 10°

ohm. cm. Cadmium sulphide will be taken as
an example because the practical work discussed in this thesis
is confined to this substance.

3.2 Cadmium Sulphide.

Cadmium sulphide is a II—VIgcompoundusince-cadmium is
an element in group II of the peﬁiodic table and sulphur is
an element of group VI. In geme#al the compounds of zinec
and cadmium with sulphur,~selenidm and tellurium are wide
band gap semiconductors or semd—#nsulators. The values of
band gaplB of these compopnds:aré shown in figure (3.1).

Cadmium sulphide has a forbidden band gap width of
2.4 ev}? Substitutional impurities from group IIIB and VII

lomhos/cm. for pure

can increase the conductivity?frdm 107
specimens, to lmho/cm. for highly doped specimens (~ 10
parts per million). Donors lie within 1/10 eV of the bottom

of the conduction band and are therefore fully ioniéed at
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room temperature. Acceptdr levels are usually of the

order of 1 eV20 above thefvalenceﬁband and as & result the
concentration of free holes is very small. Thermoelectric
and Hall effect measurements on highly doped samples always
indicate n-type conduction. The mobility of free electrons
is about 200 cm/volt. sec.2* at room temperature and is
proportional to T’% ?2 where T is the absolute temperature.
Thiswould suggest that the acoustic mode lattice vibrations
provide the dominant scatﬁéring mechanism which is surprising
in a compound with an appteciable;polar component in its
bonding. The refractive index of cadmium sulphide is 2.623
at a wavelength of SOOOX and its low frequency diele§tric

24
constant is 11.6. The effective electron mass as measured

25
by cyclot¥on resonance has several values associated with
ellipsoidal equal energy surfaces. An average value of
electron effective mass from these measurements and others

on the thermoelectric power of cadmium sulphide is 0.25 m.

3.3 General Assumptions.

Unless otherwise stated certain conditions will be
assumed throughout the rest of this thesis.
(1) It is assumed that the crystals under investigation are

/. implied
comfirmed for crystals on which

homogeneous. This was
the work for this thesis was done, by the agreement
between calculated energy depths from formulae both

involving and independent of the crystal dimensions.




(2)

(3)

(4)

(5)

(6)
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Ohmic behaviour at the cdnt#cts with no rectification
is assumed. The fact that ﬁhese propertiés were
experimentally observed in ﬁhe crystals méasured also
lent support to the assumptﬁon that the crystais were
homogeneous.

It is assuméd all crystal‘arp nftype. This is almost
certainly correct as‘p—type badmium sulphide is only
found in highly dopeﬁ specim%ns,.where the conduction
probably occurs in an impurity band.26

Non degenerate statistics arg used. This follows from
the low density of electrbnsginvolved, compared with
the density of states in the;conduction band.
Measurements made are of steédy state values except for,
(i) the thermally stimulated;measurements which are
taken at a constant rate of ?ise of temperaturé and (ii)
the measurements on the rate of rise and decay of
photocurrent. To some extent this assumption is only
valid by definition of stéady state values since in
some cases general deteriora@ion of the crystal took
place at an appreciable rate§ "Steady state" values
were usuaily taken as those feached within a few
minutes, except under lowiil%uminationso

Values of various constants in cadmium sulphide were
téken from the scienﬁifie‘li%erature and will be

discussed where they are used.
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(8)

(9)

(10)

(1)
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The effects ofkfree,holes are neglected except where
they are specifically discu%sed. No evidence of con-
duction by holes was found during the present measure-
ments.

The energy levels of electron capturing defects (traps)
are assumed to lie in groups at discrete energy depths.
Evidence of this will be introduced later.

The effects of the anisotropy of the erystal are
neglected. These are not in general important. This
was demonstrated by the experimental fact that the
energy depths of’defect levels are independent of the
direction of current flow.

A single value scalar effective mafs is assumed. This
is incorreet in cadmium sulphide,zjbut as an average
value was uéed, errors involved in its use can be
neglected, particularly as most calculations did not
require its absolute value.

The érystal stays electrically neutral. That is no
appreciable build up of space charge occurs in the
crystal. The net electric charge, including charges
in defect centres, is zero for the whole crystal. This
does not necessarily mean that the number of free
carfiers of each sign in the crystal is the same. It
does mean that an electron must have been remo&ed

from the crystal at the positive (anode) contact to
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the crystal beforejanotheréelectron can enter the
crystal at the negative (céthode) contact.

(12) Direct recombihation betwegn an electron in the
conduction band and a hole;in the valence band is
negligible except under intense illumination when all
other recombination paths are saturated.

(13) It is assumed that the density of carriers freed by
illumination is much greater than the dark density
of carriers.

(14) The density of defect states is assumed to be greater
than the density of carriers except under infense
illumination.

(15) As band theory is used the substance is assuﬁed to be
a siﬁgle crystal.

(16) Other specific assumptions for different theories. will

be introduced as the theories are developed.
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CHAPTER 4.

Photoconductive and Luminescent‘Prbcesses in Cadmium§8ulphide

and Relatéd Materials;

4.1 ZExeitation Processes.

As stated earlier whenm light sShines on a crystal the
density of carriers increaées and as a result the conductivity
increases by Ag = e Anp, + Afppp) (4.1)
where An(Ap) is the increase in the density of electrons
(holes) in the conduction (valehceD band. The density of
carriers is the product of their rate of excitation and
their average life time as free cairiers. Part of t@e tiﬁe
between the excitation of a carrier and its capture by a

centre leading to its recombination is spent in traps with

energy levels which lie near the bénd in which the carrier
is mobile. As a result the time during which the carrier

is free to participate in conduction, which time is c¢alled

the frée carrier life time, is less than the time beﬁween its
excitation and recombination (the éxcited life time). As
the.carrier can remain in a recombination centre for a long
time before recombining with a Cha&ge of the opposité sign
both the excited life time and the free life time for
electrons differ. from the ¢orrespohding values for holes.
When appreciable numbers of t?aps are present the
decay time of the photocurrent will be determined by:the

rate of thermal excitation of carriers from the traps and
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will not be egual to any of the iife times mentioned above.
If the illumination'createséf electron-hole pairs per
unit time per unit volume

owr

fre =80, T, =Ap,:

Soo bo=f oe(pT &»pp7pc) (4.2)
where Tho and Tpc are the free life times of electrons and
holes. 1In highly photosensitive cadmium sulphide virtually
all the photocurrent is carried by electrons so that Ap = 0,

and
Ao = fep, T, (4.3)

This is a result of the presence of fast hole trapping
states which are described below.

4,2 Definition of Photoqonductivity and Photacond@ctiﬁe Gain.

Photoconduetivity Ean be defined as the increase in
electrical conductivity per unit change of intensity of
illumination, or more conveniently as the increase in
conductivity per electron-hole pair produced by the
radiation.

Photoconductive gain can be defined for the crystal as

a whole by the expression

‘-%—I- = GF (4.4)
where AI is the total increase in the photocurrent and F is
the total rate of production o electron-hole pairs in the whole

crystal. Thus G times the rate of photon production equals
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the number of carriers pgssing through the crjstalfper

second. From equation (4.3) G % Toa P v (4.5) but
~mefa g2 .
since the electron transit time T =U%V, (4.6), G = —%9 (4.7).

Highly photo-sensitive cadmiumfsulphide is characterised
by having such a low dark currené that even at comﬁaratively
low illuminations the dark cufreﬁt is.small comparéd with
the photocurrent ( ~ lOQ@X darkgcurrent for 20ft. candles).
Both the dark conduction and pho?oconduction are c&ntrolled

by defects and impurities.

4.3 Lattice‘Defects andilmpurit?es.

For a defect or imﬁuritj té be important in the
electronic processes taking plac% in a semiminsulaﬁor it
must have an electronic energy lével'or levels situated
between the conduction and valenée bands. It is aésumed
that the relaxation energy afterfsuch a centre captures
or emits an electron is émall. |

With a defect which has an ?mpty electronic level, and
can therefore capture a free eleétron, a cross section S cm?
can be defined such that the rate of capture of carriers is
SvnNﬁ,where v is the average the%mal velocity of tﬁe
electrons and n and Nt are the d?nsities of free electrons
and empty defect states fespectiQely. Thus S has the
dimensions of area. The cross séction is a mean cfoss section
to take.account of the distribution of carrier velocities.

v is therefore the mean thermal %elocity of the carriers.
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!
Thus v = o (4.8) where m” is the effective mass of
the carriers. It should be noted that S can vary with
velocity and consequently with the temperature.

4.4 Fermi Levgls.

The rate of thermaltrelease:of carriers from defeets
with levels at a depth E eV below the conduction band
is ngv exp(-EégT) (4.9) where n, is the density of filled
defects, and v is called the attémpt to escape frequency.

If the Fermi level coincides Witﬁ the position of:ﬁhe defect
levels their occupancy will be %%and n, =n. In equilibrium
the rate of filling and the réte;of emptying of the defects
must be egqual. Substituting these conditions in equation
(4.9) and comparing the resulting equation with thdt defining
the Fermi level (ﬁ& = exp(q%ﬁT)X(4.lO) it can be seen that
NV = g (4.11) whe?e N, is the effective density of states

in the conduction band.

The Fermi level is defined on the basis of thermal
generation and recombination in ﬁhe dark where thermal
equilibrium prevails. When opti¢al excitation forms an
additional means of increasing the free electron po?ulation
the Fermi level as defined by equation (4.10) is raised
towards the conduction band. A EermiKlevel defined in this
way for non—thermal equilibrium éonditions is called a guasi
or steady state Fermi level. ‘Siﬁilarly there williﬁe more

holes in the valence band. Undeﬁ illumination the electron
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and hole quasi Fermi levels must separate from the equilibrium

Fermi level in a photoconducting semi~insulator.

4.5 Bemarcatiqn Levels.

What part a defect centre plays in recombination or
trapping processes depends on the position of its energy level
within the forbidden gap, and on ﬁhe temperature. For example,

a defect that has captured an ele¢tron can either return the

electron to the conduction band, or the electron can recombine
with a hole from the valence band. If the electron is re-
excited into the conduction band by a thermal pfocesa the
defect is called a trap, but if recombination with a free or
trapped hole takes place the defeet is called a recombination
centre.

In steady state conditions an electron demarcation level
can be defined in such a way that an electron occupying a
defect lewel at that depth has equal pfobabilities of thermal
excitation to the conduction bandkand of recombining with a

«~E.
hole. Then ve exp(vkgn) = p v Sp where 3p is the capture cross

section of the defect for holes. Thence Ep,= EFn+ len—— (4.12)
where B 1s the electronfdemarcaﬁion leviel and Sn and Sp are

the cross section of the defects for holes and electrons.

LS Yy e at 3 : Sn
Similarly the hole demarcation lewvel ED == EF + kT1ln §5 (4.13)

where E; is the hole Fermi level.

Fp
As the demarcation levels are separated from the quasi

Fermi levels by an amount which 1s independent of the
illumination, they approach the c@nductlon and valence bands

as the illumination increases, in the same way as the quasi
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Fermi levels. The diagrém in‘Figure (4.1) shows the position
of the quasi Fermi and demarcatién levels under illumination.
The ideas developed;above, which are due to Rose,27

ghow that most of the levels above the eleetron demarcation
level will aet as traps, andvthose below the hole demarcation
level will act as hole traps. Levels lying between the

electron and hole demarcation levels will act predominantly

as recombination centres for electrons and holes.

4.6 Sensitisation Centres.

The free'life time of a oar;ier is the reciprocal of
the probability of capture of thé free éarfier by a
recombination centre. Consider one set of recombination
centres (type I in Figuré (4.2))with equal probability for
capture of holes and electrons. In the absence of 'any other

recombination centres the free life time for electrons will

1 | . L
be T, = ﬁg;g;— (4.14) where Np is the density of such
centres.

Consider what happens when a second set of recombination
centres are introduced (type II in figure (4.2)) with the
same hole cross section as type I centres but much smaller
subsequent cross section for electron capture. The holes

will accumulate in these type I1 centres so that there will
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be an excess of electronsielseWhe&e in the crystal. The

excess electrons will tenﬁ to fiﬁlkthe type I centres.

As a result the number of empty type I centres will be much
decreased. Recombination via the%type II centres; ¢a11ed

the sensitising centres, is slow. because of their very small
cross section for electrohs. Theéhigh photosehsitivity of
cadmium sulphide is due tb the prksence of such sensitising
centres, which increase the free,barrier life time by remdering
type I centres ineffective.

4.7 Infra Red and Thermal Quenching

The levels associated with the sensitising cen@res in
cadmium sulphide are only:about lfeV28above the valence band.
If the crystal is simultaneously @lluminated with infra red
radiation with photon energy egqual to the energy difference
between the levels in the:sensitiSing centres and the valence
ban@,‘electr@ns are excited into these centres from the
valence band. The holes producedéreqombine with the electrons
already occupying the type I cent?es. This means that the
electron occupancy of type I centres is reduced so ﬁhat they
are more effective in proﬁoting free electron capture. This
results in a decrease in photosen?itivityf The infra red
radiation is said to have:quen¢he§ the photoconductivity.

As it requires only a relatively small amount of energy
to excite electrons from the Vale#ee band into type 1II centres,

the excitation can take place thefmally at high temperatures.
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Thus the photosensitivity will aiso’decrease at elevated
temperatures. This is called thérmal quenching. Aﬁether
way of looking at thermal quenching is to observe that when
the crystal is heated the hole F?rmi level rises above the
levels in the sensitising centres; which means they can no
longer retain an excess of holes. As a result there will
no longer be excess eleetrons‘toifill the type I centres
and the sensitivity fallg.

If the hole demarcation level lies just above the
levels in the sensitising centres in the dark, the centres
will act as traps. On illuminating the crystal more carriers
are produced, and the hole Fermi level and hole demarcation
level will fall, As the illumination is increased the
demarcation level will pass throggh the sensitising centres
which will start to act as sensitiéing centres instead of
traps. In other words the illum;nation has brought about
an increase in sensitivity. Photoconductivity will therefore
increase faster than 1in§arly wi%h illumination in 'this

region. This phenomenon is called supralinearity.

4.8 . Conductivity and Ph@tosensitiv;ty.

re ”
Pure

'vécadmiumgsulphide is highly resistive
and a poor photoconduétor. When donors are introduced in
the form of a group IIIB or group VII substitutional
impurity or of excess oadmium, photOconductivity increases

much faster than the dark conductivity at first producing a




good photochductor (seeifigure§4.3). As the donor density
is increased further the rise in&photoconductivityibecomes
less and less rapid while the da&k current begins to increase
more rapidly. The semsitivity flalls as a result aﬁd highly
doped specimens are poorzphotocoﬁductors.

When semiconducting cadmium sulphide is compensated
by increasing the concentration bf acceptors by introdueing
copper or excess sulphur, the cohductivity of‘the specimen
decreases again. To begin with the dark conductivity
decreases more rapidly than the photoconductiVity énd as
a result the crystal becomes higﬁlyphatosensitive égain at
about the same dark condﬁctivitykas in the absence . of
compensation.

The density of impuiities nécessary to produce these
large changes of conductivity is of the order of parts per
million.

When doping with a halogen andrcopper for example
charge compensation takes‘plaoe. ;That is the density of
copper ions accepted into the la&tice is approximately
equal to the density of halogen ions in the lattice. As
the copper acceptor levels are separated from the valence
band by an energy which is much 1arger than that between
the donors and the COnduétion ba@d, more of the donors are
ionised than the acceptors. As é result there is an effective

excess of domors in the crystal. This is the situaton which
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prevails in the highly pﬁotos&nsﬁtive regipn for temperatures
between that of liquid air and 100°C. It is within this
range of temperatures that the cﬁystal is most likely to

be studied and used.

4.9 Types of Defects.

The most important types ofﬁdefects found in a;crystal
are (1) impurities (substﬁtutionél and interstitial), (2)
vacancies in the lattice, (3) codstituents of the cpmpound
held interstitially in the lattide, (4) complexes of all
these and (5)‘other lattice défeqts such as dislocafions.

4.10 TImpurities.

Group III or group VII elements can substituteifor
cadmium and sulphur respebtivély’to form donors. Indium
and Chlorine are examples of alements commonly used.

Group I or group V eiements;replaeing cadmium or sulphur
in the lattice act as acceptors.: Copper 1is typicalidf this
kind of impurity though there‘isésome evidence that it can
enter the crystal non-substitutionally.

The impurities may either b@ added to the crystal by
growing the crystal in a wapour containing the impufiﬁ@s,or

it can be added later usihg azdiﬁfusiOn technique.

4,11 V@cancies.

Cadmium and sulphur vacancies will be produced during
the growth of the crystal and the density of vacancies of

one constituent can be inprea@ediby heating the erystals
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in the vapour of the other. Vac%ncies can capture either
electrons or holes thus varying ﬁheir charge, but cadmium
vacancies generally act as acceptors, while sulphur vacancies
act as donors.

If an impurity is iﬁtroduced substitutionally into
the crystal lattice replacing an atom or ion of different
charge some form of "charge compénsation" is necessary to
maintain electro-neutrality. Thé compensation may take
several forms (1) by another impurity of opposite effective
charge, (2) by vacancies or (3) by production or caﬁture
of free carriers. A fourth method of compensation equivalent
to the last mentioned above is that an ion of one of the
congstituents of the crystal changes its valency. This

is called controlled valency compensation.

oy
Kroger and Vink and van den Boomgaard6) have used the

methods of physical chemistry to predict the density of
defects in cadmium sulphide. Theyvassume the distribution
of atomic defects ig determined by the growth conditions,
and that the electrons which are mobile down to room
temperature are distributed over the various defects

according to Fermi Dirac statistics.

4.12 Photoconductive Decay.

If the intensity of illumination incident on a photo-




- 56"

conductive cadmium sulphiﬁe crys#%l is changed, transient
conditions prevail until a new‘eqpilibrium conductivity is
reached. The steady state thebryédiscussedyabpve is based

on the assumption of thermal eguilibrium between the defect
states and the conductionébands ahd this does not nécessarily
apply under transient conaitions.

Consider the results;of suddenly removing a source
of illumination from the viecinity of a cadmium sulphide
cr&stal. If there were no states above the electron
demarcation level in the @ark, th§ decay will be that of free
electrons in the conduction band recombining with héles
trapped in recombination eentrés.f If however there?are defect
levels above the electren;demarcation level these défects |
will act as electron traps, and after the illumination is
switched off electrons will be exbited thermally into the
conduction band from trapg. The ;ifetime of an eleétron in
a trap is usually much gréater than the free electron life
time, so that the decay in photocbnductivity is who;ly or
partly determined by the excitatipn from these traps, depending
on the magnitudes of the two lifetimes.

Care should be taken in using the concept of the demar-
cation level under transient conditions as it only ﬁas full
meaning under steady staté conﬁit;ons. As the‘eneréy depth
of the demarcation level gepends on the ratio of hoie to

electron cross sections of the defects, its position will
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be different for differe@t sets%of defects. The difference
in energy depth of the ﬁarious demarcation 1evelé due to
the cross section factor is wsuélly small and the qualita-
tive arguments used are still valid.

Although the decay time at low illuminations does not
yield information on the free electron life time it can
give information about the trapging or recombination
levels. This is especially trué if there are defect
levels near the electron demarcation level in the dark
causing a slow decay. At high illuminations, however,
the traps are saturated and the%initial decay gives the

free carrier lifetime.

4,13 Thermally stimulat@d currénts.

If a crystal is cooled to f7OK the Permi levels and
demarcation levels approach their free carrier bands.

In cadmium sulphide at 77°K only the very shallow electron
levels will lie above the electﬁon Fermi level.

If the crystal is strongly illuminated electrons
excited into the conduction band will be captured by the
defects. As most levels lie below the electron Fermi
level at low temperature, electrons will not be re%urned to
the conduction band when the‘light is removed. I1If the
crystal is heated in the dark, electrons will be thermally

excited out of deeper and deapeﬁ defect levels as the Fermi
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level falls.

Any set of defects with levels at a certain depth
.will empty their electrons into the conduction band in
a burst around a particular temp?rature. Each electron
excited into the conduction bandéfr@m a defect takes
part in conduction until it is a@nihilated by recombination.
As a result a plot of current agéinst temperature will
show peaks corresponding to discrete sets of defect levels.
The curve is called a thermally étimulated current or
conductivity glow curve.

If the electrons excited info the conduction band
recombine with holes radiativelyia plot of radiation
emission against temperature alse will show peaks corres-
ponding to the discrete sets of levels. The curve is then
called a thermal glow or thermoluminescent curve, From
fhe peaks, information about defect levels and sometimes

the recombinatipbn centres can be obtained.

O0f the two methods the thermal glow technique was
29
first used in 1930 by Urbach for crystals of sodium

chloride. Randall and WilkinsBOi rediscovered and applied

the method to various phosphors in 1946. The thermally

stimulated current measurements were made soon after this.

Conductivity and thermal gl@w curves are closely

connected quantitatively as well as qualitatively. At
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any temperature T duriﬁg a glo@ curve run, let there be

3

n, eleetrons‘cmf in the condu@tion band with a free
life time of T * If the luiinescent efficiency is
unity the thermoluminescent emission (in photons/unit
time cm3) L(T) = QC/ThC. The conductivity

o(T) = nep = L(T)@nc ep. Thus the shape of?the

peaks differ only insofar as P&hc varies with temper-

ature.

4,14 Comparison of Photoconductive Decay and Thefmally

Stimulated Current Measurements.

Evaluation of the properties of defects from
measurements of decay df photoconductivity and thermally

stimulated current curves, both rely mainly on the

thermal emptying of def@ct levéls. During this emptying
the electron Fermi and demarcation levels move from

one position to another. The depth of the electron
FPermi level under steady state%conditions is

N ,
E, = kT log eb——;?———):where T is the absolute tempera-

Fn
ture, and‘n is the density of free electrons. The
movement of the Fermi lével onéchanging the incidént
illumination is caused by the variation in the density

N :
of free electrons. As the term ﬁ% is of the order of
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1020

for photosensitive;cadmiu@ sulphide, the wariation
of the Fermi level for a variaﬁion of several orders of
magnitude in illumination is only of the order of 0.leV
in 0.5eV depth. Some ipformatipn can be obtained about
levels above the electron Fermi level from the decay
measurements, bulb the range of information,obtainable at
fixed temperature is limited. Using the thermally
stimulated current measurements?in conjunction with decay

measurements at various temperatures, a much wider range

of information can be obtained.

4,15 TLuminescence.

As mentioned earlier therejare two basic types of
phosphor in which luminescence occurs.

In the first type (type 1), excitation of the electron
and the emission of radiation as the electron returned to
a lower energy state is confined to a localised impurity.
No free carriers are produoed during the process and there
is no photoconductive effect.

In the second type;(type II), the excited state is not
localised and free carriers are produced directly or in-
directly causing an increase in conductivity. The photo-
conductivity produced is often small since to obtain high

luminescent efficiency the recombination must occur before
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the thermal, non-radiative, decaﬁ can occur.
With moest activatorsécadﬂiuﬁ.sulphide is a phosphor

of type 11 and shows»several phe@omena analogous to‘phbto—

conductive phenomena. Excitation from the traps responsible
for long decays in photoconductiﬁity can also lead to
phosphorescence if the rebombinatﬁon process of the free
electrons is radiative. ’

The connection between conductivity and thermal glow
curves was described in section (ﬁ.l}) There are however
several differences between the luminescent and photoconductive
glow mechanisms. As the processes in competition with
luminescent recombination are maihly thermal in origin, the
luminescent efficieney usually fa;ls more sharply as the
temperature rises than doés the photoconductive gain.

In type 1 phosphors 1uminescént emission can be obtained
without any accompanying increase in photeconductivity. In
theée phesphors a thermaliglow experiment will detect centres
which cannot be detected from meaéurements of the electrical

properties of the orystalsa

The energy of the photohs‘absorbed in excitation and
emitted in recombination processeg can be determined from
measurements of the wavelengths of the radiation involved.

In addition, the infra—red quenchéng spectrum has béen used
to find the energies involved in ?he quemching processes.

Little agreemént has been found so far between the vales
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of defect parameters in ¢admi§m %ulphide caleulated from
measurements on the luminéscent aﬁd photoconduetive‘preperties.
This may be due to incorrgct eVal@ation of defect level
energy depths, or because of inhefent differences either in
the centres involved or the energies lost iﬁ relaxation
processes.

Better agreement between valﬁes of energy depth and
capture cross section determined from luminescent and photo-
conductive measurements may be apparent when more carefully

calculated values have been obtained.
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CHABTER 5.

Evaluation of Defect Properties

5.1 Introduction. |

The information concerning defects which it is
necessary to know in order to exercise some measure of
control over the properties of photoconducting cadmium
sulphide is (1) the nature of a defect (2) the density of
such defects (3) the electron (and hole) capture cross
sections of the defect and (4) the position of the aefect

energy levels within the band scheme.

(1) The nature of defects.

If the defect is an impurity, chemical mathods‘would
appear to be the best form of:deﬁection“ In cadmium sulphide
however the impurity densities in undoped specimens are so
low or of such a nature (e.g. oxjgen} that spectro-chemical
analysis is not often of;greaﬁ vélue.

The best methods of investigating defects are probably
those which involve changing the composition in a controlled
way, followed by measurements of the change in electrical
and optical properties. The compositiqn of a crystal can
be changed by diffusing im an‘imﬁurity, or by heating in
an excess of cadmium or sulphur vapour to produce nbn—
gtoichiometric crystals. Radiation damage, particularly

electron bombardment or Y-radiation, can be used to produce




vacancies and interstitials.

The situation is still cqmpﬁicated as an impurity or
vacaney can exist in different sﬁates of iomisation within
the crystal. Measured v@lueS‘offthe energy depths and
cross sections of the defect levéls can then help te dis-
tinguish between the possible atomic configurations which
constitute the defect. In this context electrbn-spin
resonance measurements would be ﬂnvaluable.

(2) Density of Defects.

The chief problem in evaluating the density ofldefects
from photo conduction meaSuremenfs lies in the difficulty
of determining either the gain or the free carrier life time
in the crystal.

The total charge passing thrpugh the crystal due to

the excitation of one electron is, according to equation (4.7),

Tne®
Aq = —— =Ge (5.1)
T

where T . is the electron life time and T is its transit

c
time from cathode to anode. Thus the area under a photo-

conductive decay curve, or a thermally stimulated current

curve, plotted against time is

t, |
J Idt = N Aq = NGe (5.2)
¥

where 1 is the current excess over the dark current; and Nt
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is the number:of electroﬁs relea%ed from traps between
times tl and t?‘ |

To use this method to obtain the density of defects
it is necessary to determine the gain. Also a value for
gain is needed if calculgtions bésed on the sﬁeadylstate
photoconductivity are to,be used; The transit time can be
obtained from equation (4.6) if the applied voltage, crystal
thickness and electron mdbility are known.

The free electron life time is often difficult to
measure and depends on the tempeﬁature and intensity of
illumination, although the variaﬂion‘due to the latyer is
often ignored. One of the more common metheds of détermining
the life time is to measure the initial decay when illum—
ination of high intensity is removed. Under these conditions
the defect levels capturing electroms are saturated and the
initial decay gives the free éle@tron life time diréctly.
This needs intense (~ 1000ft. candles) illumination. The
variation of life time wi%h illuﬁination intensity can then
be determined from the pmotocurrént versus intensity curve.
Another equivalent method is to Qtudy the rate of response
to pulsed illumination on top of a high intensity bias
illumination. As an alternative two other methods can be
used to avoid the necessi%y of measuring the life time of
free electrons directly.

(a) Under certain circumstances after‘illuminbting
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a crystal at low light lévels; t%e rise of photocurrent
with time shows plateaux@see figére 5.1) of cénstaﬂt current
before the steady state éonducti§ity is reaehed.3l Each
platean is due to the filling oféa set of electron trapping
defect levels. The 1engﬁh of a plateau is approximétely
equal to the number of défectleéels divided by theirate
of production of electroﬁnhole péirs. If one eleetron-hole
pair is produced by eachiincidenf photon the number?of
defects can be estimated. Valueé of the energy depth of
the various trapping levels are &ot obtainable with this
method. |

(b) ™Phe second metmod of e%aluati@n of defect%densities
without the direct,measurément of gain does permit a correl-
ation with energy depths of trapping levels ob%ained from
thermally stimulated current cur%es. The crystal ié
illuminated using a source of 1ow‘variable intensity with
wavelength clogse to the a%sorptioﬁ edge. The same voltage is
applied to the crystal as in the ﬁhermally stimulated current
measurement. The intensity of‘il@umination is adjuéted,
until under steady state COnditiohs, the current fl@wing
through the crystal ié the same ag the thermélly stimulated
current at that temperature. Thi§ is repeated overjthe
temperature range of the peak bei@g studied. ‘

The rate of excitation of electrons into the conduction

band by the incident illuminétiongmust then be the same as
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that when the thermally stimulat%d current is flow;ng.
Assuming one electron is~excited%per incident photon, the
rate of excitation of electrons into the condﬁctiqﬂ band
can be calculated, and by integrating this value over the
thermally stimulated current peak the number of defects
releasing eiectrons can be fOUnd}

The main disadvantage of this method is that the time
taken to reach steady state conditions at the low light
levels required is severél hours. This means it would take
about 24 hours to find the correet illumination and this
would have to be repeated at numerous temperatures, each
temperature being held constant fo within a degree:or two.
Such an experiment is obyiously impracticable.

An approximate methéd has been used in which the light
intensity required to produce a current equal to one half
the maximum current of the thérmglly stimulated peak under
investigation3zis measured at the temperature of the current
maximum. A value of gain can be: calculated from such
measurements. This value of gain is assumed to be counstant
throughout the range of temperatpres covered by the thermally
stimulated current curvet(AISGO), This assumes that the
gain is independent of témperature and illumination. For
the gain to be constant the photoconductivity‘must‘be
temperature independent,iand proportional to the iﬁtensity

of illumination over a range of about 50°¢. This is unlikely
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under conditions where a: set of befects change from
acting as recombination centres to acting as traps.

(3) Electron Capture Cross Section for Carriers.

The calculation of ¢ross‘se?t10ns using'measupements
of photoconductive decay and thermally stimulated éurrents
will be discussed when those pheﬁomena are déscribed in
detail in chapter 7.

If the plateau of comstant current in the low light
level photoconductive rise measuiements mentioned above,
is at a measurable current value, the cross section of the
defect levels being filled with ?lectrons can‘be calculated.
It is necessary to know the constant value of the photo-
current, the voltage app}ied, thé crystal dimensions and
the intensity of illumingtion. In the present measurements
the plateau often formedﬁbefore %he’photocurrent had risen
to a value which was meaéurable With the apparatus available
(1%5 ph with 100v applied to.thiécrystal).

Analysis of the Photo Hall |measurements leads to a
value of the product of the density of defects and their
cross section as shown in figurei(%;z). These results can
be combined with the valﬁes of tﬁe density of defedts
obtained from other methdds to giVe the cross section values.

Knowledge of the value of tﬁe cross section for
electron capture is important as;it‘gives a‘strongjindication

of the charge on the defect. The cross section is about
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10712 cm? for strong coulomb attréction, 107 on? for a

50 33

neutral centre and 10 cmg for étrongly repulsivefcentres.

(4) Energy depth of defect levelé.

Thermally stimulatedEcurrentécurves and photoconductive
decay curves which are among the ¢ommonest methods used to
obtain the energy depth of deféct{levels will be discussed
in chapter (6). Other direct current methods which can be
used employ a knowledge of the position of the electron
Fermi level under conditions where:- (1) sharp changés in
photoconductivity occur with variations in temperatufe34, (2)
supralinearity is o‘bserved?,34 andk(3) rapid changes in
mobility of electroms as a function of temperature are
detected by photo Hall measuremenﬁs.l7

Energy depths can also be calculated from luminescent
decay and glow effects, as well as from emission and excitation
spectra. Spectral response and optical absorption can only

be used to measure defect level energy depths at high defect

densities in cadmium sulphide.
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CHAP¢ER 6.

Evaluation of Defect Parameters u51ng Thermally Stlmulated

Current Curves

6.1 Introduction

'The technique of determining thermally stimulated
currents has already beenédescribed, but before discussing
the quantitative amalysis of the curves obtained, it will
be convenient to define various experimental values used
in calculations on a single current peak. See the diagram
in figure 6.1. The crystal is heated so that the temperature
increases linearly with time at a rate ﬁoK per second.
The temperature at the current maximum, Ix, is T %K. The
temperature at which the current is half its maximum value
on the low temperature (rise) side is T' and on thezhigh
temperature (fall) side is T".

6.2 Discussion of Assumptlone Cemmon to all Theorles.

In addition to the assumptlons listed in section (3 3)
additional ones are made in all the theories used to evaluate
thermally stimulated current curves. The assumption that
the defect levels form groups at é few discfete depths in
the energy level scheme is extended to assume there is g
negligible relaxation enengy whenithe defect captures an
electron. That is the eneﬁgy releésed when the defect

captures an electron from the conduction band is approximately
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equal to the energy absorbed fro@ the lattice when the
electron is excited back into the conduction band.‘

Defect-defect interactions and band to band
recombinations are neglected, expept for the latter at
high intensity illumination. It is assumed further that
there are no discontinuous changés in mobility, gain, or
effective mass, as the temperature is increased through
the range of the thermally stimulated current peak. In
some circumstances these last assumptions might be expected
to lead to some inaccuracy but with the small température
ranges involved (A'5O°~) no inconsistency was observed.
This fact is inferred from the agreement between values of
energy depths of defect levels obtained by measureﬁents on
different parts of each @eak« The results will be described
in chapter 11.

If there is an appreciable dark current it is assumed
that it has the same value at any particular temperature
whether there is a thermally sti@ulated current prqsent
or not. This may be incorrect d@e to the defect levels
being full during the thermally stimulated current run, but
enpty during any subsequént measﬁrement in the dark when
the defects will act as fecombinétion centres. There was
one sample in which the dark current was differentﬁaftér a
thermally stimulated current curve had been obtaineﬁ. In

this crystal new donors were ére%ted by heating the crystal
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above 5000 in the dark.

An important assumpﬁion is ﬁhat the electron recon-
bination life time is small ‘compafred with the time for
appreciable changes to occur in ﬁhe rate of thermal
excitation of electrons into the%conduction band. That
is the shape of the thermally stimulated current cufve is
controlled by the variation in the rate of exqitatibn of
electrons to the conduction band, and is not distorfed by
the finite time they spend there.

The rate of rise of temperaﬁure during a thermélly
stimulated current run is maintained constant. Thi§
simplifies the theories used to gnalyse the peaks as well
as being comparatively easily‘obﬁainable experimentélly.

It is also assumed that the température.is constant?through-
out the crystal. Any temperaturé differences present within
the crystal would distort the shépe of the peak and;produce
thermoelectric e.m.f.'s. No such e.m.f.'s were fouhd in

the absence of an applied field. |

6.3 General Theory.

Consider a crystal containing one set of shallow
trapping levels, one set of deep traps, and one set of
recombination centres. Let us examine the effect of the
shallew traps on the thefmally sfimulated current curve

produced by electroms being emptied from the deep ﬁraps.
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Much less‘énergy isfrequireé to excite‘an electron
into the conduction bandgfrom‘sh%llow trapping leve;s than
from the deeper levels. :As a re#ult the rate of thermal
excitation into the cond@ction b%nd of eleqtronsvrétrapped
in the shallow levels is;much*faéter than the rate at which
the deeper traps are empﬁiedo Tﬁus the position, shape
and size of the current geak asséciated with the deeper
traps are independent of the shallow trappimg_levels.

If an electron is excited into the conduction band
it may be captured by a recombination centre, or recaptured
by one of the set of defects beiﬁg emptied. Threejcases
are often considered:-

(1) Theprobability of capture of a free electron by a
recombination centre is much greater than thaﬁ of

recapture by one of the defects being emptied. These

conditions lead to monomolecular kinetics.

(2) Electrons in the sef of traPs being thermally emptied
are excited into, and recap%ured‘from, the conduction
band several times Eefore they finally disappear via
the recombination centres. This situwation is usually
referred to as fast'retrapping.

(3) There is equal probability of an electron in the
conduction band being captured by'a recbmbinayiqn centre
or ome of the traps being emptied. This situation was
first studied by Garlick and Gibson

The cases (2) and (3) both lead to bimolecular kinetics.
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If there is a set of traps Qa) with large cross
sections which is empty before tﬂe traps (b) being étudied
start emptying, then electrons excited from (b) will be
captured immediately by the largé cross section traps (a).
If the time between the eXeitatioh of an elegtron from (b)
and its annihilation via a reeombﬁnation centré is increased
by the presence of the large crosjs section traps (a), the
shape of the thermally stimulatedfpeak will be affected.
The shape of the curve will be chéracteristic of the large
cross section traps (a) under fast retrapping conditions.

The origin of the terms monomolecular and bimolecular
kinetics arises from the Similariﬁy between the equations
for the rates of rise and decay o& photoconductivity which ‘
they lead to, and the rate equations obtained for the mono-
molecular and bimolecular chemical reactions quases. The
fast retrapping situation is alsozbimolecular,‘but will be
referred to here as the case of fast retrapping to avoid

confusion.

6.4 Kinetics of Recombination

The probability of an electron at depth E being thermally

excited into the conduction band is given by

-,
£ = ve HT

(6.0)
where v is the attempt to escape frequency. If there are Ny
filled traps at any instant the rate of excitatiom of

electrons into the conduction band is




g._li = - ffi.:t. =n v\e-E/kT
at a Tt (6.1)

The change in conductivity due to the resulting
thermally excited electrons is 1A0'=~%% eTp where T is

the free electron life time. With a constant heating rate
dT = Bdt (6.2)
where dT is the rise in temperature and dt is the increase

in time.

(i) Momnomolecular kinetics. Here retrapping is neglected.

From equations 6.1 and 6;2, and neglecting the temperature
variation of NCVS where S is the capture cross section for
electrons

d

n, : '
‘ﬁ; = ng, exp(-E/kT) GXP[-'J'g'eXP(E/KT)dT] (6.3)

where L is the density of traps which are filled initially,
and

N vS
Ao = n, epN VST exp(—E/kT)gxp[— —%;~exp(—E/kT)dT] (6.4)

since v= N, vS (equation 4.11).

Equation (6.4) is equivalent to the expression obtained

by Randall and Wilkins'3¢ to describe thermo-luminescent
emigsion. It will be referred to0 in this thesgis as the

Randall and Wilkins equation.

(ii) Bimolecular kineties. In this case it is assumed that

there is equal probabili%y of capture of electrons by the
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recombination centres and the‘"eﬁptying" centhes. The
expression for thermally stimulated conductivity under
35, :

these conditions  “is

2 , ‘
EPpThRL o ©XP Q-E/kT)

] nteJ“TNCWS (-5 va 2

N [ + =—| ——— exp(-E/kT dT]

E Ne )t B

where L P is the density of defects initially full and Nt

is the total density of ﬁhese defects.

The monomolecular case (i) leads to an asymmetrical
péak with a slower rise of curre@t on the law tempe}ature
side, than fall on the high témpérature side. The bimolecular
case (ii) leads to a more symmetﬁical peak showing the same
asymmetry but to a lesser extent; |

Certain features are common to peaks with eithér of
the recombination mechanisms
(1) For the same electron capture cross section of the

defects, heating rate and dénsity of filled defeets,_

the temperature at Which‘thé current is a maximum is
proportional to the energy depth.

(2) For a constant density of filled defects with levels
at a constant energy depth, the temperature of the
maximum current varies slowiy if the cross section or
heating rate is altéred.

(3) The area under the current peak is proportional to the
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density of defects which wereéfilled initially.‘
However for‘bimolecular kiﬁetics the shape of tHe peak
is affected by the initialocéupancy of the defects.
(4) The initial rise of cﬁrrent with temperature as the
defects begin to empty is givén (i) for monomolecular

kinetics by

Ao = N, N vspre exp(~E/kT) (6.6)

and (ii) for bimolecular kinetics by

2

to v ;
Ao = —— N vSurTe exp(+E/kT) (6.7)

N

Thus if the set of traps is s%turated with electrons by
the illumination at low tempe?ature there will He no
difference between the equations for the differént
kinetics.

Although there are some similarities between the glow

curves which result from the two types of kinetics considered

so far ((1) to (4) above), there are some differences even

if the trap parameters and heating rate are the same.

(1) The bimolecular cufve’is moregsymmetrical and wider than
the monomolecular one (see figure 6.2).

(2) With bimolecular kinetics thefshape of the curve and
the temperature of thé maximu@ current T* vary as the

initial occupancy of the traps is varied. With mono-




molecular kinetics T~ and the shape of the curve
are independent of the initiél degree of trap filling.
The probability of thermal excitation of an electron

from a trap, f, is given by
f = N_vS expﬁE/kT) ~ (6.8) (see equation 6.0 ).

The rate of change of the density of occupied traps with
monomolecular kinetics (no retrapging) and monomolecular
recombination is

dnt _ _ :

The density of free electrons n during the decay is

dnt
dt

T. If T is constant, then
!

n = nto7'ﬂ:ex@(-ft) - (6.10)

i.e. the decay is exponential with time constant equal to 1/f.
When retrapping is significant only a fraction of the
excited electrons will return to riecombination centrées. The
rest will be retrapped. The probability that a free:electron
will recombine is a function of the total cross section of
the recombination éentres for elécﬁron capture divided by the
total cross section for repombiﬁatﬁon centres plus that for

empty traps. Thus the fraction oﬁ free electrons which

S.N
recombine arnd are anihilated is i R_R
| N’+‘S(Nt- 7))’ where SR and

S
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N, are the cross section and density of recombination centres.

R |
Under these conditions the rate of trap emptying is

dn _ _ SR24" (6.11)
at Spg + S(N- nt)
If SR = S, NR =n + Ny, n:>>-nt, and the traps are
initially saturated then
Ntﬂ'f
(1 + £t)

Equation (6.12) represents a’typical bimolecular type

of photoconductive decay.
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CHAPTER 7.

Discussion of the Methods of Evaluating Glow Curves.

7.1 Initial Rise Methods.
35

(i) Garlick and Gibson.

The equations (6.6) and (6.7) for the initial rise of
thermally stimulated current under monomolecular and bi-
molecular conditions are both of the form A@ = const. eXpGE/kT).é
Since the conductivity is proportional to the current under |
ohmic conditions, & Iecexp(-E/kT), where Al is the thermally
stimulated current. Thus for both monomolecular and bi-

molecular kinetics a plot of loge AT against 1/T for the

initial rise of the thermally stimulated current peak should
yield a straight line of slope -E/k, where E is the depth
of the trapping levels. |

This method of calculating energy depths will be referred
to as the Garlick and Gibson method and the value so obtained
will be denoted by EGG' Th§6method is also valid for fast
retrapping kinetics. Haake has investigated how far up
the rise side of the peakfthe equations are valid.

An extension of this theory to allow for the temperature

variation of the cross sedtion of the defects leads to the

equation
log' AI = blog T - E/kT + constant (7.1)

where the cross section

s = so pt2- D) C(7.2)
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S, and b are constants (see mext section).

The extra term bln(T) decrease% the value of energy depth
by an amount El depending oh the teﬁperature. Let b g%%%%%”: l/k
since %%%%%% varies only slowly witﬁx T and g ¥?¥) = Ez/k
so thet E, - E; = E. 1n(T) is plotted as a function of (1/T),

2
the slope of the line is El/b. Values of El/b for different

temperatures are given in table (7.1).

Te2 Monomolecular Methods.

2
Li) Keating's Analysis.”7

The Randall and Wilkins theory assumes NCVS is in@ependent

of temperature. As the effective density of states in the con-

3/2

duction band, N, is proportional to T , and the thermal

velocity of eleetrons is proportionél to Tl/z, the assumption is
equivalent to assuming seT°.

The cross-section of a defect for capture of an electron
usually varies with temperaﬁure, and with Coulonmb attréction
the electron capture cross section does vary as T_2. However

with repulsive and neutral centres, cross sections which change

as rapidly as 774 nave been found in silicon.>3®

Keating avoids the assumption that S ec T—Q by putting
SecT”? go that NCVSocTﬂb where a = 2 ~ b.. It is still assumed
that the cross section is proportio@al to some power of T
but there are experimental @nd theoﬁetical reasons for
expecting such a variation.38

Following Randall and Wilkins argument for monomolecular

kinetics, and putting N_vS = BI" Keating shows that
in B9y =p 1n T ~ E/XT - g- j ™ exp(-E/KT)dT (7.3)

1,




TABLE 7.1

E,/b eV | %TOK
0.033 355
0.023 | 285
0.019 1220
0.016 1180
0.013 1150

6lggeT
E, = bk —t7—
G(T)i

il

E,/b VALUES AT VARIQUS TEMPERATURES.
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When the traps first begin to lose their electrons

to the conduction band the final term in equation‘(7.39 is

small, (7.3 therefore reducés to (741) which describes the
initial rise of the stimulated carrént.

Keating makes an approﬁimation?to the integral in
equation (7.3) which is valid prdvided E/kT™ > 10. The
resulting equation is evaluated in ﬁerms of the temperatures
Tt and T" at which the conductivity is equal to one half
its maximum value on the riée and décay sides of the peak
respectively. Assuming E/kT »> b +é, and neglecting the
difference between T' and T" and Txéin a small cérrecﬁion

term, the equation can be sélved‘for different'v&luesjof b

| ow
and E/kT*, For values of E/kKT™ between 10 and 35 and‘2§———2—
| | T* - T
between 0.75 and 0.9 the following result is obtained
X "o g n o X - ‘
EL- =12 (B=5) - 0454) + 5.5 x 1077 -
T ™ - |
o - g% N2
= |
T - I -0.75 C(7.4)

Experimental curves usually yield values of E/kT¥ ang
v — Tx

%
7% - o
made in deriving this equation. Using (7.4) the trap depth

which lie within thé range of validity of the assumptions

Epg can be obtained from measured vélues‘of T', P" and T®, 1p

principle it is also possible tO‘ev@luate the cross section

and the temperature dependence of ﬂhe cross section ffom a
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single glow curve.

(ii) Grossweiner's Method.>?

The Grossweiner method is based on a simplification
of the Randall and Wilkins equation and therefore assumes
monomolecular kinetics. The possibility of a temperature
dependence of the various crystal properties is neglected.

The values IX/2 and T', where the current reaches half
its. maximum value, on the low temperature side of the maximum,
are substituted in equation (6.4). The resulting equation
is then divided by the equation obtained for the maximum
current when I™ and T° are substituted in equation (6.4).
Assuming E/ka > 20, to justify a series approximation, and
that chs/p >-1o7, Grossweiner shows that the trap depth

is given by

1.51KTEp |
= (7.5)
T ..Tl

By deriving and substituting from equation (7.8) in
(7.5) Grossweiner showed that the electron capture cross

section of the defects is
B

- o ‘
g = 3I'§ iXEKFT; (7.6)
2N VIT(T"- T')

A further conclusion is that the photoconductive decay time

due to traps emptying at the temperature ¥ is

E = %f (T’f-;sm (7.7)
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7.3 Methods which are Independen& of the Recombination

Kinetics.
‘ 40
(i) Haering and Adams Theory.

Haering and Adams consider the conditions appropriate
to both monomolecular and fast retrapping kinetics. With
monomolecular kinetics they use Randall and Wilkins equation

(equation 6.4). Differentiating logeo(T) with respect to T

and equating the result to zero tb find the conditions for

maximum conductivity, the following eguation is obtained

. 2
ch§kT

exp (—?‘;) = f
KT BE

(7.8)
(7.8) is valid for E/kT large and N Jivesn, x 1ndependent of
temperature. From equations (7.8) and (6.4) with E/kT
large, an asymptotic expansion gives
o(T*) = o _exp(- &£l 1), where 0. = N_Sweutn (7.9)
o ka ’ o} Yo PMERT R *

Under fast retrapping conditions it is assumed that
the defect levels are in thermal equilibrium with the con-
duction band. With fast retrapping the Randall and Wilkins

equation is no longer applicable and is replaced by

| i
o(T) = mep = —Is—,l e ngy . exp(-E/kT - = 15 J N, exp(-E/kT)aT)
Nop

Maximising lno(T) with respect to T and assuming —— n

t‘ toe is

constant Haering and Adams showed that
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N N kT* ¢ ‘
exp(B/kT®) = S (7.10)
Nt£¢E :

Using an asymptotic expansion for large E/kT again they
conclude that o(T") = o, exp(- B/XT® - 1). This equation
is of the same form as (7.9) for monomolecular recombination,
the only difference being that the constant o, is changed to
N B ‘
< (7.11)

n e
Nt to

If the crystal is heated at different heating rates in
ayseries of thermally stimulated:current runs I and T*
will vary. Since the current and conductivity are pro-
portional to one another, equations (7.10) and (7.11)
indicate that a plot of 1n(I*) against 1/T™ should be a
straight line. The slopé of the:line will be egual %o
—EHA/k. The subscripts HA are used in the later part of
this thesis to denote the trap dépth, EHA’ calculaﬁed using
this method.

For successful application,:Haering and Adams' technigue
requires that with all the thermally stimulated current
runs made at the different heating rates,: the initial
density of filled defects (nté) and the free electron life
time (T) remain unchanged.

(ii) The Method of Different Heating Rates.

The temperature, T, at which the maximum thermally
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stimulated current is obtained varies with the heating rate,
B. With monomolecular recombinétion the dependenée of

7% on p is given by equation (7.8) of the previous section.
Under fast retrapping conditions the variation of T° with
is given by equation (7.10). Both equations are of the

form

' 2
E§- = const exp(E/kT™) (7.12)
41

Booth  used two heating rates and in his experi-
1 2

ments and from the resulting two simultaneous equations ob-

tained values for the trap depth.

% % B, % °

E = kx—2—2 lp{t2 (7.13)
*. 0% " |B, %
1™ T2 > T1

Hoogenstraaten42 used several heating rates and
plotted 1n(T™ 2/p) against 1/T" to obtain a straight line
of slope EHR/k. Byp 1s used subsequently in this thesis
to denote trap depths calculated in this way.

Clearly calculations based on the variations of *

37 but as

with heating rate are independent of retrapping
with (i) above it is necessary to assume (a) the same
initial electrom occupancy of the traps and (b) that the

life time as a function of T is unchanged during the

recording of each of the different thermally stimulated
current curves. For monomolecular recombination equation

(7.8) can be used to obtain a value of electron capture
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cross section S when the value of' E has been determined.

It is however incorrect 1o obtainia value of Ejusing analysis
gtrictly limited to fast retrappihg and then use this value
in equation (7.8) to find the capture cross section S.

This is the procedure adopted by Bube43. For fast retrapping
equation (7.8) is not a@plicable and (7.10) must be used
instead. Since (7.10) does not contain the term S,‘no
information concerning cross-sections can be obtained in

this way.

7.4 Methods Utilising Different Formulae for Different

Kinetics.

(i) Schon's Theory

The main difference between Schon's44 approach and
others discussed in this thesis is that Schon includes
transitions to the valence band in his considerations. His
work was concerned solely with thermoluminescent glow curves,
but if a temperature independence of v is assumed, the

thermally stimulated current will be proportional to the

thermoluminescence.
45

The theory follows that of Klasens and Hoogenstraaten.
Schon extended it, and considered three sets of conditioms
in photoconducting phosphors.

(1) Assuming that the feéombination process is radiative
and that nt(l~ §§1%<Nf (i.e. bimolecular kinetics) he

shows that the trap depth can be obtained from measure-
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ments at two different hehting rétes. In faect

Tx % 2 ﬁng 7%2
. 1l T2 o 2 :
E = kK —=——=5 1n - o) (7.14)
oE_ g% X 7/2
1~ T BT

His analysis also smggests that the thermoluminescence
(J) is such that plots of‘é%%?£15 against T for glow curves
obtained at different heating rates differ only in the
region of the maximum glow. A tﬁeoretical plot of QL%%Q)
against temperature is shown in figure 7.1(&).
Assuming (a) that the recombination is radiative, (b) that
retrapping is negligible‘(SR/S:QSl, i.e. monomolecular
fecombination), and (c) that the traps are not appreciably
empty ( —= °R Nt > N ) he obtains the same equatlon (7.14)
- for the trap depth. Now however the —L%%il v T plpt is
different and is shown in figure 7.1 (b).
With his third special case Schon assumes that radiationless
recombination is dominant, the traps are initially saturated
with electrons, fast retrapping kinetics applies and there
are less traps than reco@bination centres. Under these

conditions the right hand side of (7.14) yields the height

of the recombination centres above the valence band

k¥ X % /2
E = 1 Tz 1in . ﬁl TQ :
A = T LT T /2 (7.15)
T T :
17 2 Ba Ty

é ;FJ) v T curves are

instead of the trap depth. The

somewhat similar to those in fig&re 7.1 (a) but follow the
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E - E, | | 2B, - E
functions ———=—= on the ascending side and ———as— on
kT? | | D

the descending side of the glow curve. He concludes that
the initial assumptions are equivalent to assuming
EA <E <2EA’

In general the difference between the curves in figures
7.1(a) and 7.1(b) can be used as a means of determining
whether the recombinatidn process is monomolecular or
bimolecular. Application of this method does however
suffer from one serious‘disadvaﬂtage. The eritical part
of the curve involves the measuﬁement of small currents

on the high temperature side of the maximum.  This is very

difficult, as the fall side of the peak cannot be thermally

cleaned (see section 10.2).

Since Schon calculates the rate of radiative recom-
bination (J), in the presence of radiationless traﬁsitions,
it might be thought to be inaccﬁfate to appl& the fesults
to a conductivity glow curve. In all the theories of
conductivity glow considered so far the variation of ¥ with
temperature has been neglected. This is equivalent to
assuming that the recombination:probability is temperature
independent. With this assumption the conductivity is
proportional to the radiative transitions for which the

cross section is also temperature independent. The possibility

of radiationless transitions ocecurring within the recom-

bination centre is usually excluded. This does however
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spotlight the fact that the assumétion of a temperature
independent life time of free carriers is not walid under
conditions where radiationless transitions occur, though
the variation is small over the width of a thermally
stimulated current peak.

Equation (7.14) which applies to Schon's first two
special cases (and in numerical value to the third) is
similar to that of Booth (eguation 7.13). According to
(7.12) a plot of 1n (Eiyj v 1/T" (y = 2) from measurements

B
made at a variety of heating rates should give a straight
line of slope E/k. Now h;wever vy = % instead of 2. /Qhe
3/2 3/2
effect of the factor T  is to add a term ln(T ) to

the ordinate of the graph which will lower the slope by

_%_7T) i.e. the b factor in table 7.1 is %. Thus values

of trap depth obtalned using Schon's method will be less
than those calculated using the arguments of section 7.3(ii)
by an amount varying from 0.02eV at 16OOK to 0.05eV at
BSOOK. Except for the very shalliowest traps this was found
40 be less than other errors inherent in evaluating energy
depths by these methods.

(ii) Halperin and Braner's agperimation

Halperin and iB:r'aneJ:'[;I6 studiéd several recombination

mechanisms and conditions of retrapping with different

distributions of electron and hole states. In the case of

a single set of trapping levels at a discrete energy depth




- 89 -

(as has been assumed in all the theories described so far)
they distinguish between lst order (monomolecular) and 2nd
order (bimolecular) kinetics.

For both mechanisms they assume that E/kTX > 10 and
chS is independent of temperature. By making the geometrical
approximation that the thermally stimulated current curve
can be represented by a triangle the following equations

were derived for the respective kinetics:-

lst order kinetics E = (l 72 ) kT* 2 (1-2.58 & )
HB 1
1 T ~T
3
where A = 2kT
Byg
ond order kimetics E., = (——2—) kT¥ 2 (1-3A)
HB,, O

They also derived the following rules to .show which

kind of kinetics is applicable.

; x "
T -1 < et (1 + 2KT™y tye kinetics are first order.

If
% p' Eyp
" . * - 35
It 2#:427 > e 1 (1 + %52 ) the kinetics are second order.
T -7 HB

The application of these criteria to our results would
‘indicate that nearly all the peaks in the crystals examined
were formed under recombination mechanisms that weré second
order. That this was so, even when traps with cross-sections

as small as 10—2¢cm2 were involved, throws some doubt on
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this method of determining the re%ombination kinetics.

The magnitude of the trap quth, EHB’ appears on the
right hand side of each of the two sets of formulae which
are needed to determine the trap depth and the type of
recombination mechanism. In both sets of formulae the term
involving EHB on the right hand side of the eguation appears
as a small correction. In consequence EHB is calculated
by successive approximation.

7.5 Fast retrapping theories.

The basis of the theories concermed with thermélly
stimulated currents under fast retrapping conditions is
that the defect levels are at all times in thermal equili-
brium with the conduction band. As a result steady state
theories are applicable. Ail the theories discussed below
assume that ch§pr is independenﬁ of temperature.

(i) The Theory of Boer, Oberlander and Voigt.

The authors consider a two level scheme with emptying
traps, and recombination centres which have a much lower
probability of capture of the free electrons than the trapping
levels.

They show that

N
- *® . . _C
Egov = kT™ log, o T’.};’ (7.15)

where n™ is the density of electrons in the conduction band

when the stimulated current reaches a maximum and % is the
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fraction of filléd traps at the ¢orrespondingjtemparature

™. Boer et}al then assﬁme that, n 1is largely independent

of the heating rate. This has béen demonstrated theoretically
and practically.

Equation (7.15) for constant g is equivalent to that
derived by the Haering and Adams equation (7.1l) since the
conductivity is proportiomnal to the density of carwmiers in
the conduction band. ’Thé same méthod of curve analysis can
then be used as described in section (7.3(i)), and the
disadvantages described theré‘also apply.

With fast retrapping it can also be shown that the
cross section of the recombination centres is giveﬁ by

E

. BOV B |
RVFYS =0 X | (7.16)

If fast retrapping occurs no infprmation concerning the
trap cross sections can be obtained from a thermally
stimulated current curve.

(ii) Bube's Approximation.

Bube assumes that the defecf levels are~approXimately
half full at thi current maximum.., This is equivalent to
requiring thaﬁf%he current maxim@m the electron Fermi ieVel
" coincides with the defect levels, i.e. that the occupancy
at maximum current 7 1is ome half. With this assu@ption
Boer et al's equation reduces to

x* . N |
EB = kT lqu-: £ (7.17)
: n*
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(7.17) has been shown to be a gooh approximation for very
fast retrapping but to gibe incor?ect résults for slow
retrapping. Boer et al AT have shown the occupancy at the

peak maximum is less than»% and ié of the order of %6 to

I%ﬁ at the current maximum.

(iii) Lushchik.48 Lushchik makes a geometrical approximation
in deriving a formula appropriate to fast retrapping and

obtains the expression

E, = S (7.18)

His method therefore utilises the high temperature side

of the thermally stimulated current curve. This is a
disadvantage as 1t 1s more diffichlt to make accurate
measurements on this part of the curve (see section(10.2)).

7.6 Comparison of Methods.

A detailed comparison'of the above methods will be
made in the discussion after the experimental work andthe
results obtained in the present work have been described.
In this way a coherent discussion of the practical and

theoretical problems is possible.

7.7 Photoconductive Decay.

If a crystal is strongly illuminated with light of
suitable wavelength many electron hole-pairs are produced
and the centres that capture electrons will be fililed.

There will also be an excegs of electrons in the conduction
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band and photoconductivity results.
When the illuminatidn is suddenly removed the photo-
current decays. The decay can bé divided into three

sections shown in figure 7.2:-

(1) An initial fast decay which gives a measure of the

free electron life ﬁime since all the traps are

saturated in this region. |
(2) An intermediate region associated with various trapping

levels.
(3) & ldng tail to the curve due to the emptying centres
with levels just above the electron Fermi level in

the dark.

The long tail (3) has been used extensively in the
present work to obtain information about the defect levels
responsible for it. The region was often found to be
clearly defined and due to a set of levels at a discrete
energy depth E.

If there are initially nto'filled levels at this depth,
and there is no retrapping replehishing the emptying defect
levels, the rate of thermal excitation of electroné into

the conduction band at coustant temperature is

an dnt -t ;
T3 T ntofe . The conductivity due to electrons

excited from these defects is

= dn — —ft ]
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This represents an exponehtial décay of photoconductivity
with a decay time constant T %.
From equation (6.10) the decay time

4= F = TWas exp (E/kT) (7.20)
(ed!

since vy = NCVS,

Thus for a discrete set of defect levels emptying under
monomolecular conditions the long tail of the photoconductive
decay will be exponential and the decay time will vary the
temperature.

If T, is measured over a range of temperatures, a

d
plot of loge- T3 against 1/T should give a straight line
of slope E/k, and intercept l/NCVS, if N_vS is independent
of temperature. The valwés of ehergy depth and cross section
obtained in this way will be referred to as Ey and S, .

If retrapping is appreciable the decay is not exponential
(see section 6 .4 emaimpotibnons ond it is necessary to know
the ratio of cross sections of the trapping and recombination

centres to obtain information about the defects from the

decay measurements.
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CHAPTER 8.

Crystal Growth .in Cadmium Sulphide.

8¢l The Difficulties Involved.

There are several difficulties in growing single
crystals of cadmium sulphide. Cadmium sulphide dissociates
at atmospheric pressure and has no clearly defined melting
point. Under high pressures of inert gas, however, it
can be made to melt. For example Addamiano has found the
melting point to be 14750G under a pressure of 2 atﬁospheres
of argon.

In order to investigate the inherent defects in cadmium
sulphide it is necessary for the crystals produced to posses
not more than a few parts per million of various impurities
and defects. No suitable solvent has been found to permit
growth from solution.

Growth of crystals from the vapour phase in an‘inert

atmosphere at temperatures between 900°C and 1150°C overcomes

these difficulties.

8.2 Methods Based on the Frerichs Technique.

Methods used to grow the cerystals on which the measure-
ments in this thesis were made included two base@ on the
Frerichs technique.50

The apparatus for one of these methods is shown in the

diagram in figure 8.1. High purity argon (B.0.C. 5 9's)

was dried in a drying tower and then split into two measured
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flows controlled by clipsi. One fﬁow entered the 2.5 cm.
diameter silica tube, situated inéan electric furnace, and
passed over molten cadmium held in a silica boat at 600°C.
In this way a stream of afgon and cadmium vapour was carried
to the hottest zone of the furnace.

The second stream of argon passed through a silica
pipette containing sulphur. The function of the pipette
was to maintain a separation of the two flows until the
hottest region of the furnace wag reached. The sulphur
was held at a temperature of 5000b, while the hottest region
of the furnace where the reaction between sulphur and
cadmium took place was at liOOOC, The temperature profile
of the furnace is shown in figure 8.1. ‘

With argon flow rates over the molten cadmium and sulphur
of 60 ml/min and 30ml/min respectively, crystal growth |
took place in about 3 hours in a region of the main silica
 tube at about 1000°C. After this time the sulphur and
cadmium supplies were nearly exhausted. When the crystal
growth was complete the furnace was cooledxslowly tb a
temperature below 100°¢ before the argon supply was removed
and air allowed to enter the silica tube. The whole cooling
process took about 1% hours.

The sulphur used was of high purity, andvoutgaésed by
heéting to 400°C in high vacuum. The cadmium was @lso of

high purity, and had been etched in dilute nitric acid,
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washed in distilled water and driéd. The eleménts Were
further outgassed by heating in situ in the growing tube
before crystal growth began. | |

| The furnace comprised a kanthal resistance wire element
cemented on to an alumina tube wiﬁh furnace bricks‘as
insulation. The furnace winding had a central tapping and
one half of the furnace was shuntéd by a rheoétat to produce
the lower temperature zone of the’' furnace. The power was
supplied by a "Variac" variable tapping transformer.

The cadmium sulphide crystals grew radially inWards
from the walls of the silica tube; They were mainly
hexagonal rods although a few thih plates were aiso obtained.
The largest of the rods were about 0.5 cm. long and;O.l CIl.
in diameter. The crystals varied in dark resistivity from
more.than loloohm.cm. to 100 ohm cm. The more resiétive

crystals tended to be the more photosensitive. The thin

plates as well as the hexagonal rbds had a hexagonal (wurtzite)
type lattice. Cadmium sulphide can be prepared in a cubic
(zinc blende) modification. |

To grow crystals doped with chlorine, the argon was
bubbled through hydrochloric acid before passing into the
drying tower. Thé doped ¢rystals*grown in this way were
larger than the pure crystals. The resistance of the
chlorine doped crystals was agfew ohms cm. They were not

measurably photoconductimg.'
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I+t should be noted that the aensity of chlorine
incorporated into the crystal is bnly a small fraction of
one per cent. Unless another impurity (or appropriate lattice
vacancy) is at the same time incorporated into the crystal
with an effective charge in the crystal opposite to that
of the chlorine, high densities d? doping are not possible,
"Charge compensation" has to be maintained. The charge
compensation mechanism that allows some chlorine impurity
in the crystals is "free electron compensation!" in that a
S™ " ion is replaced by Cl™ ion and one free electron.

The other flow method, related to the Frerichs technique,
which has been used to provide crystals for this work
involved the sublimation from cadmium sulphide powder in
a stream of argon (see figure 8.2). This technique was
employed by another member of the group to produce thin
plates about 1O0Om thick and up to 0.5 cm. diameter. Some
rods were also grown using this method. The predominance
of plates was attributed to a high tenmperature gradient in
the growth region rather than the method of growth. Before
entering the furnace the argon was passed over heated copper
to remove oxygen and prevent the oxygen entering the crystals

during growth. The cadmium sulphide used was Messrs. Light

Company high purity grade outgassed in high vacuunm at 800°¢.

8.3 Other Methods of Growth of Single Crystals of Cadmium

‘Sulphide.

An entirely different method of sublimation was used
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by a third member of the group. ﬁhe cadmium sulphide
powder was sublimed from ome end ﬂo the other of an
evacuated silica tube (about 20 cm. long). The charge
was either powder which had been dufgassed at 80000, or
crystals previously prepared uéing one of thg two flow
methods. The tube was placed in a furnace with a temperéture
profile such that the charge end of the tube was at 115000,
and the other at 1100°C. After a day or two the powder at
the hotter end of the furnace had sublimed to the colder
end forming a polyerystalline aggregate containing a few
large crystals. The sublimation’éould if necessary bhe
repeated several times.

Several other growth methods have been described in the
literatureSl but were not used in this work as they tend
to produce conducting crystals which are poor photoconductors.
These techniques include the transfer of cadmium sulphide
aloﬁg a sealed tube under a low temperature gradient, at
a mean temperature of 700®C, by the reaction of the powder
with small guantities of iodine.a2 Large crystals can be
grown under pressure from the melt at high temperature,
but these are contaminated by impprities from the material
53

of the container, usually graphite.

8.4 Nomenclature of Crystals.

Crystal rods grown by the reaction of the elements in

a stream of argon will be denoted by the letter R. Crystal
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rods grown by Sublimation§in a sﬁream of argontWill‘be
distinguished by an S and plates %rown by this method by P.
When crystals grown in vabuum by Sublimation are referred
to they will be denoted by V. So@e of the crystals were
treated after growth by heating tb 500 - 700°C in vacuum.
Such crystals will be given a suffix v in this thesis.

8.5 Contacts.

To make satisfactory*electri@al measurements it is
desirable to make ohmic contacts fo the crystal. Pure
indium melted on to the crystals using a soldering iron
was found to give ohmic conmtacts. As was mentioned‘earlier
indium produces ohmic contacts for two reasons. Fiﬁstly
it has a lower work function than: cadmiun sulphide,‘and
secondly the indium can diffuse a short distance into the
crystal under the contact;54 The;first condition is necessary
for electrons to enter the crystal without encountering a
barrier. The diffusion of the inﬁium produces a semi-
conducting layer at the surface of the crystal under the

contact allowing carriers to pass between the contact and

the bulk of the crystal.
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CHAPTER 9.

Experimental Arrangement.

9.1 Vacuum Cryostat.

For optical and electrical measurements the crystals
were mounted in the cryostat illuétrated diagrammatically
in cross section in figure 9.1.

All the metal parts above f--f in the diagram were
made of German-silver and’those below of copper. The
German-silver and the double tube were used to reduce heat
losses from the copper mounting block and formed a Dewar.
The walls of the cryostat below f--f were made of plates
of copper soldered together. The quartz window was
demountable and was held in positioh with the cryostat
under vacuum by an '0O'-ring seal.

The vacuum in the cryostat was produced by a mercury-
in-glass diffusion pump with a liQuid alr trap. The cryostat

was evacuated to allow the crystal to be cocled to liguid

air temperature. The vacuum provided good thermal insulation
and thus reduced heat losses and prevented the deposition of - §
ice and solid 002 on the sample. Another function of the ﬁ
vacuum was to maintain the crystal in an inert atmosphere and
reduce the effect of adsorbed gases, particularly oxygen,

on the photoconducting properties of the crystal. TFor this
reason the crystal, when not under examination, was kept

continuously under. a rough vacuum provided by the backing
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pump once the investigation had b%gun.

The crystal was moun&ed betwken indiumfconfacts on
a thin sheet of mica. Indium wetﬁ mica and can be made to
adhere firmly to it. The mica wab cemented to the copper
block with hot setting araldite. kThis resulted in the
crystal being in good thermal con&act with the‘coppér block
but electrically insulated from it.

A thermocouple was eﬁbeddediin one of the indium con-
tacts so that the crystal temperature could be measured.
All wires to the contacts were of 40 s.w.g. to reduce heat
losses through them. A Siemens éintered multiple glass to
metal seal was used to make vacuum tight electrical con-
nections through the walls of the cryostat.v

The crystal was coolied by pouring liquid air down the
central tube of the metal Dewar of the cryostat. The
temperature was raised by a heatér comprising a coil of
resistance wire covered by woven silica sleaving. The
heater was situated in the centrél tube of the Dewar.

9.2. Advantages of the erostatg

Apart from providing vacuum facilities the crybstat
has several other advantages‘
(1) The good thermal contact between the erystal and the
liquid air in the central tube, coupled with the insulation
provided by the German-silver and the vacuum, enabled the
crystal to be cooled to (about 85°K) within a few degrees

of the temperature of liguid air.
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(2) The low thermal capaéity of %he copper mounting block
and the close proximity of the crystal to the heater made
it possible to heat the crystal guickly allowing a wide
range of heating rates to be used. A fast heating rate
leads to larger thermally stimulated currents.

The low thermal capacity of fhe crystal and its mounting
block, and the proximity of the crystal to the heater and
cooliant, provided a fast response of actual crystal temper-
ature to changes in the heater wattage dissipation. This
made it simpler to maintain the crystal at a constant
temperature over the range 9OOK to 37OOK. The fast thermal
response was also useful in terminating a run at a ﬁre—
determined temperature. This facility was essential to
the technique of thermal cleaning of stimulated current
peaks. (see section 10.2). This technique is somewhat

42

similar to that used by Hoogenstraaten and déscribed by

him as the method of 'decayed' glow curves.

(3) The quartz window was used so that if required illumina-
tion with a wide range of wavelengths could be employed.

(4) The voltage applied to the heater could easily be
altered to ensure that the heating rate during a thermally
stimulated current run was 1in€af with time. Thevoltage

on the heater was altered by a Variac transformer driven

by an electric motor. The voltage programme required to.

keep the heater was determined experimentally. The variation
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in the heating rate was less than 15% over the width of
the peak ( ~ 50°C).

9.3 Ancillary Apparatus.

The apparatus used for thermally stimulated current
and photoconductive decay,experiménts is shown in figure
9.2. The inside of the light tight box was blackened to
avoid reflections. A hole about 3 x 2 cm.2 prOVided the
window between the two halves of the box.

'Filters could be placed in a holder covering the
window. The blade of the light chopper also completély
covered the beam entering the window so that‘stray light
falling on the crystal was reduced to a minimum._ The
illumination in most experiments was provided by a 1000 watt
tungsten lamp run from a 120v D.C: supply. The intensity of
the illumination could be varied by means of a graded rheostat
in series with the lamp.

The electrical circuit used for thermally stimulated
current measurements is shown in figure 9.3. The applied
voltage, variable up to 100 volts, was provided by a dry
battery. The small currents were measured with a Hatfield
instrument type LE 490 D.C. amplifier, the sensitivity of
which was adjusted by changing the shunt-resistanceiacross
its input. Care was taken to ensure that thé voltage across
the input of the amplifier did not -exceed 1% of the‘applied

voltage.
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The amplifier coﬁpriged a mi%ed valve—traﬁsistor
amplifier. The valve input was désigned for a maximum
input resistance of 2.2 M) so thét high‘resistance‘samples
could be used. The transistor ou&put worked into a‘load
of 78 ohms which was ideal for use with a graphic recorder.
The recorder and amplifier made measurements possible to
a lower limit of 1070 amps. The iimit was set by leakage
across the cryo§tat. The recorder speeds were l"/min. and
6" /min. which were adequate for the heating rates uéed.
Temperatﬁre calibration points were marked manually‘as the
thermally stimulated current curve was traced automatically
on the recorder.

Essentially the same apparatus was used for the photo-
current decay measurements. The 1light chopper was used to
cut off the illumination from the crystal. Either the
amplifier and recorder, or a D,C.‘oscilloscopei(Solartron
AD 577), was used to display the decay curve depending

on the speed of the decay being investigated.
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CHAPTER 10,

Measurements,

10.1 The Measurement of Therma]ly Stlmulated Currents.

To make a measurement of the total thermally stlmulated
current the following procedure was adopted.

The crystal was mounted in the cryostat which was
then evacuated. The crystal was cooled by pouring liquid
air into the central tube of the cryostat dewar. The intense
illumination was switched on for 10 minutes to fill the
electron traps. With the Crystal%in the dark again a potential
of 100 volts was gpplied to the crystal, and as soon as
the photocurrent had decayed the cryostat heater and the
recorder were switched on.

A typical thermally stimulated current curve is shown
in the graph in figure 10.1. The theories introduced
earlier deal with a single isolated thermally stimulated
current peak. A typical experime@tal curve such as that
shown in figure 10.1 comprises several overlapping peaks.
It is possible however to obfain from such a curve the
approximate temperatures of the maxima of the peaks associated
with the major sets of defect levels. It is possible to
separate the peaks by (1)fvarying‘the temperature at which
the traps are filled, (2)~changing the wavelength of the

excitation filling the defects, (3) using a differeqt heating
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rate or (4) applying the method of thermal cleaning. In
practice this last method provided the most efficient

means of separating peaks.

10.2 The Thermal Cleaning of Peaks.

If the thermally stimulated run is stopped at the
temperature Ta shown in figure 10.l1, the defects responsible
for the peaks appearing at temperatures lower than Ta will
have been practically emptied. If the crystal is recooled,
and subsequently reheated without%refilling the defects,
the rise of current will be determined more exactly by the
traps responsible for the peak centred on Tb’ However
the descending side of this second curve will still be
affected by the traps which empty at still higher tempera-
tures. If the crystal is now heated uniformly untilithe
temperature TC igs reached and then cooled and reheated
an estimate can be made of the effect of the higher tempera-
ture peaks on the peak centred onETb. Subtraction of this
background, due to the unwanted peaks (together with any
dark current present), from the previous curve will give
the thermally stimulated current peak centred on T,.

Several points are worth emphasizing for a peak
measured in this way:-

(1) kNot all the electrons trapped in the set of defects
under investigation contribute to the peak. Some of the
traps are emptied during the initial heating to‘Ta, while

others are not emptied until the background current is
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being measured. The shape of the%peak is not affected by
the loss of some of the eiectrons;frOm the traps responsible
for the peak at Tb but the estima#e of the number of
defects present will be $00 small;

(2) As some of the traps causing peaks at temperatures
higher than Tb will be partially émptied by heating to TC,
the background current then measured will be less than that
present during the measurement of the peak at Tb. As the
background current increases rapialy with temperature,
inaccuracies in its value will be more serious on the des-
cending side of the peak than on the rise side (see 'section
11.10).

(3) 1If the peak situated at Tb/g%erlapped by another,
smaller peak on the low temperature side, the defecﬁs res-—
ponsible for the unwanted contributions to the total
current will not have been completely emptied by heating

to the temperature Ta. As a result there will be some

thermally stimulated current due to the second set of traps

on the rise side of the peak attributed to Tb‘ This can
serioﬁsly affect results obtained using an analysis involving
the initial rise of the thermally stimulated current (see
section 11.15).

(4) The temperatures at which the maxima of the glow curves
occur, vary as the heating fate is changed. The magnitude

of the change in temperature of a maximum dépends on the
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energy depth of the defect levelsginvolved, and the extent
of oéerlapping of the peaks varieé as a result. The cleaning
of a peak involves rémoving more éelectrons from the defects
being studied if the maxima are closer at the new heating
rate., This results in a decrease in the number of electrons
released subsequently to form the%requireddhermally
stimulated current peak. The ﬁseiof’methods of evaluation
of defect properties, which depend on experiments mgde at

a variety of heating rates, is invalidated due to the
varistions in the number of filled traps (see section 11.12).
(5) It has been assumed in all the theories of thermally
stimulated currents discussed in chapter 7 that the trapping
levels are in groups at specific discrete depths. That

is, there is mnot a continuous dis%ribution of defect levels.
If there were such a continuous distribution an initial
thermal cleaning would empty the shallower traps but not

the deeper omes. As a result subgequent heating wogld
produce a peak characteristic of the deeper levels only.
This provides a method of determining whether the défect
levels are distributed over a continuous energy range.

(see section 11.5).

(6) The analysis of isolated peaks obtained by the method
of thermal cleaning has been carried out in this thesis
assuming that the gain (G) is independent of the degree of

filling of the defects, and of tde temperature cycles
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necessarily involved. Inéother wérds measured currents
aré assumed to depend only on theéraﬁe of release of
electrons into the conduction band. Because of the effect
of the defects on the freé electrén life time the assumption
may not be jusitified, buﬁ no evi@ence of its invalidity
was found. All the theories usedlin the calculation of
the depths of energy levels in thé crystal neglect the
possibility of such a variation iﬁ gain. |

In one crystal it was found that heating above 5000
in the dark created new donor levéls. This production of
donors caused a variation;in dark current at high tempera-
tures for the different heating runs in the thermal cleaning
process. The change in dark current was small, however,
except for measurements made at slow heating rates.

10.3 Thermally Stimulate@‘Current Programme.

When a new crystal had béén mounted the straight forward
thermally stimulated current curve was measured between
-180°c and 100°C for various physical states of the crystal.

With the crystal in a particﬁlar state (see next
section) the principal current peaks were picked out. Up
to five peaks were found in a sample, each with a half width
of 15 - 30°C.

The crystal was cooled. to -L8O°C and the defects were
filled with electrons by illumindtion. The crystal was

then heated in the dark %o a temperature just less than
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that at which the maximum of the first peak occurred.
The crystal was then cooled once again and reheated to
record the first (lowest) peak. When the current had
fallen to about half its maximum value the crystal was
again cooled and reheated to the temperature requiréd to
clean the second major peak. In this way the Various
thermally stimulated current peaks were studied. In a
few cases two peaks were too close for the thermal cleaning
to be effective and they were treéted as single ones.

The extent of the cleaning on the low side of the
peak (i.e. how near it was necessary to aéproach the
temperature of the maximum under investigation) depended
on the magnitude of the current due to other peaks present
within that temperature range. On the descending side of
a peak the crystal was recooled when the current had
reached about half its maximum value. This value was chosen
in order that the half width of the peak could be determined
with a minimum reduction in the background current. It
was found in some crystals that a few peaks were so well
separated that no thermal cleaning process was necessary.

Using the technique described in the previous paragraphs
igsolated thermally stimulated current peaks were measured
for several heating rates with the crystal in the same
physical state. Under some circumstances the physical

state of the crystal changed during the course of the




- 112 -

measurements. The éffects of sucﬁ complications will be
discussed in section 11.5 ,
The measurements were then repeated for other physical

states of the crystal which were of interest.

10.4 The Physical States of Crystals.

In making a series of current glow measurements on
any particular crystals it is desirable that the crystal
should be in the same physical state each time it is
illuminated at liquid air temperature. In practice the
physical condition of a crystal may be different at the
start of each thermally stimulated run. The reasons for
this are twofold, namely (1) théidensity of defecfs;present
in the crystal may have changed and (2) the extent to
which the traps are filled during illumination at the low
temperature may vary.

With regard to (1) it was found that with some crystals
intense illumination and heat trdatment produced changes
in the defects present, by pho¢odhemica1 and thermal
reactions. For example, after.oﬁe erystal (R1) had been
heated to 100°C in the dark a pe@k was found in thelthermally
stimulated current at 0°C (see fﬁgure 12,1 (a) and (b)).
If, however, the crystal Was irradiated with tungsten light
of 800 ft. candles intensity at room temperature, no peak
could subsequently be found at O?C, but a new double peak

was observed at about +80°%:, The 0°C peak reappeared while
P ‘
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the 80°¢ peak disappeared after tbe crystal had been
reheated to 100°C in the dark. Ih these measurements the
defects were filled as usﬁal by iilumination at ligquid air
temperatures.

The variation of the initial occupancy of traps,
by filling the defects at a temperature other than that
of liguid air, was used as an additional method of separating
overlapping thermally stimulated current peaks. The peaks
then observed were only those which mormally appeafed
at temperatures above the temperature of filling and were
therefore associated with the deeper traps. In this way
the unwanted effects of shallower traps could be minimised.
In addition some of the peaks préviously observed at the
higher temperatures were not detécted when trap filling was
carried out at temperatures higher than 80°K. The failure
of these peaks to appear was either due to a photochemical

reaction which annihilated the corresponding trapping

centres, or alternatively they were emptied by & quenching
process.

10.5 Photoconductive Decay.

The slow photoconductive decay associated with levels
near the guasi electron Fermi level was measured over the
range - 180°C and 100°C. The change in illumination

required was provided by the light chopper. The photocurrent

decay was either displayed on the D.C. osecilloscope, or, for
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the slower decays, on the§graphic§recorder.

Since traps empty mone slowlj at low tempefatures
the long decay due to a single seﬁ of defects Hecomeg
slower as the temperatureiof the érystal is re@uced.5 At
the\same time the initial conductivity at the start of
the decay decreases because the aﬁea under the conduptivity
versus time graph is a measure of ‘the density of traps and
must be largely independent of temperature. There is,
therefore, a limit %o the lowest ﬁemperature at which
satisfactory measurementsgcan be ﬁade which is due either
to the low conductivity involved or to the inordinate
length of the decay. At the high temperature end oﬂ the
range, the decay due to sdch a le#el would be swamped by tle
decay processes associated with other recombination
mechgnisms. The variation in deééy time measured gdnerally
lay between 200 sec. and iOO msec, for a temperature range
of about 50°K. |

The measurements were repeated for each long decay
observed in the crystal. Each change of scale of the amplifier
changed the sensitivity by a factor of I0 i.e. 3.16. The
decay time is defined as ﬁhe time required for the conduct-
ivity to decrease by a factor of 1/e (1/2.71) where e is the
base of Naperian logarith@s. Becéuse of the approximate
equality of e and 10, the time for the conductivity to
decrease by V10 (?é) wasﬁoften u%ed for convenience instead

of the exact decay time,
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Only the ratio of decay timeé is needed to evaluate
the trap depths. This means that ﬁsing v/iS values
obtained from curves which were agproximately exponential
introduced negligible error. The determination of the
values of cross section from these measurements required the
absolute value of decay time, butfthe error involved in
using _{$T§ for the decay time was far less than other
experimental errors.

10.6 OQOther Measurements.

Measurements of steady state photoconductivity can
often lead to information coneerning the depth of defect
levels. The curve of photoconductivity against temperature
usually decreases steadily as the temperature is increased
from liguid air to room temperature (see figure 10.2 (a)).
Eventually it levels off or increases slowly up to 100°¢.
The decrease is due to thermal qu@mching and to the decrease
in mobility with temperature.

In several crystals sudden increases in photoconductivity
were superimposed on the general decrease (see figure 10.2 (b)).
These discontinuous effects occur when. the Fermi level falls
below recombination centres which then cease to assist
recombination and begin to behave’as electron traps. As the
position of the electron Fermi level can be calculated from
equation 4.0 when the conductivity and temperature are known,

the energy depth of the lavelSEin%such recombination centres
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can be ecalculated. It must be§boﬁne in mind hoWeverfthat
an alternative explanation is thaﬁ the discontinuity might
be caused by the hole Fermi levelgpassing through reéom—
bination centres with levels. |

Conventional semiconductor melasurements of the dark
current, IE’ as a function of temperature can also give the

depth of donor levels.
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CHAPTER 11,

Resuitg.

1ll.1 Evaluation of Trap Bepthséand Cross Sectiong from

the Experimental Curves.

On the whole the differently grown and treated
crystals led to similar distributions of peaks in the
thermally stimulated current curves. Some typical curves
are shown in figure 11l.1 (see also figures 12.1 and 12.2).
With most crystals there were one or more peaks with
maxima near‘liquid air temperatures, and a series of peaks
vetween 0°C and 100°C. The position, size, and shape of
the higher temperature peaks were often dependent‘on the
physical history of the sample and the conditions under
which the traps were filled with electrons.

Of the higher temperature;peaks the two which were
observed with maxima in the vieinity of 30°C (see figure
11.2) tended to overlap to such an extent that it was not
possible to separate them satisfactorily by thermal
cleaning. All other peaks were subjected to the experi-
mental cleaning techniques described in Chapter 10. The
curves in figures 11.3 and 11.4 illustrate the séquence
of obtaining a satisfactory isolated peak on which the
various analyses described in chapter 7 could be performed.

All erystals examined werb subjected to the same
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thermal cleaning techniques, ané the resulting isolated
conductivity glow eurve$ were aﬁalysed using as many of
the mathematical methods descriﬁed in chapter 7 as possible.
It was concluded. that the evidence indicated that there
were, in all,‘six different sets of traps with energy
depths of 0.05, 0.14, 0.25, 0.41, 0.63 and 0.83 eV.

The traps responsible for the o&erlapping peéks near 3000,
referred to above, were those with energy values of 0.41
and 0.83 eV. The rather surprising conclusion-that two
sets of traps with vastly diffe@ent energy‘depths lead to
~approximately identical values of T* can be éxplained

by widelj different‘values of cross: section. In the case
of the 30°C peak however the v@iue of 0.83 eV is not
thought to be associated with a simple trapping mechanism
but the basic concept of a trap with a large cross section
of interaction is still wvalid Csee section 11.5).

The results of the detailed analyses of the individual
gléw peaks are recorded in tables 11.1 to 11.4. All the
peaks on which calculations weﬁe made have been fitted
into one or other of the six sets of traps, althoﬁgh there
was some evidence that another set of defects may have
been present, associated with & peak atabout 280°K.
However this peak was so small:compared with neighbouring,
overlapping peaks, that it was not possible to obtain any

useful information con¢erning the traps involved.
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In the tables POOR signifies that for several
thermally stimulated,runs;the=valﬁes obtained lay well
outside the stated errors. BAD méans that the}fesu%ts were
completely inconsistent, or that ho values at all could
be obtained because of severe oveilapping. N.M. means
that no measurements of the right;type for evaluation by
a particular method were made.

The errors quoted are not strictly Gaussian, but
errors estimated by taking into consideration the variation
in the accuracy due to the extentﬁof the overlap of other
peaks. With the methods based on the variation of the
heating rate, and the Haering and Adams technique, %he
order in which the measurements were made affects the error
(see section 13.5).

The symbols used in compiling the tables have been
described in chapter 7 and in seétion 8.4. To avoid con-
fusiom however, the symbols are explained again at the
foot of table 1l.1.

T* is the approximate temperature of the maximum current
of the peak in question. The column headed "Condition"
refers to either the priér illumination and/or heat treatment
which led to the particular peékgbecoming large.

Where two values of‘trap:de?th are given it means that

with some heating rates one valub was obtained, while with
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different rates the second value ﬁas obtained. * Where
values for cross sections are quoﬁed the figures in
brackets indicate the value of enérgy depth which was used
to calculate the cross section. The majority of thejvalues
of cross-section was evaluated using the values of energy
depth determined experimentally.

The values of cross section calculated from the experi-
mental thermally stimulated current curves, which are given
in the tables, were for the most part evaluated using
Grossweiner's method, equation (7.6). The reason for this
is that all the methods advocated for calculating cfoss
sections make use of equation (7.8). Thus ohce 7% énd B
have been measured, the magnitude of the cross section depends
only on E. Grossweiner's method almost always led to an

estimate of E in agreement with values obtained from the

majority of the methods of analysis.

For all the observed traps the order of magnitude of
the cross section is determined by exp(E/ka), i.e. 1t
depends on E/Tx. For this reason the accuracy of the
estimated cross section ig limited by the accuracy in

determining the trap depth E, and since a high power

exponential term is involved, the calculated cross section
values can easily be in error by an order of magnitude.
However since various crystalline defects can have electron

capture cross sectiong which can differ by over ten orders
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of magn&tude, the inaccurécy of the values quoted is not
too alarming.

All energy depths are given in electron volts,
temperatures in degrees Kelvin anﬁ cross sections in
square centimetres.

11.2 The Traps at 0.05 eV,

Halperin and Braner's method of calculating the energy
depth of the traps assoclated with the peak occurring at
the lowest temperature was unsatisfactory because the
correction term was'too large. The relatively small
magnitude of E/kT® prevents high accuracy being obtained
with any of the methods used. With these particular
trapping centres the best estimates of energy depth are
likely to be those obtained from the photoconductive decay
measurements.

Garlick and Glbson's initial rise technique, and to
a lesser extent the methods of Grossweiner, and Franks and
Keating, were affected by variations in the linear heating
rate on the low temperature side of the maximum. A‘linear
héating rate was difficult to acﬂieve experimentally because
with some crystals the peak occurred at temperatures which
were at the lowest limit'of those obtainable with the

cryostat employed.

The peak is almost certainly associated with the same

type of trap as that studied by Franks and Keating.55
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Their calculated value of trap deﬁth (0.053 eV) agrees
closely with the present results. However the glow peak
isolated by thermal cleanihg processes differs in three

respects from their published curve. (1) The value of ¥
" 3 '
T - T
T*- T ,
a value greater than unity reported by Franks and Keating.

, for our curve was about 0.8, compared with

j.e.

(In fact 1.0 is outside the range;of ¥ values for which
the mathematical expression employed by Keating 1is valid.
In addition the magnitude of E/ka is too small to lie
within the permitted range of 10 to 30 required by Keating's
analysis). (2) The temperature 6f the maximum was different.
This leads to differences in the values of cross secfion
10724 om® compared with lO“21 cm2festimated by‘Franks and
Keating. In the present work the;temperature, TX, was
different for different crystals. The variation in the
apparent value of cross section was probably due to retrapping
effects.37 (3) The variation ingenergy depth with;heatiné
rate as reported by Franks and Keating was not observed.

The apparently anomalous value of energy depth obtained
from decay measurements in crystal S3 is probably due to
the fact that the crystal contained a different set of
- traps. In some crystals three sets of shallow traps were
detected but one of these was at too low a temperature for

the corresponding thermally stimulated curve to be determined.

The presence of these different shallow traps was verified
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by measurements on the very slow decay of pnotécurrent
at liquid air temperatures, which indicated that the
depth of one of the sets was 0.068 eV (see also values
obtained from log Ivs %—plots reported in the next section).
The calculated capture cross: section of the traps at
0.05 eV is very small, between 1072% and 107°° cm.® With
such a small cross section retrapping is negligible, and
it is therefore not surprising to find that Bube's method
of calculation gives erroneous values of 0.2 eV, The
good agreement with Lushchik's method suggests that his
technique does not lead to great inaccuracles in evaluating
peaks associated with monomolecular kinetics.

11.3 The traps at 0.14 eV.

Good agreement was again found between different

crystals and various method of calculation for isolated

curves associated with the set of traps at a depth of 0.14 eV.

The agreement is good both for values of crosg section and
energy depth. This is probably due to the small cross
-22

section (~~10 cm?), and the consequent absence of

retrapping.

The presence of a value of 0.068 eV in the table,
which was obtained from Garlick and Gibson plots for some
of the curves may have been due to insufficient cleaning,
but on the other hand this result adds weight to the evidence

for the existence of a trap at that energy depth, namely
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one of the three shallow traps mentioned in the last
section.

The error in the value of energy depth in crystal VI
as calculated by Grossweiner's method is due to non-linearity
in the heating rate at such low temperatures. The difference
in the calculated energy depth comparing Haering and Adams'
method with the heating rate method was also observed with
other trapping peaks. The heating rate methodjtends to be
more reliable if there is a variation in occupancy or
density of traps because the position of the maximum is
independent of the occupancy with monomolecular kinetics.

1l.4 The Traps at 0.25 eV.

The good agreement between cross section values as

well as energy depths for these particular trapping centres

is again a consequence of the small cross section (~ 10"24cm2),f
which makes retrapping unlikely. The associated peak in
the thermally stimulated current curve was destroyed by
strong illumination at room temperature, being replaced by
one at about 70°C. This effect is almost certainly the
same as that described by Woods and Wright56.1 The impli-

cations of this will be digcussed in section 12.1.

The spread of values obtained for crystal S3 is due to
the facts (1) that this was one of the first crystals to be
measured, and (2) that the thermal cleaning techﬁique had not

then been fully developed. The three major types of trapping
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centre discussed so far all have very small capture
crogs-sections, and consequently‘recombinationfis a
monomolecular process. As a result, it can be seen from
the values quoted in the tables, that trap depth analysis
using Bube's method, which 1s only applicable When fast
retrapping occurs leads to values of energy depth which
are comnsistently too large.

11.5 The 0.41 and 0.83 eV Traps.

As mentioned earlier the glow peaks associated with
the traps at 0.41 and 0.83 eV were too close together to
be easily separated by thermal treatment when both sets
of traps were present in the samé crystal. Neither was
it practicable to separate them completely byroptical
means. Separation by varying the heating rate seemed a
practical proposition, but the peaks coincided at an
intermediate heating rate so that only limited separation
was effected with the fastest and slowest heating rates
obtainable.

An attempt was made to use thermal cleaning in order
to clarify (1) whether the pesks were due to tWo distinet

trapping levels which happened to empty at about the same

temperature, or (2) whether there was in fact only one
trapping level emptying, during which time some of the
electrons were being temporarily retrapped, eventually

giving rise to a second peak. After cleaning, the subsequent
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glow curve exhibited the high temperature peak with only

a little current from the low temperature peak superimposed.
This showed that the two peaks were independent (see figure
11.5).

It was still possible that there might be a continuous
distribution of trapping levels. The peaks in the glow
curves for crystals S2 and S3 were studied to discover
whether such a distribution of traps existed. To do this
the crystal under test was heated to a temperéture somewhat
lower than the temperature of the first maximum and then

42 Garlick and Gibson

cooled and reheated several times.
plots were then made for the initial rise curves obtained.
The energy depths calculated in this way for crystal S3
are shown in table 11.5 and some of the plots are shown

in figure 11.6. The low energy depth indicated by the
first run was due to a small peak which lay at slightly
lower temperatures than the peaks being studied. The next
two values obtained were intermediate between 0.41 and
0.83 eV. This was due to the fact that both trapping
centres were still being emptied (the experimental points
did not lie very well on a straight line). All the sub-
sequent runs indicated the presence of the 0.41 eV traps
vonly. There was no evidence of’a digtribution of traps.
The scatter of values obtained from the last runs is to be

expected in view of the extremely small stimulated currents




TABLE 11.5

Run Energy Depth éV Run Energyﬂépth eV
1 0,20 10 0.45

2 0.58 11 0.44

3 0.69 12 0.46

4 0.46 13 0.45

5 0.48 14 0.47

6: 0.42 15 0447

7 0.46 16 0.40

8 0.41 17 0.47

9 0.48 18 0.401

GARLICK AND GIBSON ENERGY VALUES FROM REHEAT CURVES

IN CRYSTAL sg.
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being measured at that stage.

Having decided there were tWo distinct sets of
trapping levelg the following line of argumenﬁ was adopted.
As the temperature of the maxima were the only peak para-
meters that could confidently be identified initially, the
use of different heating rates was concentrated on more
than usual. For this reason thermal cleaning was kept to
a minimum. By a coincidence the densities of traps in the
crystals VI and 85V were the same. The results for both
these crystals gave points on an Haering and Adams plot
(see figure 11.7) that fell on two straight lines with
slopes leading to energy depths gquoted in the tables namely
0.41 and 0.83 eV. The accuracy with which the points lay
on two lines was surprisingly good considering the extensive
overlap of the peaks. The heating rate method applied to
these particular crystals gave values in good agreement
with those quoted above. The failure of these methods
when applied to the corresponding peaks observed with other
crystals was probably due to the failure to distinguish
the current maxima due to the different traps.

Other methods, not surprisingly often gave values
lying between 0.41 and 0.83 eV, though sometimes one value
predominated. For example the slope of a Gérlick and Gibson
plot always lead to a value of 0.41 eV corresponding to the

shallower trap depth. This is due to the fact that the
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peak forthe shallower trap 1s broader than that for the
deeper trap. The contribution to the stimulated current
at a temperature well removed from the maxima is therefore
dominated by the shallower trap.
The method suggested by Franks and Keating which reqguires
an individual peak so that T' and,T" can be determined on
the rise and fall sides of the maximum respectively can
only be used when a single peak is present, or extensive
cleaning has been achieved. Thus their method was clearly
unsuited to an analysis of the double peak under discussion.
The occurrence of the 0.41 and 0.83 eV peaks was
strongly dependent on the physical condition of the crystals.
Thus this double peak was that which replaced the peak
at ~0°C (0.25 eV) after strong illumination at room
temperature. The details are discussed in secticn 12.1.

-200m2)

Agreement vetween the values of cross section (~10
obtained for the 0.41 eV traps for several crystals was
quite good, but was very poor for the 0.83 eV traps. This
result might have been expected because the larger cross
section, associated with the latter, increased the extent
of retrapping, which leads to greater inaccuracies in
estimating cross sections. The situation is not quite as
simple as this in fact and a more complete explanation is
given in section 12.2.

Even with the 0.83 eV traps, however, the recombination
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mechanism could not be describedjas a fast retrapping
process. This conclusion was reached from the disagreement
between the value of energy depth calculated according to
Bube, and the occurrence of a long photoconductive decay
which was approximately exponential and was associated with
traps at a depth of 0.83 eV. That fast retrapping did

not occur was confirmed by measurements on the crystals

Rl and S3 which showed that the temperature of the current
maximum was independent of the density of filled traps.

The traps may be of the same kind as those described
by Wright56. This possibility will be discussed in section
14.5.

11.6 The Traps at a Depth of 0.63 eV.

These traps gave rise to the only peak observed which
was thought to be produced under fast retrapping conditions.
The reasons which led initially to this conclusion were
(1) The agreement of values of energy depth, calculated
using Bube's Fermi level analysis, with values obtained
from all the remaining methods (see table 11.4). (2) The
almdst complete failure to observe an exponential decay
in photoconductivity associated with a trapping level at
0.63 eV. Additional support for the idea that the cross
section of these traps is large, was the discovery by
another member of the group that traps at a depth of 0.61 eV

were the most important in space charge limited current
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57

measurements.
One apparent inconsistency with this interpretation

is that the traps at 0.83 eV might have been expected 1o

have an even larger cross section, but it would appear

that these had not emptied under fast retrapping conditions.
It is not possible to measure cross sections of traps

when fast retrapping occurs, butvthe cross section of the

recombination centres involved can be estimated (see section

7.5(1i)) if a single set is assumed. The cross section for

recombination was calculated from the experimental information

on the 0.63 eV traps, using Boer:et al's theory. The
values obtained are compared in table 11.6 with those for
the "“capture cross section" of the 0.83 eV traps calculated
on the basis that tThese deeper traps are associated with
monomolecular processes. This comparison emphasizes the
apparent inconsistency. According to the calculations the
cross section of the traps at 0.83 eV is much larger than
that of the recombination centres so that fast retrapping
should occur.

The peaks in crystals 85v and 86V at 270°K were probably
due to an entirely different set of traps. They are
examples of the peaks from which aceurate values could not
be obtained because of the considerable overlapping and the

small maximum currents.

The gtandard deviation in the values of energy depth




- TABLE 11.6

Crystal (1) (cm®) (2) (cﬁz)
S4 3 x 10718 10"‘12‘
S5 5 x 10718 10712
S5, 10”19 10713
VI 10719
P2 5 x 1072 10713
53 5 x 1079
R1 10716
R2 10714
sS4, 10716
Ave 107185 101 10714y 10+2

COMPARISON OF THE CROSS SECTIONS BETWEEN

(1) RECOMBINATION CENTRES ASQOCIATPD WITHETHE EMPTYING

OF THE 0.63 eV DEEP TRAP AND

(2) THE TRAPS AT A DEPTH OF 0.83 eV ASSUMING MONO~

MOLECULAR KINETICS.




of the 0.63 eV traps as measured by Bube's formula was

only 0.01 eV for any one crystal. The values‘for different
crystals however did not agree with one another to the

same extent. The reason was that the dimensions of the
irregularly shaped crystals could not be measﬁred accurately
which led to errors in the Bube wvalue of between 5 and 10%.

The few values differing greatly from 0.63 eV in table
11.4 are the result of insufficient thermal cleaning of
peaks (EGG in crystals S3 and S5), and a variation in the
number of filled *traps (EHA and EHR) at the beginning of
the heating schedule. ‘

The agreement between the results obtained using
Bube's method with other methods, which are also wvalid
under fast retrapping conditions and which are independent
of crystal dimensions, substantiates the assumption that
the bulk properties of the crystals were being measured.

11l.7 Summary.

The trap parameters found by the thermally stimulated
current. and photoconductive decay measurements are summarised
in table 11.7. The errors quoted are thé observed experi-
mental errors. Allowing for theoretical imnaccuracies, the
probable errors vary from 5 - 10% for the deeper traps to

10 - 15% for the shallower traps.




TABLE 11.7

Energy Depth eV | cross section cm
0.051+ 0.002 5 x 1074 x 1ot
0.14 + 0,01 10722 x 10% ¢
0.25 + 0.01 5 x 10724 x 102 1

1 0.42 + 0.02 10720 x 10* 1¢S5
0.63 + 0.02
0.83 + 0.02 1071 x 10% 2+7

SUMMARY OF PARAMETERS OF TRAPPING DEFECTS.




CHAPTER 12

Photochemical an@ Other Effects.

12.1 The Photochemical Reaction and the Filling of Traps.

It is not always possible tb decide if the disappearance
of a thermally stimulated current peak on remeasurement
after some particular treatment is due to: (1) the corres-
ponding traps being destroyed, (2) failure of the traps to
£fill with electrons at the lowest temperature‘employed or
(3) a decrease of the photoconductive gain, which would
result in loss of overall sensitivity, and the possible
failure to detect a peak when the number of traps had not
changed.

In connection with (3) above, the gain ( as determined
from measurements of the ?hotoconductivity) changed by
about an order of magnitude as a result of treatments such
as heating to 100°¢ in vacuum or subjecting the crystal
to intense illumination. This effect was not large enough
to explain the observed variations in the size of thermally
stimulated current peaks.

With regard to (2), in view of the high intensity
illumination used to fill the traps, it is unlikely that

the traps would not be filled on this account, but it is

[0

possible that optical quenching processes could empty them.




It is unlikely that all t;r'apé would be completely empty
even if quenching processes did occur, since all the
illumination is switched off at the same timé;

The appearance of one peak as another disappears
suggests they are related in some way, which depends on
the treatment given. Thus it is quite clear from the
experimental results that the effects of type (1) above do
occur, and in particular photochemical effects can be
presumed to be responsible. Whether there is a one to
one relationship between traps which are created and those
which are destroyed cannot be confirmed until measurements
of the densities of the traps associated with the stimulated
current have been made.

Variations in the thermally stimulated currents
observed after heat and optical treatments of two typical
crystals will now be degcribed in detail. It was concluded
that two effects occurred. The first (i) was thought to
involve a well defined chemical reaction, but the second
(ii) might be due at leaét in part to variations in photo-
conductive gain, or to guenching phenomena.

(i) Changes in the Thermally Stimulated Current of Crystal Rl.é

Figure 12.1 shows the peaks observed in the various
thermally stimulated current measurements made on the
crystal. In every case the crystal wag heated to 37OOK in

the dark before the treatment stated, and iliuminated at
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9QOK before the thermally stimulated current @as determined.
Figure 12.1 shows the-thermallyastimulated current: -

(a) After cooling from 350°K to 90°K in the dark,
(the peak due to traps at 0.25 eV is very much
in evidence).

(b) After irradiating with intense illumination
(1000 watt tungsten lamp at 1 ft.). (The peaks
with energy values of 0.83 and 0.41 eV are
present in the thermally stimulated current
curve and the peak corresponding to the 0.25 eV
traps is greatly reduced).

(c) After illuminating with red light (7100 3),
obtained using an interferenoe filﬁer.

(d) After illumination with greem light (5460 %),
also obtained using an interferencé filter.

The inference from these results is that the traps
at 0.25 eV were created by heating the cryétal in vacuum
in the dark. However, they disappeared and were replaced
by traps at 0.83 eV and/or 0.41 eV after illumination at
room temperature. Whether one a other, or bdth of the
deeper traps were formed depended on the wavelength of the
illumination used. Unfortunately, because of their small
size it was not possible to detérmine which of the peaks
in curves (c) and (d) of figure 12.1 was eguivalent to

which of the sets of deeper traps. From the measurements
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on the double peak it does, however, seem likely that the

0.41 eV traps were formed by the red illumination. This

is in agreement with photon energy indications;(i.e. the

high photon energy causes greater change in enérgy depth).
The absence of traps at 0.25 eV in some crystals,

and the significance of this fact in attempting to

establish the possible physical nature of the defect 1is

discussed in section 14.4.

(ii) Changes in the Thermally Stimulated Current of

Crystal S6v.

Crystal S6v was also heated to 370°K before any
particular treatment was given. The treatment and trap
filling now however, consisted of illumination at a series
of temperatures over the range of temperature attainable.
After illumination the crystal was cooled to‘9®oK in the
dark, and then heated at a linear heating rate to obtain
a glow curve without any further illumination at the lLowest
temperature. The subsequent stimulated current curves
for three different temperatures of illumination are
shown in figure 12.2. Illumination at 90°K did not
produce any peaks above 200%K. The temperatures at which
the crystal was illuminated before the curves shown in
figure 12.2 were obtained were (a) 370°K to 90%K (b) 220°K
(c¢) 350°K.

It is to be expected that peaks, which normally
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appear at temperatures below that at which the illumination
filled the corresponding traps, Would be abseﬁt in a
subsequent thermally stimulated current run. This was in
fact confirmed. In addition, however, some peaks which
normally appear at much higher temperatures, were not
observed if the temperature of illumination was less than
a certain value, e.g. after illumination at,ZQOOK, the
peak at 350°K (due to traps at 0.63 eV) was missing, but
illumination at higher temperatures (e.g. 2709K) produced
the peak at 3500K¢ It was not always clear whether this
was due to some quenching process, or more probably to
a photochemical reaction, which either destroyed the traps

responsible for the peaks or reduced the phbtoconductive

gain by affecting the recombination centres.

Most of the traps discussed in the previous chapter
appeared only after certain treatments. A summary of the
conditions under which a particular peak was observed is
given below in terms of the energy depth of the traps

responsible for the peaks.

Prior treatment necessary in order to
Trap Depth. oboerve the assocLa{ed peak.
0.05 eV Treatment 1ndependent
0.14 eV After heating to 370°%% in the dark and cooling
in the dark.
0.25 eV After heating to 370% in the dark and cooling
: in the dark.
0.41 eV After illumination (with red light partlcuhmﬂy)
0.83 eV After illumination(with green light particularly]
0.63 eV After 1llum1natjon (above 250°K).
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12.2 The Photochemical Reéaction and Retrappigg.

There are several possible explanations of the apparently
anomalous situation concerning thé discrepancy between the
suggested recombination kinetics and the magnitude of the
cross sections for the 0.83 eV and 0.63 eV traps (see section
11.6). Only the fourth possibility discussed below is
thought to fit the facts reasonably well.

(1) A set of recombination centres with very large
cross sections may exist and may be responsible for the

0.83 eV traps emptying under monomolecular conditions.

However, in order that such large cross section centres
should have little effect on the recombination process when
the traps at 0.63 eV are being emptied, they must become i
trapping levels by the time the 0.63 eV traps have started %
to release electrons into the conduction band. To do this
they must cease to become recombination centres when the

hole demarcation level has passed through them (not the -

electron demarcation level). If this happens it is surprising 

that the defects always dhanged from recombination to hole

trapping centres in the small temperature range between

the appearance of the 0.83 eV peak and the 0.63 eV peak.

There is no other evidence for the existence of such levels.
(2) The magnitude of the cross section of the recom-

bination centres may change rapidly with temperature.

However it is very unlikely that the cross section of a set
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of recombination centres could change by a factor of 103
for a ﬁemperature change of less’ than 20%.

(3) It may be that the con&lusiehs concerning the
types of kinetics are incorrect, due to the fact that
surface rather than bulk properties were being measured.
The evidence which contradicts this view is as follows:-

(i) The 0.83 eV peak could not have been produced
under fast retrapping conditions. If it were then the
trap depths yielded by calculations following Bube should
be valid and should agree from crystal to crystal and with
other methods. This was not in fact observed. To explain
the discrepancy in terms of surface effects the crystal
would have had to be inhomogeneous to such an extent that
the 100 volts applied were dropped across a barrier less
than lO_4cm. thick. This would be impossible as the crystal
would break down under such a high field of lOév/cm.

(ii) The evidence that the 0.63 eV peak was formed
under fast retrapping kinetics was very strong. The agreement
between values calcﬂlated according to Bube and other
values was within the limits of experimental error. The
fact that space charge limited current measurements have
shown traps at this depth to be important in 1imitiné the
current found in very thin plates suggests that these traps
must have a large cross séction. The value of tke cross

section £= these traps would have hadyif it were correct
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to assume monomolecular kineticsyhas been calcﬁlated.

-l8cm2§ that at

This value is of such a magnitudé (A7 10
least some retrapping would have been expected. The extent
of retrapping would vary from crystal to crystél and thus
cause a much wider range of temperatures at‘which the

peak maximum would occur than was observed. The almost
complete absence of a long approximately exponential decay

of photoconductivity woula be surprising if the kinetics

were monomolecular.

All these arguments support the suggestion that the
traps at 0.63 eV are emptied under fast retﬁapping conditions
while those at 0.83 eV are associated with monemolecular
processes.

(4) It is suggested that the best explanation of these
facts is as follows. The 0.83 eV peak was destroyed by
heating the crystal in the dark (as was shown in the crystals
Rl and R2 for instance). It seems possible that the pro-
vision of thermal energy destroys;the 0.83 eV trap, which
is a complex defect, and either releases an el@ctron into

the conduction band simultaneously, or an electron is

excited from one of the resultant new defects almost
immediately. The concept of electron capture éross section
then ceases to have any méaning. A limited amount of
retrapping would be possible if only a small fraction of
the traps were initially full, but in general the results

indicate that the freed electrons take part in a monomolecular
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recombination process.

One objection to this suggestion is that in crystal
S6v two peaks at different temperatures, Tx‘are both
attributed to traps at an energy depth of 0.83 eV, This
is explained by the experimental fact that the higher
temperature‘peak appeared only after the crystal had been
illuminated at BSOOK, and the two peaks were never present
simultaneously. The lower temperature peak is that solely
due to the trap complex ascribed to an energy depth of

0.83 eV.

If the further assumption is made that the trap complex
is stable at temperatures/gggger than 300°%, T%, provided it
has not captured an electron, the higher temperature peak
can be explained. Illumination at 3500K would tend to
produce the trap complex and fill it, but the complex
would be destroyed as soon as it were filled. As a résult
the immediate cooling on cessation of the‘irradiation would
lead to a number of unfilled ftrap complexes. When the |
crystal was subsequently heated, mothing would happen
until the traps at a depth of 0.63 eV started to empty.

The freed electrons would be captured by 0.83 eV trap complex
and held there before excited into the conduection band. In
this way a peak characteristic of the 0.83 eV traps would

be obtained in crystals containing traps at 0.63 eV. The

peak produced in this way has a maximum about 10°%¢ higher
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than the 0.63 eV peak. This woul& suggest thaiife time
in the 0.83 eV trap complex is of ' the order ofgseveral
seconds, which seems surprisinglyflong in view of the
elevated temperature, but is othefwise in agreément with
this theory.

A phenomenon which supports the above explanation
is the absence of any long decay that could be;connected
with the 0.63 eV trap, in crystal‘S6v. Such a decay would
have been expected to be present, although not exponential
in shape. Using the ideas developed here, the 0.63 eV
traps would on emptying be expected to produce}an exponential
decay characteristic of the 0.83 eV traps. Suéh decays were
found.

Another aspect of the complicated behaviour of the

traps at 0.83 eV is that wide differences are observed in
the temperatures at which the peak maximum appears in
different crystals. Such variatibns are not characteristic
of the monomolecular recombination. This coula be due to
differences in initial occupancy bf the traps, differences
in the defect density, or delays in the emission éf the
electron after the complex had been destroyed.

Some evidence that .a reactioh of some sbrt took place .
when the crystal VI was heated in the dark is discussed in
section 12.3 (iv). The activation energy for the reaction

was 0-88 i 0005 eVo




_14?-

12.3 Other Methods of Eﬁaluating Defect Parameters.

(1) Slow Rise of Photooﬁrrent uﬁder Weak Tllumination.

This phenomenon waS‘discusséd in secti@n:S.l (2). By
measuring the height and time length of the pyateau, the
density of traps and cross section can be obtained. The
valﬁe of trap density is mnot critical to the present
investigation and the cross section is only of interest
in conjunction with values of energy depth. Because of this
only an exploratory investigation of the method was made..
Some of the results are shown in the curve in figure 5.1.

Well defined plateaux were observed, though sometimes
at current values which were too small to be measured
accurately with the equipment available. Correlation with -
specific traps may be possible by comparing the values of
cross section, and noting the temperature above which the
various plateaux were not observed. The faet that two
curves obtained with the same crystal at the same temperature,
but with different light intensities, were foﬁnd to possess
plateaux with lengths in time inversely proportional to
the final value of conductivity,:was in good agreement
with theory. The method would a@pear to be most promising

for evaluating trap densities.

(ii) Photoconductivity as a fun@tion of Temperature.
In most crystals the usual trend is for the steady

state photocurrent to decrease as the temperature is
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increaged. Superimposed on the géneral decréaéing trend
there is often a steep temporary fise as the‘témperature
passes through certain values see figure 10.2.i

The position of the electron quasi-Fermi level was
calculated for all the steep incréases in photécurrent
which were observed. The results are shown ingtable 12.1.
The crystals R3 ........RT were ones which showed compara-
tively low photosensitivity and no appmeciablegthermally
stimulated currents.

In crystals on which detailed measurement$ were made
the quasi-Fermi energy depths obtained from the photocon-
ductivity v temperature measurements were different from
trap depths found by thermally stimulated curréntkmeasure—
ments. Thus it is unlikely that the sudden steep increases
in photocurrent are due to the electron Fermi level passing
through a set of levels which then cease to act as recom-
bination centres and start to act as traps. There would
appear to be two possiblekexplanations of the sudden
increases in photocurrent.

(1) Defects may ceaSe to act as recombination centres
because the hole demarcation level has passed %hrough them.

(2) The recombination centres may have been destroyed
in a photochemical reaction (see section 14.8). The
second suggestion is favoured by the fact that the higher

temperature increases (~ E = 0.3 eV) in ph@tdcurrent only
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occurred when the crystal had bedn placed in the dark and
heated to 37OOK, and then,cooled.prior to measuring the
photocurrent as a functibn of temperature. In this connection
it should be noted that the measurements were iade while
the temperature was increasing slowly ( v O.l@/sec.).

| There was often an increase in photocurrent near the
lowest temperature limit of measurement ( 1OQOK). This
was gquite separate from the rise of photoconductivity when
the illumination was switched on. The energy depth of the
electron guasi Fermi level at these temperatures was about
0.14 eV. The fact that the steep rise in photocurrent
when the Fermi level reached a distance of 0.14 eV from

the conduction band, even when traps at this depth were not
detected by thermally stimulated current measurements,
‘suggests that traps at this energy depth might have been
present in more crystals than was apparent fﬁom:thé glow

measurements. This was a distinct possibility since the
traps at 0.14 eV might sometimes be already empty at liquid
air temperatures in the dark. To resolve this problen
glow measurements starting at temperatures much lower

than those of liquid nitrogen would be necessary.

(iii) Spectral Response.

In general spectral response measurements showed no
well defined maxima of photoconductivity on the long wave-

length side of the absorption edge, though the crystal was
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sensitive for some way into thié region (see figure'12.3).
In crystal Rl however there was some indiéation of
a peak at 6100 2 when the:measureﬁent was made .at about
100°K. The separation from the wavelength of maxi mun
photosensitivity represented 0.45 + 0.05 eV. This is in
good agreement with the trap depth at 0.41 eV, If this
observation represents a genuine correlation it would imply
that the photocurrent excited by irradiation at 6100 2 is
due to the motion of holes. This speculation could be
checked by measuring the photo-thermo-electric or photo-
Hall effect.

(iv) Dark Current.

It was mentioned earlier that donors were produced
in the crystal VI after heating the crystal in the dark at
temperatures above 200°K. A plot of log I, against 1/T
gave a straight line between 180°K and 400°K. Ip is the
measured dark current. Neglecting the change in Nc and ¥
with temperature, the calculated slope-(ED/k) gave ED =
0.53 + 0.03 eV, where E; is the donor depth. It is possible
though unlikely in this case, that the slope should be
ED/ZK which would lead to an energy depth of 1.06 eV.58

The activation energy for the process leading to the
production of the donors was found from measurements of the
variation of dark current at consfant temperatﬁre over the

range 350%K to 400°K. The curves were analysed in terms of
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a time constant td where the currgnt after a time t is
given by I = Ia (1 - exp(vt/td)).f Tee was the final current
at this temperature. A plot of ldgetd agaihst;l/T gave

a straight line of slope Eg/k with Ey = 0.88 + 20.05 eV
(see figure 12.4). This activation energy is the energy
required to create the donors in question.

This could be regarded as added evidence for the
suggestion that thé apprent trap depth energy 0.83 eV is
the energy required to destroy a complex defect. The fact
that the process produced a significant density of donors

at 0.5 eV in one crystal only was surprising.
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CHAPTER _13.

Comparison of the Met%ods‘ofiEvaluatingsthé Thermal

Glow Curves.

13.1 Introduetion.

The chief reason for the woﬁk done during;the present
investigation was to decide on the most suitable method
of evaluating conductivity glow curves, and to determine
whether the results obtained were meaningful. /It is
difficult to give a universal ruLe as to which method of
analysis is most suited to a particular peak in the glow
curve, since this depends not only on the recombination
kinetics but also on the extent of overlap with other

peaks. The various methods of analysing individual peaks

are discussed below.

13.2 Bube's method.

This method, which involves determining the position
of the electron guasi Fermi level, gave accurate results
for fast retrappinngnly. Simila& remarks apply to the
technigue for Boer et al (see section 7.5(1i)). This is a
great disadvantasge, particularly if the method is applied
indiscriminantly. This is liable to happen sihce the
method offers no means of determiming whether fast retrapping
does in fact occur. The method dannot give any information

about trapping cross sections as is sometimes claimed. Even
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if Bube's method of determininggenergy depths is valid
(fast retrapping éonditions) no information dan be obtained
about the trap cross section beéause the cross section

does not affect the peak parameﬁers under fa%t retrapping
conditions. Under these circumstances the electrons in

the tréps and the electrons in the conduction band are in
thermal egquilibrium with one another, and the recombination
is dominated solely by the nature of the recdmbination
centres. If fast retrapping does occur, it is however
possible to calculate the cross section for electron
capture of these centres. This can be most useful as
demonstrated by the discussion of the 0.63 eV and 0.83 eV
traps in chapters 11 and 1l2.

13.3 Franks and Keating's method.

Keating's theory is based on the assumption of mono-
molecuiar recombination, but the authors claim that the
technique gives satisfactory results for energy depths even
if retrapping is present. This was confirmed by the present
measurements. It is almost the only theory of those con-
sidered which allows for some degree of temperature variation
of trapping cross sections.

The disadvantages of the method are maiﬁly of a
practical nature. For calculations of energy depths the

method requires measurements at, and on both sides of the
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maximum of the peak being studiedg This means that a very
clean peak is essential. Usually a peak can be cleaned
on the low temperature side by thermal cleaning methods,
but beyond the maximum measurements are very‘difficult and
inaccurate if there happens to be a peak at a s;ightly
higher temperature than the one under investigation. The
failure to satisfy the requirements of a clean peak resulted
in a wide spread of expérimental values of energy depth
in the present work.

It was found in practice that for clean peaks the
experimental values fell within the limitet of wvalidity
of Keating's mathematical approximations which he wused to
derive equation (7.4). Energy depth values from peak

parameters which lay within these limits of validity tended

to agree with values obtained using other methods of cal-
culation.

Theoretically this method éllows for temperature
variations in trapping cross sections and it‘might have been
expected that the resultant, calculated energy depths would
be more accurate than energy depths determinéd:by other
measurements. In fact our results gave no indication that
this was borne out in practice. Theoretically the failure
to allow for temperature variations was found to lead to
an accuracy in values of energy depth (except for very

shallow traps) of not greater than 15%. The practical
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results of the present work produ@ed no eviden¢e of
inaccuracy as large as this (see section 13.8).

13.4 ZLushchik's Method.

This method is for fast retrapping kinetics but the
results were found to differ only slightly from those based
on monomolecular theories.

The method suffers from the practical disadvantage
that it fequires the determination of the half height on
the high temperature side of the maximum. As mentioned in
the preceding section this was often difficult to obtain.
Occasionally, for example at very low temperatures, where
the rise side of the peak was inaccurate‘due tQ an unavoidable
non-linear heating rate, this method had some advantages.

13.5 Methods Utilising Variable Heating Rates.

These methods have the advantage of applying for any
kinetics (except for Schon's treatment under certain cir-
cumstances). They suffer from the diéadvantagé of requiring
the same initial density of filled traps, and unchanged
values of photoconductive gain for each curve obtained at
a different heating rate.

In the discussion of the results in chaptér 11 any
apparent inaccuracies in the magnitude of a trap depth
obtained by these methods was attributed to the process of
thermal cleaning which necessarily alters the initial density

of filled traps. This was only ome of the causes of error.




_151“

As described in detail in chapter 12 the density of
filled trapping levels depended strongly on the thermal
and optical treatments given to the crystal:. Also there
was often a gradual variation in the properties of the
crystal over a period of time. The period of time involved
for an appreciable change in properties varied from hours
to days. For these reasons it was difficult to reproduce
the same density of filled levels for measuremknts at
different heating rates.

Making all the measuremernts within as short a time
as possible ( ~ 10 hrs.), and taking care to illuminate
the crystal for the same Jlength of time, at‘tbe same
temperature, with the same intensity and spectrum of
illumination, often led to satisfactory results for
uncleaned peaks.

The lack of thermal cleaning thﬂﬂvsome‘daubt on the
validity of results where extensive overlapping occurred.
As mentioned earlier methods based on the variation of
the heating réte require measurements of the maxima of
the peaks (T36 and IX) only which is a considerable advantage.
The results obtained were fairly satisfactory, though the
accuracy obtained was not high.

Another slight disadvantage, compared with other
methods, was that variable heating rate methods require

several runs before a value for an energy depth can be
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obtained.

In general the most important feature of these methods
is that they form a useful guide Where values oObtained by
methods which assume monomolecular or fast retrapping
kinetics do not agree.

13.6 Halperin and Braner's Approximation.

This theory had the advantage of providing formulae
applicable to both monomolécular and bimolecular kinetics,
and rules for deciding which of the formulae to use. In
practice all the observed peaks, according to Halperin and
Braner's rules of distinguishing the nature of the
recombination processes, were associated with bimolecular

kinetics. This was a surprising conclusion especially

for traps with very small cross sections, so that considerable
doubt is cast upon this method of determining whether the
kinetics are first or second order.

The method is not applicable when E/KT™ < 10, because
the correction factor involved ig then too large. A value
of iE:/kTi‘E as small as this was only occasionally found, and
most other methods were also inaccurate under these con-
ditions.

The theory is based on a geometrical approximation
which involves representing an isolated glow curve as a
triangle. The validity of this procedure ig questionable,

and may explain why the resulting trap depths were often
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higher than the values given by ofher methods émploying
the same parameters (e.g. Grossweiner).

The fact that Halperin and Braner's technique requires
a measurement of the half width on the rise side of the
peak only is an experimental advantage, but the Grossweiner
method appears to be at least as acecurate, simﬁler in use,
and in addition provides more information.

13.7 Grossweiner.

Mention of some of the advantages of Grossweiner's
method is made in the previous section. The tﬂeory deals
solely with monomolecular kinetics and is limifed by the
assumption that NCSv is independent of temperaﬁure. No
evidence of inaccuracies due to failure to limit its use
to situations where these conditions obtained Was found.
This agrees with Keating'sy7 theofetical conclusions. He
predicted that estimate of energy depths using the Gross-
weiner technigue should be insensitive to variations in
cross section with temperature.

Apart from a few exceptions (e.g. peaks near the lowest
temperature of the thermally stimulated current curve) the
method gave good results for all the peaks present. The
magnitude of the capture cross section, and the photoconductive
decay time at the temperature of maximum curremt can also be |

determined easily by this method of analysis.
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13.8 Garlick and Gibson's initial rise method.

This is the only metﬁod whicﬁ theoretically is valid
for any kinetics, and at the seme time allows for the
variation of the cross section as a power ef‘temperature.
To allow for the temperature variations of cross section
it is mecessary to use equation 7.l which contains the
extra term b logeT where the cross section S =~SOTb_2, S
and b are constants. In practice it was found that the
extra term had only a small effect for reasonable values
of b(b <3) except for the very shallow traps. The agreement
between values of energy depth obfained by thie method, and
those obtained by other methods which do not allow for
variations in the value of S or of NCSV leads to the con-
clusion that the temperature variation of cross section
could usually be neglected in evaiuating trap depths.

The method has the advantage;over other technigues
that in many cases the stimulated current is measured over
a wide range of temperature ( ~ 100°K), so that accuracy
in temperature measurement is not so critical. As long
as the temperature variations in NCVSPT are hegligible this
method in turn leads to aceurate values. |

Thermal cleaning is particularly useful, when studying
the initial rise of the glow curve, and makes measurement
pessible over such a wide range of temperatures that the

criticisms of Haake are overcome. Haake statee that equation
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7.1 is valid on the rise side ofia peak to a c¢ertain
temperature, which is usuwally abbut 20°K beio% 7%,

The main disadvantages agsociated withjméasuring the
initial rise are:-

(1) The method is insensitive for deep ﬁrapping levels
in the presence of shallow trapping levels. Eor example
it was pointed out in section 11;5 that Garliek and Gibson
plots on the double peak due'to.traps at 0.41 and 0.83 eV
almost always had a slope characﬁeristic of the 0.41 eV
traps. The explanation of this was givén in ?hat section.

On the other hand there is the équivalent advantage
that it is possible to obtain energy values for shallow
traps whose peaks ér:wglmost completely hidden by a set of

deep traps (e.g. 0.25 eV'traps in the presencé of 0.41 eV

peak in crystal P2).

(2) It is necessary to assume that chqgr does not
vary over a wide range of temperature unless the accuracy
of the measurements allows its vériation to bé calculated
assuming it varies as a power of temperature..

(3) It is difficult to apply the technique to peaks
near the lower limit of femperature, but this is balanced
by its effectiveness on peaks with a current maximum just

beyond the high temperature limit of measure .

(4) A more extensive set of measurements on the curves
rather than the usual determimation of the three points at

T', 7% and T is necessary, although this is balanced by
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the fact that only one thermally étimulated current curve
may be needed to obtain an accuraﬁe value of energy depth.
In addition when automatic curve tracing is used this is
not a serious handicap. |

The adaptation of this method to investigate whether
peaks were due to a set of traps at a discrete energy
depth, or to a continuous distribution of traps is extremely
useful (see section 11.5 and reference 42).

The inaccuracies of this method arise from temperature
variations in S and T . In principle the extemnsion due to
Keating is useful in this respect, but in practice the
slow variation with temperature of the extra term usually
makes it impossible to estimate the temperature variation
of these parameters from the curvature of the peak (assuming
St proportional to a"power'of T). The magnitude of the
errors involved can be obtained from Table 7.l assuming
reasonable values of S and b. The low values of E, even
in the range of applicability mentioned by Hasdke, are at
least in part prpbably due to the temperature variation
of cross section.

13.9 Photoconductivity Decay Measurements.

The measurements of the long tail in the photoconductive
decay are useful in confirming whether monomolecular kinetics
are applicable for a particular set of traps. Monomolecular

recombination is associated with a long exponential decay
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as mentioned in section 6.4.

The vaiue of energy depth obtained fromstﬁe slope
of these lines agreed well with values obtained from the
thermally stimulated current measurements. Thé cross
section values also showed good agreement {see the tables
of‘results).

The method was limited to situations where monomolecular
kinetics apply and assumed that Nbv81p.was independent of
temperature. The values obtained from decay measurements
were‘usually employed to confirm the values obtained from

the thermally stimulated current measurements.
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CHAPTER 14.

Comparison of Resulms withéthose of Other Workers.

14,1 Introduction.

Table 14.1 shows the comparison of the results of
the present work with those repoﬁted by other workers in
respect of energy depths and the temperatures of current
maxima. The latter are Lneludedkin the table as this acté
as a good guide towards Ldentifying equivalentjpeaks in
different crystals, particularly if the conduc%ivities
of the crystals are the same, or the energy depth values
for the traps causing the peaks are the same.

Comparisons with values based on Bube's method of
calculation are only relisable fof fast retrapping or where
the behaviour of a peak under different physical conditions
can lead to a reasonable correlation. Agreement between

maximum temperatures and the energy depths obtained

following Bube can be taken to indicate a high probability
that two peaks in different crystals are equiValent.
Agreement with trap depths measured by oﬁher workers
which are enumerated in table 14,1 is clearly;good. In
contrast with other reported reéults the crystals used
in this work gave no indication of the existeﬁce of traps
at depths of about 0.33 eV and bf 0.5 eV, though donors

were found at 0.5 eV in crystal VI. With respect to the
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63 64

values of Woods and Wright; and Eube and Bart@n guite

good correlation with othér results is possiblé. For example
in the work of Woods and Wright maxima were found under
different conditions at 270°K and 320°K. Similar peaks
appeared under the same conditions and at the éame temper-
atures in the present work, and almost certainly the peaks

in the different crystals are due to traps of the same

two types emptying their electrons into the éomduction band.

14.2 Nature of Defects.

For an accurate determination of the nature of the
defécts important in the trapping and recombination processes
in cadmium sulphide, detailed investigations of the variation
of trap densities under controlled treatments and addition
of impurities is necessary. |

At present, however, several suggestions can be made
on the basis of the limitéed treatments given t@ crystals
studied in the current work, and comparisons with other

results published in the literature.

14.3 The Traps at Energy Depths pf 0.05 eV and 0.14 eV.

i

Care must be taken in determining which crystals show

the presence of traps at 0.05 eV and 0.14 eV from the

evidence provided by thermally stimulated currents. This
is because some peaks are too near the low tem@erature limit
of the thermally stimulated current curves for a linear

heating rate to be guaranteed, so that no reliable calculations
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could be made on them. Several of these peaks%were
probably due to the emptying of tfaps at 0.05 énd 0.14 ev.
The shallower of these two sets of traps has previously
been observed by Franks and Keatimg55, and Trofimenko59,
but in neither paper was the nature of the défgcts discussed.
Franks and Keating analysed the thermally stimﬁlated current
peak they obtained by their own method (see section 7.2 (i)),
and a comparison of the rééults of the present work and
their's was made in section 11.2.’ Trofimenko detected
the presence of the traps by photdconductive decay measure-
ments. |

Niekisch,6o using an alternating light measuring
technique found a set of traps at:about 0.12 eVﬁ as did
Sokol'skarya,6l but only by assuming the "uswal thermally
stimulated current formula were applicable under space

- T " 6
charge limited current conditions. Clayton 2

ﬁsing Gross-
weiner's method of calculation found traps at this depth,
together with other assoclated traps with an energy depth
of 1.0 eV at certain heating rates. No’evidence was found
for this second peak in the present work even though\the
same values of heating rate were used. |

On the basis of a possible connection between the green
edge luminescence and the 0.12 eV traps, Niekistch suggests

these traps are sulphur vacancies (or imterstitials). The

present work shows, in agreement with Niekisch, that there
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is a tendency for the traps to dﬁsappear after illumination
at room temperature. 1In our work; however,‘théy were found
to reappear after heating the crystal to 3500Kiin the dark.
Comparison with the measurements of Woods’and Wright63
and Bube and Barton&r is more difficult. Bube and Barton
found peaks due to traps with ene?gy depths calculated by
Bube's method at 0.20 and 0.25 eV. The peaks were at
similar temperatures to those of the 0.05 eV and 0.14 eV
traps in the present work. The traps observed by Bube and
Barton were probably of the same form as these. See
table 11.1 for the depths of the 0.14 and 0.05 eV traps
calculated using Bube's method. |
Bube and Barton suggested they were sulphur vacancies.
Woods and Wright however attributed a peak at about 120°%
to chlorine. The present work showed little indication
as to the nature of the defects thdugh the O.Lﬁev traps
were apparently produced in one crystal after heating in
vacuo. This is in agreement with the sulphur &acancy
theory. 0.14 eV does however seem rather deep for the Vg
configuration. The traps at 0.05 eV seem more‘likely to
be of this form, although even thése are rather deep for
a doubly charged sulphur vacancy. It is for instance on

65 et al's estimate of <€ 0.05 eV.

the limit of Kroger
Applying the formula based on the simple hydrogen-like

model (see section 1.10), using the crystal dielectric
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constant (11.6) and effective mas% (0.25m) thefcalculated
value of energy depth for the Vgngis 0.025 eV. This is
a rather low value even allowing for inaccuracies in assuming
such a simple model.

It is clear however that since both the d?fects have a
very small cross sectlion they must have a sﬁroﬁg negative |

charge.

14.4 Traps at 0.25 eV.

Niekisch (alternating light;measurements)g Trofimenko
(activation energy plot), Unger66(photo/glow‘m?asurements),
Broser67 (glow curves) anﬁ Sokol'skarya (conduétivity glow
under space charge limited ourreﬁt conditions) all found
traps at about 0.25 eV. The photochemical reaption described
by Woods and Wright is similar to one observed in the
present work (see section 12.2).  This confirméd that the
traps at 0.25 eV were due to the same type of ﬁefect as those
causing the 27OOK peak in;Woods and Wright's ihvestigations
and probably also the Bube and Barton measurements.

Niekisch, however, observed traps at this depth only
after illumination, contrary to the photochemi?al effects
described in the present work. Taking the photochemical
reaction as a safe guide, the traps estimated to be at 0.3 eV
by Neikisch would appear to be identical with the 0.25 eV
traps found in the present work.

In any event Niekisch, Woods and Wright, and Bube and




Barton all attribute traps at this depth to sulphur
vacancies, or a complex including sulphur vacaﬁcies. This
is becausehthey were found in cadmium rich crystals. The
small cross section is consistent with the possibility of
the defects being Vé vacancies. Trofimenko found the

same traps in sulphur rich crystals but also concluded
that the defect had a negative charge.

In one crystadl SSV a continuum of thermally stimulated
current was found after heating in the dark. 1t appeared
over a range of temperatures from,l7OOK to 27OQK and reheat
‘measurements as described in section 11.5 gave Garlick and

Gibson energies in the region of 0.25 - 0.3 eV.

14.5 The Traps at O0.41 eV,

Traps at a depth of about 0.41 eV have been reported

regularly in the literature. Niekisch (alternatingvlight
measurements), Unger (photo/glow measurement§, Broser and
Broser—Warminsky68 (thermally stimulated current and decay
measurements), Brophy and Robinson69 (noise measurements),

Bube and Macdonald (photo-Hall measurements), G. T. Wright56

(primary thermally stimulated currents), and Lappe7o and
Tamaka71 have all observed traps at about this depth. 'Some
of the methods of observation and calculation are open to
criticism (e.g. G. T. Wright's arbitrary assumption of a
value for cross section) but there is good evidence for a

trap at this depth apart from the‘present work.
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From the nature of the photo%hemical rdacﬁions
observed, either these tréps or those ascribedéto 0.83 eV
must be equivalent to thoSe causipg the SQOOK éeak in the
Woods and Wright measurements. Surprisingly Néekisch
found the traps at this depth took no part in phofochemical
reactions.

14.6 EBlectron Excitation by 0.83 eV Phonons.

The only reliable reports of electron trafs as deep
as 0.83 eV are by Smith72°(space charge 1imite§ currents)
and Niekisch (in a few crystals 0.75 - 0.8 eV by his own
unique method). It is also worth noting that guenching
centres at a height of 1.65 eV from the valence pand >
would be in the same region in the energy bandgscheme.

Niekisch attributes the defects to sulphui vacancies
or interstitials but admits some doubts about%these deep
traps because of uncertainties due to the onset of photo-
chemical reactions. Thié is in agreement with the present
work and the presence of a photochemical reactﬁon led to
the conclusion in section 12.2 that the 0.83 ey probably
répresented the dissociation energy for a trap complex
rather than the depth of a trappgng level belo@ the con-
duction band.

The 320°K peak of Woods and Wright (mentioned in the
last section) was suggested by them to be due to a complex

of Cu” or V" with €177 or V, . This could be a possible




configuration for the defect disrupted by a 0.83 eV

phonon.

14,7 The Traps at a Depth of 0.63 eV.

The peak associated with these traps was the only
one in the present work thought to have been produced
under conditions of fast retrapping. The comparatively
large cross section of these traps implies that they would
be the most important in space charge limited current
measurements. Marlor and'Woods57’and Sokolt'skarya observed
these traps in this way (the measurements of‘Marlor and
Woods were made on crystals grown in the same batches as
crystals P1l, P2, 81, S2, 83, S4 and S5 used in this work).
Niekisch (alternating light measurements), Uhgér (photo-glow
measurements), Brophy and Robinson (noise measﬁrements),
and Bube and Barton (Bube analysis of thermally stimulated
current rung), all found traps at about this depth. The
good agreement with Bube and Barton adds weight to the
argument that these traps empty under fast rEtfapping
conditions. |

Niekisch found these traps only rarely. Bube and
Barton suggest the traps ére due to anion vacancies, probably

vV on the basis of the way in which chemical and heat

+
ca’
treatment of the crystals affected the peak due to these
traps. This is in agreement with our Observations in as

much as the traps at this depth only appeared in crystals
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in which the peak due to 0.25 eV %raps (ascribéd to

.
.

evidence that heating the crystals in vacuo destroyed these

sulphur vacancies) was absent. There was however no

traps. The fact that the traps héd a large préss section
means they must have a neutral or positive charge. This
is in agreement with the Suggesteﬁ interpreﬂaﬁion in terms
of cadmium vacancies.

14.8 The Absent Traps.

The two depths at which fraps have been‘widely
reported, but not observed inm our crystals are at 0.33 eV
and possibly 0.51 eV. The occurrence of traps‘: at 0.33 eV
has been described by Brophy and ?obinson (noiée measurements),
Bube and Macdonald™' (photo—Hall;heasurements), Unger (photo/

glow measurements) and Broser and Broser and Broser-Warminsky.

The only evidence to suggest that such traps might be

present in our crystals was a sudden rise in photoconductivity
with temperature under sﬁrong iliumination. This was only
observed after the crystal had béen cooled in ﬁhe dark from
370k immediately prior to making the measure@ents of
photoconductivity as the temperature was slowﬁy increased.

In other words it is probable that the passage of the

electron Fermi level through an energy depth Qf 0.33 eV

forms an integral part of the photochemical réaction caused

by the illumination. The fact that no evidence of traps

at this depth was found in thermally stimulated current
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measurements could be explained.
(i) Dby the set of traps involvedfhaving a ratio of
electron to hole cross section differing greatiy from
unity so that the electron demarcétion level ié well
removed from the Fermi level
(ii) the effect not being due to électron traps but hole
traps near the valence band. | |

These suggestions could explain the photo+~Hall measure-
ments and possibly the noise measurements, butfnot those
of Unger and Broser et al. The other more Likely explanation
is that the particular defect causing this peak was not
present in the crystals investigated here.

The set of traps at 0.51 eV have not been widely

reported and only Trofimenko (activation.energy plot)

and Bube and Macdonald (photo—Hali measurement$) can be
regarded as having definitely observed such traps. In

the present work they were only o?served in the crystal
grown in vacuo and then as donor levels affecting the

dark current. The nature of the -defect is not clear, but
the crystal was notable for its dark colouration caused by
excess cadmium, so that the défect may be connécted with
a sulphur vacancy, or more likely a complex in¢luding an

interstitial cadmium ion.
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CHAPTER 15.

Conclugions.

The aim of the investigations described infthis thesis
was to provide a contribution towdrds the underﬁtanding
of electron trapping phenomena in cadmium Sulphide. The
main objective was to evaluate the usefulness of thermally
stimulated current method of measurement as appﬂied to
cadmium sulphide. The présent work has shown that the
assunption of discrete sets of trapping levels is justified.
It is often maintained that traps are distribuﬁéd in energy.
There was some evidence from a few crystals that there waé
a distribution of trapping levels in the rangeéO.QS eV to

0.3 eV, but the predominant peaks were due to ﬁraps with

the following characteristics:-
The shallowest was at a depth of 0.052 + 0.08 eV and
had an electron capture cross section of 10724 lOilcm.2
The nature of the trap was probably a sulphur vacancy with
an effective double nég?tive charge.
The next shallowest trap was at a depth‘of 0.14 + 0.02 eV
-21  + 1.7 2
and had a cross section of 10 x' 10 cn. ' The presence
of the defect was only observed after heating in the dark

to 370°K. 1Its nature is unknown, though it may be connected

with sulphur vacancies.

The only other defect found after heating in the dark
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was at a depth of 0.25 + 0,02 eV,gand had a cross section
- +1 2 | :

of 5 x 10 24 x 107 cm. There was strong evidence that

the defect was connected with sulphur vacancies possibly

Vé. In a few crystals the trap distribution‘from 0.25
to 0.3 eV was found in place of the 0.25 eV traps.

After illumination traps were found at depths of
0.41 + 0.04 eV and 0.63 + 0.04 eV, The 0.41 eV traps had

20 x’lO-l cm?. The trapping centre

a cross section of 10~
at a depth of 0.63 eV had a large cross section, so that

the corresponding glow peak was produced under;fast retrapping
conditions, which means that the actual value of electron

capture cross section cannot be calculated. The cross

section of the recombination centres could however be

calculated from glow data associated with these traps and

+
was found to be 5 x 10“18X 10~ L-7

cm.2 In view of the large
cross section of these traps the defects may bé charged
cadmium vacancies. ‘ |

The aprarent energy depth of 0.83 + 0.06 eV was thought
to be the activation energy for the destruction of a trap
complex and simultaneous (or almost immediately subsequent)
ejection of an electron into the conduction baﬁd. A trap

complex producing a peak at this témperature has previously

been ascribed to the association of Cu’ or ngfwith Cl  or

-- 63

VS .
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The suggestions as to the nature of the defects
are only tentative, and measuremeﬁts of the &enéities of
the traps after different physical and chemicalgtreatments
would be necessary for more confident suggestiohs to be
offered. |

The chief impetus during the present investigation
waé the need to decide the best way to determine tfap
depths and cross sections.

Bube's argument was found to give incorrect values
except under fast retrapping conditions. The methods of
Franks and Keating and Lushchik, énd all the methods using
a variable heating rate had disadvantages from a practical
point of view, Grossweiner's method had certain advantages
over that of Halperin and Braner.

To obtain satisfactory results the following procedure
should be adopted. The peak should be thermally cleaned
as described in the text, and in the first ihsﬁance Garlick
and Gibson's plots and Grossweiner evaluatioms of energy
depth should be made on the clean, isolated peak obtained.

Several gualifications shoulg now be.added:-

(1) For traps near the low temperature limit it may
be necessary to ignore the Garlick and Gibson method and
possibly the Grossweiner method if a linear heating rate
is difficult to obtain in this temperature region. In this

event either Lushchik's method or the variable heating rate




- 171 -

techniques are used.

(2) The variable heating raﬁe methods are particularly
useful if overlapping is too severe for therma$ cleaning
to be effective. No cleaning of the peaks should be used
and consistency in the illumination and heat treatments
before measuring the thermally stimulated currents is
essential. |

(3) If a clean peak is obtained Franks and Keating
formula should be employed to determine the variation of
cross section with temperature.

(4) 1f the peak appears to be myéhapen the values
of energy depth using Garlick and Gibson's, Grossweiner's,
and Lushchik's methods should be compared. If they dis-
agree the reheat method of Hoogenstraaten should be used
to resolve whether there is a distribution of traps.
Comparison between energy values obtained from photoconductive
decay measurements and heating rate methods are also useful.

(5) If it is required to determine the nature of the
recombination kinetics, agreement of the Bube evaluation
with other methods forms a strong indication that the
kinetics are fast retrapping. In addition exponential
photoconductive decays indicate that the appropriate traps
are emptying under monomolecular conditions.

(6) If the kinetics are monomolecular, once E/T" has

been determined, eguation (7.8) or Grossweiner's formula




can be used to obtain the electrén capture crdss section.

(7) With fast retrapping kinetics and assuming one
set of recombination centres, their cross secﬁion can be
obtained using Haering and Adams method (equiValént to
Boer et al's).

Two other conclusions can be drawn from the present
work.

(1) The agreement between values of trap depths
calculated using methods which require a knowledge of the
crystal dimensions and methods which are independent of
the crystal dimensions confirms that measurements of bulk
properties were being made.

(2) The agreement between values of energy depths
calculated from measurements made parallel and perpendicular
to the c-axis shows that any anisotropy of the crystal does

not seriously affect the measurement of trap parameters.
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TABLE 12.1

Crystal EF ev EF eV |

52 0.20 + 0.03

S4 0.26 + 0.03

Rl 0.14 + 0.02 0.34 + 0,02
R2 0.14 + 0.03

R3 0.21 + 0,03 0.34 + 0.02
R4 0.22 + 0,02 0.30 + 0,02
R5 0.30 + 0.03
R6: 0.16 + 0.06 0.27 + 0.07
R7 1 0.32 + 0.04

ELECTRON FERMI LEVEL DEPTH AT WHICH PHQTOCONDUCTIVITY

INCREASES SHARPLY WITH TENEPER,ATURE.
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Iconds.|a.l. | al. |al [ al | al |a.l al. al. |al
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(005¢eV) ©14ev) TABLE .1 (025 ¢V)

Crystal S3 P2 S| Ave. vi 54, S$S3 | Ave. R1 S3 R2 | $2 |P3 S| Pl Ave.
Conditions ad. a.d. ad. ad. a.d. ad. a.d. a.d. a.d. a.d.
Methods off p# | |54 160 175 ISO 15O 190 230 | 190 250 270 300 | 300 | 310 | 310 | 290 295
Caijculatio :

Bube|Eg | 92! [ yp  ©20] 020 6.25 0.37 035 | 0.32 0-49 0.53 0501 | a1 O34 | 082
$+0.02 * to.olfto.0l | to.ol +0.0l $+0.02| 0.0 £0.0! +00l t0.01| N-M. M. 1 10.0 M- | 3+0.02}
. | ~ot | 0048 0.048 | 0.28 o5 o043| o4s 0-27 | o83 ©042| o025 nO-29 026
Grossweiner EG ‘N.M. N.M. N.M. N.M.
POOR |£0-002 0002 | £0-04 0.0 POOR| tO0OI $£0-02 | $0-06:0-08| 025 043 £0-0l
Lanchik| £, | 0048 |00 0052 | 016 013 o4 025 | 026 040/ 0.27 | 025
FL 10009 [to0os MM 110003 | 002 | 2001 BAD | 1001 £0.01 | ¥O002008 l10.06 | NM- |vO28] NM NM-140.01
Franks 8| p 0054 0-054 013 013 0-23 | 025 040 g5 025
BAD N.M. BAD £0.0 BAD +0-0] O NM. |[v029 | NM. N.M.
Keating| “FK $0-006 £0-006 Eoon £0-07 £ 004 " %oon’? |toor £0-O!
Halperin E ' 085 045
& Braner| E+e| BAD | BAD NM. | BAD BAD BAD BAD | BAD BAD | 16 soi0 | BAP | NM. [ NM. | NM. NM. | BAD
Garlick 0-i8 Ol4 0068 | oS 020 042 024 024 022 | 023
\ E BAD BAD M.
& Gibson| ~GG BA NM BAD | 1002 [to01 0001 | BAP 002 t00s | 2002 [too02] MM 1002 | ™ |i002|t00r
Heating| | =~ [00s4 ~|00s4 | 013 | * 043 §| 013 0-49 M
Rate Method| MRl ™ |#0-006 " [+0006 |+0-02 | 2002 NM: o0 N.-M. +0-05 NM NMo Mo NM ] RM o
Haeringle I am |94 | 9934 | O3 023 . | O3 NM BAD STV B TV I TVR O XY VIR YTV VY
sadams| HAL T 1 o006 T | 0006 | 004 003 7 ooa4 i B ' o ' o
Decay 0070 oos2 |oos2 | - : , 024 022 025 024
Measurements| T |£0-003 +0-003/t 0-003 B o NM. | NM. NM. +004 NM 1004 | ™ liocos | ™ |r003
Grosswener]Sg | NM. | (25  NM. | (0725 | o722 3xio 22 NM. | | g22 2 10724 N.M. 10724 | NM. [ 5m23 | N N.M. [ 5-24
Pecarlg |s xiG 22 N.M 24 24 23 24 24 24
Measurements] T (0-07) e 10 10 N.M. NM. NM. | NM N.M. 10 NM 200 NM. |axIO NM. |10
Crystal Notation
S |Rods grown by subl!motlon In a stream of argon. Crystal Conditions
P | Plates grown by sublimation In a stream of argon. y P—— T
R | Rods grown by reaction of the elements in astream of argon. a.l.{ After strong lilumination at room temperature.
V_J Grown in a low temperature gradient in a vacuum, ad.| After heating inthe dark to about 370 C.
v | Crystals treated by heating to~600°C in a vacuum.
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THERMALLY STIMULATED CURRENTS
FOR DIFFERENT ILLUMINATIONS



CRYSTAL RI

- AFTER COOLING FROM

B o B . 0 Tt ., oo
o.s# . .
I 10O Volts  Appled TR ’
BA A | ‘ B
AFTER STRONG ILLUMINATION Cwm'rs LIGH y
| AT 2oc _ S
OL: ' ' _ - —
-0 .00 . O T . 100
O'2t : o‘ )
I .
HA | | o A :
~'|AFTER GREEN ILLUMINATION /| .
obe——— — —— — - -
- 2190 - -loo 0 T% 100
042’1‘ | X .
I ‘. ° .

—19(5 ' -IOO - - S T .'Oo
| FIGURE 12.]

THERMALLY STIMULATED CURRENTS»
- AND PHOTOCHEMICAI FFEECTC



- TABLE

14 .1

REPORTED |METHOD OF |E , ' A
: COMPARISON OF VALUES OF TRAP ENERGY DEPTH
BY MEASURE.MENVI eV s , ' s
PRESENT |TH.sTMLD. I |E |O-OS1[ 014 [025 041 063083
WORK PHOTO.DECAY [ TX [150'K [ 190°K | 295°K 300K 330K | 200°K
WOoOoDS & BUBE £ o024 032 |o13g | o0so 0-59
WRIGHT ™20k 170°K.| 220°K | 270°K 320°K
BUBE S [, . E |020]025 |041|0-44 051 |O058 [063
] BARTON T* [look [135°k [180°k | 220° [270°k | 305% |350°K
' ALTERNATING ‘ 1 A, 04~ 055-| 07~
NIEK ISCH LicHT 3 o2 |o227| 0 | 0 o065 | o8
BROPHY &. ,
roBINSON | NO!SE E 036 | 043 06
Jsoxor-  [seace cHaree| . [ o '
: 09 {012 |022 0-66
SKARYA  |LIMITED I | }
BROSER |[TH.STIMLTD.X | 0i34 |O43-
ET AL PHOTO,DECAY - 0-48
BROSER [TH.sTMLD. T [ E 022 | O-3i
BUBE & ' ’
0-35 | 0-46 {O-54
bvacoonawp|PHOTOHALL € s
FRANKS & | FRANKS &
. E {0053
KEATING KEATING 005
DRIVER& | PRIMARY TH. | o4l
WRIGHT STIMLTD. I
MARLOR | SPACE CHARGE | ¢ 061
&WOODS |LIMITED 1
TANAKA & E 04
[TANAK A
CLAYTON lcrossweineRr | E {009 |03
ET AL.
SMITH |SPACE CHARGE| o8
LIMITED I
TROFIMENKO] PHOTO.DECAY | o | o . 0(';3— o's
ET AL. ACTIVATION E 3
UNGER  [PHOTO/GLOW |E 026, | 032 | 041 058
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~ GARLICK AND GIBSON PLOTS
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FIGURE 10 4
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FIGURE 10.2

PHOTOCONDUCTIVITY versus
TEMPERATURE
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CRYSTAL GROWTH IN VACUO
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FIGURE 6:2
A COMPARISON OF THERMALLY. STIMULATED
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THE EFFECT OF IMPURITIES ON THE
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FIGURE 4.1

~ THE FERMI AND DEMARCATION

LEVELS OF A SEMIINSULATOR
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FIGURE 4.2
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FIGURE 2.8

THE FRANCK-CONDON
'PRINCIPLE



FIGURE 2.7

~ THE INTERPRETATION OF THE

 PHOTOHALL EFFECT
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FIGURE 2.6

~ PHOTOELECTROMAGNETIC EFFECT
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FIGURE 2.2

" THE ABSORPTION OF RADIATION IN
AN INTRINSIC SEMICONDUCTOR
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