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ABSTRACT

Good single crystal boules of CdS, CdSe and their alloys were grown
by a modified Piper-Polich vapour—phase transport technique to provide
substrates for heterojunction fabrication. The alloy crystals possessed
similar electrical properties to the parent materials, generally varying
in magnitude in proportion to the molar ratio of S to Se., The lattice
parameter varies in this way so the lattice mismatch between substrate
and epitaxial layer can be changed.

A reproducible technique waé devised for the fabrication of nCdSe/

nCdeSe . heterodiodes, the junction being formed by r.f. sputtering

1-

CdSe layers on wafers of CdeSe . crystals, so that the diode characteristics

1-
were associated with the semiconductor interface rather than the technique
of febrication.

The energy band profiles were constructed from studies of the
electrical properties of the constituent materials and the solution of
the Poisson's equation. These studies provided theoretical values of
the junction capacitance. Solutions for both abrupt and graded junctions
were obtained. A mechanism of charge carrier transport will be proposed.

Measured electrical characteristics indicate a negligible role for

interface states in opposition to theoretical prediction, and grading in

carrier concentration of the junction.
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LIST OF PRINCIPAL SYMBOLS

lattice constants

components in compound AII BVI

Junction capaciﬂance

diffusion constant

dielectric displacemenf

ionization energy of acceptors with respect to Ev
energy level at bottom of conduction band
ionization energy of donors with respect to EC
band-gap energy

energy level at top of valence: band
charge—carrier flux

electric field

electric current

mass flux of vaporized components

electric current density

Boltzmann constant

electron wave-number

equilibrum constant

effective electron concentration ratio
effective Debye length

molecular weight of vapour components
lattice mismatch

electron rest mass

effective mass

molecular concentration in the vapour
electron concentration

acceptor concentration

effective density of state in the conduction band
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donor concentration

effective density of state in the valence band
dangling bond density

vapour pressure

momentum

hole concentration

interfacial dipole

interfacial monopole charge density

resistance

gas counstant

Hall Coefficient

narrov-gap end wide-gap semiconductors, respectively
absolute temperature

mass—-average velocity of the vapour

diffusion velocity of species-1 in the vapour
applied voltage

diffusion or built-in potential

anion mole fraction in mixed crystals

distance

transmission coefficient

non-stoichiometry coefficient
absorption coefficient
dielectric constant
permitivity of free-space
normalized potential
normalized x

mobility

space—-charge

resistivity
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X electron aff'inity

L4 normalized electrostatic potential

AEC discontinuity of bottom of conduction band at interface

discontinuity of top of valence band at interface

AGC normalized AEC

Subscripts:-

1,2 denote narrow—-gap and wide-gap semiconductors, respectiveh'
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CHAPTER 1 - INTRODUCTION

1.1 Definition

A semiconductor heterojunction is defined as a junction between
two mono-crystalline semiconductor materials having different energy
band structures. It is required that the two lattices should be
bonded together chgmically i.e. one material is grown epitaxially
onto the other. However, in most practical heterojunction devices
defects occur at the junction aue to the mismatch of lattice parameter
and thermal mismatch, that is there is a difference in the coefficient
of expansion of the two materials resulting in lattice strain on
cooling from the growth tempersture.

The term 'isotype heterojunction' is applied to devices having
the same conductivity type 1.e. n;n or p-p, while those with different
conductivity types are called 'anisotyve heterojunction' i.e. n-p or
p-n. It is conventional to devote the first symbol to the material with
the smaller energy band-gsp.

The junction which exists between the two homogeneous semiconductor
materials may either be 'sbrupt', in which there is a sharply defined
interface, or 'graded', i; which the two materials are joined by an
alloy of continuously varying composition.

The electronic and optoelectrénic properties of the junction
will be dominated by the interaction of charge carriers and photons with
the discontinuities existing at the interface. Devices possessing
suitable energy band structure differences will therefore be expected
to exhibit pronounced electronic and optoelectronic characteristics
e.g. improved injection, rectification and window-effect.

1.2 Historical Survey on Heterojunction Devices

Interest in heterojunctions began in the late 1950's when Kroemer

(1957) postulated that a wide-gap emitter heterojunction trensistor



would exhibit a higher injection efficiency than the homojunction
counterpart. But it was not until Anderson (1960, 1962) proposed
the abrupt heterojunction model, supported by experimental results

on Ge-GaAs devices that interest in the heterojunction as a potential
device grew. Intemsive work was performed by many investigators on
the Ge-GaAs system, and their ideas were then extended to many other
heterojunction pairs.

The application of heterojunctigns fall basically into two
groups; the first utilizing the electrical properties i.e. rectification
and injection and the other, the optoelectronic properties.

Isotype heterojunction devices closely resemble the metal-semi-
conductor (Schottky) devices, where the narrow band-gap material plays
the rolg of the metal. A rectifying barrier is developed in the ;onduction
band edge at the interface (for n-n heterojunctions) due to electron
affinity differences in the two semicoqductors. This is virtually a
majority carrier device and can be utilized in switching operations.
O0ldham and Milnes (1963) Fang and Howard (1964) reported switching
speeds of nearly 1 n-sec for their Ge-GaAs diodes. It is, however,
doubtful if these devices can ever compete with the modern Sthottky
barrier devices (GaAs Schottky diodes fabriceted by the author exhibited
switching speed of smaller than a n-sec), being at present slower and
more difficult to fabricate than the latter.

Anisotype heterojunction devices, on the other hand, reseﬁbles
the p-n homojunction diodes and work, at forward bias, by injection of
minority carriers from the wide-gap material., Due to the difference in
the barrier heights for holes and electrons, it was hoped to use such
a junction as the emitter-base junction of a transistor, thereby
increasing the emitter injection efficiency by increasing the barrier

for charge flow from the base to emitter, compared with emitter to base.
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| The heteroaunctlon transzstor, 51nce.f1rst belng suggested by

Shockley (1951) and then by Kroemer, has recelved con51derable 1nterest.:

' It was hoped that the emltter 1n3ect10n eff1c1enc1es could be 1mproved

by the use of the heterogunctlon rectlfylng barrler compared to

?fhomoaunctlcns but so far there has been l1tt1e success.‘

Wright (1962) proposed the heteroaunctlon transistor as a space-

- charge 1imited dielectricTtriode vhere only one contact is,injecting.

‘; The flrst successful attempt to fabrlcate thls type of structure was.

:made by Broado (1963) using CdS on Sl.‘ Slnce then con51derable work :

r.has been performed on heteroaunct1on transistors by Jadus (1967) Jadus )

':and Feucht (1969) on nGaAs-pGe-nGe structures by Hovel and Mllnes (1969) |
'}f on nZnSe-pGe-nGe structures and Sleger (1971) on nZnSe-pGaAs—nGaAs structures
.1n attempts to 1mprove the current. galn and hlgh frequency performance '
- of tran51stors., The results~so far have not been very promlslng._
It is in thei’r.ioptoelectrical properties that 'heteroj.u‘nctions
fh'come 1nto thelr own. Both isotype and snisotype.devlces can-exhiblt'
'iphotoelectronlc propertles, the effect belng more pronounced in the
latter. | |

| dThe idea of'a heterojunction-injection.laser consisting of a

raolatlng base, sandwzched between two heav1ly doped wide- gap 1nJectors,
f-was proposed by Kroemer (1963) The 1nJected carriers are. conflned

the narrow base reglon by the heterogunctlon barrlers and ‘as a result

"fffpopulatlon 1nvers1on occurs i. e. 1n3ected carrler den31ty is 1n excess of

',that 1n ‘the 1ngectors at relatlvely low current dens1t1es.,AThellngectlonr;

'fvveff1c1ency of such lasers is, however, lowered due to the presence of

i 1nterface states, acting. as recomblnatlon centres, csused by dangllng

t}*bonds -a dlrect result of lattlce m;smatch. In an attempt %o mlnlmlse
athe effect of these states Alferov and Co workers (1969, 1970) Hayash1

"and Panish- (1970) developed the close 1att1ce match system Al Gal — S‘.v

L GaAs, and hsve achleved much success.' Room temperature C-W operatlon

' w1uh thresiold celow'lLUO Aen© has been rcnortcd._



13

Other optoelectrical devices make use of various other unique
properties. One such property is the 'window effect' first reported
by Preston (1950) and is the basis of detector devices. Its principle
of operation is that photons incident on the wide-gap material are
tranémitted through this material with very little attenuation but are
heavily absorbed near the interface of the low-gap material where their
quantum conversion efficiency is greatest, with photon energies between
that of the two energy band-gaps. This effect has been observed by
Anderson (1962), Rediker et al {196L4) and many other investigators.
This effect 13 also utilized in the phototransistor heterojunction
which is expected to produce a high injection efficiency in the window
range of energy allowing generation.within the base region Milnes and
Feucht (1972).

Perhaps the most promising application of the heterojunction is
in light conversion devices as solar cells and photodetectors. Emtage
(1962) postulated that a graded heterojunction can theoretically create
up to LO% light conversion efficiency. Solar cells operate on a reverse
principle to the window effect. Again interface states cause considerable
degradation of properties and energy conversions of only up to 11%
have been reported (Tansley, 1969).

Another application of heterojunction devices is in the up-
conversion of infra red radiation to visible light. Van Ruyven and
Williams (1967a)termed the devices anti-stoke light converters. The
basic structurec of this converter is a graded band-gap semiconductor
heterojunction in which the majority carrier density is constant., The
principle of operation is that as the small band gap region is irradiated
with infra=-red light, the induced minority carriers drift under the
external field to the wide-gap material creating ﬁigher energy photons.

A null detecting frequency meter for use in the infra-red has

been described by Hampshire et al (1970) which uses the bias dependent
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optical properties of nCdSe -nGe heterojunctions.' At a given bias
there is a particular frequency within the photoresponse range where
the photo-emf is zero. The frequency at which the cross-over of sign
of the photo-emf can be varied by the biasing voltage.

.Further applications of heterojunction devices have been made
but few have yet so far offered any advantages over the well established
homojunction counterpart.

1.3 State of the Heterojunction Theory

Heterojunction theory can be explained in terms of two types of
models, namely, the energy-band model in the region of the interface
and a charge carrier transport mechanism through this region.

The abrupt heterojunction theory was first proposed by Anderson
as an extension of the metal-semiconductor and p—n homojunction theories.
He fr0posed energy band diagrams fﬁr both isotype and anisotype hetero-
Junctions and explained current flow mechanism in each. It is an
idealised case of two different bulk crystalline semiconductors being
brought into intimate contact. The two lattices are éimilar so that
lattice periodicity is continuous across the interface. The interface
width is no more than a few atomic dimensions and the effect of interface
mismatch is neglected. Thevquantities of interest are energy gasp, EG?
electron affinity;)L, and work functionﬂ&. Since EG and’ X, are different
in most heterojunction pairs, a discontinuity in the conduction and

valence bands will arise at the interface.

Anisotype Heterojunction Model

The equilibrum band diagram of Anderson for the anisotype
heterojunction is illustrated in fig. 1.1.If the ﬁwo semiconductors
are brought into intimate contact to form the junction,at equilibrum,
the Fermi level must be equalized by a net flow of carriers across
the interface i.e. electrons from the lower work function material

(semiconductor 1, say) and holes from the other (semiconductor 2).
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.This charge transfer creates a partial depletion of electrons near the

Jjunction in semiconductor 1 corresponding to a bending upwards of the
band-edge, while a redistribution of charge in semiconductor 2 corresponds
to a bending down of the band-edge. A depletion region is therefore
formed on either side of the interface with opposite but equal charge.

The total built-in voltage, V

D? is the difference in the work

function of the two materials and equals the sum of the partial built-in
voltage supported by each semiconductor, The dielectric displacement,

D, and vacuum level are continuous, but the conduction band and valence
band edges are discontinuocus by the amounts A EC and AEV’ respectively,
where A EC is the electronaffinity difference for the two semiconductors.

In order to explain the éharge carrier transport mechanism,Anderson
adopted the Shockley diffusion theory for homojunctions. In the diagram,
the barrier to hole flow is greater than that due to electron flow, so
only electron flow need be considered.

The current flow in Anderson's Ge-GaAs diodes did not very as
described by the Shockley equation, being smaller and showing neither
the predicted temperature nor voltage dependences. Since then, several
models ha;e been presented in an effort to give better agreement with
experimental observations. However, Anderson's idealised model is a basic
one from which many new heterojunction models can be developed. If the
arrays of interface states, arising from the lattice and thermal mis-
matches and the adsorption of impurities, are included many possible
transport models can be obtained.

Perlman and Feucht (196lL)adopted the basic model of Andefson and
assumed two modes of operation - homojunction type and metal-semiconductor
type operations. The mejority carriers are first injected by thermal
emission over the spike barrier, piling up at the edge of the depletion
region which 1limits the passage of current.,. Then by a Schottky type

operation, the carriers diffuse in the conduction band of the narrow-
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gap material, In the latter type of operation, carrier reflection at
the interface has little affect on the total current. However, the
magnitude of current predicted from this model is still too small and
does not describe most heterojunction behaviour over the whole or part
of the voltage range. Both this and Anderson's models describe curren£
flow by carriers surmounting the potential barrier and are therefore
termed 'thermal currents'.

Rediker et al (1964)proposed a different model in which the electrons
tunnel through the spike barrier from the conduction band of the wide gap
material into the narrow-gap material where they combine with holes.

This tunnelling current, termed 'non-thermal current' is given by the
product of the tunnelling probability and the incident electron flux.
Re@iker et al do not describe the temperature dependence of the excess
current although tunnelling currents are very weakly temperature dependent.

Riben and Feucht (1966) assumed a tunnelling -~ recombination
mechanism to explain device characteristics and suggested total
recombination at the interface states which prevent injection of minority
carriers. They observed that in addition to the very small current
temperature dependence, the I-V characteristics were similar to the
excess current observed in Esaki tunnel diodes. They concluded non-
thermal currents were dominant and the transport mechanism involved
band-to-band tunnelling of both type of carriers.

Riben and Feucht (L1966) extended the idea of single-step to
multi-step recombination where interface states are spacially distributed
in the space-charge region,. However, since the interface state
distribution is not known, it is not possible to determine quantatively
the magnitude of the currents.‘

Donnelly and Milnes (1966) observed that none of the previous

models predicted I-V values in agreement with real device characteristics.
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So they combined previous transport models to produce simultaneous
thermal emission and tunnelling transport mechanisms. This model has
been used to interpret observed I-V characteristics for many anisotype
devices and six possible major transport processes have been presented
(5onnélly and Milnes, 1966).

Isotype Heterojunction Model

The earliest isotype heterojunction energy band profile was
presented by Anderson (1962) in the same paper as the anisotype
heterojunction. When the two semiconductor materials are brought
into intimate contact a charge transfer takes place as described for
the anisotype structures, giving space-charge regions at the interface.
This space-charge region is now presented as a depletion region in
semiconductor 1 (lower work-function) and an accumulation region in S2
shown in Fig.l.2. In this model there is no minority carrier injection.

Anderson neglected the affect of interface states and adopted
the transport mechanism of Schottky diodes. This model is in fair
agreenent with only a few heterojunction pairs, where lattice mismatch
is small (L1%).

In the case of isotype heterojunctions having large mismatch
e.g. Ge-Si, some observed I-V characteristics show a tendency to
current saturate for both polarities of voltage. Oldham and Milnes
(1964) postulated that for such devices, a net interface charge is
produced by interface states in the forbidden gap arising from lattice
mismatch. If sufficient interface states are generated to form a
monopole layer,the energy-oand at the interface must move up or down.
If the density of electrdns &tthe interface is high the band bending
in the accumulﬁtion layer is reduced or even a depletion layer may be
formed e.g. for Ge-Si junctions, two positively charged depletion
regions on either side of the interface will result because of the

acceptor - like nature of the interface states. This double-depletion
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model is commonly referred to as 'two Schottky diodes back-to-back,'
where the surface states play the role of the metal. These interface
states act as recombination centres of large capture cross-section and
greatly affect the transport of carriers across the junction. For high
interface state density, all carriers traversing this region are trapped
and subsequently re-emitted. Oldham and Milnes neglected tunnelling

of carriers and derived I-V characteristics from the emission theory.

Ven Orpdorp and Kanerva (1967) and Van Orpdorp (1969) extended this
idea of double Schottky diodes and presented a mathematical analysis
of this model. They observed for both polarities, a Schottky type
characteristic at low voltages followed by a soft breakdown at higher
voltages. The I-V curve has a point of inflection which can be seen
as a displacement of the origin of the I-V axes.

Van Ruyven (196}4) introduced a dipole arising from the difference
in free surface work-functions in addition to the monopole of the previous
model to account for the discrepancy between observed and predicted
energy discontinuities. In this model, the two surfaces are brought
into contact - i.e. each material having the band structures of their
free surfaces. On contract, these states will partially cancel in the
bonding of one material to the other (complete cancellation is equivalent
to Anderson's model), leaving interface states, and a dipole, resulting
in a discontinuity in the vacuum level. This model differs from the
previous ones only in magnitude of the band discontinuity, A EC.

Carrier transport in isotype heterojunctions has received
considerable attention, especially those devices not exhibiting double
current saturation.- The simplest approach has been to consider Schottky-
type operation in the absence of interface states. But because of
the discrepancy between observed and predicted I-V values, it has

been suggested that tunnelling effectively reduces the barrier height.
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Oldham and Milnes included interface states as lying in the band gap
in a thin layer between two depletion regions and presented a kinetic
treatment describing electron fluxes for this class of device.. The
effect of tunnelling and images are neglected in his treatment.

Graded Heterojunction Model

There has been relatively little theorectical work on graded
heterojunctions. An early theoretical study on the photovoltaic effect
in semiconductor structures with linear variations of band gap and
electron affinity with distance was made by Emtage (1962), who used a
number of simplifying assumptions to solve the transport equationms.

Oldhem and Milnes (1963) presented a model for graded heterojunctions
with continuously varying band;gap and electron affinity and emphasized a
basic requirement for rectification that a certain degree of 'abruptness'
of the junction is necessary.

The earliest graded model was presented by Kroemer (1957) for
inhomogeneous graded regions in which he introduced quasi-electric and
quasi-magnetic fields due to the grading of band-gaps in order to
describe charge carrier motion through the junction. However, he did
not separ;te the effects of grading on the band edge end from built-in
or external field due to the space-charge both effects of which cause
the band bending. Van Ruyren and Williams (196Td)extended this
treatnment and separated these effects by considering the transport of
charge carriers in inhomogeneously doped non-uniform semiconductors so
that there is no space-charge. The graded region is macroscopically
graded and is treated as comprising of homogeneous layers to form a
series of microscopic adjacent abrupt heterojunctions. - Gora and
Williams (1969) theorectically describe carrier transport in graded
junctions =2 100 lattice spacings of inhomogeneous systems where the

constituent materials have same structure and lattice constant. The



effective mass is also treated as a position dependent parameter in their
study. Roth and Bennett (1972) presented a relatively simple one-band
one-dimensional model to study the electrical properties of more

realistic graded heterojunction where composition varies over a few lattice
spacings. However, lattice mismatch is ignored in their study in which

two bulk materials are represented by 15 atoms. A qualitative discussion
of heterojunction theory will be presented in Chapter 5.

1.4 Methods of Preparing Heterojunctions

The preparation of heterostructures involves the growth of an
epitaxial layer of one semiconductor onto a single crystal substrate
of another semiconductor. It is desirable that for good heteroc-epitaxial
growth, the crystal structure 6f the two materials are similar and the
lattice parameters closely matched. It is important that the crystal
substrate should be chemically treated after being cut, lapped and
mechanically polished to remove damage and contamination from the surface,
leaving it virtually flat and clean prior to epitaxy.

The choice of epitaxy will depend on factors as layer thickness,

desired . abruptness of the junctior , stoichiometry of composition,
degree of-lattice misfit and technological -advances. Not all the
heterojunction systems cen be fabricated using the same growth methods,
and it is necessary that the experimentalist should consider the effect
of the growth method on the particular system as it is found that the
heterojunction properties are correlated to thé manner in whicﬁ the
devices are fabricated. The main methods of growth are interface
alloying, vapour phase growth, evaporation and r.f. sputtering. These
techniques will be outlined below giving their merits and indicating

some disadvantages.

(1) Interface Alloying

This technique involves placing the two semiconductor materials
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: in{contact with each’other on<a.strip'heater, with the higher melting

point material under the other. This is;normal;y.done in a

‘oh&drogen oruinert gas ambient. The heater produces-a temperature'gradient-v
dacross the 1nterface and at a partlcular temperature, the bottom of the

_low melt1ng-pomnt materlal melts., As ‘soon as wettlng 1svabserved and- -
 before the rest of the low meltlng p01nt materlal becomnes llquld, the
},temperature is reduced resultlng 1n recrystalllsatlon of the melt on -

- the substrate materlal..

Thls method is relatlvely smmple and 1nexpen51ve and has been’

.hused to fabrlcate a large number of heterostructures. U51ng‘mater1als

. of 51gn1f1cantly dlfferent meltlng p01nts, the technlque produces. v1rtually
'v_.an alloy of the two materlals at the 1nterface and will give r1se to

..graded Junctlons., It is therefore 1mportant to keep the.alloylng time

;‘as short as pos51ble to avoid exce551ve impurity cross- d1ffus1on and

Zhence preserve rectlflcatlon. ’0nly.relat1vely thlck epltaxlalplayers f‘

can be obtalned from this. method.,_

f(11) Vapour Phase Growth -

Vapour phase growth has been used qulte satlsfactorlly to

hproduce epztaxy in both open and closeu tube systems. In the closed

' tube system an evacuated tube contalnlng the semlconductors is held 1n

1'a two—zone furnace so that the source, whlch may or may not 1nclude
‘t dopants, is transported via the vapour phase from the hlgh temperature

, .U‘-reglon onto a substrate in the lowbtemperature reglon. Transport reagent o

1?e.g. hydrogen and halldes, are often used and these flow back to the
. source after dep031tlon to start a new cycle, thus produclng contlnuous

' epltaxy» The open tube system 1s slmllar to the above except the

ftransport reagent flows over the heated source.yb

Contamlnatlon of the epltaxlal 1ayer by the transport reagent has

"'tbeen reported by several works (Rlben et al 1965, Zeldenbergs and Anderson,:v

,f‘1967) These 1mpur1t1es may act as donor or acceptor in. some of the

A isem;conductOrs (e.g. 12 vucus'asthnor»centres‘



23

in CdS crystals). The process involves lengthy growth periods at
elevated temperatures, increasing the probability of graded Jjunctions.

(iii) Solution Growth

Heterojunctions have been successfully fabricated using the
solution growth method which involves the solution of one semiconductor
material by a suitable solvent metal to form a saturated solution., The
solution is allowed to flow over the second semiconductor (substrate)
while the system is allowed to cool slowly, thereby precipitating the
semiconductor solute onto the substrate to form an epitaxial layer.

An example of this method is the exchange of Ga for In atoms in a

bismuth melt in the fabrication of Ga  In,_  As-GaAs structures.

1-x
Because the process takes place at high temperatures and for long
periods while the precipitate is in contact with the solution, the junction
'abruptness' can be expected to degrade.
(iv) Evaporation
The evaporation technique has invoked considerable interest over
the past years (Oldham and Milnes, 196L4; Muller and Zuleeg, 196L) mainly
because it is a simple technigue involving low substrate temperatures.
The source material is conveniently evaporated by resistance of r.f.
heating, or by electron bombardment (in an evacuated chamber where the

2 torrJ

background pressure is <’ 10
The major advantages of this technique are the controllability

of substrate temperatures and evaporation rates so that layers of

thicknesses from monomolecular to several microns can conveniently be

produced. The technique can be used for a wide range of elgmental or

compound semiconductors. Two important disadvantages using this method

are the formation of polycrystalline and non-stoichiometric films. It is

possible to overcome the first problem by using high substrate temperatures

with the risk of degrading the junction. A 'flash evaporation' technique

has been developed in an attempt to improve the stoichiometry of the
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epitaxial layer, (e.g. Holloway et al, 1966)
(v) Sputtering

This process involves removal of atoms or molecules from the
target material (to be deposited onto a suitable substrate) by momentum
transfer under the bombardment of positive ions accelerated by an applied
field. These positive ions are normally generated by an electron flow
from a hoﬁ cathode through & gas Or by r.f. excitation of the gas to form a
plasma, Ions are used instead of neutral atoms-because they can\COAQeniently

be accelerated.

R.F. sputtering developed by Davidse and Maissel (1966) has been
used to produce good quality segiconductor filmgs., It has the advantage
over d.c. sputtering of operations at lower gas pressures so that
sputtered particles make fewer collisions with gas molecules resulting
in increased growth rates.

Sputtering is more versatile than evaporation as different
materiels can be used (e.g. insulators, semconductors as well as
conductors). Better stoichiometric films are obtained with the elimination
of spitting, and in general a better quality film.is obtained. One of
the main disadvantages of sputtering is the low growth rate, hence epitaxial
layers are limited in thickness.

The techniques and difficulties in the fabrication of heterojunction-
devices are numerous and it i1s not possible practically to grow epitaxial
layers under the most ideal conditions e.g. while attempting to enhance
the abruptness of the junction using either evaporation or sputtering a
low substrate temperature is chosen but this can result in decreasing
the surface mobility of the deposited film - an undesirable effect. It
is therefore necessary to obtain a compromise between surface mobility
and junction abruptness.

Two main problems involved in heterojunction epitaxy are the
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formation of large numbers of interface states at the junction and

loss of abruptness of the junction. In fabricating some devices . it

is found that one or both faults are present resulting from the choice

of the heterojunction pair or the method of epitaxy. In order to

fabricate devices with favourable heterojunction properties, it is

therefore desirable to conform to the following properties.

(a) Surface damage and impurities are to be reduced or eliminated
from the substrate before epitaxy.

(b) Lattice mismatch should be less than 1%.

(¢) Materials should have similar coefficients of expansion
impurity cross-diffusion must be minimised.

1.5 Aim of the Work

The main aim of the work involved firstly growth of good qualtiy
single crystals of CdS, CdSe and their alloys to obtain good substrates
for epitaxy. This was achieved using & modified Piper-Polich vapour
transport technique under the conditions of Ballentyne et a1 (1970).
Secondly, the heterostructures were obtained by r.f. sputtering CdSe
from a compressed powder target under conditions which gave good epitaxial
growth. Finally, the device properties were investigated with special
regards to variations in lattice mismatch and rectification with
composition of the substrate material. The heterojunction theories

developed in this study were applied to the CdSe/CdeSe < devices in order

1_
to derive a model to explain their properties.
The flow diagram of Fig. 1.3 describes the step-by-step processing

involved in the febrication of these heterodiodes from which reliable

measurements could be made.
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CHAPTER 2 -  GROWTH OF C4S, CdSe AND THEIR ALLOY SINGLE CRYSTALS

2.1 Introduction

In order to fabricate good quality heterojunction devices,
good single crystals are required for the substrates.

There are three main methods for growing single erystal boules:-

1. growth from the melt,

2., growth from solution, and

3. growth via the vapour phase.

Large cadmium sulphide crystels have successfully been grown
from the melt (Takahashi et al, 1963). Sublimation of the cadmium
sulphide below its melting point is a major difficulty in using this
technique. High pressures of an inert gas can be applied over the
melt to prevent loss of charge by‘evaporation and to lower the melting
point (1800°C at 50 atmospheres).

Growth from solution has received less attention, mainly because
erystals grown by this method are usually small. Rubenstein (1966) first
reported growth of CdS from bismuth solution while other metallic
solvents as Cd, Sn and Pb have been used to grow CdS and other II-VI
compound crystals.

The vapour phase method has invoked considerable interest mainly
because high quality single crystels can be grown with relatively simple
apparatus. There are two vapour phase methods, the dynamic flow method
and the static or sealed-tube method. The former produces needles or
plaﬁelets of crystals and is therefore not suitable in this work. The
static method was first devised by Reynolds and Czyzak (1950) for growing
ZnS crystals and was later modified to grow bigger crystals (Green et al,
1958). Two further but significant modifications were introduced by
Piper and Polich (1961) and involves (a) the growth tube traversing the
temperature gradient of the furnace and (b) a conical tip at the growth

surface for the initial nucleation. Several variations of this method
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have been offered (Clark & Woods, 1966; Toyama, 1966) but these are

only minor. The method of Wetwatana (1969), Ballentyne et al (1970) was
adopted for growth of single crystal boules of cadmium sulphide, selenide
and sulpho-selenide and will be discussed in this chapter.

A further variation of the vapour phase method is based on the
principle of chemical transport reaction and was proposed by Nitsche
(1960). Iodine is included in the ampoule which acts merely as a
transport reagent. CdS reacts with the iodine to produce gaseous species
of cadmium iodide and sulphur which diffuse to the cold region of the
tube where CdS crystal reforms, regenerating iodine to return to the hot
zone to start another cycle. A disadvantage of this method is that
transport reagent impurities are included in the crystal and often
act as dopants, hence this method is not suitable for producing crystals
for this work.

In this chapter the theoretical work of Ballentyne et al, with
simplifications by Tempest (1974) will be reviewed, and the derived
experimental conditions of Ballentyne et al will be used to grow single
crystals of CdS, CdSe and their alloys. The reproducibility of crystal

growth and their quality grown under these conditions will be discussed.

2.2 Crystal Growth by the Modified Piper-Polich Method

The sublimation method devised by Czyzak et al (1952) was established
by Piper and Polich (1961). Toyama (1966) developed growth kinetics for
II-VI compounds using the experimental method of Piper. The growth process
in a sealed ampoule is divided into three steps viz

(i) Evaporation of the charge.

(ii) Mass transport via the vapour—-phase.
and (iii) Condensation of the vapour at the crystal surface.

Ballentyne et al developed these ideas further and although their
equations are accurate in predicting growth rates, they are very tedious

to derive. In their treatment, the vapour species are assumed to be in



mutual equilibrum with the solid at the charge and crystal interfaces.
Faktor and Garrett (1971) developed the theory one step further by
assuming activated absorption of the vapour species at the crystal
surface. Tempest adopted this idea and making suitable simplifying
assumptions (e.g. uni-diffusion coefficient for all vaporized species)
and simplified the growth rate equation of Ballentyne et al without
losing a great deal of accuracy.

The modified Piper method is as follows:-

A high purity quartz tube, termed, the 'growth ampoule' is
sealed with high purity polycrystalline lumps of charge in an inert
gas of a pressure 20 torr, illustrated in Fig. 2.1. The inert gas
simply controls the diffusion process and, hence, growth of the crystals
and neither‘reacts chenically with the compound AIIBVI, nor alter the
partial pressures of A(g) and Bg(g) vapours. The ampoule is held
vertically in a two-zone furnace with the desired temperature gradient
(Fig. 2.1) and then pulled smoothly through this temperature gradient
to match the crystal growth rate. Here, the tip of the ampoule traverses
the temperature gradient and becomes cool while the charge remains
virtually at a constant temperature, T(O), resulting in evaporation
of some of the charge which fills the whole tube. This gives rise to
vapour pressures which reach a thermal equilibrum value, depending on
the value of T(0). Nucleation of the solid AB occurs at the conical tip
of the ampoule where suitable sites are available, and held at a lower
temperature T(1l) where the vapour is sufficiently supersaturated. This
forms & seed for subsequent growth and a crystal grows out at the tip.
The pulling speed of the ampoule has to match the growth rate of the
erystal.

The crystal growth theory is applied to CdS but is equally applicable

to CdS_Se since, under the conditions of diffusion-limited growth

1-x
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(discussed in paragraph 2.2.2 from which the crystals were grown)
because growth parameters especially the equilibrum vapour pressures and
diffusion coefficient of CdS and CdSe are so similar, then the predicted
growth rates for CdS and CdSe are almost identical. If, however, crystals
are grown under condensation-limited conditions (though none were grown
in this work) growth rates would be higher for CdSe.

The crystal growth proceeses of CdeSel_x can be represented by
the equation

x Cas(s) + (1-x) CaSe(s) —>calg) + £ 5,(e) + -1—} Se, (&)

— CdeSel_x( s)
where the charge consists of a mixture of CdS and CdSe in molar ratio
x : (1-x). Under diffusion-limited conditions, the selenium molecule

behaves similarly as a sulphur molecule.

2.2.1 Evaporation of the Charge

Stoichiometric II-VI compounds dissociate on sublization at high
temperatures according to

B (s) £ ale) + 3B,(e) (2-1)
It has beén shown that the molecular species AB(g) does not exist in
the vapour state (Ban, l9f2). The partial pressures of the two
vaporized components is given by

Po Pzé = K ' . (2-2)
where K is the equilibrum constant of the equation. The total pressure
PS is the sum of the two partial pressures.

Py = Py + Pog | (2-3)
At equilibrum, it follows that

BPS = 0 = _.?;_f;s_. (2-4)
Z,PIS 25
From equations (2) and (3) Pig = Ppg ’ (2-5)

and Py = (-Z—) 23 b (2-6)
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K can be expressed in terms of the free energy change, AG and

temperature T as

K = exp (- "-‘RATE) = exp —%ﬁ exp - —%_..ﬁ (2-7)

where 'AS is the change in entropy, AH, the change in enthalpy
and R,the gas constant.

The total pressure can be expressed in the form

Py = A exp (- v/T) (2-8)
where A and b are constants, which can be evaluated from experimental
data for K.

If, however, the charge is non-stoichiometriec, then the vapour
would be rich in one species (Cd in CdS or CdSe), making the condition
Pl'= 2P2 invalid. Wetwatana applied the Gibb-Duhem equation to obtain

new partial pressures

-— - 2 -
P.P, = Pjo. Pyo = 2/9 Pg (2-9)
or in terms of the concentration of species 1 and 2
A2 2
n (0) . ny(0) = 2/9 2Rr(0))® exp (-26/T) = Ky (0)  (2-10)

The effect of an excess component is to reduce the rate of
vaporization of the charge due to the diffusion of Cd or S atoms from
the bulk to the surface (Somorjai and Jepsen, l96h).

When an inert gas is included with the vaporised components in
equilibrum with a stoichiometric charge, the sum of the partial pressures
is only a little higher than Ps, giving

P = P +Pyg + Py = Pg + P, (2-12)

The vacuum evaporation rate of the c-face of undoped or un-

compensated CdS at 1150°C has been measured by Somarjai (1962) as 2.88 x lO_l

gm cm—2 sec—l. The rate of evaporation of polycrystalline material will
be about this value. However, if the charge contains excess Cd the rate

will be reduced by about an order of magnitude (Wetwatana). But the



growth—rate,»corresponding to mass—tranafer in a Piper‘method is < 1%
of this'rate,.therefore the'evaporation rate in the ampoule is sufficient
to maintain the thermal equilibrum,partiai.pressure;,-

2.2.2 ‘Maes~ Transport Via the Vapour Phase

After‘theicharge evaporation»process, the-ampoule containsjmixed
»,vapoura.of species i; vitheaverage,ve;ocity.vi‘(relapive to a-fixed axis,
4ﬁ, in spaee‘along the length of the:ampoule),‘such.that‘ﬁéi>:o, due to
 gfchange‘in moleou;arkconcentration;bni,'at'the nystal Surface;’and‘

o thua'serves'as a driving force.' o o |

- For each component,.the mass-flux Ji is expressed as

S mEey e
: Afterfobtaining steaay state condition, g§}= 0 for a stoichiometric -

- vapour, the vapour moves as 8 whole w1th mass average veloclty, v > given -

by v ‘ //ﬁ and - Vi ='v°- If the ampoule contalns a vapour (Ar) whlch '

'°:does not - condense, thls vapour Wlll try to accumulate at the crystal

.‘surface (where its vapour pressure is greatest) but w1ll eventually

'7d1ffuse back along the tube. ~The dlffu51on velocity w1ll-then be

‘ glven by V i‘— vb, but since Vi is in the dlrectlon -of 1ts negatlve
o Dy an; |
concentratlon gradlent vi = n == vhere Dy is the ternary
i v

"dlffu51on veloclty of the 1§h component the mass—flux of the 1th

"component in a_three,component vapour is -
g = ongv -0 B (2R
" In trying to solve the mass—flux;and:growthfequationsfit’iS“necesaary o
- to make certain simplifying aSSumptiona viz
) The solid AB is‘iSOtTOPiC'é‘only one~phase'is:present
‘(ii)f Constant dlameter ampoule therefore a 1-D.
.analysas can be made.,'
'(iii) 'Charge and crystal have same den51ty..ﬁ IR .qe -
;.(iv)' Only the vapours A(g), B (g) and Ar(g) are present

tney behave as perTect ga es.
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(v) The pulling speed is identicel to the crystal growth rate
making T(1) and T(0) constant during growth.

(vi) In calculating the mass-flux, temperature, total pressure
and diffusion coefficient are constant throughout the
vapour,

Tempest made further simplifying assumptions:-

(a) The concentration of the vapour species at the charge
surface nl(O) and n2(0), are fixed. This was assumed
on the basis of spectrographic data in the vapour at
different temperatures.

(v) nl(O) and n2(0) must satisfy the equilibrum condition
given by equation (2-10).

(c) A1l diffusion coefficients are equal and a function of
temperature only i.e.

D, =D, = Dk = D where D is an average value. The
binary diffusion coefficient Dij was calculated from
the formula of Reid and Sherwood (1966).
Since AIIBVI dissociates to form one mole A and 3 mole B, then
Ji(s) = 2J2(s), and since ihere is no nett flow of argon, J3 = 0.
Hence, at the charge surface Jl(o) = 2J2(0) and at the crystal surface
Jl(l) = 27,(1). Under steady state conditions J, = 27, = J (2-15)
is the mass flux of AB molecules, is the boundary conditions used
to solve equation (2-1k4).
The value of concentration n along the tube is considered

constant (from viscous flow theory), so

n=n +n, + ng (2-16)

Applying the boundary condition of equation (2-15) to the mass-—
flux rate equation (2-14), and fulfilling the above conditions, Tempest

obtained the mass-flux as
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dl' E -n [n'— ey (0) s ',~» . ) _‘; a)
o - | @ N
, ‘where n, (l) 3 [g;e] [n c—2) | KNS ] N (2-17b),

:~If the growth rate is limited by the rate of diffusion of the vapours,
the above express1on can be used to.determlne the value of Jd,-thls 1s‘
.shown in Flg. 2 2 for cas, as a functlon of temperature dlfference, AT,
‘V_along the tube._ As mentloned prev1ously, the equlllbrum vapour pressure
.(Lorentz, 1967) and d1ffusmon coefflclent of CdS and CdSe are very
"»s1m11ar also the 00111510n 1ntegral and foree constant of these
’ materlals too are very similar (Tempest); then Fig. 2.2 also represents,
N tpé grqwthvrete of CdeSel~i crystals.e.(Siﬁi;arvcurves evaetwstaua‘:‘
~and :Faktor are included.in the diagram for':ceméarisen. - The "value obtaiued by
deempest was 20%'smailer_thanAthe.value of Wetwatena“as s.resuit of‘these
simplificstions.' The lsrger discrepency'with the<eurve of Faktor uas
t_attrlbuted to the use of dlfferent data 1n calculatlng D.v
Instablllty of the growrng surface can- result from constltutlonal
f'supersaturatlon and glves rise to dendrltlc growth under non—st01ch10metr1c
condltlons. If the concentrat1on of conden51ng and saturated species
i'are ni and n. 1 respectlvely, then stable growth w1ll result 1f the -

L condltlon

d . an

ax |x=1L_ 2

A1§1Hg'

 "1s fulfllled.
The concentratlon gradlent of B (g) molecules is glven (fromf-
equatlon ( —16) as -
3 I i S

——

‘d&x [x=L = 2D = 3n, an - _'}-_3, - (2.28) - o

 The equlllbrum concentratlon of B2 molecules naT, glven by the
.iequetlon (2—17b),1s used w1th.the gas equatlon, ' Aexp - b/T to

- obtain an exprn sion for the‘cllt’Cul growth rate as
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b/T(1) - 1 4ar
2nD KNS(l) (1) dx x=1

N 3 (2-19)
C(n—3n2(l))[K§'££%§?§ + KNi(l)] :

For stable growth Jd >Jd

JCrit

The value of Jcr' for €dS (and also

it

-x) as a function of AT is illustrated in Fig. 2-3

erit®
epplies for CdeSe1

together with the J, curve. Again Jcr' is ~20% lower than that of

d it

Ballentyne et al.
The limiting condition for stable growth can then be obtained from
the graph of Fig. 2.3, and the pulling speed can be chosen to match a

growth rate of a lower value J. than the intersect of the J_ and Jc

d d
curves. The pulling speed for CdS (CdeSe ) growth, limited by

rit
1-x
diffusion, was estimated by Wetwatana to be « O.bmm/hr. Unfortunately,
this would lead to unstable growth as determined from the Tempest analysis,
bu£ this is a direct result of thé generalization of conditions made by
Tempest. These conditions of Wetwatana for (diffusion limited growth)

were applied to CdS, CdSe and CdS Se, (see Section 2.3) and led to

1_
stable growth.

It is also interesting to observe the effect of non-stoichiometry

2, (0)
» - 1 .
given by the term X EETGT-and the argon pressure P, on the growth

rate. This is illustrated in the Fig. 2.l for T(0) = 1420°%k, AT = 25°%K

and L = 7.0 cm, while argon pressure is the parameter at 1, 20 and 100
torr. The growth rate is largely reduced, especially at low pressures,
when nl(O) is only just greater than nz(d). The other effect is obvious,
that as the argon pressure increases, growth rate reduces. A value of
?Araﬁ 20 torr is chosen in the experimental work, to minimise the influence
of ¢ on growth rate. The value of o is, however, not expected to vary
more than a value of 5 so that the growth rate is less sensitive to
variations of oK and PAr'

The quality of the grown crystal will depend on parameters as T(0),
AT,L and crystal pulling speed i.e. the value of Jd relative to Jcrit'

To reduce the probability of constitutional surersaturation without a
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great reduction in growth rate, J can be increased by maximizing

crit

dT/dx . The quality of the crystal depends, not only when the

= I°
vapour is slightly supersaturation but on the adsorption of molecules on
the growing surface such that the molecules will have sufficient time
to diffuse to the lattice sites and form an orderly array or when the

vapour - crystal interface is near chemical equilibrum.

2.2,3 Growth at the Crystal Surface

Condensation at the crystal surface can be treated as an activated
chemisorption process whose rate is a function of the actual concentration
of the vapour species ni(l) (Faktor and Garrett, 1971). Condensation
of CdS can be diffusion limited or condensation limited depending on degree
of non-stoichiometry, o, charge temperature and the energy barrier is
growth at the crystal surface,

Crystal surfaces are divided into three main classes. The first
class is growth on a perfect singular surface corresponding to a cusp
in the plot of surface energy as a function of orienfation. This process
requires that steps are generated by nucleation, and occurs at high vapour
saturation ratio. The second type is growth on & nearly perfect singular
surface containing either a limited number of steps from screw dislocations
normal to the surface or a vincinal surface (making a small angle with
the singular surface). This type of surface can grow at relatively low
vapour supersaturation (v 1.01). The third class is growth at a non-
singular surface; a surface at a large angle to a singular surface and
which are atomically rough, requiring lower vapour saturation than class
one or two. Unlike the first two classes of crystals which grow a mono-layer
at a time, claés three crystals grow relatively quickly due to the
presence of corner sites where the condensing atoms need not diffuse
much to find such sites.

Imperfections such as stacking faults, grain boundaries and

dislocation cen result from high vapour supersaturation since the growth
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rate.becomes high'and the condensing moleCulesvdo not.haVeIsufficient.

,'tlme to occupy corner 31tes.~

| ' If the: condensatlon process 1s llmltedlonly by actlrated chemlsorptlon
. of B -molecules((absorptlou of A atoms belng non—act;vated),‘then the

2
sl'approach by Tempest may‘be used to determine‘the growth”rate; 'Equating

' chemlsorptlon rate and desorptlon rate the veloc1ty constant of desorptlon

.vpfat equlllbrum can be obtalned, whose - value may be assumed to remaln constant

~for sllght departure from equlllbrum. The condensatlon rate'ls glven by

~ the expression

Tionds ™ 3%;1):[ ﬁg<i)—52§q(1>; exp (f'9§2/RTl]‘ j*',:“',(z-ao) 5

2@2(19)

'32 is the condensatlon coefflclent and 8, is: the surface coverage of

2,

"B atoms, u is the equlllbrnm concentratlon of B

o 2€q 5 molecules, QB2 is

':'Athe actlvatlon energy of B molecules.

2
The condensatlon rate is expected to be hlgher for CdSe than cds. .

“since the QBQ is a llttle smaller»for selenlum molecules (Tempest)
, The overall growth rate can. be expressed in terms of. dlffus1on

, and condensatlon parameters as

©oE T, aa e, T RR,

=i_,‘nl(o)~,'n2<o) n,(0) hé(o)La'; K (0)_ Lns(l?],% '

o (2-21). -

5jtdwhere Kﬁs(l) = n, (l) nzeﬁ(l)'

B>
u

N (31/2nD)[ 2/3n-n 0] o
A= (31/2nD)[ VEERS (o)] + (x,,_/RT) exp (%2/RT)

. The parameter,an, depends on the dlffu51on term only at hlgh :
{_argon pressure or the condensatlon term only at low temperature, and
_therefcre determlnes the type of growth. There is, however,'a large S

range.of condltlon over wnlch both tvpcs of growth mernan1~m" contribute -
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simultaneously.

The variation of overall growth rate, Jo’ for CdS as a function
of QB2 is illustrated in Fig. 2.5 for (a) low temperature and pressure,
(b) higher temperature and pressure at fixed T = 25°K and Q =0. It
is observed that the diffusion limited region is greatly reduced in size
as conditions are changed from (b) to (a). A value of Qo between 25
and 30K cal mole_l was determined by Teﬁpest from experimental growth
rates, for both CdS and ZnS verifying that the condensation process is
limited by the chemisorption of 5, molecules. Also, this value of Qo
is less than the dissociation energy of 82 molecules. The value of Jo

for CdeSe is expected to increase with decreasing x, by less than an

1-x
order of magnitude when x = o which, in crystal growth terms, is a small
amount.

Comparing diffusion limited growth rate Jd with the overall growth
rate, J_, for CdS under the same conditions (Fig. 2.6) it can be seen
that the two curves are similar suggesting that the crystal growth is.
limited by diffusion of the vapours. However, the growth rate is more
accurately represented by Jo than Jd.
2.3 Experimental Details

Single crystals of CdS, CdSe and their alloys were grown using
the experimental method of diffusion limited growth described above.

Since the equilibrum vapour pressure of pure CdS and CdSe and
diffusion coefficient are similar then the growth conditions for CdS

are not much different to that of CdeSel_x i.e, the diffusion rate would

not be much altered by the Se. species at llSOOC, for crystals grown

2

under diffusion limited conditions. However, the presence of a 4th species,
Se2 molecules, would be important if crystals were to be grown under
condensation limited conditions.

Practical limitations for growing good quality crystals restricted

T

the ideal growth rate; a value of ~10 | moles cm-z sec“l (or 5-10 gm/week)
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was soughi since the lifetime of the ampoule at elevated temperatures
is limited ~ 1 week.
2.3.1 The éharge

Polyerystalline lumps of (BDH 'optran' grade II) CdS and 4-40 mesh
CdSe (BDH Wactran' grade) were used as the charge. The purity of these
materials are given in table Al and A2 of Appendix A. The chargé of
CdS or CdSe was placed in a high purity alumina boat and heat treated
separately at 900°C in a quartz tube through which argon gas flowed
at lliﬁramdn.for 7 hours, This step, termed a 'pre-heat' Wa8B necessary
to remove adsorbed gases and volatile impurities and to improve the
stoichiometry of the charge. Approximately 1/3 of the charge was lost in
this step.

2.3.2 The Growth Ampoule

The growth ampoule was made from high purity tubing of standard
wall thickness 20cm in length and 1 em in diameter jbined to a close
ended tube 3-5 cm in length and 1.6 ¢m diameter. The tube was then
treated with hot 'Decon 90' under uwltrasonic agitation, rinsed in
distilled water, then etched with 10% HF for 20 minutes, rinsed in
D.I. water and finally dried in an oven. The tube was flame polished
to smooth the interior surface and thus removing unwanted nucleation sites.
A pre-heated charge of 10 grammes of CdS, CdSe or a mixture of both
was carefully placed in the growth tube, avoiding contact with the walls
of the narrow part of the tube. A constriction approximately 8 cm from
the closed end was made in the narrow bore length. The tube was evacuated

p)

to a pressure‘~/lO- torr, then argon was bled into the ampoule until the
pressure was ~~ 20 torr, after which the ampoule was sealed off. A quartz
hook of lmm diameter rod and ~ 10 cm length was joined to the tip of the
ampoule. The ampoule was suspended with 15 thou. Pt wire attached to the

pulling motor and lowered into a furnace possessing a suitable temperature

profile.
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2.3.3 The Furnace and Temperature Profile

The growth furnace cénsisted of 2" i.d. alumina tubes, around
which 1 mm 10% Rh/Pt heater wire was wound to give a two—zone vertical
furnace structure. The required temperature gradient was obtained from
a non-uniform winding density with about a 25% tapping of each heater coil
from the lower terminal to the upper heater coil and from the upper
terminal to the lower heated-coil. Two Pt-Pt/13% Rh thermocouples were
positioned midway between each heater to actuate the Eurotherm temperature
control units (type LP96), using the arrﬁngement illustrated in Fig.2.7
which controlled the temperature to better than 1°c.

The current in each coil was adjusted to give the desired
temperature profile. The profile was determined by pulling a Pt-Pt/13% Rh
thermocouple { = 1Ocm/hr) through the furnace and recording the
temperature on a chart recorder. A typical profile is shown in Fig. 2.1.
An asbestos cover placed over the top open-end of the furnace tube
prevented convection and gave a more stﬁble profile.

2.3.4 Growth of the Crystal Boule

Using the following conditions calculated in Section 2.2 as

mass charge = 10 gm, argon press = 20 torr, T(0) = 1150°C, AT = 25°

C’
temperature profile of Fig. 2.1, pulling speed O,4 mm/hr, (these being
the conditions necessary for diffusion limited growth), single crystals
of CdS, CdSe and CdeSel.__x were grown.

The ampoule was initially lowered into the furnace to the desired
position relative to the temperature profile, and after 15 minutes, when
thermal equilibrum has been re-established, the ampoule was smoothly pulled
through the profile at the determined pulling speed. After 5-6 days, the
furnace was allowed to cool slowly by reducing the current in the furnace
windings (initially at a cooling rate of < 5°C/min).

Most runs showed some transport i.e. complete or nearly complete

transport in which the boules were 2-3 cm long. The photograph of Fig. 2.8
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Fig. 2.6 Monocrystal Boules of Cd3, CdSe and CdeSel_x Grown Under

Diffusion-Limited Conditions
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show CdS, CdeSe and CdSe crystals from runs A,B,D obtained from

1-x
complete transport while run C failed (partial transport) showing
facetted residual charge, due to insufficient supersaturation, the
crystal growing on top of the charge. Runs A,B,D produced single crystal
determined from Laue X-ray diffraction.

Most crystals appeared uniform in colour ranging from amber for
CdS, red for CdS

brown for other CdeSe - to grey-black for

75°%.25 1-
CdSe. Only a few crystals contained macroscopic cracks (due to stresses
in the cooling cycle caused by differences in coefficient of expansion).
Run A and B produced typical good quality boules possessing a smooth free
surface, slightly curved and normal to the growth ampoule while run D
produced & crystal facetted on the (lOIO) and basal plane.

The carrier concentration determined by the differential capacitance
method (see section 3.7 ) indicated approximately uniform carrier
concentration across the boules. l!Microprobe analyses (SEM) revealed that
the alloy crystals grew in molar ratios S:Se similar to the charge molar
ratios, also there was only slight variations in the ratios across the
boules,

The crystal quality was dtermined mostly by inspection by reflected
and transmitted light under a microscope, though one CdS sample, briefly
studied by X-ray topography (transmission method) possessed defects
similar to those of Tempest. The main defects occuring in the crystals
were stacking faults and dislocations (densitya~ 500 1ines/cm2) mainly
in the basal plane. Microcracks appear in some samples and were
apparently caused (during the cooling cycle) by the difference in
coefficient of expansion of quartz and CdeSel_x.
The grbwth plane of CdS crystals was measured, using the Laue X-ray

diffraction method as 18° to 19° to basal plane.



ko

2.4  Conclusion
Good quality crystal boules of CdS, CdSe and their alloys have been
reproducibly grown under diffusion-limited conditions along the ampoule.

The conditions are calculated using the method of Ballentyne et al (1970).
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CHAPTER 3 - PROPERTILS OF CdS, CdSe AND THEIR ALLOYS

3.1 Introduction

Eerly work on II-VI compounds used powdered samples, and it
was not until recent years that single crystals wers successfully grown
enagbling reliable experimental data to be acquired. The high melting.
points of II - VI compounds has been a drawback in the development
of these materials.

The physical and chemical properties of CdS and CdSe have been
extensively investigated during the past two decades. The high photo-
conductivity of these materials have made these two compounds perhaps
the most interesting of the II-VI compounds for device application
e.g. photodetectors, electromechanical transducers, tqin film transistors
and lasers.

These two compounds crystallise in two forms, hexagonal wurtzite
and cubic sphalerite with, in some cases, a certain degree of polymorphism.
The bonding varies from ionic tocovalent and for most II-VI compounds
both types are involved. Suchet (1965) suggested that for CdS and CdSe
the proportion of ionic bonding is T4% and 647 respectively. With the
exception of HgTe and HgSe, they have direct, relatively wide band gaps.

The alloy crystals or solid solutions of CdS and CdSe exhibit
similar properties to those of the constituents and variables such as
band-gap and lattice constants can be chosen to give any values in %
between those of CdS and CdSe. As the band gap varies in these alloys;
luminescent emission goes from green (CdS) to infra red (CdSe). At
present, relatively little is known about these alloys an@ conflicting
data has been presented in the literature. Further investigation is,
therefore, required in order to understand their behaviour.

In this chapter ideas relating to the lattice structure energy

band structure, electrical transport of bulk and surface and electrodes

to these materials will be discussed. Only a very brief mention of
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optical properties will be made.-

3.2 Crystal Lattice Structure

Single erystals of CdS and CdSe groﬁ basically in the wurtzite
structure when pure but can attain the closely related sphalerite
structure if grown in film form on suitable crystalline substrates;

Excess Cd atoms increase the stability of the hexagonal phase in CdS
(Chopra and Khan 1967) and CdSe (Shamilova et al, 1966). Any polymorphism
will be omitted in this study.

The two ideal structures illustrated in fig. 3.1 show the atoms are
tetra-hedrally bounded. The wurtzite structure is formed by the hexagonsal
close - packing (hep) of successive atomic layers displaced a distance
38c along the x-axis with respect to each other. The nearest neighbour
atoms are at distances 8¢ (or V5 a), vhere and ¢ are the lattice
constants, s being the side of the hexagon end ¢, the height of the unit
cell., For a specified aﬁom, A, there are twelve next-nearest neighbours,
six of these are at the corner of a hexagon in the same plane as A (Easal
plane), while the other six are at the corners of a triagonal prism
at a distance]AE§,+ ggh from A.

The sphalerite structure is formed by the cubic close-packing of
successive atomie layers such that each atom is surrounded tetrahedrally
by four atoms of opposite type. This structure is referred to as face-—
centre cubie (fee), and if the bias was one rather than two, the structure
would be that of diamond. The atoms are situated at the corners of the
unit cell consistingnof four molecules with the site at the centre of the
cell (0, 3, 3). The nearest neighbours are separated a distance of J;ﬁ a.
For a specified atom, B, there are twelve next—nearest neighbours all of
which are at & separation of-§ 8, six of these are at the corners of a

hexagon in the same plane as B while the other six form a trigonal

antiprism (with three above and three below the plane of the hexagon).
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/

Fig. 2.1
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These two types of structures aré closely related, and geometricallf
the sphalerite can be converted to the wurtzite by changing the stacking
sequence., By rotating the interpenetratihg tedrahedra in the sphalerite
about the (111) axis, it becomes the (001) hexad axis of wurtzite.
Neither of these structures have a centre of symmetry.

Both CdS and CdSe crystalline under most growth conditions as the
wurtzite structure. In the case of CdeSel_x grown from the vapour phese,
all crystals attain the stable wurtzite structure. However, for thin
films the real structure will depend on substrate cystallographic
orientation and temperature. Simple experiments were performed by
growing thin CdSe films (v 500 X thick) by r.f. sputtering on substrates
of soda-glass, mica, sapphire, KC1 and CdS at temperatures up to 350°C in
order to study their crystallogrephic structures in the electron micro-
scope. (The thin films were lifted from most substrates by exposing
the substrates to HF fumes and immersing in water). Selective area
diffraction pattern (SADP) analysis revealed that the CdSe films grew
(1)  Very poorly crystalline (hexagonal) on soda-glass at temperature

200°C, cheracterised by a SADP ring-pattern (Fig. 3.2 a) but

became " more: crystalline, characterised by a spot-ring-pattern

as the substrate temperature was increased above 250°C.Micrograph
studies showed crystallites slowly increasing in size up to 400 X
. at BOOQC, but then nearly double in size as the temperature
approached 400°C.
(ii) Poorly crystalline at 200°C on mice but obtaining better (hexagonal)

.crystalline properties as the temperature vas raised to 250°¢C

(Fig. 3.2 b) and further to 320°C (Fig. 3.2 ¢). Micrographs

(Fig. 3.2 d) show small crystallites of CdSe on micea of approximate
size of 500 Z when the substrate temperature was 300°C. The
crystellites increase to nearly 600 X when the temperature is

increased to 35000.
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(a) sodaclass at 200 C*(SADP)  (b)Mica at 250°C (SADP)

(c)Mica al 320°C (SADP) (d)Mica at 300°C ~5C0A

)I(_ o _. . { ‘!"
(€] CdS at 350°C (SADP) (f)cds at3s0°c  ~ BOO0A

Fig 3.2 Crystalloaraphic Properties ot Sputtered CdSe Films
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Fig.i3.3 X-Ray Diffraction of a Powdered CdSO.lseOtQ Semple
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- (iii) Poorly crystalline (hexagonal) on the c-face of sapphire even
up to 320°C due to a lattice mismatch & 10%.
(iv) With fairly good cubic crystalline structure on (100) orientated
KCi substrate Vith substrate temperature above 200°C.
(v) With good hexagonal crystalline strucﬁure of 1 pm CdSe on the
c—-face of CdS above*Z'QTOOC as determined by the reflection
method of electron diffraction.Fig. 3.2 (e) shows good crystalline
orientation characterised by spot pattern at 35000 (showing
perhaps better properties than at 30006). The average size of
these crystallites is ~ 8000 X, as i1llustrated in the scanning
electron microscope photograph of Fig. 3.2 (f). The study of -
CdSe grown on CdS at 35000 indicated fairly good epitaxy.
The lattice parameters, & and ¢, of the monocrys;alline cds,
CdSe and their alloys, grown by the vapour transport method, have been
measured by the Debye - Sherrer meﬁhod. An example of powder diffraction
film for CdSO.lseO.9 is shown in Fig. 3.3. The d-spacings in the hexagonal

lattice is related to the various lattice planes by

d = 1 1

L (h° 4+ nk + K0y 12 ]Z
B( 3 )+/ce (3.1)

The results of & and ¢ parameters illustrated in Fig. 3.4, indicate

|
. . - . ) - - (3 {e
an approximate linear variation of lattice parameter with compositionji.e.

CdeSe crystals approximately obey Vegard's law.

1-x

3.3 Energy Band Structure in Wurtzite Cds Se, .

The electronic band structure depends on the type of structure, chemical
bonding and the electronic configuration. The band structure is derived
from the Brillouin zone in k-space (in this case, a right hexagonal prism),
which in turn is a function of the crystal lattice and the wave quantuﬁ
mechenics associated with the charge carriers. The magnitudes of

elements in the band structure has, however, been determined from
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experimental e.g. reflectivity and photo-emission experiments, together
with theoretical methods.

The conduction band in CdS, CdSe and their alloys are virtually
singular and parabolic in shape so that effective mass and mobility can
be treated as isotropic. The valence band structure is, however, more
complex due to anisotropic properties in these crystals resulting in
spin orbital 'splitting. This has received considerable attention in
the past decade. A simplified model of the band structure for CdS is
.illustrated in Fig. 3.5. It shows only three uppermost valence sub-bands
around its principle symmetry point with the conduction and valence
band extrema occuring at k = O. The shape of the band structures for

CdSe and the CdS _Se, alloy crystals are similar to that of CdS.

1-
Pedrotti and Reynolds (1962) have suggested that both the spin orbital
splitting parameter and crystal field of the valence band of CdeSel_x
vary approximately linearly between values.of its composites.

Detailed analysis of the band structure of CdS and CdSe heve been
offered by Bergestresser and Cohen (1967) and Cohen (1967) using an
emperical pseudo-potential method (EPM) together with optical data, in
particular, refelctivity and photoemission. The method involves an
approximation to the orthogonalized plane wave (OPW) technique (Herman
and Shillman; 1960) in which the Schrodinger's equation contains an
effective crystal potential represented by a number of terms of a Fourier
expansion in the wave vectors.

The self-consistent OPW method has been applied by Collins et al
(1966) to Cdé to determine the six symmetry points of the wurtzite Brillouin
zone. The band structure was also determined by another pseudo-potential
method but the results were different from OPW calculations and from the
EPM of Bergestresser and Cohen.

De Witt et al (1967) first used the EPM method to obtain a simplified

solution, then the self-consistent OPW method to obtain a more accurate
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band structure of CdeSel_x crystals, assuming a linear variation in
lattice parameter with composition. Their results showed similarities
to the already closely related CdS and CdSe structures.

The k-p interaction method (Segall, 1967) has also been used to
determine the band structure of wurtzite type crystals (Cardona, 1963) in
the vicinity k = 0. Jahne and Gutsche (1967 a, b) applied a generélised
2nd order ke-p pertubation method (as discussed by Fawcett and McLean
(1965)), to CdS and CdSe and used a cubic secular equation obtained from
a (6 x 6) Hamiltonien matrix, to derive the E(k) dependence of the three
uppermost sub-valence bands for a general direction of k. In doing so
they neglected k-dependent spin-orbital interaction. The sub-valence
bands are strongly non-parabolic even in the vicinity k = O.

The valence band consists of four separate bands, but when spin-
orbital splitting is included, these increase to six. Note that the above
derivation of band structures is strictly valid only for ordered systems
such as intrinsic elemenﬁal seniconductors (Bonch-Bruevich, 1967).

The energy gaps of CdS, CdSe and their alloys have been determined
by Pedrotti and Reynolds (1962) and Bube (1964) from experiments on
photoconductivity spectra. The energy gaps were also measured from the
fundamental absorption edge. The results for the band gap at room.
temperature as a function of composition, is shown in Fig. 3.6, and
suggests an approximate lineer variation. These results are in fair
agreement with those of the above experimentalists. The band gap has
a linear variation with temperature (Bube, 1964%) and is normally expressed

as
E (T) = E. - A10 ¥ ev/K ' (3.2)
G G ' .

The value of A for all the Cdesél as determined by some works is
-Xx

o~ 5=T.
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It is therefofe éeen that the two constituent materials used
here in the hetérojﬁnction:fabrication have very similar band structures.
These similarities éhould ;ead to the production of heterojunctions with
satisfactory‘elegtrical and optical properties.

3.4 Some Transport Properties of CdeSel_x

3.4.1 Effective Mass

The effective mass is defined in terms of the second derivative
of E with k, or the acceleration of the wave packet under an external
applied field. It has been suggested that the energy surfaces in the
conduction band are approximately spherical (Dimmock and Wheeler, 1961)
and Hopfield‘(1961), Zook and Dexter (1963) and Fujita et al (1966), so
that the effective mass at the bottom of the conduction band is singulaf.
The energy surfaces in the valence band are far from being spherical so
that the hole effective mass is direction devendent for both the light
and heavy holes.

The effective mass for CdS and CdSe have been determined by a.
number of methods, both electrical and optical. For CAS, values of the

i
electron efféctive mass vary from one investigator to énother. Values
of (0.22 + .02) m, have been determined from free—carlier absorption
(Piper and Marple (1961), (0.20 + .01) m, from Faraday rotatién,
(0.20 + .OJ.)_rn.e from exciton Zeeman studies (Hopfield and Thomas,1961),
m =0.171 m, end my = 0.153 mé from cyclotron resonance (Baer and
Dé%ter,(l96h)) (this difference between m, and m, has been attributed

to piezoelectric polaron effects) m, = 0.18 m s, = 0.19 from magnetic

ey
splitting (Néssau et al 1970). The value of the effective mass for
CdSe is, however, more consistant, being 0.13 m (Wheeler -and Dimmock
1962), Dimmock and Wheeler (1961). Kubo and Onuki (1965) obtained a

value of (0.15 * .Ol)me from free carrier absorption.

A more direct experimental method by Valakh et al (1968) based
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on reflection spectra of low resistivity Cdesgi_x crystals have shown
a linear variation of effective mass with composition, varying from
0.21 m, for CdS to 0.13 mé for CdSe.

The hole effective mass, too, has been measured though not
many results are azailable. For CdS values of 0.7 m (nﬁ) and 5 m (m, )
have been determined by Stradling (1967) Hopfield and Thomas (1961) whilst
for CdSe, the value is 0.45 m_(m,) and 1 m_ (m, ) determined by Whitsett
(1965) and Wheeler and Dimmock (196é)

3.4.2 Carrier Mobility

The electrical conductivity of a semiconductor under an applied

electric field,F] is

g = e(nﬂn + PFD) (3-3)

where B and HP are electron and hole mobilities respectively. Since
both CdS and CdSe are n—-type, then the contribution of holes can be
ignored, giving ¢ = neﬁh.

If the electrons are subjected to a combined electric field and

magnetic field then as a result the conductivity is obtained as

OR; (=mep R) = r, p =p (3.1)

)
where PH is the Hall mobility, RH the Hall coefficient, and Ty the Hall

factor. Note that Ty ;‘<§§%> from transport theory, and assumes a value

of 1 for degenerate material and is not far from unity for moderately doped
Cds (Li and Huang, 1971) . However, for non-degenerate materials with

spherical equal energy surfaces,

r= 1 (%-50%) (3.5)
U~(§§ - 332
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it T o'E™ (kwok and Bube , 1973).

There are, however, various scattering mechahisms in these crystals
which effectively reduce the carrier mobility. These mechanisms can be
catagorised as charged impurity mode, acoustic mode, polar optical mode
end piezoelectric mode scattering (ref. Ray, 1969) and Kobayashi, 1967).
The first mechanism results from impurity or lattice defects and.ié -
important if impurities are deliberately included in the lattice to
increase conductivity or if the crystal grows non-stoichiometrically
as a result of native defects (e.g. CAS and CdSe grow with excess Cd
in the crystal). The mechanism is important at low temperatures when
lattice vibration is small. The second mechanism occurs because the
atoms vibrate, deforming the potential energy configuration of the
lattice, and as a result causes small vibrations in the band gap. This
type of scattering gives riseto a Tfié dependence of mobility. The third
meéhanism results from polar interactions between charge carriers and
longitudinal optical phohons in ionic crystals. This mechanism is
therefore important in II-VI compounds because of their partial ionic
bonding (Suchet, 1965). The fourth mechanism is due to the interaction
of carriers (electrons and the acoustical lattice vibrations as a result
of the piezoelectric polarisation field created by mechanical stress,
(this occurs for hexagonal semiconductors with no inversion symmetry
like.CdS and CdSe). Electrons and phonons can only interact when they
possess similar wave vectors and this only occurs at low temperatures.

The values of S in equation (3.5) has been given numerical values
%

of -3 and - (rH = 1.10 and 1.93) for piezoelectric and charged

impurity scatterings, respectively. For optical mode scattering r takes
values between 1.05 and 1.25 for temperatures between BOOK and 400°K
(Kwoki and Bube71973).

If more than one scattering mechanism occurs in the crystal,

the resultant mobility is complex. It is, however, a good approximation
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to add the reciprocal of mobilities. Suhan et al (1971) give
expressions for the individual components of mobility for non-degenerate
semiconductors in terms of their effective mass and temperature
dependencies.

The intrinsic scattering mechanisms with regards to the transport
properties in CdS has been well studied. When considering ‘'pure’ édS
crystals, it 1is expected that the optical mode and the acoustic mode
scatterings dominate at high temperature (above 150°K) while at lower
temperatures (0-25°K) piezoelectric scattering dominates (Fujits, 1965).
Above 1SO°K an exponential variation of mobility with temperature is
observed, while below 25°K a T -2 variation occurs. At temperature
between 25°K and ISOOK, the three mechanisms contribute equally to
scattering (Kabayashi,1967).

The electron mobilities in high purity CdS and CdSe crystals
have been measured and their room temperature values are 350 and 650
cn?/V—sec respectively (Ray,1969), though values as high as 5 x th
en?/V-sec at 1.8°% (Fujita,1965) in CdS and up to 900 cm2/V-sec at
room temperature in CdSe (Devlin, 1967) have been reported. High photo-
Hall effects in CdS and CdSe can increase Hall mobility many-fold, from
100 to 200 cm2/V—sec for CdS (Bube et al, 1961) and from 100 to 900
cm2/V—sec for CdSe by effectively increasing carrier concentration
due to excitation of electron-hole pairs by the radiation.

The minority carrier drift mobility is very difficult to
determine; average values of 15 cmz/V—sec in CdS have been measured
by Spear and Mort (1963), and in CdSe the value was 50 cm2/V—sec,
measured by Itakura and Toyoda (1965).

The effect of high electric field on the Hall mobility has also
been studies. As the electric field strength is increased, the probasbility
of piezoelectric scattering is decreased while the acoustic mode

scattering is increased (since thermal vibrations of the lattice are
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amplified), the collision times beingce‘F and F_% respectively.
(Kobayashi,;l967i: This means that the mobility should initially
increase until a critical field strength is reached, after which it
should decrease. This effect has been observed for CdS by Fujita

et al (1965). However, results on doped CdS platlet at 230°K by Boer
and Bogus (1968) show the mobility to be constant at 620 cm2/V—sec'
for low fields but to decrease approximately as F_l at fields higher
than 30K§7cm.

Kwok and Bube (1973) studied non-stoichiometric cas, (@~ 1-10 ()-cm)
in order to determine the main scattering mechanisms from temperature
dependence of mobility studies, by measuring the Hall mobility. Three
different C4S samples were used (a)/p = 10f) -cm,non-stoichiometric and
non-degenerate over the whole temperature range, (b)Jﬁ7== 5 x 10-2 N-cm,
doped with In and degenerate below 150°K, and (c{/AQ =3x 1072 Q-cm,
non-stoichiometric and degenerate over the whole temperature range.

Type (a) was similar in resistivity and mobility to the CdS crystals
grown as discussed in Chapter 2. The results of Kwok and Bube for
type {a) crystals are illustrated in Fig. 3.7 (a), showing optical
mode scattering as the dominant mechanism, while below lSOoK plezo-
electric scattering contributes. Type (b) (Fig. 3.7 (b)) shows optical
mode scattering dominant above 210°K while impurity mode scattering
dominant below 210°K. For type (c) crystals (Fig. 3.7 (c)) again
optical mode scattering dominates at high temperature and charged
impurity scattering at low temperatures.

Subhan et al (1971) obtained a theoretical fit to their
temperature dependence of mobility for a model in which all the scattering
mechanisms are present (m* is a fitting parameter and assumes a value
of 0.19 m ).

Similar results have been obtained for CdSe mono-crystals showing

the effect of impurities on the scattering mechanisms (Devlin, 1967).
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Very little'worg has been done on the Hall effect in thin films
of CAS and CdSe. The préperties of these films vary considerably with
the method of growth, substrate structure temperature etc. CdS and
CdSe films grown b& r.f. sputtering or evaporation are known to have
a8 large number of grain boundaries. The mobilities are thus a few
orders of magnitude lower than for single crystals. The Hall mobility
has been measured by Gloede (1967) and Berger et al (1969) on evaporated
polycrystalline CdSe films as used in thin film devices. At low
temperatures, the mobility values are typical of those for polycrystalline

films
leee By = PHO exp ( - ‘AEQT) (3.6)

This region can be attributed to impurity conduction due to excitation
of electrons from impurity centres. At higher temperatures the mobility
increases strongly reaching values ~~ 100 cm2/V—sec. Annealing of
samples greatly increase the mobility. &
The mobility of CdeSei_x monocrystals have beenireported by
Devlin and Shiozawa {1960) to pass through a minimum vglue of 250 cm2/V—sec

for x near 3.

3.4.3 Dielectric Constant

Because of the ionocovalent nature of bonds in IT-VI compounds,
both the ionic and the electrostatic polarisation contribute to the
dielectric properties. In CdS and CdSe where the ioniecity is large
T4 and 64% respectively, the static and optical dielectric constants
are different (Ray, 1969).

The anisotropic properties of CdS and CdSe (and other hexagonal
semiconductors) give rise to a direction dependent dielectric constants,

& & €4 The dielectric constants have been measured by Berlincourt
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et al (1963) énd by Reindlds'et al (1965) from refractive index
measurements. The value bfthe static dielectric constant for CdS is

Es ( /f ¢) between 8.6L and 9.35, es (Le) between 8.28 and 10.33 while
for CdSe es ( I/"'C)_.is between 9.25 and 10.20, es (Le) between 8.75 and
10.65. The optical values for CdS €gare between 5.17 and 5.23 and
for CdSe between 5.96 and 6.h.

3.5 Imperfections in CdS and CdSe

Imperfections are lattice defects and can be either planar e.g.
stacking faults and grain boundaries; line e.g. dislocations; or
point defects e.g. vacancies or interstitial atoms caused by inclusion
of impurities or non-stoichiometry. These imperfections give rise
to energey levels in thne forbidden gap. The shallow levels near the
conduction band are donor leﬁéls, whiie deep lying levels are likely
to be filled by capturing free carriers and are trapping levels.
Acceptor levels and hole traps also exist in these compounds.

The energies of donor and acceptor levels have been determined
for a variety of CdS and CdSe crystals by using the Hal} effect, -
optlcal methods and the thermoelectric power method (frﬁm Seebeck
coeff1c1ent measurements). Tables 3.1 and 3.2 give a félr selection
of these levels in both materials together with the elemental impurities
which are believed to give rise to these levels. (Most of these results
were determined by Hall effect measurements). The shallow donor levels
in both materials have been reported to be hydrogen-like (Piper and
Halsted, 1960). It is well known that materials possess native defects
due to tendency to grow with excess cadmium in the lattice. The levels
associated with this typevof imperfection are shown in the tables; they
are important in undoped non~stoichiometric crystals.

Other native defects not only produce trapping levels but also.
sensitizing centres. Compensated donors give rise to electron traps

and compensated acceptors to sensitizing centres. One of the most
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useful techniques to determine trapping depths and densities is the
thermally stimulated current (TSC) (Dussel and Bube 1967; Bube et al
1966; Bube 196T; Kindleyside and Woods, 1970) and space-charge-limited
currents (STLC) (Manfredotti et al 1972; Markus et al 1970; Marakhonov
and Seisyan 1973). Other methods include optically stirmulated conductivity,
photoconductivity and electric field ionization of traps.
The most used technique is certainly the TSC and as Dussel and
Bube (1967) write: "TSC offers the advantage of experimental simplicity
and potentially & high yield of information éer unit time expended".
Bube has however, favoured analysis of TSC data by a guasi-Fermi level
approach. It is felt, however, Ibrikian (1974) that the best method
of analysis of this data is by the method based on Shockley-Read statistics
developed by Simmons and Co-workers. )
Although enormous amounts of data on the trapping parameters are
available in the literature there are differences in the reported values
of trapping energy. One explanation could be that the various crystals
studied have inherent trapping properties different from each other;
however, some investigators have used different technigues on the
same samples (Dussel and Bube, 1966) and found discrepancies. Contrary
to this, Manfredotti et al (1973 a, b) obtained fairly good agreement
for trapping levels in (CdSe crystals using different techniques.
There are indeed many trapping levels in CdS extending from
0.16eV below the conduction band determined by Bradbury (1964) and
attributed to sulphur vacancies to 0.59 eV from Woods (1958) attributed
to a vacancy complex. From a collection of TSC data by Bube (196L4),
Woods, Haine and Carley-Read (1968), the common levels in eV units are 0,19,
0.21, 0.23,0.30,io.32 (cadmium vacancies)y;0.38, 0.45 (sulphur vacancies)
0.50, 0.59. A type of sensitizing centre in both CdS and CdSe has been

attributed to Cd vacancies.,
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Recent trapping level data in CdSe has been obtained by Kindleyside and
Woods (1970) Robinson and Bube (1971), Mackus et al (1970), Manfredotti
(1973 a, b). The results show a series of levels ranging from 0.1 eV
to 0.64 eV, but the levels in eV at 0.15, 0.18, 0.3, 0.35 and 0.5 are

common with trapping densities lOl2 and lO15 cmf3 as determined by

Kindleyside and Woods (1970) or between 5 x 10%° and 1013 em3 as
determined by Manfredotti et al (1973). Hole centres at 0.24 eV and
0.55 to 0.7 eV above the valence band possess a weak thermal quenching
‘above 100°K and a high thermal quenching of éonductivity gbove room
temperature respectively. The density of traps obtained at these
levels vary considerably from one investigator to another., A diffused
trapping level at sbout 0.35 eV (or levels between 0.24 eV and 0.45 eV)

12 cmf3 has been attributed to cadmium

with a total density ~ 2 x 10
interstitials acting as compensated donors (Manfredotti et al, 1973).
Manfredotti et al suggested that "these traps are probably
correlated with compensated donors, which form clusters and behave
as giant traps, strongly reducing the mobility™. Faeth (1968) suggested
that there may be a continuous trapping spectrum at levels close to the
bottom of the conduction band and based his idea on the results of
Bryant and Cox (1965) from luminescent emission showing very fine
structures for these levels.
Faeth suggested a correlation between the trapping level energies
in CdS and the number of levels above the valence band, represented by an

emperical formula

Ei = a - (bi - ci2) (3.7)

where a, b, ¢ are constants and i an integer ranging from O at the top
of the valence band to values of ten or more near the conduction bgnd.
Kindleyside and Woods applied this formula to their TSC data for CdSe
and found good agreement. But the equation has only been applied to two

materials and needs further verification.
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Bube et al (1966) have reported trapping levels in CdeSéi_x

common to CdS lying 0.&3 eV. below the conduction band and surrounded
by a repulsive barrier of ~ 0,30 eV, Manfredotti et al 1973 (b)

have observed trap distribution similarities between CdSe and CdS __Se

Y3277

3.6 Surface Properties of CdS , CdSe and Cas Se,_.

The surface of a covalent semiconductor has associated with it
dangling bonds which normally give rise to trapping centres lying in-
side the band gap. The trapped charge leads to the formation of space-
' charge layers which can cause band bending in the surface lsyers. On
real semiconductor surfaces, there exists, chemisorbed gases and other
impurities which make the analysis of the surface state distribution
complex. (For a comprehensive study of real semiconductor surfaces,
the reader is refered to the text of Many, Goldstein and Grover (1965).

The surfaces of CdS and CdSe are partially depleted of electrons
due to the acceptor-like properties of the surface states, being
greaterrfor CdSe than CdS. It is also known that the. orientation of
the free surface is important in determining the densitﬁ and distribution
of the dangling bond. g

Studies on the 'clean' surface of CdS mono-crysta&s have been made
by several investigators who include Mead (1965), Many and Katzir (1967)
Many et al (1969) and Shappir and Many (1969). Vork by Mead on the
surface barrier height several metals on the basal plane (000l) and

cleavage plane (1010) on CdeSe cleaved in vacuum are of considerable

1-x
interest, Ie found that the barrier height for CdS varied as the work
function of the metal, while for CdSe the barrier height was indpendent
of metal. This result was attributed to the fact that CdS is more
ionic than CdSe (being T4 and 64% respectively (Suchet, 1965). Thus
the wave functions for CdS are more localized with smaller overlap than

those of CdSe and hence its surface states lie near the band edges (from

Shockley's theory, 1939). CdSe being more covalent, has larger overlap
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or smaller atomic spacings and will possess surface states near the
centre of the forbidden gap. The Fermi level at the surface of CdS
can move up or down in energy without requiring surface charge to fill
or empty these states, while due to the large density of states on the
CdSe surface it is pinned at a given energy. The barrier height of a
Schottky contact to CdSe will therefore be approximately independent
of the metal.,

Field effect and surface photo-voltage measurements have been made
on the (0001) basal plane of CaS by Mark (1965) and Many and co-workers
who found that the density of acceptor-like states is small ~ lOll cmfa.
These surface treps on CdS may arise ?rom sulphur vacancies.

Adsorbed gases,in particular oxygen, play a sighificant role in
the physical and chemical properties of wide gap semiconductors, affecting
the electronic surface processes, Mark (1965) reported that oxygen—iree

CdS stores up to lO5

times more trapped charge than when oxygen is photo-
adsorbed.

Adsorbed oxygen ions act as deep lying donors at 0.9 eV below the
condﬁction band (the donor level for adsorbed nitrogen or oxygen-free

CdS is A 0.54 eV). Adsorbed oxygen is believed to convert the surface

traps into recombination centres, reducing the free electron lifetime,

response time and photo-current. i
Mark (196L4) observed that the adsorbed negative ions of oxygen g
can be spontaneously desorbed by band-gap light incident on the CdS
surface. The mechanism involved is migration of photo-generated holes
to the CdS surface by the Schottky barrier field, thereby releasing
the adsorbed oxygen. Desorption of oxygen ions can also be thermally
induced in a slow-process involving transfer of electrons from the ions

back to the conduction band., The minimum temperature for this process

was arlTOOC in vacuum, Desorption by electron bombardment where the
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enefgy of electrons is sufficient to break oxygen bonding, has been
studies by Novikov and Cherednichenko (1970), Palz and Ravelet (1970).
The photoconductivity increases several orders of magnitude close to
its 'clean' surface level.

Recent results have indicated that the chemisorption processes
are more complex than earlier suggested. Schuber and Boer (1971) have
reported that the type of crystal discussed above in which thermally
stimulated current give a desorption maximum corresponding to the 0.9 eV
trapping level can be transformed into a class of crystal if heated
above 600°K showing little change of conductance after desorption. This
change has been attributed to Cd diffusion in the bulk and monatomic
oxygen adsorption.

Roon tempefature chenisorption studies by Weber indicates both
adsorption and photo—desorption occurs in step processes. Oxygen is
first physically adsorbed as molecules, then captured by active surface
centres, then chemisorbed as negatively charged oxygen molecules. In
the desoprtion process the charged oxygen molecules are neutralised by
photoexcited holes, then freed from the active surface centres.

Studies on this CdSe polycrystalline films (South and Hughes,
197h) suggests different surface structure than for single crystals, as
results show no trapping centres for adsorption of oxygen (unless
deliberately bombarded with argon ions).

Consigny and Madigan (1969) studies the properties of basal (0001)
and cleavage (1010) planes of CdSe monocrystals (no. of atoms per unit
area ~T x lolh cm_z) and showed that the barriers were different for
the two planes but independent of the metal used. Consigny and Madigan
(1970) used MIS capacitor technique on CdSe/SiO structure to determine
the surface states between chemically prepared CdSe and SiO on (0001)
and (1010) planes. The density of the fast states on the basal plane

—

was 1012 cm 2 approximately twice as large as on the cleavage plane

being 0.6 eV and 0.7 eV below the bottom of the conduction band,
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respectively Fig. 3.8 illustfates the depth and distribution of

these surface states fér the two planes near the centre of the forbidden
gap (after Consigny and Madigan) supporting Mead's model. They did not
observe pinning of the Fermil level as surface density did not exceed

13 cmfz, the value suggested by Bardeen (1947) above which pinniné

10
of the Fermi Level is expected. Consigny and Madigan concluded that
the density of surface states is reduced by the SiO as it does in the
SiOé:Si system.

3.7 Ohmic and Rectifying Contacts to CdS and CdSe

Metallic contacts as electrodes to semiconductors are of
fundamental imprtance in analysing the electrical properties of the
semiconductors. There are basically two types, ohmic and non-ohmic
or rectifying contacts the difference being the potential barrier
developed between metal and senmiconductor as a result of Fermi level
equalisation in the two materials. Ohmic contacts ideally have zero
barrier potential providing a reservoir of electrons with easy access

to the conduction band (in n—-type materisls) while rectifying contacts

[
ideally have large barrier heights where carrier flow ig caused by
thermionic emission over the barrier for forward conduclion but
cannot surmount the barrier in reverse bias.

A contact is described as ohmic if it exhibits linear I-V
characteristics in both directions of voltage. There are various
steps in assuring that the metal chosen forms ohmic contact. First
of all its work function,¢w,has to be matched to the electron affinity,
?(’of the semiconductor such that the contact barrier between metal
and semiconductor is small enough for thermal excitation over any
small barrier
i.e. ¢W -X < kT (3.8)

The density of surface states of the semiconductor can influence

the choice of ¢W. The method of metalisation is also important.
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Vécuum deposition or sputtering is superior to other techniques, as
contacts can be méde to have—intimate contact with the semiéonductor.
Contacts could also be well dgfined by deposition through a suitable
étencil or photoreéist. Finelly the femperature of the semiconductor can
be conveniently"elevated to induce diffusion of the metal into the
surface lgyer. Two further steps mey be taken to produce good contacts.
Firstly, there can be deliberate alloying of the metal with the semi-
conductor to form an N region in the vicinity of the metal electrode
so thet quantum mechanical tunnelling is incfeased meny fold. Secondly,
there can be creation of recombination centres at the metal semiconductor
interface e.g. by lapping the back surface of the substrate before the
contact is established.

A rectifying contact on the other hed is obtained by the formation
of a depletion layer in the semiconductor adjacent to the contzct such
that @, -X>> kT, |

Ohmic contacts to CdS and CdSe are not reaily difficult to achieve.
In, Ge and their alloys are normally chosen since they are low work
function materials which are not chemically reactive. 'Such contacts have

K .
been used by numerous investigators e.g. Smith (1955)..30ther metals such as
Al, have been reported to form ohmic contact to CdAS and CdSe and are
tabulated by Milnes and Feucht (1972). It should be noted thet some of
these metels also form rectifying contacts toAthe semiconductors.

It is clear thet ohmic contacts are more easily applied to highly
conducting crystals . Low noise is & very important requirement in
ohmic contects. Little account is made of the noise properties
associated with the ohmic contacts apart from In and Ga.

At tenmperatures of avout 100°C and above, In and Gea begin
diffusing into the bulk of the semiconductors. Also, these metals
are mechanically weak and can be erased from the semiconductor surface.

Therefore these contacts have limited applications. In this work In-Au
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alloys were applied to the CdS, CdSe and the alloy crystals and proved
to give reliable ohmic contact with low noise properties (see Section 4.3).
Rectifying contacts of Au, Ag, Cu, Pt and Pd have been investigated
by Goodman (1964), Spitzer and Mead (1963), Mead (1965), (Aven & Mead,
1965), Consigny and Madigan (1969, 1970). They form rectifying barriers
of varying heights to CdS but the barrier height is independent of metal
used on CdSe. The result has been attributed to the high surface state
density of CdSe (Section 3.6).
Experiments have been performed by applying Ag rectifying contacts
to one surface of wafers of CdS, CdSe and alloy crystals and In/Au to
the other surface to estimate carrier concentration by the differential
capacitance technique (Kennedy and O'Brien, 1969). Excellent I-V
characteristics were obtained for the Ag/CdS diodes, but as x becanme
*:'%, larger leakage currents were observed; especially for the Ag/CdSe
diodes. The carrier concentration for these crystals are shown in
Table 3.3 together with the estimated barrier height determined from
léé versus V plots. Similar experiments were performed for Ag contacts
on the CdSe layer of heterojunctions created by sputtering 1 pm CdSe

layers on CdeSe . In/Au ohmic contacts were applied to the CdeSe

1-x 1-x

'back' surface. It was hoped to obtain (a) carrier concentration in

the CdSe epi-layer (b) carrier profiles at the interface and (c) carr%er
concentration in the substrate by assuming all the voltage to be drOp;ed

in the Schottky barrier depletion .layer. This was, however, not successful
as the devices exhibited breakdown before sufficient voltage could be
applied due to the high carrier concentration in the epitaxial layer

near the interface. But data was obtained for the carrier concentration

in the epi-layer depletion region before breakdown ocurred.

3.8 Space-Charge-Limited Currents

When good chmic contacts are applied to very high resistivity

wide-gap semiconductors such as CdS and CdSe, space-charge-limited
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currents (SCLC) flow in the bulk of the semiconductor similar to those
in insulators as described by Mott and Gurney (1940) with current
magnitudes higher than for ohmic currents.

SCLC flow in high resistivity semiconductors because unnneutralized
space—charge accurulates due to the dielectric relaxation time ‘ebAbeing
greater than the transit time Q?t through the semiconductor. Space-charge
will accumulate if

(" 2

T = ﬁ—yoe < 1 (3.9)

In the absence of trapping levels, the current is given by the
solid-state equivalent of child's law, obtained by solving the Poisson's

equation. Wright (1959) obtained

g = 2 REL (3.10)
8 L3
describing a square law variation with voltage and independent of
resistivity and limited omly by the space-charge.
epNDV
At low voltages ohmic current behaviour is observed,dJ = -1 >

characterised by very high resistivity (Zuleeg and Muller, 196kL;
Zuleeg, 1963).

SCLC was first observed in insulating CdS crystals by Smith and
Rose (1955), Rose (1955), Smith (1955). 1In order to observe these

currents one electrode was chmic (In) for injection while the other was

Y

of the blocking type.

In studying thin films of CdS or CdSe, khe injected currents are
observed to be limited by trapping centres capturing the charge carriers
(Zuleeg, 1963; Zuleeg and Muller, 1964; Marakhonov and Rusyan, 1973;
Pavlenko and Muzalevskri, 1971). |

When the injected charge is captured by traps at level Et and

density N,, then the current is expressed as

t’
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J = g— Eigf- (3.11)
L : -

N
vhere 8 is the ratio of free to trapped charge given by 8 = EE. exp

- Eg By (Rose, 1955 ; Lampert, 1956, 1962; Bube, 1962).
kT :

Rose (1955) expressed the current during trap filling for an.

exponential trap distribution as
, E, o
J = const. (V- vo) ( T +1) | (3.12)

vhere Vo is a threshold voltage corresponding tonthe quasi Fermi level
being at the trapping level..
The current varies at a power greater than two. When all the
traps are filled all further injected charge remain as free carriers
in the conduction band and the current returns to a square law of voltage

' dependence as
J=_9_E£_V_2.
8 L3

At the voltage corresponding to all traps being filled V, the total

TFL
traps density is given by
Ne = €Vqpg (3.13)
qL2

For the CdSe film, if t~ 1 p.m,/fv 103.Q_—cm,p~ 10 cm3/V—sec,
then SCLC Jjust becomes important at ~ 1 volt. For analysis of the
CdSe film under SCLC conditions, Section 6.2.

The electrical properties of CdS and CdSe can be summarised in
the form of a table giving values from the Literature and from the
values determined by measurements here (Table 2.4). The variation

of the electrical properties with composition is also indicated.
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3.9 Optical Propertiés .

Optical data has been uéed to determine électrical properties of
II-VI compounds (see sections 3.3 to 3.5). Spectrographic techniques
have provided valusble information on the fundamental properties of the
material e.g. optical absorption spectra to determine the energy band-gap
and the valence sub-band structures. In this section these techniques
are briefly applied to the optical properties of CdS and CdSe. For further
information for II-VI compounds, especially CdS, see Dunod (1964),
Segall and Marple (1967), Bube (1960, 1964, 1965, 196T), Reynolds (1965,
1969), Ray (1969), and Thomas (1967). However, a great deal is owed to
Thomas, Hopfield and co-workers for their outstanding work in understanding
the opto-electronic structure in CdS and other II-VI compounds.

The observed reflection spectra for CdS at 4.2°K shows in addition
to peaks corresponding to transitions from the three uppermost valence
sub-bands, weaker transitions associated with exciton transition (Thomas
and Hopfield, 1959). They also cobserved exciton splitting under an epplied
magnetic field which was dependent on crystal orientati%n. Hopfield (1961)
showed that in the fundamental absorption band edge for:intrinsic Cds,
fine structure appeared at low temperatures. This structure was explained
in terms of the formation of ground state excitons. The absorption of
photons results in the transference of electrons from a filled valence
band to an excited state very close to the conduction band. The holes
left behind in the valence band interact with these electrons to form
bound electron-hole pairs (the excitons) by coulombic attraction (as in
the hydrogen atom). |

Each valence sub-band gives rise to a series of exciton states, the
peaks result from splitting of valence band by spin orbital interactions,
for instance three non-overlapping exiton series for CdSe (Wheeler and
Dimmock, 1962). The peaks on the long waﬁelength side of the absorption

spectra gives a measure of the binding energy of the exciton state and
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the intensity is proportional to the probability of finding two carriers
together in the bound state. The splitting between the top two valencé
sub-bands is less than the binding energy of the exciton. On the
application of an electric field, electrons and holes will move through
the erystal giving rise to photoconductivity.

In CdS and CdSe, the transmission (where photon energies are just
greater than the band-gap) and reflection spectra corresponding to the
absorption edge involves direct electronic transmission i.e. K constant
at (000). The absorption edge is sharper for such transitions compared

L

with indirect transitions and the absorption coefficient is high (~s10
c:m-l for CdS and CdSe). The magnitude of the absorption coefficient
determines the energy level pairs available for opticéi transitions (i.e.
number which interact with the radiation).

Isotropic stress gives rise to variation of the energy levels
shifting the absorption edge and reflectivity peaks. The pressure co-
efficients for CdS and CdSe are relatively small (Ray, 1969).

The fine étructure maxima in the photoconductivity spectra for
CdS and CdSe and their alloys, have been observed to coincide with the
absorption maxima. For C4S, six bhotoconduction peaks are observed at
T77°K but at 4.2°K even more peaks occur. The photoconductivity spectra
in CdSe 1is ﬁore complex due to impurity peaks. Oscillatory photo- g
conductivity are observed at higher energies due to oscillatory valuei

of the electron lifetime in the conduction band as a function of energy.

Oscillatory photoconductivity has also been observed in CdeSel_x by

Larger et al (1966). ' .
Radiative recombination is the inverse of the photoexcitation

processes, i.e. conduction band electrons recombining with valence band

holes emitting radiation corresponding to the band-gap. In extrinsic

material, radiative recombination may take place via impurity or defect
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levels (with radiative energy<:_EG). The recombination may either be
spontaneous or with emission of radiation via impurity/defect states
or an Auger process.

Edge emission spectra associated with the recombination of
conduction band electrons and valence band holes have been observed
in CdS and CdSe (Halsted, 1967). In CdS, the zero photon peak of
spectrum at TTOK is shifted to a shorter wave length to that at h.2°K.
Pedrotti and Reynolds (1960) explained this as recombination between two
bound states at h.2°K vhich are separated by a smaller energy than
between the free electrons and trapped holes (which provide the emission)
at TTOK, the bound electron states being ionized. Similar spectra has
been observed in CdeSel_x and CdSe. Bound exciton complexes have been
observed and are created by optical excitation in the crystal. Four
exciton complexes have been postulated for CdS by Thomas and Hopfield
(1962) where the excitons are bound to neutral and ionized donors and
acceptor states.

Photoemission at room temperature has been observed in the CdeSel_x
crystals grown by the vapour-phase method (Chaper 2) vhen the samples
were irradisted with an electron beam. The wavelength of'the emission

corresponded closely to the band-gaps of the CdeSe samples, as

1-x
measured by the absorption edge method discussed in section 3.3. This

can be explained in terms of radiative recombination creating by the
electron beam excitation, producing stimulated emission.

On the application of large forward bias on p-—n junctions of degenerate
direct transition material irradiation can result from the injection of
carriers. Thomas and Hopfield (1962) discussed the inversion population in
CdS by electrical pumping., Laser action has Been observed in CdS by
utilizing electron beam excitation at low temperatures, (Benoit a La

Guillaume et al 1965, 1967; Litton and Reynolds, 1967). Laser action has also

been observed in CdS Se, and CdSe by Hurwitz, (1966) by optical pumping ,
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a method in which the.radiation, having photon energy just greater than
the band-gap, is used to excité the semiconductor.

Semiconductors are not expected to exhibit pronounced photo-
conductivity gain unless certain defect centres are included in the
crystal. In the case of n-type material, the defect has to behave as
an acceptor-like recombination centre and for CdS and CdSe, higher
photosensitivity can be achieved by doping with halogen or Cu. (The
CdeSel_x crystals grown by the vapour-phase technique'exhibited very
little photoconductivity properties since they were grown 'pure' not
ineluding such impurity centres).

When the carriers are photogenerated, the capture cross-section
for holes, being increased, allows free electrons to exist in the
conduction band for longer periods i.e. the free carrier lifetime is
improved (by a factor of th for CdS and CdSe (Bube, 1967)) so that their
transit time in the crystal is increased,leading to photoconductivity

gain (the capture cross-section ratio of electrons to holes being

as high as ~ 10%). I

h

The increase in conductivity, Ao  , with illumination is described
by the equation

Ao— = Ane}zn'+neAnﬁ . | (3-1k)
and will therefore depend on the excitation rate and on mobility changes
e.g. effective increase in ionized impurity scattering centres or
transition from lover to higher mobility states.

Higher photosensitivity has been observed in CdS by introducing
both donor and acceptor impurities.

The inclusion of a donor impurity e.g. I , generatesracceptor-like
cation vacaencies of negative charge and having high capture cross—section
for holes but not electrons. Acceptor impurities e.g. Cu creates

negatively charged sensitizing centres (Bube, 1967).
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Photoconductivity'can be thermally and optically quenched in a
process involving high enoughrenergies to excite electrons from the
valence band into sénsitizihg centres, converting them from recombination

centres into hole traps.

!

- T
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TABLE 3.1 - IMPURITY LEVELS IN CdS
DONOR LEVELS IMPURITY IDENTITY REFERENCES
.007 » Li and Huang (1971)
0.024 Hydrogenic Donor Woodbury (1965), Morikawa (1965)
0.029 Cl,Br,I, Substitute S Devlin (196T7)
0.033 Al,Ga, In, Substitute Li and Huang (1971), Thomas
cd and Hopfield (1962), Nassau
et al (1970)
.035 F liassau et al (1970)
.175 Li and Huang (1971)
ACCEPTOR LEVELS
0.6 Cu substitute Cd .
1.0 Ag substitute Cd }'Bube (1960)
Cd Vacancy
TABLE 3.2 - IMPURITY LEVELS IN CdSe )
DONOR LEVELS TMPURITY IDENTITY REFERENCES
0.014 Hydrogenic Donor Burimeister (1965)
0.016 Cl,Br,I, Substitute Se
0.03 In,Ga Al Shiozawa et al (1962)
0.1h4 Se Vacancy
ACCEPTOR LEVELS
0.1 , Reynolds et al (1965)
.64 Cu Substitute Cd )
1.0 ' Cd Vacancy ) Bube (196)
TABLE 3.3 - CARRIER CONCENTRATION AND BARRIER HEIGHT OF CdS, CdSe AND
ALLOYS |
SUBSTRATE CARRIER CONC. BARRIER HEIGHT
cas (5 + 1) x 10%° en 3 .75 + .05
15
C S + 1) x 10 .75 + .0
dS.75 e o5 (T + 1) 75 + .05
cas o Se s (8 + 1) x 10%7 .65 + .05
16
1.4 +0.3) x 10 6 o+ .1
cas . Se o ( +0.3) ) +
Cdse (2.3 +0.5) x 10" .5 + .1
. 1k 1
cdSe (epi-layer) (5 + 1) x 107 A5+ .1
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TABLE 3.4 SOME EXPERIMENTAL PROPERTIES OF CdS, CdSe AND THEIR

ALLOY CRYSTALS AT 300°%K

Band Gap, Eg (ev)
dE
G -4 o

e (0 7 ev/TC) .
Lattice Constant,c (A)

[e]
Lattice Constant,a (4)
Electron Affinity, X (eV)

Electron effective Mass,me'(mo)

Hole effetive Mass I

fic (mo)

Hole effective mass 1 re (mb)

Electron Mobility, Mg ( cm2 /V-sec)
Hole Mobility, B, (cm?/V—sec)
Relative Dielectric Constant, €g/ic

Relative Dielectric Constant,e sic

Optical Dielectric Constant, €,
Refractive Index

Temperature Coeff, of

expansion (lO—6 OC—l)

Surface State Density, NS

(Dangling Bond Density, Whp

(x lOlh cm-e)

Cas

2.38

~ 5

4.1368

6.7163

L.79

0.20

0.7
350
15

9.5

5.2

2.3

L.0

thOlO—-lOll

6.75

Cds_Se
X

280 (x

1-x

Nl

CdSe
1.71

~5
L ,2985
7.0150
k.95

0.13

0.45
650
50
9.3

10.2

2.6

4.8
13

6.25

*  Experimental linear (approximate) variation with composition.

¥ Assumed linear variation in calculations (Chapter 6).
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CHAPTER 4 -  EXPERIMENTAL DETAILS

4,1 Introduction

High quality single crystal boules of CdS, CdSe and their alloy
crystals were grown by the modified Piper—Polich technique described
in Section 2.3. Wafers cut from these boules were polished parallel
to the basal plane. Their electrical properties, e.g. band gap, resistivity,
mobility and carrier concentration were studied by the methods discussed
in Chapter 3. The values of these quantities are important in the
construction of the energy band profile of the heterojunction. CdSe
was r.f. sputtered under optimum conditions (see later) to form an
expitaxial layer without significant srading of the junction. CdSe
filns were also made on other substrates to study crystallographic and
electrical properties of the film (Section 3.2).

To complete the fabrication of the heterojunction devices, ohmié
contacts were applied to both 'top' and 'back' surfaces of the sfructure
and the samples were scribed, diced and encapsulated using a reproducible
method to enable reliable electrical assessments to be made on the
devices (see later). The important electrical properties, which include
I-V and C-V characteristics, from which very important information of the
device behaviour can be obtained will be discussed in this chapter,
together with the fabrication technique. |

4,2 Substrate Preparation and Electrical Assessment

Cutting and Polishing

The crystal boule was mounted with wax on a cutting jig having
goniometer movements as illustrated in Fig. 4.1 A back reflection Laue
X-ray photograph was taken to determine the orientation., The crystal
was rotated until the basal plane was perpendicular to the X-ray
beam. A reference plate was fixed to the jig, perpendicular to the
x-ray beam so that the crystal could be cut parallel to this plate and

hence to the basal plane.
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Convenient sized substrates, of areans1 cme, and thickness 2z 2mm
were then cut with a silicon carbide disc. The substrates were waxed
to a polishing block and further X-ray photographs were taken to determine
if any minor adjustments were necessary (;5 1°) to re-orientate the substrate
into the basal plane. A Laue X-ray photograph of a sample in this
orientation is given in Fig. 4.2. Adjustable screws on the polishing
jig were used to re—orientate those samples which wereoff the basal plane,
| The substrates were subsequently mechaﬁically lapped and polished
with diamond paste to give a 3 micron mirror-like surface.

The samples were then chemically polished to remove surface damage
and impurities. Two chemical polishes are normzlly used for CdS but

the one preferred comprised of L4 grams of K2 Cr2 0., dissolved in 50 m.1l.

T
orthophosphoric acid at 18¢°¢ (laeda et al, 196T7). The chemical polish
for the CdSe substrate consisted of 0.5% bromine in methanol at room
temperature (Strenlow, 1969). If either of these polishes are used
on the alloy crystals, sulphur is precipitated in small lumps over the
crystal, leaving a very uneven matt finish on the substrates. These
'polishes' were therefore not suitable for the alloy crystals. A large
number of other II-VI and III-V -chemical polisnes were tried on the
alloy crystals and it was seen that the best available chemical polish
is a 5 minute treatment in a 50 cc 10% s;lution of H,S0) with 4 gm.
K,Cr 0 at about 90°C, followed by a 15 minute boil in 50% orthophosphorie
acid in methanol,

A number of etches are availsble for identification of the Cd and
S or Se faces of CdS and CdSe crystals (Sullivan and Bracht, 196T;
Strehlow, 1969) but these etches were not suitable for the alloy crystals
because of the sulphﬁr deposited on the crystal by the etchants. It has
been shown that heterojunction properties of CdSe grown on Cd or S faces

were identical (Perez,1971) and hence it was not necessary to differentiate

between the two types of faces when depositing CdSe.
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Substrates of these crystals were prepered by the above methods
for Hall-effect measurements, Schottky diode and heterojunction diode
febrication. After thorough rinsing in distilled water, they were
stored for a very short time in ethyl alcohol before being blown dry
with pure nitrogen gas and placed in the sputtering apparatus.

Before growing the CdSe layer, it was very important to remove
adsorbed oxygen molecules (which acts as acceptor like surface states
to these éubstrates (see section 3.6)), and other gaseous impurities,
Many of the oxygen molecules will be desorbed if the substrate is
heated in the vaLcuuma{«'lOm5 torr, at 350°C for 2 hours (Green 1973).
It is believed that not all the oxygen atoms were desorbed and it was
not possible to remove them,

4.3 Prevaraztion of the CdSe Layer

The sputtering apparatus, originally designed and built by Leveson
(1973), was modifiéd to sputter material from a compressed powder CdSe
target onto a substrate which could be held at elevated temperatures.
The apparatus of Fig. 4.3, shows a Q.V.F. éé Pyrex chamber, consisting
of a 9" internal diemeter pipe section with two pairs of &" side-arms
projecting orthogornally, which was connected to the high vacuum line
via one pipe section, while the top section housed the target assembly.
Two orthogonal Helmholtz coils were mounted externally arcund these
pipe sections. The side arms were used to house shutter controls the
gas—bleed valve, the gauge units and to load the apparatus with the
substrates. The target assembly, illustrated in Fig. 4.4 has a dark-space
shield which surrounded the target and which was held at earth potential
during sputtering.

The CdSe target 3" in diameter, was obtained from Nordiko. Its
purity was better than 5N and its analysis is shown in the Appendix B,
It was mounted on & 6" dural backing electrode by means of silver—loaded

Araldite. A Eurotherm control unit was used to maintain the substrate
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9T .

table which was heated with a molybdenum heater at the required
temperature.,

The sputtering gas used in the apparatus wasbargon; bled into
the chanber through a needle valve until the argon pressure was maintained
at about 4 micronms.

R.F. power at 13.16 MHz produced by an MRC sputtering supply
unit was fed to the target electrode through a suitable matching network,
to produce the plasma. The matching network illustrated in fig. 4.5
reduces or eliminates the reflected r.f. power. A parallel magnetic field,
produced by the Helmholtz coils, enhances the sputtering rate and enables
sputtering to be carried out at low pressures. The physical processes
occuring in sputtering and application of the method to the production of
semiconducting films have been discussed by several workers (e.g. Maissel
and Glang, 1970; Davidse, 1967; Davidse and Maissel 1966; Holland and
Prestland, 1972; Wosky, 1963). We shall not discuss these matiers further
here.

The energy distribution of sputtered materials are approximately
Maxwellian for bombardment energies of the magnitude 150 - 200 eV. The
high energy tail of the distribution does not have sufficient energy to
implant ions of Cd, S or Se into the substrate lattice. In fact, the depth
of penetration would be less than 500 X at these voltages.

The variables which affect the oversall quality and properties of
the sputtered films were optimised so that the grown films were 'sufficiently
crystalline' without causing a loss in diode rectification due to grading
of the junction. Efforts were made to produce films as stoichiometric
as possible with the exclusion of impurities present in the vacuum chamber
e.g. water vapour and other residual gases as these are known to alter the
electrical properties of semiconducting films. The inclusion of argon
atoms in the films is small and does not alter electrical properties of

the materials.
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The optimum -conditions: for the sputtering of CdSe layers on CdS

and CdeSe substrates are as follows:—

1-x
Argon gas pressure = 3= 5 ym
r.f. power delivered = 120 watts
substrate temperature = 350°¢C

substrate distance from target 10 em

The expected sputtering rate under these conditions wasa 0.2 - 0.3 um/hr.

To reduce the amount of mechanical strain during the cooling cycle (caused

by differences in the coefficient of expansion) the initial cooling rate

was 20°C/hr. These conditions gave films with average crystallite size
8000 A (Fig. 3.2 (£)).

Since the work involves the comparison of the different CdSe/CdeSel_x
diodes, 1t was necessary to grow the epi-~layer under similar conditions
during the production of different types of devices.

Initially CdSe films of ~500 X thickness were sputtered onto
different substrates at various temperatures so that thé election
microscope could be used to determine the crystalline pgoperties of the
film as a function of the fabrication method as discussed previously
in paragraph 3.2.1. The films showed good adhesion to the different
substrates. However, they could be removed from the various substrates-
by subjecting the samples to hydroflouric acid fumes followed by immersion
in water (the films then floated on the surface of the water).

h.4 The Fabrication of the Heterojunction Device

CdSe layers were sputtered onto the chemically polished CdeSel_x

substrates under the conditions described in Section 4.3, A highly
reproducible method (a modified form of that used by the author in
producing GaAs Gunn Effect Devices, AEI DC 1201/2) was used to

fabricate the CdSe/CdeSe < heterodiodes.

1-
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L.4L.1 Ohmic Contact to the CdSe Layer and CdS_Se,_, Substrate

Only a few metals, esseﬁtially those with low work-function,
form ohmic contacts. to CdS and CdSe, as discussed in Section 3.7
Most investigators have used In (m.p. 155°C), Ga (m.p. 2§:8°C) or
In-Ga alloys to form their ohmic contacts to CdSe. These contacts
are indeed ohmic, but they are not mechanically staple and can be
wiped off. Also, they melt at low temperatures thereby limiting
its role to the low current range to avoid contacts going through the
epi-layer. In addition, gold wire cannot be bonded easily to this
type of contact.

In the work on ohmic contacts to GaAs tin forms an ohmic contact,
Ag, a rectifying contact, but the Sn/Ag alloy, in which Ag acts as
support metal, produces an ohmic contact by applying the alloy to the
GaAs at a suitable temperature in a hydrogen atmosphere. A similar
procedure was used with CdSe and CdS, again with In as the ohmic metal
and Au as the support metal. A mixture of approximately 15% In (by wt.)
and Au were placed in close proximity in a molybdenum b{at and evaporated
in an Edward 12E vacuum plant at/le_S torr onto the d%vice. The In/Au
mixture melts as the temperature is increased to form an alloy which
then slowly evaporates onto the CdSe or CdS substrate. After complete
evaporation, the temperature of the boat is increased to heat the contact
to make it ohmie. It was not found necessary to use a hydrogen
atmosphere during this process. The contacts were initially tested on
bulk CdS and CdSe and proved to be ohmic and of low noise.

L.4,2 Top letallization

A high quality mask (stencil) in which circular windows 0.02" in
diameter with a mark to space ratio of 2:1 was used to evaporate a 'top'
)
contact of Au/In of thickness 2000-3000 A to the CdSe layer.

4.4.3 Back Metallization

The samples with the top contact downwards were mounted by means
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of wax onto a 2" square glass plate with 150 pm thick cover glass discs
nounted at its corners. The back surfaces were then lapped with 1200

mesh SiC powder until the sample thickness were that of the cover glass
dises. After removal from the lapping plate and being thoroughly degreased,
In-Au alloy was evaporated over the whole lapped surface to -form the

back ohmic contact.

4.4 4 Scribing and Dicing

The samples were waxed to cover glass discs which were held on
the vacuum chuck of a diamond scriber. Afte? alignment, very fine
scribe lines were made with a diamond tool between the circular contacts
on the CdSe layer., The samples were removed from the cover glass and
waxed to a spring steel plate and were then cleaved on a curved block.
Good square chips were obtained, especially wnhen the top contact pattern
was made to coincide with a cleaving edge. TLammge . was confinéd to

the edge of the chips.

4.4.5 Encapsulation

The heterodiode chips were probed with a spring loaded molybdeﬁum
whisker held in a micromanipulator meking contact to the top Au-In dot
while the back surface of the chip was in contact with a gold plated
copper plate held at opposite pogential to the top contact and the

I-V characteristic displayed on a Tektronix 575 curve tracer. An ‘
|

indium preform was placed on the stud of a gold plated diode capsule !
(ref. Ho. HA/1228 P Mitronics) held in the heated chuck of a Slee Chip
Mounter. Vhen the preform melted, in the presence of}forming gas,

a heterodiode chip held by suction on a pick—up tube was placed on top

of the preform and the capsule was quickly cooled and suction broken.
Under the right conditions the chip became rigidly mounted to the capsule.
The diodes were again probed to ensure that no degradation occured during
thié step. The capsule was next, placed in the chuck of another Slee

equipment for hot wedge wire bonding. 0.001" gold wire was bonded from
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the flange of the capsule to the top contact and back to the flange at
opposite side as illustrated in Fig. 4.6, (Test probes were initially
made after this step to ensure that the thermal compression did not

| degrade the device). A 1id x}asthen spot welded to complete the diode
encapsulation.

There were certain advantages to be gained by using the above
fabrication technique. Firstly, the In-Au contacts were well defined
by evaporating through a mask and diode area were of different devices
to within 5% of each other. The alloy does not melt below about 430°C
so that diodes could be run at relatively higher temperatures (than
devices with In contacts) without fear of destruction of the-epi—layer.
By thinning the substrate, series resistance could be-greatly reduced
together with the rounting provides an adequate heat sink to enable
higher currents to be used since the heated region is close to the étud.

4.5 Electrical Measurements

The current-voltege characteristies of all CdSe/CdeSel_x
heterodiodes were measured in the dark for temperatures in the range
185°K to 330°K using a digital voltmeter énd a Keithley instrument 601 B
electrometer to measure voltage aﬁd current respectively. (The forward
conductance was only slightly increased under illumination with a
6V/30W tungsten lemp) (times 6 at low bias and times 2 at high bias).g

The junction capacitance of the heterodiodes as a function of
reverse bias voltage (and very small positive bias) was measured at
frequencies in the range 1.6 KHz to 1 MHz on Wayne Kerr capacitance
bridges B221 and B601 and on a Boonton capacitance bridge (75B - S8)
(with interial bias for 1 Miz measurements). The biasing circuit used
for measurements on the Wayne Kerr bridges is illustrated in fig. 4.T.

The level of the a.c. signals on the Wayne Kerr bridges was n~~ 15 mV while

that on the Boonton bridge was 12mV.
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The photovoltaic spectral photoresponse was obtained in the
following way:-—

White light from a tungsten lamp was chopped at 20 Hi before
being fed into the Hilger and Vatts Monochromator and also a photo-
transistor using the experimental arrangement shown in Fig. 4.8, The
chopped mono-chromatic light was focused onto the polished surface of
the wide-gap material (substrate) and the photovoltage produced was
amplified by the Brookdeal phase lock amplifier FL355 using the photo-
transistor signal as reference. The Brookdeal meter unit MS 320 was
used to provide a d.c. output which was recorded on a chart recorder.

The monochromator could be driven over the required wave length range.
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CHAPTER 5 - THEORY OF ISOTYPE HETEROJUNCTION

S.1 Introduction

The heterojunction has been defined as the electrical contact
between two different mono-crystalline semiconductor crystals having
different band profiles and their properties arise solely from the
interaction of charge carriers at the interface because of dis-
continuities in the material parameters,

A survey on the development of the heterojunction theory has
been presented in Chapter 1 and it was seen that the simple models could
not explain all experimental characteristics. As a result, a number of
hypotheses have been made in order to remove the discrepancies between
observed and predicted heterojunction properties. Th;ory has been
divided into abrupt and graded heterojunctions, the former dealing
with instantaneous transitiorn (including transitions over a few atomic
distances) in traversing the interface and the latter concerns transport
through the junction of continuously varying compositions of the two'
constituent. Interface states, arising mainly from lattice and thermal
mismatches between the two bulk materials modify these theories as they
act as recombination centres of large cross-section, thus greatly
affecting the transport of carriers across the junction. A study of
these theories will be offered in this chapter dealing with n—n strucﬁures
although it can be transfered to p-p structures.

The most important charge carrier transport:-mechanisms especially

those applying to the CdSe/CdeSe structures will be dealt with, as

1-x
well as energy-band profiles and capacitive effects. A brief mention
will be made of the photo-response behaviour.

5.2 Theoretical Band Profile and Junction Capacitance

The band profiles are important in heterojunction studies as they

describe the electronic properties of the discontinuities at the interface



108

resulting from intimate contact. The charge and potential distributions
at the interface relate to the diode capacitance and built-in voltage
and may suggest possible transport mechanisms of the charge carriers
across this region.

The relevant parameters in constructing the band profiles are
the bend-gap,E, dielectric constant, € , electron affinity, X (defined
as the energy required to remove an electron from the bottom of the

conduction band, E to the vacuum level), the work-function, @

c? W
(defined as the difference between Fermi level and vacuum level, which
unlike X , depends on the semiconductor resistivity).

For heterojunction pairs in which lattice mismatch is small
(< 1%), the band profile can easily be constructed f;om a knowledge
of the quantities listed above. However, for pairs in which lattice
mismatch is > 1%, or the junction is graded, the band profile deviates
from this idealized situation and becomes difficult to construct accﬁrately.
In the case of large lattice mismatches, monopoles, dipoles or both ﬁay
arise at the interface due to ionized states, the megnitude of these
charge layers determining the degree of deviation from the idealized
case. The effect of grading on tﬁe Junction will affect the shape of
the band profiles since the discontinuous variables of the abrupt case
become continuous functions of distance and, as a result, the height af
the rectifying barrier is diminished.

The exact shape of the band profile, hence the expression for
Jjunction capacitance, is obtained by solvingPoisson's equation for
the space-charge regions near the junction. It should be noted,
however, that this equation cannot be solved analytically though
numerical solutions have been obtained. Both Czerveny (1968) and

Kumar (1968) have solved the Poisson's equation for the abrupt case

and Oldhem end Milnes (1963) for the graded case. The theory will be
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presented along the lines of their work.

5.2.1 Abrupt Model Without Interface States

Fig. 1.2 (a) shows the flat band structures of the two isolated
semiconductors without surface states prior to being brought together
into intimate contact. When contact is established, the Fermi level ,
EF’ is constant through the whole system and the vacuum level is no
longer cormon to both materials. A typical equilibrum band profile
of an abrupt n-n heterojunction without intefface states is illustrated
in fig. 1.2 (b). 1In this ideal model, the lattices are so similar that
no charge is developed at the interface and the lattice is continuous.
The electric displacement, D, and the-electrostatic potential, ¢, are
continuous across the interface, but conduction and v;lence band edges
are discontinucus. These discontinuities may be smeared out over a
few atomic distances, but transitions are still considered instantaneous.
Because of the work function difference, the equalization of the
Fermi level results in a flow of electrons from the lower work-function
material, S2, to the other Sl, to establish equilibrum. This electron
displacement at the interface corresponds to the formation of an accumulation
region in S1, characterised by a.bending down of band edges by an amount
q VDl’ and a depletion region in S2 with a bending up of the bands by an
amount qVDQ‘ | |
The total built-in voltage, VD’ is hence given by the difference
in the work function of the two materials and equals the sum of the
partial built in voltages supported by each material., From the diagram,
it is given by the sum of the electron affinity, X. , and the difference
between the Fermi level and the bottom of the conduction band = 6
i.e. . _
g, =X + 8 (5+1)
hence. the built—-in voltage is

2Ll g y=1(pz -
V= Vo, Vo = (B-9,0) = (Arg -A6) (5.2)
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vhere ¢w1 and ¢W2 are the work functions of S1 and S2 respectively.
The conduction band and valence band are discontinuous by amounts
AEC and AEV, respectively., A EC is simply the édifference in the

electron affinities of the two materials.,

i.e.
AEg = X4 =X, (5.3)
and AEV = (EGl - EG2) + ('Xl - Xz)
- _ (5.4)
where
AEg = (Eg = Egpy
Mso, by making use of Boltzmann statistics
n = NC exp EC B EF and assuming complete ionization, n = ND’
kT .
the diffusion potential may be expressed as
N N
aVy = AE, - kT 1n (_ﬁg_ﬁg; (5.5)
cl D2

where NDl and NDZ are the donor concentration and NCl and NC2 are the
effective density of states in the conduction band in materials Sl and
S2 respectively.

Having obtained the fundamental parameters at the interface, some
knowledge of the variation of the electrostatic potentials away from
the interface is desirable. This can be obtained from the solution of

the Poisson's equation, making use of the above variables for boundary

conditions.
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The most general form of the 1-D Poisson's equation is

€ (x) gxi” LAY dEL), 5y = 0 (5.6)

where¥ is the normalized electrostatic potential,)o is the

space-charge and is given by

jO=q(N;—n-—N; + p+)

N; ’ NX are the ionized donors and acceptors and n and p+
are the carrier concentrations.
At this point it is necessary to make simplifying assumptions

in order to solve Poisson's equation. These are:

(a) Acceptor and hole concentrations are negligible in an n-n
system.

(b) The impurities are fully ionized i.e. N *on

D . D |

(c) Non-degenerate statistics i.e. Boltzmann statisti¢s are

e

applicable.

Equation (5.6) is now simplified as

2y

a

€ = - p(x) (5.7)
ax? s

and }o(x) = - q (N;-n) (5.8

is the space charge existing in an accumulation layer in Sl

and a depletion layer in S2.

. * are
In this abrupt model, the parameter X, ND'E EG’ € and m

assumed constant in one msterial and then charge over instantaneously

to the values in the other material at the interface.
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Solutions will be attempted first for the accumulation layer.

Here, the electron distribution is

E,~-E
_ F C
n = NC exp kT (5.9)

Equation (5.8) now becomes

’ Bp ~ & )
jO = q ( ND - NC eXP Ry (5.10)
substituting this expression in the Poisson's equation
e A No Er ~ Bo )
2 € n. °SXP T -1 (5.11)
dx D
_ E_-E N
Let § = FkT C _ NDl (5.12)
Cl

where & therefore represents the departure of E, from the bulk level

c
of S1 i.e. & = 0 in the bulk and equals Et in the bulk of S2, as in
fig. 5.1.

Equation (5.11) is therefore

i

2 gl .
il S 2 ) (5.13)

relating EC to}ﬁ by the expression

E, = —aff - X

and normalizing electron affinity, distance and differences in

conduction band as

X . X - AE ¢
X =% » %° I At = KT
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.
i : XTE ¥
where LD is the Debye length given by LD =5
q N,
One obtains dQE = 4 _ dp d& - dp
-2 dz dﬁ dz p dE,
dx
where p = %—

From equation (5.13), p %E‘ = 1 - e8

or

Yol
&
|

= (1—e£') ab

Integrating %pa = (&~ 8) +C

Now for S1 at 2

]

- oO(i.e. in the bulk), &=0,p =0

c=1
p2 = 2 (ee - - 1)
i.e for s1 461 = 2 (b1 - - 1) (5.1k
i.e for - ‘\/ € 81 a)
or l(O)a _1
(e T - & -1) df = Zo -2 , (5.1h4b)
81

£, (0} 20l

This integral can only be evaluated numerically e.g. for a given value of

kKT

i) , the part of the potential appearing acorss Sl at Z =0
(fig. 5.1).

Applying & similar treatment to the depletion layer of S2, where
Z>0 and puting 62 =5 . in the bulk gives

ag

dz2 =J2(e(82 B St) - (6, - at) - 1)

(5.15)
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where E}t represenfs tﬁe diffgrence in the bulk value of EC of the two
materials at thermgl equilibrﬁm. 82(0) -Et is the potential appearing
across the depletiéﬁ layer of-S2 at z= 0. Note Vbl + Vba = VD =

%%( Et(o) —Agc) is £he total built in potential of the heterodiode.

The variation of potential in Sl with distance from the interface
is shown in fig. 5.2 after Kumar where 81(0) is given a typical value
of 3. The width of the transition layer should be obtained by éetting
51 = 0 in equation (5.14b), but the integral diverges indicating there
is no sharp edge. However, Kumar has shown that most of the space-charge
is confined.to within 3LD of the interface (see later).

Introducing boundary conditions in order to solve the integral
(5.14b), that the conduction band edge is discontinuous by amount AEC

H

and the normal component of dielectric displecement, D, is continuous

1

across the interface.

ie. £,(0) = £,000 +AE,
(5.16)
EELL : = e Sfig '
1 az |z=o 2 az lz=o0 i
i
&_(0) .
then el - §,(0) - 1 _ € Ny . (5.17)
©,00) =8 ) = (g (0) -E.) -1 €10pm >
e 2 t

The paremeter K represents different doping ratios.

On the application of an external voltage, V ,let Vi be supported

by S1 while V2 is supported by S2 such that V = Vl + V2. Under these

quasi-equilibrum conditions, E;l(O) and 82(0) in equation (5.17) now
represent the contact potential plus external voltage suppofted by S1 and
52 respectively.

It is possible to obtain a value for Vbl and since Vb is given by

the expression (5.5) rearranged as
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q__V_Q _ AE. + 1n ND2 iﬁ)—% (5.18)
*®
1;'1' C ND1< m, .

then VD2 can slso be determined.

At thermal equilibrum if€ 1 ND1>> €, ND2’ then most of the
electrostatie potential appears across S2 i.e. 81(0) = 0; this is
identical to the case of a rectifying metal-semiconductor or Schottky
contact. If however, elNDl &« €, ND2’ then the value of Vp, (81(0))
approaches that of VD (=€ 1:)' except for large reverse bias when the
value Et —El(0)+AEcbecomes much larger than 81(0), across the
accumulation layer. Fig. 5.3 represents the temperature independent
solutions of Czerveny for equation (5.17) for & l(O) across the potential
represented by (St +A£c) for different doping ratios, K . (8t +A80)
ranges from a thermal eqﬁilibrum value of -0.1 to -103, corresponding to
a reverse bias of 25 volts, while K ranges from th to lO—h. for a éiven

heterojunction pair, the parameter K is fixed, thereby fixing a value of

gt'

The total space-charge

o | |
q [Hp;— nh(z)}l az (5.19)

a NDl ('egl(O) _81(0) - l)%

“

81 -&, -1 3
Now’ total space charge between Z= Q0 andZ =1 — & 1
total space charge 881(0)' 81(0)-—1

E:':L
~ (l - —q(—o)—) for small 80
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~t 1 -tz (5.20)
. 81(0)
where the integral (5.14b) has been evaluated by Kumar as 77— ~£
1

A plot of equation (5.20) shows that 98% of the space-charge is confined
to within 3L, of the interface, illustrated in fig. 5.4 after Kumar.
Hence, a measure of the accumulation width can be found. The depletion

width is found by a method similar to homojunétions i.e. ND2' xdep

= total space-charge.

A useful computer technique for obtaining numerical solutions
of the transition layers for semiconductors with doping levels of 10lh -
1016 cm_3 has been proposed by Hampshire et al {1968), who started with
the Poisson's equation (considering Fermi statistics) in terms of the

energy of the bottom of the Conduction band, EC'

2 fota)
d’E 2
N(g)d
e —C - qzn _ q N(E)AE (5.21)
2 D E—-EF
dx exp( ) + 1
kT

where n, is the density of ionized donors, given by

= ND
D —
1 (/ED Ei:)
l+§exp———"m‘—

Ey being the ionization energy of the donor level. In the depletion

layer, for the doping levels in consideration, n_ is accurate to 0.05%

D

of ND; in the accumulation layer, although n, varies slightly more with

X near the interface, the electron density at that point is very high.
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Hence it can be aséumed again that ny = ND under these conditions.

The integral term in equation (5.21) is the prodhct of density of state
and Fermi occupation function, and so represents the number of free
carrier present.

Using the Ehrenberg approximation (Blakemore, 1962) for the Fermi

function integral, the equation is reduced to

C B )
2 - 1-C exp 6 (5.22)

where E, is defined as zero in the bilk of both S1 and S2, E(: =

>

E, q2ND 1 hNqu b
- C = —=
y ol ]
KT KTe 2 KTe N

In solving this equation, a numerical method is applied with
boundary conditions of the continuity of the normal component of
displacement Vector, D. The result is illustrated in fig. 5.5, where D
is plotted against the electrostatic potential variation in the transition
layers. At zero bias,a horizontal line of length, VD’ is drawn between
the two curves, and the shaded area between these curves and this linﬁ
represents forward bias, while that above the line represents reverse -
vias. Any horizontal line bisects the curves, whose separation is VD—V,
where V is the applied voltage, gives the fraction of total voltage
supported on either side of the interface. The diagram shows that almost
all of the negative applied voltage occurs in the depletion layer of S2.
These results were obtained under quasi-equilibrum conditions, but in

forward bias, a considerable number of carriers may be injected, thereby

changing the concentration in the transition layers. The solution then
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is not strictly wvelid under forward bias greater than a few tenths
of = volt.

The Junction Capacitance

The current flow through the trensition layers is normally
considered as comprising of a conduction and a displacement or
capacitive component. At increasing reverse bias, electrons accumulate
near Z = 0 in S1 and are depleted further from the space charge layer
in S2, thereby increasing its width. Since in the depletion layer
there are few carriers to cause conduction, the change of space-charge
is due solely to the displacement component.

The charge per unit area in the-depletion layer is

Q= e dv2 ) € d{EC-&)
2 dx q dx
_ 2y 35, ‘
LD2 q dz Z2=0 (5723)

€ - £ _(0)-E
from equation (5.15) = -L—‘;z- %‘L— »\/24 2 g —(EE(O)—Et) -1

However, the exponential term may be neglected as being small compared

with (&, ~ &,(0) - 1) !

1=
Q = _1_5___2__ (E

3
T . - 6,00) - 1)

The junction capacitance, C, per unit area is defined as

c= dq = 49 ., a
av ast kT
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d82(0)
. Vo2& (1 - db
2 Lpo (€, - 6,000 - 13
1 —
_ S 1- & - &,(0 1- 222
Z L 2 “D2
% T2 (€, - 6,00 - 1) 3
rearranging, ¢c? = o L§2 ( Et - 82(0) -1)
2 1- 1 T2
2 St - &50)(1 - lNDl) (5.24)
ol'po

The above equation has been solved graphically by Czerveny (fig. 5.6)
for C 2 as a function of the total normalized potential (St + ASC)
with K as parameter. (Note that & & has already been defined to include
the amount, A&C, so the quantity (Et —AEC) is equivalent to Czerveny's
sﬁ't (for solution of the electrostatic potential).
In the case of strong assymmetry for e-l HDl>> ezND2, the resx;.lts
are straight lines almost identical to the line (E,t +A£’C - 1), representing
the case of a Schottky contact, where (E2(O) +AEC) is negligible.

For €, NDl ~ e2ND2, the results are still straight lines close

and almost parallel to the Schottky contact line, but the intercept onl
i
the (§ gt AE C) axis, by extrapolation, gives a cut—-off voltage different

from the diffusion voltage, VD. In this case (&2(0) + ASC) is small

2
. . it
but not negligible. The slopes of the lines, (8 ) =2 I‘D2
. . .El
= 2 gives a measure of the donor concentration in the

Wpp €2
material S2.
In the case of the other high assymmetry, elNDl << G2ND2’ the

expression for C-_2 is no longer represented by the straight line C_2°¢

(8t~— 82(0) - 1), and the potential drop in the narrow gap material S1,
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Fig. 5.6 C-%-Potential Varictions for Different Doping
Assymmetries (After Czervenv, 1958)
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Fig. 5.7 Band Profile of Abrupt n-n Heterodiodes (a) Anderson's
lodel, (b) Oldham and Milne's Model (Monovole), (c) Van
Ruyven's bModel (Dipole).
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becomes significant. The line deviates even further from the Schottky

contact line, and the intercept voltage becomes quite different from VD.

The slope of the line will incorrectly predict N Hampshire (1969)

D2°

calculated the percentage error of N_. as being 6.5% in the worst case

D2
for N, (depletion) ~ 106 en3, Ny, (accumulation) ~ 10* cn3, ana
only 0.5% for Ny = 1014 cmfe, Ny, = 1016 em 3. In his calculation

for VD’ the errors were 3% for the best case but 38% for the worst case,

Similar expressions for the capacitance C, of equation (5.24) have
been derived by Zased (1969) and Kumar (1968), and if the same simplifying
assumptions are made for the different doping assymmetries, the capacitance
as expressed by their equations, will be the same,

5.2.2 The Model with Interface States .

Interface states, arising from dislocations caused by lattice and
thermal mismatches, play an importaﬁt role in the equilibrum band profile.
These states produce a net interfacial charge to form either a monopole
layer, dipole layer or both. Consider a negative interfacial charge in
an n-n system, the band bending of the accumulation region decreases to
maintain charge neutrality. The amount by which the band at the interface
moves up depends directly on the magnitude of the interfacial charge, and
if more and more states are generated, the band bending moves through the
region of being flat and eventually forms a depletion layer. Such a Fodel,
equivalent to two Schottky diodes back-to-back, was proposed by OldhaA and
Milnes (1964), to explain the peculiar characteristies of Si-Ge diodeé for
current saturation with both polarity of voltéges.

For a semiconductor with hexagonal structure (and oriented to the

basal plane), the surface bond density N__. is given by

BD

where a is the lattice constant.
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Hence the minimum number dangling-bond density resulting from abrupt

contact (or number of unpaired atoms) is the difference between N

BD
for the two materials, NDB
= —2 (1  _ 1
i.e. e = A (=3 2) (5.25)
%2 *1

and is{the total length of dislocations per unit ares) X(no. of dangling

bonds per unit length), e.g. for CdSe/Cds_Se

1-x
5 x lO13 em 3 and when x = i, = 2.6 x 1013 em 3.

when x = 1, NDB =

It can be considered that when contact is made, the material with
the higher dangling-bond density saturates the dangling bonds of the
other material, and determines the interface state distribution. The

fraction of unsaturated bonds is 2m, say

h
l.e. 2m = H DB
DB2
where' NDB2 > NDBl
W2 _ .02 _
. A 2 _ &( *1 32)
a 2 al + a2
1
|
%1 - %2 |
m= 2 '(-——————{) x 100% is defined as the percentage lattice
8+ 8

mismatch. For the CdSe/CdS structure m is 2 3.8% and the value will
decrease as the selenium content in the alloy stubstrate is increased.
Note that if the lattice mismatch > 8%, it becomes almost impossible to
produce epitaxy.

In studying nGe-nSi heterodiodes Oldham and Milnes (196k4) found
that the density of electrically active interface state large enough

to greatly influence the band bending and electrical properties. Fig
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5.7 (a) shows the band profile qf the abrupt Junction with low interface
state density (approximately Anderson's Model). The discontinuity in
the conduction band still equals the electron affinity difference but
the amount of band bending of the conduction band edge is determined

by the density of the interface states. D is no longer continuous at
the interface. Fig. 5.7 (b) shows the band profile for diodes .of Oldham
and Milnes where lattice mismatch is large (4%) with a charge density
of v g x lOlh cmfa. The interface state distribution is similar to that
of the free silicon surface, such that both sides of the interface are
depleted of electrons due to the acceptor-like nature of the interface
states. They added that any dense set of interface states near or below
the silicon band gap would produce do;ble depletion. .

The double depletion model is equivalent to two Schottky diodes
Sack—to—back and is more important for materials of low doping
concentrations, because if one or both materials are highly doped, tunnell-
ing through one or both barriers is likely,.reducing the tendency of the
current to double saturate.

Before attempting to give a quantitative description of the interface
states on the band diagram, a brief mention will be made of another model,
- that due to Van Ruyven in which he assumes a dipole in addition to the
monopole at the interface. In this model both the electrostatic potential

i
@ and electric displacement D, are discontinuous, and the band diagrém
for this is illustrated in Fig. 5.7 (e). |

Consider now interface states as lying in a sheet of infinitesimal
thickness at the interface. Associated with these states is a constant
charge density, QIS’ in a monopole and a dipole voltage %% PI, where PI
is the normalized dipole, It is necessary to solve the Poisson's equation

as before and to include the effect of interface charge. The discontinuity

in the conduction band is now AEC = AKX - x7 PI and the total diffusion

. . - kT
potential is VD = VDl + VD2 + a PI.
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The boundary conditions are modified as follows:-

&,(0) = &,(0) + P + AG,
ag ag
e 2 %z xT = s
zZ =0 zZ =0

Applying these boundary conditions to the Poisson's equation of

(5.16), the solution is

A I
e - £,10) - 1)° + N
— “p1 'py - g3 (5.27)
€,(0) = & + Py !
le - (,(0) - g, + 2, - 1]

Assuming that the dipole contribution is negligible, then the above

equation is simplified to

( &,(0) - )J Qg [(

e - 50 -1% + 2L, Ny 3 '
£,00) - 6 =KT (5.26)

[e - €,00) -8,) - 1]

The equation predicts a decrease in the electric field in S1 as QIS
increases resulting in a reduction in band bending of the accumulation
layer with a simultaneous increase of the band bending in the depletion

layer of S2. Fig. 5.8 shows a solution of this equation for K = 1 and

ND = 1015 cm-3. It is observed that QIS has to be of a sufficiently

moderate magnitude ( 2 q x 108 cm—a), before any major changes can

take place in the band bending<ﬁ?51. As Qq increases beyond (q x 107

_2) the accumulation layer deminishes until it is transformed into a

depletion layer at Qg > (q x lOlo cm—a)

cm
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Fig. 5.9 Flat-Band Conduction for S1 and S2 (Solution of

Equation (5.29)
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Consider the case of the accumulation layer approaching that of
the flat-band form i.e. at a critical value just before the transformation
to depletion. Charge neutrality conditions imply that the depletion
layer in S2 increases to a total positive charge equal in magnitude to

the negative Q .. Here 61(0) = 0 and the equation (5.28) becomes

=K = X ' .
. N 2 [ - (5.29)

A solution of this equation is illustrated in fig. 5.9 where ND is

plotted as a function of Et +A£c with QIS as parameter, ranging
from 108 to lolh cm_2. ir QIS": qx .'1.012 cm—2 then “132 must be > 10
3 to just prevent a depletion region from forming in S1. In the

limit, when Q4 is large (i.e.> q x 1013 cm—2), then the value of

18

cm

ND2 cannot be made larger and a depletion layer is formed in S1. It

follows from equation (5.29) that the condition for double depletion .

is

B¢
g > LD2ND2( e - g t' - 1)

In a similar treatment to deriving equation (5.29) for the i

accumulation — depletion case, a solution for a double-depletion model is

Us g (0)

—_ % 1

Ipifpr T \e ~ §,(0) - 1) = K? (5.30)
£,(0) - &,

e - (8,00 - 8- 1]}

[ (&, ;

where 81(0) now becomes a negative value and the solution of equation

(5.30) is shown in fig. 5.10 (after Perez), where E,l(o) is plotted as
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Fig. 5.10 Variation of Potential in Sl as a Function of
Total Applied Potential for a Double-Depleted
Diode (Soluticn of Equaticn 5-30)
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Fig. 5.11 Capacitance-Voltage Variations of en nGe-n Si
Heterodiode (After Donnelly and Milnes, 1965)
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15 em ~ and doping parameter

a function of (& . +4A‘£d) fpr Ny, = 10
K = 1. The diagram show; that if QIS is just above its critical value,
then on the applicaétion of reverse bias, all the voltage drop occurs in
S2 and the depletion region is reduced and mey even be retransformed into
an accumulation layer at higher biases. If QIS is high, the effect of
bias of either polarity is to increase the depletion with the positively
biased material leaving the other virtually unaltered, and QIS is almost

independent of this bias.

Junction Capacitance of Heterojunction with Interface States

The effect of interface states on the junction capacitance of an
abrupt junction has been studied by Donnellyiand Milnes (1965, 1966),
Van Opdorp (1969) because of discrepancies between observed and predicted
(from the Anderson's model) values of C'--2 versus applied voltage
intercepts, beiné a few tenths of a volt lower for the observed cases.

If the constant monopole, of interface charge - qQ.. is less

QIS 15

that its critical value (i.e that which determines flat-band conduction),

then the capacitance can be approximately estimated by%the nethod as

in the case with no interface states (section 5.2.1). '&f however, Qrq

is larger than this critical value corresponding to double depletion,

then the capacitance will be modified as suggested by Donnelly and

Milnes to be similar to those observed in grain boundary structures.
On the application of a biasing voltage of either polarity, the

net negative charge on the interface states increases so that the

forward bias side remains virtually uncharged. Hence the capacitance

is given by

,
~ (V.. + V) 2 for V>0
€y (261 Dl) D1
(5.31)
(V.. - V)";‘l for V<0
(26—2ND2 D2
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In terms of the ﬁormaiizing potentials (le +V) = %?
X (€, = £1(0) +AE,) =nd (Vp, -v) = g 8,00 +A8)

. o . -2 ..
A typical double saturation plot of C =~ versus biasing voltage
for an nGe-nSi diode of Donnelly and Milnes is shown in Fig. 5.11 and are
straight lines for the two biases giving voltage intercepts of VDl and
VDQ'

This method has been used to evaluate the interface state density.

~ - (2q lNDl)% + (2q o )5

QIS D2

so that the density of interface states NIS is therefore

Donnelly and Milnes (1967) suggested that each interfacg state may show
a different degree of filling at different biases with % quasi-Fermi
level of its own, bearing no relations to the adjacent ;aterials. Such
a quasi-Fermi level may not even exist and each level may have its

own occupation statistics which may not follow Fermi-Dirac statistics,
determined by the rate of interstate and band-to-state transitions.
Also, capacitance may be frequency dependent because of the tinme
constants involved in the filling and emptying of the states.

Van Opdorp and Kenerva (1967) and Van Opdorp (1969) mathematically
analysed the voltage and frequency dependence capacitance of two Schottky
diodes Dback-to-back, corresponding to a double saturation heterojunction.
Their low-frequency C-V curves predicts a sharp minimum at a constant

Cmin for the low frequencies, higher frequencies, instead of the sharp

minimum, a broad maximum appears. But at high bias, all the curves
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follow the C-a versus V relationship, the bias required being greater
as the frequency is increased.

Van Opdorp and Kenerva suggested that the dipole generation from
interface states is negligible since AEc appears to be constant over
a number of diodes. If a dipole were present, it would be represented
in the magnitude ofAEc, but as dipoles are not constant over a number
of devices, and AEc is constant, then they are assumed absent.

The Eguivalent Circuit

The egquivalent circuit of a heterodiode in which the interface
state density is relatively low i.e. one in which the current does not
saturate for both boltage polarities may be approximately represented

by that of a Schottky diode (fig. 5.12a) where R, is the bulk resistance,

S
X, the true junction capacitance and Y, the true parallel conductance.
If, however, the capacitance and conductance of the heterodiode are
neasured on a capacitance bridge (e.g. Boonton, type 75B-58), the
bridge meausres a capacitance, C, in parallel with a conductance, G
(illustrated in fig. 5.12b). It therefore follows that

1 - 1

Fviec - % Y Triex (5.32)

Equating real and imaginary parts, the true capacitance and parallel

conductance are

c

(1 - Re)Z + wR%C®
2 2
y - Qom0 e Rt (5.33b)

(l—RG)2+ w R°C

If, however, the interface state density is high enough to cause current

saturation for both boltage polarities, the equivalent circuit can be
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Fig. 5.12 (a) Equivalent Circuit of a Heterodiode with
Low Interface State Density

(b) Circuit as Measured by a Capacitance Bridge

Vacuunm Level Electron Energy

Y

Fig. 5.13 Band Profile of a Graded n-n Hetercjunction
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represented by two Schottky'diodes back~to-back (Van Opdorp, 19693

Hampshire and Tomlinson 1970a, b)

5.2.3 The Graded Junction Model

In real hgte?ojunction devices, intermixing of the constituent
materials occur at the interface, and if this intermixing is confined
to within a few atomic dimensions adjacent to the plane of the junction,
this junction is considered abrupt and section 5.2.2 describes its
electrical behavious. If, however, intermixing is extended for more
than a few atomic spacings giving an alloy of continuocusly varying
composition, then the junction is considered graded and can no longer
be treated by section 5.2.2, since many of the electronic properties
of the junction become dependent upon position. Grading results in a
reduction of the rectifying barrier.

It is extremely difficult to obtain a solution of the Poisson's .
equation if EG,ﬁ{ ’Iﬁnﬁ € and m* are all dependent on position.
Simplifying assumptions are needed and the equation is more readily
solved for a specialised case. In the model, the dopin§ concentration
in the two wide—gap semiconductors are taken as of the%Same order so
that the difference (Ec - EF) is almost identical. Thé naterials
possess similar dielectric constants and effective masses so that
variations of these two quantities in the graded region will be neglected.

This model can be applied to the case of CdSe/CdeSe < diodes. As the

1-
electron affinity and band gap are continuous varying functions through
Vthe transition regions, as shown in fig. 5.13, new boundary conditions
are needed to solve the Poisson's equation. In this treatment the
effect of interface states will be neglected.

Starting with the Poisson's equation (5.6) to equation (5.13) of

the abupt case, which are still valid for this model and remembering

EC is rélated to X and F’ by the expression (from fig. 5.13)
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d
Then 2C = q d 5 - —_2_- . ( 5. 3’4)

from equations (5.12) and (5.13)

2

B 1., 1 @, o)y (5.35)
a2 KT 4.2 KT a2 dx27

Normalizing as before, Z = i s X = ﬁ, SU= 9%— and

substituting (5.35) in (5.13)
2 q_2N £ 2
dg =k’l‘er LD2 (e-1)+ d>§
dz dz

. - 8 2
i.e dzg - (& 8 >§ 1) (5.36)

dz

Note that this form of the Poisson's equation is similar to that in
the abrupt case except for the term involving the normalized electron
affinity (having a similar form to the normalized charge density). The
requirement for rectification is that the energy barrier should be 2> a

few kT, implying & <- 1 ie. 26 > 0

d22

& “X -1 >0

or e +
" dz

However, @ can be ignored as being small compared with d2X

d22
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C > 1 | (5.37)

The value of the barrier height is determined at the point § being a

minimum which implies _<f_§__ > 0.

dz2

This ties up with the equation derived by Oldham and Milnes (1963)
except they obtained their equation by defining & as the negative of the
. E N
value used here 1. _( C__"F + 1n _D)
kT N
c
Before proceeding with the Poisson's equation it is necessary to
assume a specific form of X (x). Oldham and Milnes assumed a hyperboliec
tangent as being a good compromise between the various solutions of the

Fick's diffusion equation.

i.e. X(x) = - (% tanh (—i)+constant. (5.38)

where AX is the total change of X. over a characteristic length L.

N,
Now differentiating equation (5.38) once, dé = A2‘ LD (1 - tarh 22- D)
2 2 I"D
Differentiating again d ‘é = AX(%) . (1 tanh 22"1“—)(tanh Z- %P-)
dz
2
Differentiating once more to obtain the maximum value of 5
dz
a3 L L
i.e. X =—X(D) l—htanh22'~Q+3tanth°D]

L L
d .
which must be zero at the maximum i.e.

L L
(1 tenh 2z-~-I~I‘)*) (1 - 3 tam 22-—1%) =0
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.". tanh Z %?- =-\/;3 for a max.

Applying this to eguation (5.37)

m
3

—&e—— (5.39)
3 qu) ¢

This suggests that L can only vary over a small distance compared with
Lc’ defined in the above equation. The condition for rectification
becomesifg must be large (>1)
L
Using the boundary condition that

+
n= ND at x = - 10LD

(AX= 20 kT)

Oldham and Milnes obtained .numerical solutions to the Poisson's equation
by means of a relaxation method to display the completeiconductlon band

i
edge. The solution is illustrated in fig. 5.1k with thF grading parameter

Eg varying from O to 30, where the large value approaches that for the
L

abrupt.case, and the value zero to the case where there is no rectifying

barrier i.e. ohmic contact. Where Eg ~ 1, then the effective barrier
L

height is low and rectification becomes poor due to thermal emission over
the barriers in the absence of bias. In their studies on graded Aleal_x
As-GaAs heterojunction Womac and Rediker (197)) stated that a structure
with total band gap discontinuity 20 kT (at room temperature) degraded to
give only 1 kT for grading over the space charge width.

The above analysis involves special electrical properties in the
constituent semiconductors viz equal doping, effective mass and dielectric

constants on both sides of the junction and a hyperbolic tangent variation
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ofTK_across the jﬁnctién. VWe may ask what would be the effect of
variations of these parameteré with position across the junction, If
ND is not the sametin the two materials, but graded at the junction
then the equatidn‘(5.36) will have to be modified to include an Ny
position dependent term instead of the term 'l', and new solutions
will have to be sought.

Consider a simpler case of unequal but constant doping on either
side of the z = o line. The doping in S1 (the high electron affinity
side) is treated as ND and a small error will result in the solutions.
Alterations of mobility, effective mass or dielectric constant in S2
would not alter the solution of the equation to any large extent.

Oldham and Milnes interpreted revérse bias capacitance by referring

to the curves A and B (fig. 5.15) representing the conduction band edges

in the depletion layer of S2 for the abrupt and graded(ig = 2) Jjunctions,
L

where AX= 20 kT. A parabola with the same height, El, as curve A is
drawn to coincide with the upper limits of curve A, so that it intersects
the zero energy level, at a distance, qP from the juncﬁ;on (i.e z = o).
At this distance, di, curve A is ~ 0.5 kT sbove its buﬁk value and
defining the zero bias depletion layer width for the abrupt case. On
curve B, the 0.5 kT value'occurs at & distance d2, from the junction.

A parabola drawn from this point intersects the energy axis at an energy,
E2, greater than the barrier height but lower than AX . Since the doping
is constant and the capacitance is independent of the form of potential
variation through the depletion region, then ;6/2 is propertional to

the bias, V, whose gradient gives a measure of the doping concentration
in S2. Extrapolating the ;6’2 versus V curve is equivalent to construct-

ing the two parabolas. The zero bias capacitance is given by the relation-

ship
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of curves 1 and 2 where A is the Junction area.

5.3 Transport Mechanisms in Isotype Heterojunctions

There are at present several different theories to describe
the mechanism of current flow in heterojunctions which have been adapted
from homojunction theory with allowances for the discontinuities at the
heterojunction interface. As a result of these parameter changes here,
incident electrons have a high probability of reflection. In isotype
heterojunctions the carrier transport is due solely to the majority
carriers - in this study, electrons. These possible transport mechanisms
are illustrated in Fig. 5.16 (after Price,1962) and include emission,
diffusion and tunnelling elements. Fig. 5.17 shows the effect of
interface states on the current flow. Note that the discontinuities
contribute to significant carrier reflections which do not normally
occur in homojunctions.

Forward current may be classified as thermal and non-thermal (or
excess) currents. The first type deals with currents in which the
carriers surmount the potential barrier to cross the junction and are
temperature and voltage sensitive. The latter type deals with current
in which the carriers partly tunnel through the potential barrier, and
are very weakly temperature dependent.

5.3.1 Emission and Diffusion Models

The first model to explain current flow in isotype heterojunctions
was presented by Anderson who expressed the current density in the
absence of interface states from emission theory for metal semiconductor

diodes as

[}
k-
5

|

qV2 qV2 qu
T Pl e AN A N (5.40)

where Vl and V2 are the portions of the applied bias appearing across



1kh2

Fig. 5.16 Three Possible Carrier Trsasport Mechanism in an
n-n Heterojunction without Interface States (a) Allowed~-
Allowed Transmission by Emisson-Diffusion, (b) Tunnelling
Transmission, (¢} Interband Tunnelling (doted line
represents bias) (After Price, 1962)

C
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TUIT

Fig. 5.1T7 Transport Mechanisms in an Abrupt n-n Heterodiode with
Hign Interface State Density (a) Bulk Flux (Diffusion),
(b) Tunnelling Into/From Interface States, (c) Emission
Into/From Interface States.




143

the transition layers in S1 and S2 respectively,

- 3 KT 3
A = Xq T, 2TTm*) o <2T1m¥) represents

the average thermal velocity of carriers, X is the transmission

coefficient for carriers.. The terms exx(qyé) and exp (— q'Vl)in
kT kT

equation (5.40) refer to forward and reverse bias respectively and
describe exponential current variations with applied bias.

The trensmission coefficient, X, has not as yet been measured
for heterojunctions but has been used as a fitting variable to obtain
agreement between predicted and experimental values. Van Ruyven (1972)
suggested that a slight grading of the junction could perhaps produce
an "anti reflection coating" for Bloch waves.

In this model it is assumed that most of the built-in voltage is
supported in the wide-gap material S2 which is true except for the
cases, ND2:i> NDl and for high forward bias. The forward current is-

A
controlled by V, (reverse current by Vl). I

Other expression for emission current have been o%fered‘(Kumar,
1968 (b); Chang 19653 Fang and Howard, 1964) but are only slightly
different and have been postulated to fit particular device properties.
However, thg expression for emission current does not describe very many
of the devices quoted in the literature, since in some devices tunnelling
of carriers through the spike barrier occurs and equation (5.40) does
not make allowances for this effect. But the I-V characteristics of the
GaAs-Ge isotype heterojunctions are in agreement with equation (5.40) and

the CdSe/CdeSe diodes are expected also to be represented by this

1-x
equation.
Kumar (1968, b) presented in the same paper as the emission theory

a generalized diffusion theory to describe current transport in n-n
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heterodiodes.

. N .
_ KT -V v \/ _( DL V _) _ -V)
Jg = L Bpo o DQ[e 2 - o1 e D 1(1 e 1

2 - v(x)- v(o)}
: dx (5.41)

]
(]

where L
n

However, it has been shown that the diffusion theory 1s inaccurate
in predicting I-V characteristics especially at low voltage levels so
this model will not be used in the analysis of CdSe/CdeSel_x devices.

5.3.2 Tunnelling lModel

It has already been mentioned that thé emission models do not
describe I-V characteristics of many heterojunction diodes, since the
temperature term suggests far greater variation than what is actually
observed, It has therefore been suggested that a tunnelling mechanismn
mey dominate forward characteristics of some devices.

An empirical equation has been presented by Hewman (1965) from
published I-V characteristics of many heterojunction pairs to describe

temperature and boltage dependent behaviour

T \'
T eXP T (5.42)

i.e. J = JO exp
0 0

T and V are separate variables and VO may be regarded as indpendent
of temperature and TO independent of voltage which suggests a tunnelling
mechanism in place of an émission mechanism.

Price (1962) gave a wave mechanical treatment for the transport
of Blo;h waves through the crystal interface and introduced a transmission
coefficient dﬁ; to mismatch of electron wave functions for ingoing and

outdoing waves at the interface. His voltage dependence of transmission
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coefficient result is similar to the classical WKB approximation to
tunnelling probability. Using the treatment of Rediker et al (1964)
for tunnelling from the bottom of the conduction band, the voltage -

temperature dependent tunnelling probability, P, is

X2

PE) = exp[ - 2 (2u* (B, - oa¥) *]ax (5.43)

1
where EB is the barrier height between the limits X and X, at any
point x.
The total tunnelling current is obtained by integrating the
product of tunnelling probability P(§) and incident electron flux J(§,)
over energies at which tunnelling occurs

EB
ie. I, = T(§) J(€) a&

The mathematics is complicated, but there are now several solutions -
evailable e.g. Zeidenbergs and Anderson (1967), Tansley (1966),
Mammana and Anderson (1971). The model of Mammana and Anderson agrees
to a fair approximation with the results for Ge-GaAs diodes over a
relatively large bias range.

The current expression for tunnelling proposed by Van Ruyven is

E
I, = I, exp ("1’ 2) exple, (v,-V) (5.hk)
T 0] b D
kT
where El’ o is the activation energy for the two temperature regions,
o o is the factor related to tunnelling probability e.g. for a parabolic
) L
barrier o<, =
£ 2
q ND

These equations can all be approximated to the empirical expression
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of Newman

in which tunnel current varies exponentially with applied bias.

5.3.3 Reverse Bias Conduction

The theory of reverse currents is still relatively undeveloped
although attempts have been made to derive expressions to fit
experimental observations. Tansley (1971) suggested that'the forward
characteristics represented the whole junction, but the reverse
characteristics represented the properties of the worst point". He
attributed soft breakdown, characteristic of all heterojunction diodes,
to the diodes not being made with homogeneous surface properties. However,
the main reasons for soft breakdown may be electron tunnelling through
the conduction band spike from S1 to S2, interband tunnelling, surface
leakage effects or ionization multiplication. |

Like forward currents, reverse currents may be thermal or non-thermal;
the former type resulting from thermal generation of carriers in or
near the transition region which are removed by the field, contributing
to current. Chang (1965) analysed reverse currents behaviour and found

'

an exponential behaviour of V with I

T = Jo e (-8 (5.45)
where 8§ = (}—{QT“) (éggb - (‘}_;% (-2-%;-13 + (-\715)
wi 5= ggem (~a o (381)

JO and S at each temperature are determined by extrapolating linear

portions of the curve to zero voltage.
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5.3.4 Effect of Inﬁerfa;e'8£ates on Current Transport

The treatment of carriéf transport in heterojunctions in which
interface states are present depénds on whether the density of the
interface charge is sufficient to cause double depletion. If the
interface charge is smaller than the 'critical' value then a model
from those outlined in section 5.3.2 may be chosen to describe the
Junction,approximately. But, as the magnitude of the charge approaches
this critical value, the expressions for current flow become less and
less accurate. This is because interface states act as recombination
centres of large cross-sectional area, trapping carriers. Or they may
act as current paths for tunnelling currents. -

If the interface charge density is high, then all the carriers
traversing the interface are trapped and may subseguently be re-emitted
over the barrier (Fig. 5.17) (Fig. 5.17b). Current transport for this
double depletion model is complicated, however, solutions may be obtained
with certain simplifying assumptions.

Oldham and Milnes (1964), applied a kinetic treatment to hetefo-
Junctions with large numbers of interface states to caﬁse double current
saturation while assuming long carrier mean free pathsi small deviations
from equilibrum and negligible carrier tunnelling and derived expression

for current saturation as

Wy, 2 1, 1% ) oL
- - — - ' ~ 3. 3
P Fi» p X KT )(l B, 2 oc T2
2, 1
(5.46)

for both polarities of biases, where Fl and F2 are the bulk emission

1% 2n2, and Rl and R2

are thereflection coefficients for the fluxes with energy sufficient

fluxes towards the barrier given by 1 ¢ and § ¢

to surmount the barriers,cli and 012 are the interface state transmission
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coefficients for the fluxes. This equation can be evaluated if R,y Ry,

C*é are known. However, if éxi and C!é are small due to mass barrier

reflections, then the equations are reduced to

qu2 oc ‘
F =~ F, exp ( - _i{T_)(l - R2) (1 - l) '} (5.47)

qV.
. — - ———-Dl -
F~—F, exp ( T )1 Rl)

for positive and negative biases respectively, describing current
saturations equivalent to two Schottky diodes back-to-back.

Conduction in Graded Heterojunctions

The conduction in macroscopically graded heterojunctions has
been treated by several workers and Van Ruyven (1972) has given a
comprehensive survey on the mechanisms of carrier transport in
structures in which the level EC’ is different in the two materials

Ay

(e.g. in anisotype heterojunctions)the model is illustreted in Fig.5.18
i
and the equation for the electron current in n-type- gg}ded material

is expressed as }

dm*
. _ dn dX  _ 3T n
j, = -pF-pD & pnn[ A ?_mﬁn( dx)] (5.48)

where F is the magnitude of the electric field the term Dr1 %ﬁiis the
diffusion term. The position dependence effective mass term is often
neglected because of insufficient experimental data of its form.

In this treatment there is no rectifying barrier in the
conduction band edge in which case the effect of bias would cause less
sensitive variations as compared to abrupt junctions in which the

barrier occurs. Applying such a treatment to the CdSe/CdeSe case

1-x

would have little meaning since the conduction band edges in the two

materials are almost the same height above the fermi level and this
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model implies onmic conduction with no charge barrier. Since grading

for the CdSe/CdeSe x diodés is confined within a few Debye lengths

l_
at the interface the abrupt junction conduction model of Section 5.2 will
more accurately describe this pair than the model of above.

5.4 Photo-electronic Properties

Ideally when the heterojunction is illuminated, each absorbed
photon generates an electron-hole pair, the electrons diffusing towards
S2 and holes towards Sl1. This effective charge separation produces
a photovoltage across the device. Some of these carriers may recombine
during the diffusion process with carrier of opposite polarity or
recombine at interface states, but others may pass the interface. A
fraction of those electrons which pass the interface will have enough
thermal energy to pass over the spike barrier, reaching the band edge
of the other material as "hot" carriers.

The major elements contributing to photocurrent in n-n heterodiodes

are illustrated in Fig. 5.19. Because ny > n, then mechanism (b) is
i

I
Photo-electronic properties of isotype heterojun@tions are not

dominant.

expected to be of any major importance so far as potential device
application is concerned. However, these devices possess a few useful
properties, the most important being the "window effect", first observed
by Preston. This effect can be observed as the photoreéponse from

light in a suitable range of photon energies incident on the wide-gap
nmaterials, S2 perpendicular to the interface and illustrated in Fig. 5.20

Photons with energies less than the forbidden gap of S1, E s are

G
transmitted, while energies greater than EG2 are absorbed. However,
photons with energies in the intermediate range are transmitted through
S2 but are very heavily absorbed near the interface.

Tansley (1969) has dismissed isotype structures as being un-

suitable for opto-electronic detectors in comparison with some anisotupe
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-~

structures because the accumulation layer is incépable_of supporting
a large diffusion voltage, especially ﬁnder reverse bias as compared
with the equivalent depletion layer in the anisotype diode.

Interface states inevitably cause a reduction in the photo-conversion
efficiency not only because of recombination losses, but also by dis-
torting the band profile making efficient photo-emission less favourable.
The band profile of an illuminated double-depleted n-n heterodiode is
shown in Fig. 5.21, The processes in the wide-gap matefial, s2,
dominates those in S1. |

The sign reversal of the photoresponse observed in the double
depleted nGe-nSi diodes fo Donnelly and Milnes (1966), Van Opdorp
(1967, 1969) is direct evidence of the oppositely directed built-in
fields on either side of the interface. In the disgram, process a

2

and b2 give opposite photoresponse to al and b

results as the dominant processes change from one to the other,

5 the sign reversal
5.5 Conclusions

The Poissonl$ equation for the isotype heterojunction of abrupt
structures with and without interface states and of the graded structures
has been solved numerically using approaches similar to those of Czerveny
(1968) and Kumar (1968) (Abrupt case without interface states) and
Oldham and Milnes (1963) (Graded Case). From these solutions accurate

!
band profiles can be drawn and junction capacitance predicted. The

0—2 against V plots are determined by the depletion layer in the wide-gap
material.

Carrier transport mechanismshave not been fully developed and
there are many theories to explain current flow. This is not surprising
since the mechanisms of current flow can be very different for devices
with slightly different properties. At low biases, because the barrier

spike is narrow and thermal energy insufficient to emit many carriers

over the top, tunnelling mechanisms may be important. At higher forward
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bias, as the spike widens, the tunnelling probability 1s reduced; at
the same time sufficient carriers will be thermally enmitted over the
barrier. At still higher forward bias, the spike becomes negligible
in comparison to the step potential and current flow will bé dominated
by diffusion.

At increasing reverse bias Zener tunnelling will occur., It is
therefore difficult to derive an expression to predict current over
a full range of voltages. 1In addition, the reflection coefficient, X,
has not as yet been verified for heterojunctions.

Interface states and grading at the Junction are considered to
degrade the performance of a device. Interface states distort the band
profile, transforming an accumulation to a depletion layer, if present
in sufficiently large numbers. They act as recombination centres and
can deominate electrical behaviour particularly of isotype heterojunctions.
Grading causes a reduction of the rectifying barrier in the conduction
band edge at the interface. However, it also helps to remove strain
at the junction during the growth process. It has been suggested that
a slight grading at the junction can serve as an 'anti-reflection' coating
for carriers. Tunnelling can also degrade the device by effectively
reducing the barrier, giving rise to properties as 'soft' breakdown.

For CdSe/CdeSe < diodes, since the barrier height 1is greater

l_
3

than a few %? units, and the depletion layer ~20.5 unk~carrier transport
is expected to be controlled by thermal emission. It was hoped that
the dominant mechanism would be obtained from experimental I-V

characteristics.
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CHAPTER 6 - RESULTS AUD DISCUSSIONS

The electrical properties of the constituent materials and their
alloys have been fully discussed in Chapter 3. The two materials are
completely miscible and form alloys under suitable conditions, whose
electrical properties vary approximately linearly with the anion'mdlar
ratios i.e. they obey Vegard's law.

In order to deduce accurately the band profiles for the heterodiodes,
additional information is needed from heterojunction properties, in
particular C-V measurements. This data enables values of contact
potential, V_, and hence AEC and AEV to be'determined. These values
are compared with the predicted,‘AEb from electron affinity differences.

A study of the band profiles and the analysis of I-V characteristics
can determine the dominant type of charge carrier transport in this type
of heterojunction. It was expected that for CdSe/CdeSeI_x diodes in
which x:>L§, the emission model would be the most probable especially
for low and moderate forward bias. At higher biases other types of

-mechanisms are possible.

Photoresponse measurementsproducedfonly limited information which
included the energy gaps of the constituent materials and nature of the
space charge region. The diodes exhibited only slight photosensitivity
due to the absence of sufficient photosensitizing impurities e.g. halogen
impurities. The photo-voltages generated when the sampleswefeilluminated
with a 'bright' tungsten filament bulb was onlya2mV.

In attempting to give a rigorous analysis of CdSe/CdeSel_x
heterodiodes, it should be noted that of the numerous variables which
affect the electrical properties of the devices only some can be
reasonably well controlled. The variables of interest are:

(i) the quality, purity and stoichiometry of the grown crystals.

(ii) orientation of the substrates cut from these.

(iii) damage created by mechanical polishing.
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(iv) effect of the chemical polish on the surfacé of the substrate.
(v) amount of desorption of impurity gases (e.g. 02) prior to epitaxy.
(vi) effect of epitaxial conditions on the substrate (e.g. grading as
a result of temperature or implantation).
(vii) effect of the substrate on the epitaxially grown film (e.g. mis=
match dislocation).
(viii) crystalline properties of the epi-layer by sputtering.
V(ix) mechanical strain caused by cooling from the growth temperature
(due to differences in coefficient of expansion of the two materials).
(x) chmic contacts and effective dicde area.

Since comparison of the different types of diodes is very important
in this analysis elaborate measures were undertaken to attempt to control
as many of tne important variables as possible in the fabrication of the
devices.

There is little difference in the quality of the crystal substrates

15 6

(Section 2.h4) though carrier concentration varied from 5 x 1077 to 101

cm—3. Substrates were all cut in the basal plane so that the effect of
crystal orientation on diode properties (Fang and Howard, 196L) was
eliminated. Although three different chemical polishes were used on the
CdS, CdSe and alloy substrates (Section 4.2) it is- not believed that
the 'cleaned' surfaces would vary greatly. However, adsorption cocefficient
of oxygen onto the basal plane of CdS and CdSe would depend on whether
the Cd or the S/Se ions are on the surface. For Cd, the adsorption would
be the same for both crystals. The adsorption for S is very small, but
that for Se is unknown (Green, 1973).

Baking at 350°C at 107> torr for 2 hours, should desorb most of the
adsorbed gases. It will be seen later that the conditions under which the
epi-layer was grown gave rise to a grading in carrier concentration at the

junction. The restivity of this layer, as discussed in Section 3. , was

expected to be high5/7= lO?fl—cm with PH’V 10-20 cme/V—sec,giving a
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1
carrier concentration of~5 x 10 cm ~. This carrier concentration
should have some effect on the forward bias current. The lattice
mismatch between CdSe and CdS is 3.8% and, therefore, between CdSe and

CdeSe will vary linearly with molar ratio, x to O% when x = O. However,

1-x
many of the dangling bonds are likely to be saturated by residual 02
and other impurity atoms so that the expected effect of lattice mismatch
on electrical characteristics may be less. By using a slow cooling
.cycle (initially 20°%C/hr) it was hoped that ﬁhe amount of mechanical
strain could be reduced, especially as the coefficient of expansion for
CdS and CdSe are 4 and 4.8 x 100 ¢°% (a2t room temperature). A certain
amount of elastic distortion of the lattice will result instead.

6.1 C-V Measurements and Deduction of Energy Band Profiles

6.1.1 C-V Measurements

The reverse bias junction capacitance, C, of the heterodiodes were
measured by the method disc wsed in Section 4.5, and are illustrated in-
fig. 6.1 at frequencies in the range 1.6 KHz toflfHz. It can be observed
that the capacitance decreases by a factor of approximately two as the
frequency is increased from 1.6 to i MHz. This can be explained by the

impurity levels in CdeSe substrates possessing individual time

1-x
constants, some of which may be too long so that at high frequencies the
trapping and releasing of carriers will not be able to follow the applied
signal.

In determining the contact potential, V

D? of the devices it is

normal to plot ¥é2 against applied bias at low frequencies (Hovel and
Milnes, 1968) and the extrapolation of the straight line region of the
graph to the V-axis gives a measure of VD. This is illustrated in Fig. 6.2

for the CdSe/CdeSe " diodes, however, these values of VD are not in

l_
agreement with predicted values, being much too large. If, however, log

C-log (V + VD) plots are made, two straight lines of gradient -} and

-13 for high and low biases, respectively are observed. This indicates
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that the junction is'gradéd'iinearly in carrier concentration over part

of the voltage range (for thé7~%éugradient) and at the point of the change
in slope corresponds to the superimposition of the depletion layer edge
with the graded region edge.

The width of tﬁe grading in the depletion region is determined
approximately by the relationship x = géé , where A is the diode area and
C, the capacitance at a voltage corresponding to the change of slope.

x is thus found to be~ 0.5 pm for the devices.

At very low reverse and small forward bisses, the depletion layer
1s small and the gradient of the log C-log V plots is further reduced
to %-where n>3, indicating that the region here is becoming more graded
(closer to the interface). A C_n - V plot would then give a more
accurate value of Vb than either =z %62 or %@3 plot. This is because
an applied bias egqual and opposite to VD would reduce the depletion
depth to zero making C infinite, and this voltage need not be that
obtained by extrapolation of the %62 or %63 plots. However, at forward
biases, capacitance values are difficult to measure accurately because
of high conductances. In addition, because of non—negﬂggible voltage
drop in the accumulation layer, the change in capacitanLe is smaller
than expected giving rise to a slightly higher intercept on the V-axis.
This could be one reason vwhy VD values for all the diodes are higher
than predicted values. Another explanation could be the presence of
interface states which lead to a reduction in capacitance as they increase
"the depletion layer widths.

Many experimentalists who have obtained descrepancies between
measured and predicted values at VD have attributed this to presence
of interface states and have ignored any possibility of éhéllow grading
within or outside the edge of the zero bias depletion layer (Tansley,

1971; Demoulin and Van De Wiele, 1970; Van De Wiele and Van Overstraeten,

1967).
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The values of VD for the heterodiodes are measured experimentally
by the extrapolation of the low voltage region of the %63 versus V curves
of Fig. 6.3. These values are only just higher than predicted velues.
The sloper of the %62 versus V plots (of Fig. 6.2,) g, indicate doping
a3 _ 2

oV

2 . ’
A q€ ND2

levels in the substrates, S2, by g = These values

are listed in Table 6.1,

It should be noted that a graded heterqjunction does not necessarily
mean a grading in carrier concentration (see definition of pg. 1). If
HDle: NDE for a heterojunction with grading in composition, then %62—V
plots are continuous straight lines to give correct values of Vb. Some
authors have stated that if 562—v gives a straight line, then the
Junction is abrupt; this is therefore not strictly true unless HDl?‘ ND2'

A grading in composition of the junction would have the effect of
producing a reduction in the barrier héight. This effect is not evident
in determining VD from J"{32—\7 plots, but since other factors mentioned
above have the effect of increasing Vys & grading in composition ovef
a few hundred R units may not be detected.

The number of interface states 1is considered small compared to
the critical value defined by equation 5-29, since capacitancg measurenments
are not independent of blas at higher frequencies and the forward bias
capacitance is very high.

When considering C-V measurements of CdSe/CdeSe x diodes as a

l_

function of molar ratios, X, it is observed that capacitance at a

particular bias and frequency increases as x decreases (Fig. 6.1),

2 Age I

because capacitance, C, given by a first order approximation C~ = D2

2 (VD—V)
(more accurately when NDl.:>ND2) will depend on € ,, and N, for the same
diode area. For devices under consideration, 6‘2 and ND2 increase while

VD decreases, as X becomes smaller, hence C increases.
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6.1.2 Deduction of Energy Band Profiles of CdSe/CdeSe N Heterodiodes

1-

The room temperature equilibrum energy band profile of the CdSe/

CdSexSe diodes, assuming they obey the abrupt junction model is

1-x
illustrated in Fig. 6.4 where the electrical parameters in the bulk
of the CdSe layer is constant for all devices. The Table 6.1 lists
the remaining values of the relevant properties for the substrates used.

The values of the electron affinities, X, of the different Cds_Se, .
substrates is very critical in determining shape of the band profiles
for these diodes. Values of 4.79 and 4.95 were chosen from the literature
for CdS and CdSe, respectively, as being the most quoted and a linear
variation of X with molar ratio is as?umed.‘AEC is therefore very small,
and the barrier can change from positive reverse to negative reverse if
X is inaccurate by 0.5% for the diode CdSe/CdS%Se%.

Due to the increase in both carrier concentretion and dielectric
constant as the molecular ratio x decreases, a larger proportion of the
zero bias potential (determined by equation 5-17) is dropped across the
accumulation layer S1, resulting in little variation of VDl (See Table 6.1).

The position of the top of the rectifying barrier in the conduction
band edge relative to the bulk lével of conduction band in S1 (CdSe) will

depend on the magnitudes of VDl as compared with AL In other words

c*
if qVDl<: AJEC then a positive reverse barrier exists. This occurs }
(see Table 6.1) when mole ratio x >3. When x = %, the height of the?
spike coincides with the level of conduction.band in the bulk of S1. |
When x< 3, then the spike appears below ECl and a negative reverse barrier
exists for the device. Hence, the expected carrier transport mechanisms
would be the emission for devices with x>3 and diffusion for x<3.

If the Junction is graded in material composition, as discussed
in Section 5.2.3, then for rectification to occur, the graded width

mustvbeE; 0.1 pm as determined from equation 5-37. The junction width

has become an important variable in this analysis and, therfore, great
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care was takeﬁ to.dete;mine'its value.

The samples were éfosé—sectioned at an angle of abour hSo to its
edges and the Jjunctions were investigated for grading. Scanning
electron'microp;obé analysis could not resolve such a small length
(Fig. 5a). The samples were also illuminated by incident light on a
high powered microscope (magnification = 1.5K) (Fig. 5.6b) and regions’
at the interface were studies but no gradedregions'were observed. It
can be inferred that if such a graded regionexisted, it would be << 500 R.
Investigators working on the CdSe/CdS system have, however, reported
possible composition grading of the junction where epitaxy was performed
at slightly elevated temperature (Gasanov et al, 197h4).

6.2 I-V Characteristics

As mentioned earlier, the expected charge carrier transport
mechanism is thermal in nature (i.e. mainly emission (for x>2) and
diffusion for x<3).

A1l the devices fabricated, with the exception of the CdSe/CdS
diodes exhibited rectification as observed on a Tektronix curve tracer
576 and i1llustrated in Fig. 6.6 for a typical CdSe/CdS aiode. The
senilogarithm dark forward I-V characteristiecs of each éype of diode
is shown in Fig. 6.7 and vas obtained as described in Section 4.5 in
the temperature range from 360°K to 185°K, by positively biasing the
CdSe layer. The semilogarithm plots show strong thermal dependence
of current. Such plots are normally used to determine the value of n
from the emission or diffusion expression I = IO exp ;%%f » Where v
has a theoretical value between 1 and 2. However, the plots for all

CdSe/CdeSe < diodes are not straight lines and even if tangential

l...
straight lines are drawn to the curves the value of n varies continuously
from ~1 to values 2> 10. Since all three carrier tré.nsport mechanisms

in heterojunctions exhibit exponential dependence of voltage with current,

it seems certain that the charge transport is space-charge-limited by
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Fic 6.52. SEM Photograph of the CdSg/CdS Intertface.

Characterisiic of 2 Cd%e/CdS Heterodiode.
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the highly resistive CdSe fiim. Such properties of CdSe/Cds diodes

have been observed by Perez-(l9Tl), Pavlenko and Muzalevskii (1971),
Konozenko et al (IQTO). In order to confirm a space-charge~limited
mechanism it is necessary to replot I-V characteristics on a log-log
chart as in Fig. 6.8 for the typical diodes at room temperature where
different slopes are observed. The theory of space—charge limited
currents has been explained in great details by such investigators as
Lambert (1956) and Rose (1955) and as discussed in Section 3.8. Analysis
of the graphs for the CdSe/CdeSel_x diodes (Fig. 6.8) shows an ohmic
region (slope 1) for small voltages up to about 0.1 volt. This region
has been explained by Hovel and Milnes (1968) for ZnSe/Ge as arising from
surface leakage or from low level junction phenomena.

However, if grain boundaries do exist in these films across which
carriers travel, then an ohmic region is obtained from barrier limited
conduction at low blases. Fisher (1973) has shown that conductivity in
thin CdSe films is limited by intercrystallite boundaries creating double
potential barriers (the type described by Milnes, (1972} which affect

current flow). The barriers under equilibrum and quasihequilibrum
conditions are illustrated in Fig. 6.9. In addition, since the resistivity
of the CdSe film is high, suitably orientated grain boundaries will act

as conduction paths.

> ohms

The measured resistance of the ohmic region is high~~ 10
being approximately 100 times larger than that of the CdSe layer. This
can perhaps be explained as the transmission coefficient, X, of incident
carriers at the interface being 10—2.

Between 0.1 and 0.2 volts at forward bias, the slope of the curve
changes to 2 and shows the current becoming space charge liﬁited.
Following this square law variation at ~ 0.3 - 0.5 volts is a region where

the current varies with voltage of powers from 3.5 to 2.4 for the devices

and this represents the trap filling region. The current here is given
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by the expression J = QLB%;-— where L is the film thickness. When all
8L
the traps are filled i.e. when bias is just sufficient for this process,

corresponding to voltage V of values A~ 1 volt, the power returns to 2,

TFL
and the current is described as trap-filled, space-charge-limited and
the total trap density is given by N, = _XEEE.. The value of N, is
2
qL

approximately 5 x lOlh for the devices. It should»be noted that as
molar ratio x, decreases, so does the barrier height and hence, more
voltage 1s dropped across the film, making Nt values here more accurate,
Returning to the trap filling region, it is not understood why the slope
decreases from 3.5 to 2.4 as x is reduced from 1 to Lé. Another point
worth noting is that as x decreases, the transmission coefficient, X,
should increase and, hence, the ohmic region should be higher. For
devices where x = 3ﬁ and %é, this is not observed, the ohmic part being
lower. A possible explanation for this is that the CdSe film thickness
is probably greater for these devices.

It is thus observed that the forward I-V characteristics is due
essentially to the bulk properties of the CdSe layer, so the transport
properties, due solely, to the junction, cannot be determined. Although
no rectification was observed for the CdSe/CdSe devices, which was
expected, a value for the resistivity of the CdSe layer was estimated
as ~ lO3 N- cm.

If the temperature dependence of current is examined for fixed
bias voltages then the slope of I //%-graph for a crystalline semi-
conductor would give a measure of the activation energy (EC - ED) i.e.
the energy between donor level and bottom of the conduction band. This

energy for the CdSe/CdS Se,_ . diodes (Fig. 6.10) is roughly estimated

l_
as (0.26 + .03) eV at a low bias value of 0.2 volts, and is larger than
the predicted value of (0.15 + 0.02) eV associated with selenium vacancies

since CdSe grows naturally with excess Cd. Since no donors are associated
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with the 0.26 eV level, it further suggests the existence of grain
boundaries giving rise to double potential barriers in the CdSe films.
Similar results have been obtained for evaporated CdSe films on glass
substrates after being annealed by Fisher (1973) and Yates (19Th). At
higher voltages the activation energy becomes smaller. Note that because
of the unexplained decrease in power of V for the-trap filling region

as x decreases no significance can be attached to the results for diodes
at higher voltages.

The reverse bias I-V characteristics are of less importance than
the forward characteristics and, as Tansely, (1971) suggests, show the
worse device properties. Iiowever, the room temperature reverse I-V curves
for each device is shown (together with the forward currents) in Fig.6.1
showing an olmic region followed by current saturation with a slight
excess current. The diodes exhibit soft breakdown because of the reasons
mentioned in Section 5.3.4.

The rectification fatios of current at a particular bias of 1 volt
are 470, 100, 31 and 16 for x = 1, .75, .5, .33 respectively. This is
understandeble since the spike barrier in the conduction band edge becomes
smaller as x is reduced.

6.3 Spectral Photoresponse

Using the experimental arrangemeht of Fig. 4.8 and the method
described in Section L.5, the spectral photoresponse of the unbiased

CdSe/CdSXSe < heterodiodes were measured and the results are shown in

1-
Fig. 6.11.

It ﬁésobserved that as x decreased, the spectral band-width becomes
narrower from the low wavelength_ end while that at the high wavelength
end remains approximately fi#ed. The photoresponse measurements confirm

an accumulation depletion structure. The signal was attenuated in

forward bias and amplified in reverse bias, as expected.
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CHAPTER 7 -~ CONCLUSION

Good quality single crystal boules of CdS, CdSe and the alloys
were reproducibly grown by the modified Piper-Polich vapour—-phase transport
technique under the conditions of diffusion-limited growth with slightly
supersaturated vapours, (Ballentyme et al, 1970).

The electrical and crystallographic properties of the alloys were
similar to those of the parent materials, though generally varying in
‘magnitude lineraly with the molar ratio of S to Se.

The boules provided suitable substrates for hetero-epitaxy
involving CdSe growth by r.f. sputtering to form nCdSe/nCdeSel_x
structures. The conditions necessary for good epitaxial growth unfortunately
produced grading in carrier concentration at the junction due to inter—
diffusion but there was no noticab;e grading in the composition of the
bulk materials.

The Poisson's equation for isotype heterojunction was solved
numerically for both the -abrupt case with and without interface states
and for the graded case using similar approaches to Czerveny (1968),
Kumar (1968) (for the abrupt case) and Oldham and Milnes (1963) (for
the graded case). This study provided a good understanding of the space-
charge regions and gave the necessary information for constructing the
band profiles, and the capacitance-voltage behaviour of isotype hetero-
Junctions. In the absence of interface states, these heterojunctions
closely resembles the Schottky contact (especially when NDf’ ND2)' When
interface states are present, arising from lattice mismatch, and
represented in a constant monopole model, the value of le in the
accunulation layer is reduced while that in the depletion layer increases.
If this interfacial charge is of sufficient magnitude, the accumulation
layer is transformed to a depletion layer and the device can be

represented by two Schottky contacts back-to-back, Oldham and Milnes

(1964) suggested that if the lattice mismatch is >1% then interface states



178

would play a dominant role. When applying these theories to the CdSe/CdS
system where lattice mismatch is = h%,'the experimental results indicated

a minor role for these states. (It is expected that as the bonds in the
substrates are mostly ionic, the number of 'dangling bonds' will be lower
for a given lattice mismatch than that for covalent materials)., Similar
conclusions, derived from I-V, C-V and photoresponse measurements were
obtained for the mixed crystal substrates. This independance of dangling
bond concentration may be attributed to the dangling bonds being 'saturated!

during CdSe growth (as the pressure was only 10-5

torr) perhaps by
adsorbed impurities e.g. oxygen, thus greatly reducing the interface
state density.

The expected variations of elec£rical properties with lattice

mismatch between the CdeSe substrates and the CdSe epi-layer were,

1-x
therefore, not observed. However, the observed variations of electrical

properties with the different CdeSe substrates resulted mainly from

1-x
their bulk properties. For instance, the observed variations of capacitance
with substrate composition was due to change in the height of the rectifying
barrier, mainly from electron affinity variations, (assumed to vary
linearly with x) shown in Fig. 6.3 and Table 6.1. The discrepancies
between observed and theoretical values of built-in-voltage, Vb were
attributed partly to non-uniform grading in carrier concentration at ghe
Junction and partly to small amounts of interface states. The measuréd
height of the rectifying barrier indicated negligible composition grading
at the junction. This result was confirmed by microscope studies.

The ‘window éffect' was illustrated in the photoresponse measurements
(Fig. 6.41) on the heterodioes, the cut—off frequencies closely relating
to the band-gap of the materials., Further variations with substrate
composition were due to the built-in voltages (i.e. magnitude of the

photovoltagé). The photovoltage signal was shown to attenuate under

forward-bias and amplified under reverse-bias. These measurements confirmed
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the proposed accumulation-depletion model across the interface for all
the CdSe/CdsS Se devices.
X 1-x
The expected dominant charge carrier transport mechanism in the

CdSe/CdeSe structures, since the barrier heighﬁ?’%g‘and depletion

1-x
leyer ~ 0,5 pm, was thermal emission over the barrier — a model adopted
from hom§junction theory. However, the forward current showed space-charge
linited behaviour, due to the high resistivity of the CdSe layer and

made it ektremely difficult to analyse the Jjunction characteristics.

One obvious solution to the problem would have been to decrease the
resistivity of the CdSe epi-layer provided that this is not too great

so as to alter the transport mechanism across the junction.

Forward current measurements indicated the presence of grain
boundaries in the CdSe epi-layer, across which the carriers would flow.
This would undoubtedly severely perturb the periodic lattice giving rise
to Tamm-like states.

The fabrication method gave reliable and reprodﬁcible results from
which properties were associated with the devices rather than the
fabrication steps, Thus direct comparison could be made between different

CdSe/Cds_Se devices.
X x

1-

The devices fabricated in this work, unfortunately, did not exhibit

any favourable properties which could be exploited for commercial |

applications. The important properties viz rectification, switching,
photovoltage could not compete with the already available Si, Ge, Gads,

homojunctions and Schottky diodes. The CdSe/CdeSe shoved only a

1-x
very small photovoltage. However, heterostructures incooporating either
one of these materials with a p-type material e.g. CdTe, would be

expected to exhibit pronounced photovoltage properties. Such devices may

have applications as commercially viable solar energy converters.
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APPIIRIX A Purity of Starting lateriels Used for the Growth of (4§,

CdS%e and Cd5_Se Cryutals,
X l-x

AL 'Owtron' Cadmiuwn Sulphide Polycrystalline Lumns Typical Mass

Spectrorraphic Analvsis (in p.p.m units)
Uranium (U) . <0-02 Ruthenrium (Ru)
Thoriur (Th) <0-02 Viclybdenum (Mo)
Bisrauth (Bi) <0-02 Niohium (Nb)
Lezd (Ph) - <0-04 Zirconium (Zr)
Thallium (T} <0-02 Yitrium (Y)
Mercury (Hg) <0-06 Strontium (Sr)
Gold (Au) <0-02 Rub:c!xurn (Rb)
Platinum (Pt) <0-0€ Bromine (Br)
Iridium (Ir) <0-04 Selenium (Se)
Osmium (Os) <0-04 Arsenic (As)
Rhenium (Re) <0-04 Germanium (Ge)
Tungsten (W) <006 Gallium (Ga)
Hafnium (Hf) <0-06 Zinc (Zn)
Lutetium (Lu) <002 Copper (Cu)
Ytterbium (Yb) <0:06 Nickel (Ni)
Thulium (Tm) <0-02 ICOba(Ilt‘(g:O)
Erbium (Er) <0-06 ron (Fe
Holmium (Ho) <0-02 Manganese (Mn)
Dysprosium (Dy) <0-06 Chrom'lum (Cr)
Terbium (Tb) <0-02 Vanadiurn (V)
Gadglinium (Gd) <0-08 Titanium (Ti)
Europium (Eu) v <004 - Scaqdlunl(Sc)
Szmarium (Sm) <0-08 Calcium (Ca)
Neodymium (Nd) <0-4 Potassium (K)
Praseodymium (Pr) <0-22 : ghllo;flxe((s(?il)
Cerium {Ce) <0- ulphur
Lanthanum (La) <0-01 Phpspho_rus (P)
gariu_m (E('?:)) : <8-32 iilhca.(‘&) Al
aesium (Cs <0- uminium (.
lodine (1) <0-2 Magnesium {Mg)
Tellurium (Te) - <0-06 Sodium (Na)
Antimony (Sb) <004 Fluorine (F)
Tin (Sn) <0-06 Oxygen (0)
Indium (In) . <02 Nitrogen (N)
Cadmium (Cd) Base Carbon (C)
Silver (Ag) <0-04 Boron (B)
Palladium (Pd) <0-08 Beryllium (Be)
Rhodium (Rh) <0:02 Lithium (Li)

A2 'Vactran' Cedmium Selenide Tyvical Emission Specification

Assay (ex Cd) 99.8%
Silica trace
Aluminium slight trace
Zinc slight trace
Manganese slight trace

Copper partial trace



APPENDIX B

Cadmium Selenide (Nordiko Ltd)

Copper < .0001%
Iron < .0003%
Nickel < .0001%
Lead < .0001%

Volatiles < .,02%
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Purity of Cadmium Selenide of Sputtering Tartet Material -





