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The main purpose of the research reported was to study zinc selenide
crystals with the object of developing red and yellow light emitting
devices. Ziné sulphide and zinc sulpho-selenide mixed crystals were

also studied to extend the colour range to green and blue.

Most of the electroluminescent devices were of the Schottky barriex

“type and were prepared on chemically etched crystal surfaces. Electro-

luminescence (EL) was always observed when such devices were reverse
biased.‘ Férward bias EL was only observed in diodes which contained a
relatively thick (~ 200 X) semi~insulating layer under the_Schottky
contacﬁ.

Almost all ZnSe dlodes free of intentionally added iumineécent
centres emitted a yellow-orange band (self—éctivated) when biased in the
reverse or forward directions. The optimum brightness (e.g. 800 Ft-L
with a conversiou power efficiency cf 4 x 10_3%) in the yellow region
of the spectrum was obtained with reverse biased ZhSe:Mn diodes. 'The
characteristic manganese emission in EL occurred at 5785 g, but was

usually found to be swamped and broadened by the onset of self-activated

emission which lies in the same region of the spectrum. A good redemission

at 6400 X ﬁas obtained from reverse biased ZnSe:Mn,Cu,Cl diodes with a
brightness 'of 200 Ft~L and a éonversion power efficiency of 1.5x11y3%.

Free exciton and pair emission in the blue have also been observed
in undoped forward biased ZnSe diodes. These emissions have been |
studied in the temperature range ffom 20 -360 X. Excitons pecame bound
to neutrai donors, or acceptors at temperatures below 65 K. The pair

emission observed at low temperatures was associated with donor and

.acceptor levels with ionization energies around 26 meV and 122 meV

respectively.



The S.A. yellow-orange EL from ZnSe shifted to green.and then
to blue as the selenium was replaced by sulphur to make mixed Zn(s,Se)
crystals. “Green light emitting devices were prepared on mixed
crystals containing 60% sulphur. However to obtain blue emitting
devices, the sulphur concentration required was 90% of more. An
optimum brightness of 200 - 300 Ft-L was achieved in the green (5450 g)
and the blue (4800 2) with conversion power efficiencies of about
1 x 10 %,

Different types of ZnSe:Mn electroluminescent diode have been
run on life tes£ for periods up to 1000 hours. It is shown that twe
major physical changes occur during ageing; the width of the semi-

insulating interfacial layer increases and the uncompensated donor

concentration in the, barrier region decreases.
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CHAPTER 1

INTRODUCTION .

Irradiation of mattex with electfomaénetic radiation or high
energy partiélés can lead to a variety of excitation processes. Extra
energy can be'tranéfer;ed and stored to cause'either electronic exci-
tation, or atomic and structural changes withiﬁ the matter. In the
former process electrons ére excited to highef energy states. Once
such exclted states are obtained the extra stored energy ;s xelaxed
either by electrons returning to lower energy stafes and emitting radia-
tion or by generating phononé. .

The term luminescence in general refers to the radiation of
visible light which is not:p#rely thermal in origin ag in inéandescence.
The emission is called cathodoluminescence or radioluminescence when the
éxcitation is achieved by bombardment with high energy electrons or
nuclear particles. In chemiluminescence the excitation energy is derived
from chemical reactions (e.g. dry electrolysis) at solid phase boundaries.
In bioluminescence the light is emitted as a result of biological exci-
tation. Triboluminescence can occur as a result éf grinding or abradiﬁg
solids. Photoluminescence occurs when the excitation is provided by
photons with energies rapging from k-rays to infrared radiation. Electro-
luminescence (EL) which will be the main concern in this thesis ié the
dirgct conversion éf'electrical energy into visible radiation. Here
fhe electrical energy derived from the applied field is used to excite
fhe electrons tohigher energetic states and the light is emitted aftexr
the radiativa recombination process. Electriéal excitgtion and radiative
recombinationiére the two essential parts of EL. |

| The fifst observation of the phenomenon of EL was Qade by Round

(1907) using a point contact on SiC. Lossew (1223) repeated this



observation and made an extensive.study on S8iC lasting many years. AC
EL in powdered ZnS was diécovéred by Destriau (1936). The mechapism of
EL in II-VI compounds is still not fully understood._ However, the .
discovery and stuﬁies made in the 1950's of the basic principles of
carrier injection at p-n junctibns in 8i and Ge have added much to our
understanding of EL meEhanisms. Lehovec et al (1951, 1953) described
the light emission from SiC in terms of the injection of carriers across
a p-n junction.’ In the meantime single crystals of III-V compounds have
become attractive as EL diodes and injection laser sources. Today the
ITI-V gompounds and their ternary alloys {e.g. GaAs, GaP and GaAs;Pl_')
 form the most efficient light emitting diodes yet developéd and marketed.
Destriau type EL devices have proved less attractive méinly because they
operate at high aiternating voltages and have so far failed to achieve.
high'brightness, good efficiency ‘and good maintenance. Hoﬁever, interest
in d.c.-EL panels, which were neglécted in the fifties, has recently been
stimulated by the work of Vecht et al (1969).

Several II-VI compounds have long been used as_cathodo— and

photoluminescence phosphors. The luminescent centres in these direct

gap materials are capable of producing radiation with wavelengths ranging
from the ultra-violet to the infrared. Since the carrier mobilitiés in
II-VI compounds are relatively high, the cﬁalcogenides of ziﬂc and
‘cadmium and their solid solutions, have long been regarded as promising
ﬁaterials for efficient conversion of electrical énergy to light. How-
ever, except for ZnTe which is p—typé and CATe which can be n- or p-type,
all the other members of the II-VI group are inherentiy.n—type and cannot
readily bé made p-type. Therefore it is difficuit, if not impossible,

to prepare p-n junctions.from II:VI.compounds with band gaps greater

than 2.2 eV. EL from compounds with one type of conductivity mechanism.

can, however, be obtained by exploiting heterojunction and tunnel or



\

_ 8chottky barrier devices, (Fiécher, 1966) . Unfortunately these structures
cannot compete with p-n junétion EL devicesﬁ'

ZnSe and ZnS with band gaﬁs.at room temperature lof,é.G?_and ._.
3.6 eV respectively, have been of considerable scientific and technolbgical
interest as possible matczials ffom which to produce low'cost, EL dévice$;
In the present work, red, yel;ow, green and blue émitting:Schottky barrier
devices (as shown in thé frontiépiece ) 'havé been produced using
single crystals of ZnSe, and ZnS and Zn (S,Se), and their electrical
and luminescent properties are described in this thesis.

Following this brief introduction} some of the more general
electrical and luminescent properties of the semiconductors of interest
are discuésed briefly in Chaptér 2.

The single crystals of ZnSe, Zn(S,Se) and ZnS used for device
" preparation wexe all grown in this laboratory; Therefore, the purifica-
_tion of the stafting material, techniques of crystal growﬁh, heat treaﬁw
ment ana measureﬁent of.lattice parameters have been described in
Chapter 3.

In Chapter 4, the prbductgon of electrolumingscent devices and
the experimental techniqués used in making the electrical and optical
measuremen£S'are described in detail.

In Chapter 5, a detailed account of the electrical properties of
ZnSe Schqttky barrier and MIS devices and the effects of ageing on the
device parameters is given;

In Chapter é, the electroluminescent and photoluminescent
characteristics of nominally pure ZnSe and ZnSe doped with gubstitutional
donors are reported. |

In Chapfer 7, the electroluminescence in ZnSe doped with

luminescent activators (e.g. manganese or copper or both) is described.



The effects of aéeing on the light output of manganese doped ZnSe diodes
are_algo discussed in detail.. |

In Chapter 8, the electrical, photoluminescént and electro-
luminescent propeftiesfof solid sélﬁtions of mixed Zn.SxSei_#'crystals
are described.'

Final}y the present work is summarised.in Chapter 9 and some

suggestions for future work are put forward.



CHAPTER 2

ELECTROLUMINESCENCE IN II-VI COMPOUNDS

+

The electrical and 1uminescen£, and hence the electroluminescent,

pProperties of these II~VI'compounds are strongly influenced by the

presence of impurities.
(3

In the following sections a brief discussion will be given of the
energy-band structures and the electrical, luminescent ‘and electro-
luminescent properties of some of the II-VI compounds with special

emphasis on znSe, ZnS and Zn (§,Se).

2.1 ELECTRONIC: BAND STRUCTURE

The electrical and luminescent properties of ZnSe and ZnS are
strongly dependent on the structure of the energy bands of the materials.
Both zinc selenide and zinc sulphide can crystallise in the stable zinc-

blende and wurtzite structures. This is a result of tetrahedral bonding

- and covalency in most of the II-VI compounds. In this thesis special

emphasis will be placed on the properties of cubic materials.

In general optical measurements provide the major data for enexgy
bana calculations. The band structures of some of the II-VI compounds
have been calculated by various methods, including the empirical éseudo-
potential method by Cogen and Bgrgstresser (1966) , Bergstresser and
Cohen (1967)f These authors described the band structures of 14 semi-
conductors with the diamond or zinc blende structures, including Zns;
ZnSe and ZnTe, for which they made use of the experimental work on photo-—
emission by Aven et al (1961) and Cardona (1961).

The Brillouin zone for the zinc blende lattice can be taken to be
a truncated octahedron, see Figure 2.1(a). The high symmetry points are

those at the zone centre (I') and the intersections (L,X,K) of the symmetry



(a) = The Brillouin zone for the lattice with the

translational symmetry of a face centred cubic lattice

- L M k— K
(p) - The band structure of ZnS

h? M ke & TR
(c) - The band structure of ZnSe

Pige 2.1  (a) The Brillouin zone, (b) & (¢) Energy-band

structure of ZnS and ZnSe along the (1,1,1), The (1,0,0)

S
-

snd the (1,1,0) symmetry axes calculated by pseudopotential

method by Cohen and Bergsfreésér, 1966.
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axes (1,1,1), (1,0,0) and (1,1,0) with the zone faqes. The shapes

of the energy bands, i.e. the variation of E with K, for cubic ZnS and

+

ZnSe along the (1,1,1), (1,0,0) and (1,1,0) axes according to Cohen

_ éhd_Bergstresser.(1966) are shown in Figure 2.1(b,c,). The.common

features of these bands are that they all have two minima, Plc and rlSc'

in the conduction band at k=0. Plc is thought to be made up primarily

of anion s-like- levels. However, the highest lying valence band level,

riSv' and the deepest lying conduction band level, T 5! are thought

1

to be made up of p-like levels. The subscripts ¢ and v denote the con-

duction and the valence bands respectively. The othér minima in the

~ conduction band lie on the symmetry axes. These ére L, and L. on the

1 3

(1,1,1) and X1 and X3 on the (1,0,0) symmetry axes réSpectively.

However, the énergy separation is rather large along the (1,0,0)
Symmetry axis. As in the rest 5f the II-VI compounds ZnS, ZnSe and
ZnTe have their minimuﬁ verfical energy separation between the conduction
and the valence bands (or direct kandgap) at the centre of the Brillouin
zone (at k==0)._MQenerally in II-VI compounds.the band gaps tend to
decrcase with increasing atomic number. As one moves from the lighter
to thé heavier semiconductors (i.e. from Z#S €0 . ZnTe) the T enexgy

ic

level decreases rapidly in energy. Also the Li level decreases in

energy with respect to X Table 2.1 lists various values of the

.

theoretical energy levels in the energy band structures of cubic zZnS

and ZnSe as calculated by Cohen and Bergstresser (1966). These values
were found to be compatible with the values of the energy levels
obtained.by Stukel et al (1969) using self-consistent OPW and refined
orthogonalised Ofw energy'band models. |
Spin-orbit interaction in the zinc-blende structure has the pro-

found effect of removing the degeneracy of the valence band (see for



LEVEL ans . - ZnSe

15 8.9 7.9

Plc | 3.7 2.9

P15v 0.0 0.0

X 6.0 . _5.4

X, _ 5.2 . 4.5

Xeo ~1.5 ~1.5

Xo = e 7.5 6.9

X0~ s, 6.7 6.0

Xao = X | 0.8 0.9
Ly, | s | 7.9 .

L. 5.3 | 4.5

L, -0.5 -0.5

N 9.2 8.4

L, =Ly, 5.8 | 5.0

TABLE 2.1: Theoretical -energy level (eV) schemes for

cubic 2nS and ZnSe (Cohen and Bergstresser, 1965)



example Permenter, 1955).. The most important splitting-is the splitting

of the six-fold degenerate éﬁate riSv

1967). The splitting can be seen as two near-parabolic bands, P7 and'PB/

with different curvatures touching.at'the centre of the Brillouin zone.

at k=0, (see for example Segal,

As a consequence the four-fold degenerate state 28 (T=%) state is

L4

split by an-amount A __ from the lower two~fold P7 (J=

S0 ) state at k=0

NI Niw

(see Figure 2.2). The Fs level splits into. two band§ V1 and V2, which
are the heavy and light hole bands reépectively. The irreducible repre-
sentations for the single groups (without spin) are giVen in brackets,
the others are those for the double group. The broken curves in the
upper valeﬁce band represent the effects of the small linear terms

which reflecﬁ the lack of inversion symmetry in these.materials.

Some of the experimental data relating to the band.structure of
ZnsS and ZhSe are given in Table’'2.2. Aven et al (1961) studied exciton
absorption in ZnSe. They found very.ﬁarrow and iﬁtense exciton absorp-
tion bands just below the absorption edge, iﬁdicating a direct band gap.
The results of Reynolds ef al (iS61) on the edge emission of ZnSe wére
- explained in texms of a direct band gap. Hite et al (1967) , who studied
the absofption edge and exciton emission in ZnSe found no evidence of
indirect excitonic transitions. Furthermore, the electrical measure-
ments of Aven and Segal (1963) and of Marple (1964) on n-type ZnSe
could only be explained in texrms of a direct band gap at k=0.

The band éap properties of ZnS have not been studied extensively.
Reflectivity measﬁrements at Lempicki et al (1961), exhibifed character-
istié'exciton lines. The splitting of spectral lineé in a ﬁagnetic
field (Wﬁeeler-and Miklosz, 1964) suggested the-material had a direct

band gap at k=0.

The band structures of the various solid solutions which can be .



Elk)

( 0,0,0 )

Tig. 2.2 The conduction and spin-orbit splii valence

bands of a zinc blende crystal around. k=0,



‘prepared between the IX-VI cqmpounds, héve not yet been investigated.

Howé#ér, if it is assumed that the bonding-of the II-VI compounds is

approximately ionic (i.e. the cation relates to the conduction band

and fhe anion to the valence band)_then a variation of composition from .

ZnS to ZnSe would imply a variation of the valence band edée, while -the
. : :

edge of the‘conduction band wouid remain a hcrizohtally straight line

(seé for example Lehmann, 1966).

2.2 ELECTRICAL PROPERTIES

2.2.1 Introduction

Measurements of the electrical properties of II-VI compounds
give valuable information about the energy band structure as well as
about the type nr number of carriers involved and the effective scat-

texring processes.

2.2.2 _Imperfections and Self-compensation

The most important lattice defectz in II-VI compounds are lattice
vacanéies and interstitials. Anion (i.e. S, Se, Te) vacancies_and
cation (Zn, Cd) interstitials are expected to produce donor states in
the forbidden gap. Similarly cation vacancies and anion interstitials
introduce acceptor states. There has been considerable interest in the
study of Zﬁ and Cd vacancies aﬁd thelr complexes with foreign dénors.
'Such complexes are thought to Ee responsible for the self-activated
luminescence in II-VI compounds (Aven and Segal,-1963 and Merz et al,
1972) . Impurity defects.-arise from the inﬁroducticn of foreign.elements
such as the haloéens (Cl1, I, Br) substituting the aﬁions,-and grou§ IIT
eleﬁents (i.e. Al, Ga,.In) substituting the cations. These impurities

form shallow donor states in ZnS and ZnSe.



Most of the II-VI compounds are poor amphoteric semiconductors,

- i.e. ZnS and ZnSe can be made highly n-type, but p—type conductivity is

very difficult to achieve, firstly because of the'natiVeUtendency for
automatic compensation, and secondly because the acceptor levels'are
deeép. One possible copsequence-of'compensation is tﬁat-doneré'can form
neutral paifs_with a;ceptors,and this phenomenon has been ihvoked to
explain self-compensation in II-VI compounds. Aven and Halsted (1965)
suggested that the VZnD ( D = shallow donors) vacancy complex was the
major product of compensation in n-type ZnS or-ZnSe, that is the eddition'
of donor impuxities (i.e. Al; Cl) would be compeﬁsated by the formation
of the native defects (i;e. zinc vacancies or their complexes). The
formation of compensatihg vacancies would depend on a simple energy
balance. In other words, if the.energy gained from compeneation exceeds-
the energy required to form a Vecancy, the vacancy would form, and com-—
pensation would occur. Therefore the energy levels of the added impurity
and that of the cempensating vacancy play the major role in coﬁpensation
pPhenomena. If both levels are shallow, then the energy gained by carrier

recoubination could be almost as large as the band'gap, which could be

- more than the energy needed to form a compensating vacancy, so a vacancy

would form. Mandel (1964) has discussed this behaviour with a simple
vacancy cavity model. It is possible to decrease the degree of compeﬁ—
sation in ZnS and ZnSe doped with donors by heziing them in molten zinc
er zinc vapour, which removes the deep native acceptor levels (zinc
vacancies). ﬂowever, it is difficult,.if not impossible, to prepare
p-type samples. P-type ZnSe has been prepared by introducing acceptor—
type dopents such as copper (Stringfellow and Bube, 1972), phospherus
(Reinberg et al, 1971); ‘or by heating in selenium vapour (Yu angﬂPark;
1972), but the conductivity of the resultant p-type samples-was of the
-10 -1 -1 '

order of 10“8 - 10
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2.2.3 Effective Carrier Masses

Thé motion of an electron in a semiconducting crystal, par-
ficularly at the botfom of the conauction band, resembles the motion '
of a free electron. The behaviour of the conducting electrons can be
described in classical terms as.thqugh they were free.elections with an

s
effective mass m*f Kurik (1967) has calculated the effective mass of

the current carriers of some of the II-VI compounds using Kane's (1957)

theory of band structure. For cubic ZnS and ZnSe he found m: = 0.23 me

and m: = 0.18 ngrespectively, (ng= mass of free electron). Aven et al

(1961) calculated the effective mass of electrons to be O.1.me and holes
0.6 m, in cubic ZnSe from experimental exciton emission data. From a
study of infra-red reflectivity ana Faraday rotation experiments Marple
(1964) obtained an electron effective mass for cubic ZpSe of

m: = 0.17 £ 0.025 me. Wheeler and Miklosz (1964) calculated an

-@lectron effective mass of m: = 0.27 me for 7ZnS using their data on

optical spectra of excitons. (These values are tabulated in Table 2.2).

2.2.4 Charge Carrier Mobility

The electrical mobility of a charge carrier is described as the.
drift velocity per unit applied field. At higher temperatures the
mobility in II-VI compounds is limited by the scattering of conduction
electrons by fundamental lattice vibrations (Devlin, 1967). This limita-
ﬁion results from the interactions of the charée carriers with the

quantised lattice vibrations (phonons). The lattice can vibrate both

in optical and acoustical modes. Acoustic phonons deform the periodic

potential of the lattice and they cause localised changes in the energy

band structure (described in terms of the deformation potential).

- Charge carriers, as they pass through the crystal are then scattered.
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Optical phonons are produced by the vibrations of adjacent atoms in
antiphase. In compound semiconductors the adjacent atoms are_oppositely

’

"charged which causes optical phﬁnbns7to be associated with an'électfo—.
static potenﬁial. The magnitude of this elgthostatic force increases
with the degree of.ignicity of the 5onding. 'Electroﬁ-latticé inter-
actien via ;ptical phonon scattering is important in ionic crystals at
high temperatures. At low temperafures'ionised'impurity scéttering is
ﬁsudlly aominant. There are_oﬁﬁer mobility-limiting processes such as
peizoelectric, neutral impurity or inter-valley scattering etc. but
those processes are relatively_unimporﬁant in II—VI compounds. The’
expected variations of mobility wifh tenpgrature_and.thé effective
- carrier mass for various;séattefing ﬁechénisms are listed in.fable'2.3,"
Little experimgntai work has been done on the transport propexr-—
tieé of ZnS, partly because of the difficulty of growing single crystals -
with the required purity. and rgsistivity. Aven and Mead (1965) measuredl
the electrical properties'of cubic ZnS doped with I and Al and found an

electron mobility of 140 cm2 V"1 sec_1 at 300 - K. Motossi et al (i366)

2 - -3 -
gave the value as 165 cm™ V ; sec . These experimental values are

2 V.-'1 sec:"1 (see for example

much lower than the predicted.value of 285 cm
Rode, 1970). However,_the measured variation of the mobility with tem-
perature showed that considerable éharged impurity scattering occurred,
even at room temperature.

Compared with ZnS, ZnSe is more contfollable. Aven et al (1961)
studied the eleétrical properties of ZnSe.crystals and measured thé.
.glec;ron'and hole mobilitiesﬁ The values obtained were
“e = 260 cm'2 V‘-1 sec--1 at 300 K and'ph = 15 cm2 V“1 sec-l. Subsequently
ﬁoodbury and-Aven-(1962) measured fhé electrical properties of ZnSe

which had been heated in molten zinc. They obtained an electron mobility



Scattering Mec¢hanism

L'ﬁgpendence of

mobility on

(2)
(3)
(4)
(5)
6)
(7)

TABLE 2.3: .

Herring (1955)

' Exrginsoy (1950)

Howarth and Sondheimer (1953)

Harrison (1956) and_Zook (1964)

Dexter and Seitz (1952)

Temperature Carrier .
(T) - -;effective
mass m¥*
Lattice scattering 3 g
-2 Acoustic Mode (1) 2 m* 2
: Optical Mode (2) (exp T 7) m* 2
. , 1 _3
: Piezoelectric Mode (3) T 2- m* 2
23
Inter Valley (4) v Z -
3 1
Ionized Impurity (5) TZ m* 2
Neutrai Tmpurity (6) m* -
Crystal Imperfection(7) : T—l -
(Dislocations)
(1) Bardeen and Shockley (1950)

Conwell and Weisskopf (1950) and Brooks (1955) .

The temperature dependence of mobility

for the principle carriers scattering

mechanisms in II-VI compounds.




highest velue of electron mobility of 12,000 cm
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2.1 -1

V' sec  at 300 K and a maximum mobility of 2,700 cm?

-1

of 530 cm _v'"1 sec

at 55.6 K. Later Aven and Segall (1963) investigated severai'undoped
and donor doped samples of ZnSe. They concluded that the mobility was'
limited by optical mode scattering down to about 200 K. Fukuda and

2 -1

Fukai (1967)  found a mobility maximum of about 3,000 cm an sec ~ at

1 i . . .
75 K. ' They analysed their results in terms of combined optical mode,
ionised and neutral impurity.and dipole-scattering mechanisms. Recent

work by Aven (1971) has shown that doubly charged defect centres are

‘responsible for the impurity scattering. He showed that successive

heating of ZnSe in molten zinc at temperatures between 850° and‘650°c

for a period of a week could increase the mobility. He obtained a

2 v! sec—1 at 50 K.

2.3 LUMINESCENT PROPERTIES

"2.3.1 Introduction

The term “"luminescence" is usually employed to describe the
absorption of energy by a substance and its re-emission as visible or
near-visible radiation. In general, luminescence occurs either as

fluorescence or phosphorescence. The main distinction is concerned

with the life times of the excited states of the luminescence centres.

Luminescence emission during excitation is offen referred to as flue—_
feseence and is associated with decay times of the order of 10-8 seconds.
Luminescence which persists after thelexcitation ends is referred to

as phosphdrescenee (or after glow) and is aseeciated with decay times

of up to sevefal seconds. Luminescence with intermediate values of
decay time (i.e. 10-5 - 10-'.1 sec) is difficult to identify. 1In sueh

cases the effects of changing the temperature enables the distinction
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to be made. For example, the decay of fluorescence unlike phosphor-

escence is little dependent on temperatﬁre.

2.3.2 Edge Emission
The term edge emission in compound semiconductors is employed

to describe the radiative recambination processes associated with trans-

itions which occur within several tenths of an electron velt below that

of the band gap. The fluorescent emission in the band edge region in
II-VI compounds normally occurs with the simultaneous emission of photons -
and 0,1,2,3, .... longitudinal optical (L0) phonons. Equally  spaced

spectral lines were first observed in II-VI compounds by Ewles (1938)

‘and Krdger (1940). The optical transitions in the band edge region

became increasingly more efficieht and particularly well resolved at
liquid helium temperatures with the help of high intensity excitation.
Three different recombination processes contributed.to edge emission,
namely free ekciton, bouna exciton aﬁd_distant'pair recombination,
together with their phonon associates. The most-exteneive studies on
edge emission in II-VI compounds have been made in cedmium sulphide
crystals at 4.2 X (Klick 1953; Thoﬁas.and Hopfield'1962)§, They found
that the high energy green edge emission of eadhium sulphide consisted
ef very narrow lines with half widtﬁs of approximately 0.005 eV. These
lines were attribﬁted to the recombination of frece and bound excitons. -
The pair eﬁissibn in cadmium sulphide (Pedrotti and Reynolds, 1960) was
found to be associated with the recombipation between an electron bound
to a shallow donor (Ed = 0.02 eV), and a hole bound te.an'aeceétor level

(Ea = 0.14 eV) above the valence band. The edge emission in cadmium

'sulphide had also been observed in the electroluminescence at 77 X

(Smith 1957). -
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- (a) Exciton.Emission-

When a'pure'crystal”is excited by absorhing energy'exceeding the
band gap, free electrons and hoies_are creeted in.the'conduction and
valence bands. This.pr0cess.may lead to photoconductivity and can be
regarded:as photo—ionisationIOf an isolated-atom. "It is also expected

that an excited but bound electron-hole pair, with a coulombic interf

~action hetween them, will exist with an energy just below that of the

band'gap. Such pairs can be excited with this energy and are ceiied'

excitons. Excitons can be regarded as the excited states of crystals.

Unlike the excited states of isolated atoms, excitons are not localised
end'have:well-defined wave vectors. Excitons_are electrically neutral

and have short life times (10_8 sec inlcds)-at the end of which they

- recombine With-photon-emission. This radiatiVe recombination in the .

-v101n1ty of the band edge is called ey01ton emission. The structure of

excitons can be complicated by the detalled energy band structures of

‘the crystals. In II-VI compounds-multiple_series_of exciton emission

lines are expected because of the degeneracy-of the valeuce band at

k = 0. This degeneracy is due to spin—orblt interaction (see Section 2. 2)
“In general, excitons are either free or bound The energy of.

the photon emitted when.a free-exciton recombines, is equal to the bend

gap energy less the binding energy, E

Bex’ of_the exciton. 'The binding

" 2nergy of the exciton'can be calculated using a simple hydrogen’model.

Since the electron and the hole have comparable masses, the reduced mass
mr e / (me + nrl) s Of an exciton must be used, where m and mh are the

effective electron and hole masses respectively. The exciton energies

- are then given by

Eexc hand EG ' 13.6 [mr/mssn ] [ ave . (2.3.1)

where ss_is the low frequency dielectric constant-of'the crystal and
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n = 1’2'.7;" define the'grdund and excited states of the exciton. The
exciton spectrum therefore consists of a series of discrete lines on the
long wavelength side of the band gap -which .can be explalned in terms ofi
the exciton energy diagram shown in Figure 2.3. The ground and exdited
states of an exditon can bé found:expériﬁentaiif from dbsofpﬁioﬁ, réflec-
¥
tion and emission measgrements. Aven et al (1961) measured the absorption
and the reflectivity of cubic zinc selenide at 23 K. . They found that the
8

electrons in the-I‘6 conduction band at k = 0. The observed beaks were

excitons were formed from the holes in the T'_ valence band and the

attributed to the transitions from I‘ to the ground (n=1). and the first
excited (n=2) states. The n=1 state lay 2.81 ev above the Valence_band
and ﬁhe energy separation of the ground and the firsf excited states-was
0.02 eV. The rgduced mass mr = 0,1 m. They therefore suggested a band
gap of about_Eg_= 2.83 eV at ?3 K. Halsted et al (1965) gave the values
of the bandgap as 2.82 eV for ZnSe at 4 K. They also attributed the
higher value obtained by Aven et al.to the presence of sulphur impurity
in the ZnSe. Later Hite et al (1967) measured the normal reflectarve
spectra of zinc selenide crystals purifled by heating in liquid zinc.
They found the ground state absorption energy to be 2.799 eV at 4 K.
They also suggest that the energies.for maximum absorption were associated
with the creation of direct excitons assisted by LO phonons with énergies
of 0.031 ev.

Lempicki et al - (1961) measured the reflectance of cubic zinc
sulphide crystals'at 14 XK. They found the characteristic direct exciton
lines in the region of the onset of strong gbntinhous absorption. They
attributed the lower enexgy line (3.799 eV) to ground state (n = 1)
excitons with the holes coming froﬁ Pe_valence bands, while the peak at

0.07 eV higher energy was associated with the split-off F7 band.



Fig. 2.3 Energy of exciton bands as a function of

exciton momentum K.
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Bound excitons afe usually observed in the presence of ionised
and neutral crystalldefects. " Bound excitop emission is qharacterised
by even narrower spectral lines at iéwer pﬁdtoﬁ energies than free -
excitons. The fheory of bound excitons was developed extensively by
Thomas and Hopfield (1962) with reférénce to CdSE Four.exéiton com-~

' .
plexes are postulated. These are excitons bound to (i) neutral donors,
.(ii) ionised donors, (iii) neutral éccepfors,'and (iv) ionised
acceptors. The ionisation energy Ei for the bound exciton is given by
Ei = EBex.+ Eb where EBex is the free exciton binding energy and Eb is
the additional enefgy binding the free exciton to that centre (dis~-

sociation energy). The intensity of the bound exciton emission is

. strongly dependent on temperature.

(b) Pair Emission
Doﬁor-acceptor pair emission was first suggesﬁed by Prener and
Williaﬁs (1956). 1In this process an electron on .a donor recombines with
a hole on an acceptor. The coqlomb interaction between donor and
acceptor msdifies the binding energy. The energy separating the paired
_aonor and acceptor states is given_by
e.2

= - + + =
'Ep (x) Eg' (Ea Ed) Ec where Ec —

(2.3.2)

ﬁheré Eg is the band gap energy, Ed and Ea are the lonisation energies
of the isolated donors and acceptors respectively, r is the donor-
acceptor spacing; € is the dielectric constant and e is the electronic
charge. With dpnor—acceptor spacings greater than the effective Bohr
radius, the transition is assisted by a tunneling process. Transitions
befween nearer pairs.are more probable than transitions between distant

pairs. At large separations (i.e. > 40 X) the emission lines overlap
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to form a broad spectral'band. Since the life time of the pairs will
vary with their separation, ﬁime fesolved spectroécopy is an effective
method for investigating the pair emiséidn p?ocesg;' With-ﬁhis:latter y
technique, the spectral distribution of a decaying pair band after
flash excitation should shift to ioﬁer energies with time auring the-

. '
decay. Wnen'Ea > Ed and the temperature is very low, carrier freeze-out
will 6ccur. At higher temperatures the pair emiséion process will be

'replaced by the recombination of free electrons with bound holes as the

dbnors are ionised. The enexgy of the emitted photon will be given
Eh\) = E = (Ea—Ek) e cee (2.3.3)

g

where Ek is the kinetic energy of the free electron.

2.3.3 FEdge Emission in Zinc Selenide

The first detailed studies of edge emission in cubic ZnSe crystals

were carried out by Reynolds et al (1961) and Hngted and Aven (19565).
Iida (1968) also studied-edge enission in zinc éelenide and calcul=ted
the donor and the acceptor binding energies to be 0.026 and 0.1 eV from
time resolved measurements. Dean and Merz (1969) examined the photo-
luminesCence_emission from cubic zinc selenide at 4.2 K. They observed
intense sharp lines on the high energy side of the spectrum. They
attributed the line at 2.802 eV to the free exciton, the I double£ at

2
2.799 and 2.795 eV to excitons bound to neutral donors and the I, line

1
at 2.793 to excitons bound to neutral acceptors. Dean and Merz also
observed two series of the broader distant pair emission bands. The
higher energy serxies had its zero-phonon member at 2.710 eV with three

LO phonon replicas. The second series of bands had its zero-phonon

member at about 2.692 eV with three LO-phonon repliéas. The higher
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energy series exhibited several charaéteristics of the pair recombina-
tion, ho&ever no fine structure was associated with the lower energy
series. Merz et al (1972) investigated edge emission in cubic ZnSe
doped with substitutional donors. Théy found excitons bound to neutral
donors (I2 lines) in the regién of 2.78 to 2.80 eV, and excitons bound
to ionised donors (I; lines) between 2.797 and 2.794 eV. ' The donors
were identified using these lines. Merz et al, observed that, aslthe

excitation power increased, the distant pairs became saturated and the

peak of the pair band began to move to higher energies.

2.3.4 The Deep Centre Luminescence

It is a well-known practice to add impurities to most phosphors

to activate their luminescence. By adding different impﬁrities to the

II-VI compounds, light emission can he obtained over a wide range of

wavelengths extending from the edge emission region to the infrared.
Luminescent transitions involving impurities in phosphors can be
divided into two categories, namely localised and non-localised.

Non-localised transitions are those in which. conduction and

valence band electrons of the phosphor make transitions to the lumin~-

escence centre itself. Two types of impurities can be incoxporated in
II-VI compounds to produce non-localised centres. Activators can be
elements from group I (i.e. Cu, Ag, Au) substituted for the metal atoms.
The co—activators can be elements from group III (i.e. Al, Ga, In) or
elements from VII (i.e. Cl, Br, I)-substituting metal and non-metal
atoms respectively. 2ZnS was the first II-VI phosphor to be studied in
éreat detail. Thefe are three basic models for interpreting the non-
localised luminescent transitions, namely the Sch&n-Klasens (Schdn,

1941 and Klasens 1946), Laﬁbe and Klick (1958) and Prener and Williams

“w,
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(1956) models, see Figure 2. 4 According to the Schon—Klasens model
the luminescence is a result of radiative recombination of a free

-electron -from the conduction band With a hole trapped at an acceptor -

level (Figure 2.4(a)). ‘The model proposed by Lambe and Klick attributes:

the luminescence (see Figure 2. 4. (b)) tu the recombination of a free -
.

'_hole with ah electron trapped at a donor level. The third model proposed7

by Prener and Williams describes the luminescence as the result of the
recombination of electrons and holes trapped at localised centres in the
same region of the lattice,'that is pair emission.

Localised transitions are observed when a transition metal element:-

e.g. manganese, or a rare—earth ion is introduced in II-VI compounds as

~ an- impurity. Then the emission and absorption processes take place

entirely within the electronic configuration of the ion. The excited

‘electron in the atomic shell of the ion does not interact with the free

electrons or holes. However, the crystal field and the.lattice vibra-
tions of the host crystal-may'have a profound_effect on the transition.
The electronic.absorption-and emission processesdcan be better understood
using the so-called configurational co-ordinate model. This model

mas first snggested'by Seits (1939) and improved.by'Williams (1953).

In this model, the.impurity ion.islthought'of as surrounded with:
the neighbouring lattice ions which vibrate about it. The energy of the
system, formed by the impnrity ion interacting with these neighbouring
ions, can be characterised by the distance r between the impurity and
the nearest neighbour ions. . This distance is called the configurational
co-ordinate. The configurational co-ordinate diagram (see Figure 2.5)
defines the potential energy of the'system of the impurity ion and the
lattice-as-a_function of the co-ordinate r. The two curves represent

the ground, Egr' and the excited, Eexc' states of the impurity ion.



(2) - Schon ~ Klasens model

T, »
(b) -~ Lombe = Klick model

B
(4]

(c) ~ Prener - Williams model

Fige 2.4 Schematic representation of three basic models
for thé radiative transition processes in 11~V

compounds
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The minimum energies in.the ground and excited states océur at slightly
different values of the configurafiongl co~ordinéte. According to the
Frahk—Cbndon prihciple, optical ﬁfaﬁSitions take plaée.in.é much shortér
time than the lattice takes to respond to changes in the cha;ge distri-
bution. Therefore o?tical tranéitioﬁé aré-feprésented.by vertical lines
on the configurational co-ordinate diagram. After the electfon is
raised from thg ground state at A to the excited sfate at ﬁ, by absorbing
a photon with an enerqgy hg; the whole system gradually relaxes to thermal
equilibrium at C. This means that a dispiacement of Ar in the config=-

urational co-ordinate has occurred. The excited electxon thus loses

some of its energy which is dissipated by the emission of a number, Nl,

. of localised phonons with energy hv. Wwhen the electron returns to the

ground state by emitting a photon with_energy hve, the lattice will
again.felax with the emission of No localised phonons with energy hv.
The emitted photcn energy, hve is less than the energy absorbed, hva,
the excess being emitted as latticé phonons. The difference between
the absorbed and the emitted. energy is called the stoke's shirt.
At higher temperatures the lattice vibrations increase in ampli-
tude. This gives rise to a largerx ténge of values of configurational
co-ordinates witha wider variation in energy. In this case the transi-~
tions in the configurational co-ordinate diagram occur from either side
of the energy minimum point A. The energy distributiqn of electron
within the luminescent centres is determined by Maneli—Boltzman
statistics. One.consequence of this is that the absorption and emission
bands are Gaussian in shapé. Since the energy of the system is quantised

both the emission and absorption bands should consist of a number of

~discrete lines associated with the localised phonons. However, these

discrete lines are broadened by the Stark effect and overlap so that a
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broad featurelegs band results. In many luminescent.systems however
several sharp lines can bé detected at low temperatures. The resonant
line in absorption and emission is known as the zero phonon line. 'It.-
occurs when the excitation and emission take place between the minimum
energy points (A and C) of the eXcited and ground states.

The widﬁh of the emission band at half height can be calculated

using quantum mechanical considerations (see for example Klick and

Shulman, 1957) as
W = W(0) [coth (h\‘/2]<.'1")]!E e cea (2.3.4)_..

where W(T) is the width of the emission band at half-height measﬁred at -

T(K), and hv is the phonon energy associated with the vibrational mode

of the excited state. At low temperatures the half width is independent
of temperature and the equation reduces to W(T) = W(0). At high tem-
.peratu;e however (i.e. 2 kT >> hv) W(T) is proportional to T%. There-
fore, the phonon frequency can be found by measuring the change of half
width as a function of temperature.

The configurational co-ordinate model is useﬁu; when the optical
transitions are highly localised. For example, with rare earth atoms,
such as erbium and thulium, the Eransitions take place in the partially
filled 4f shell. Since this shell lies deep within the atom, 1attiée
vibrations have little effect and the resulting emission bands are very

narrow. However, the optical transition in the transition elements

(i.e. cobalt, nickel, manganese) take place in the outermost 34 shell.

Here phonon interaction is more important and consequently the observed

emission bands are broader. Manganese as an activator had been studied
B . . +4 ’
in many phosphor systems. The Mn = ion occupies a substitutional anion

site in II-VI cdmpbunds and is well-known as being responsible for the
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yellow-orange luminescence: in zine sulphide. The radiative transition

is associated with a change in the spin of one of the five 3d‘electrons. p
- The ground state of the free manganese ion:is-GS, where.five 34 electrons '
are aligned with their spins parallel. The excited state-is split-into
five degenerate levels 4G, 4P; 4D; 4F'-and 4S-because of spin—orbitr
interaetionl The_energy separation of the first'exeited state'4G from

the ground state is 3.2 ev. The.4G'state has five 3dlelectrons with
one_ef the spins-reversed._ The 4S exoited state, 3d'44s, is some 7.2 eV
above the ground state and is not 1nvolved in luminescence tran51tions..
The crystal field has a profound effect in splitting these excited levels.
-Orgel (1955) has calculated the energy level diagram of the Mn i ion

. in a cubic field relative to the 6S'( Al) ground_state; (see-Figure 2.6).

The observed emission.results from transitions between the 4T (4G)

1
excited state and the GAi (65) ground state. The transitions involved
in-excitation are 6.Al""""""lTl ' 6Al""""‘4T2 and 6A1“”“4A1, 4E.
Although the. excitation and emission spectra are easily explained for
localised impurities such as Mn +, it is difficult to determine the
energetic position of the ground state of that ion with respect to the
conduction and the valence band edges of the host lattice.

In general the luminescence efficiencycﬂfa phospho: decreases
exponentially when the temperature is raised sufficiently. This is
‘mainly caused by an increase in non-radiative recombination. The procsss

is known as thermal quenching. The variation of the luminescence

efficiency with temperature is given by
no=n/ [1 +C exp (- E/kT)] (2.3.5)

where C is a constant and E is an aetivation energy. With non-localised

centres, where the luminescence is of theSkhbanlasens type,'thermal
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quenching w1ll occur when Lhe temperature is sufficiently high for
electrons to be excited thermally from Lhe valence band to the empty
actlvator centre. Then excited electrons in the conductlon band cannot
make.radiative transitions via this centre. The activatlon energy E is
the energl required to excite an electron from the valence band to the
. luminescent centre. Similarly, if the radiative transition is of the
.Lambe~Klick type, the electron in the donor state nay be'excited thermally
to the conductlon band before it recombines Wibh a free hole. In this
case, E, 1n eguation 2. 3 5, represents the depth of luminescent (donor)
centre below the conduction band. With localised transitions,_the
thermal quenching of luminescence efficiency is again described by
eduation 2.3.5. The models proposed by Mott (1940), and'Dexter et al
(1955) suggest that the ground state crosses the excited state at an
energy.E* above the equilibrium.position C, in the excited state (see
Figure 2.5). Aas the temperature is raised the electron can reach this.

energy and return to the ground state non-radiatively.

2.3.5 Deep Centre Luminescence in ZnSe, Zns and Zn(S,Se)

(a) Self and copper activated luminescence in ZnSe and Zns

Most of the studies of deep centre luminescence in. II-VI com-
pounds have been made on ZnS; The self-activated emission from ZnS
containing coactivator impurities such as Cl, I, Al, etc. all give
similar broad emission bands in the blue region of the spectrum. Prener
and Williams (1956) proposed a complex centre consisting of a doubly
ionised zinc vacancy (acceptor) and an ionised impurity donor. Such a
complex centre can be represented as (VZn - AlZn)— or (VZn - Cls)— etc.

Prener and Weil (1959) studied the emission from cnbic ZnS at 300 K.

.
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They found the peak of the self-activated emission band at 4620 8 for
':Br and Ci:impuritieS'and at 4700 & for Al and Ga. in addition té the
self-activated band, Gill and Rothschild (1960) and V;n Gooi (1961) !
" have both feporfed a higher energy band with a peak at 3920.3 for cubic:
ZnS doped with Cl, Br or Al. Rothschiia (1963) suggested that this.
emigsion was of the Laﬂbe—Kliék type'wifh”an electron trapped at an
isbiafed halogen or‘group IIT impurity donoxr. Tﬁe luminescence from
Zns doped:with group I activators has been of inferest for a long time,
Fof example, the presence of cOpper-as an_activator leads to a blue
.(4400'8), a green (5200'2) and a red (6970 R) emission. The green band
is often attributed to a Préner-Williams transition between electrons at
_ donor levels (coactivators) and holes localised at associated coppef
centres, whereas the blue band has been considered to result frém a
Schon-Klasens transition to the same coppéi-level assbéiated with the

" green band.(Curie and Curie, 1960). This suggestion is supported by
time resolved spectroscopy (Shionoyahet al, 1966) and by.luminescence
decay.measurements (Suzuki and Shionoya, 1971).

Some early work concerning the deep centre lumlnescence in ZnSe
was reported by Leverenz (1950). Self—activated emission in ZnSe occurs
at wavelengths between 6020 and 6450 X, whereas the wavelengths reported
for the red (6360 X) and green (5300 X) emission bands associated with
copper are fairly consistent (see for example Halsted et al, 1965).
However, some complication arises in the a351gnment of the centres
involved because both the self-activated and the low energy copper band

overlap in the red region of the spectrum (Jones and Woods, 1974).

. (b) Manganese Emission in ZnSe and znS
Manganese,'as a luminescence activator in zinc sulphide, has been

studied most extensively. The luminescence emission from ZnS doped with
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Mn++ consists of a broad band at 5860 X (McClure, 1963; Langer and
Ibuki, 1965; Beserman and Balkanski, 1971), with a number of narrow

emission lines superiméosed on the high=energy side of the band. The

4 . :
transition is from 4Tl('G) ' 6Al(ss). All the investigations saw

"similar fine structure in the.absorptioﬁ bands at low_temperatufes.~

J . : _ _
McClure explained the fine structure in terms of crystal-field theory

- and spin-spih interaction-of ion pairs, whereas Langer and Ibuki

explained it in terms of electronic transitions coupled with lattice
phonons. They took the zero phonon line to be at 5589 g. The absorp-

tion spectrum was assigned to transitions from the groundGAl(GS) level

to_varidus excited crystal field states. McClure (1963) and Langer and

_ Ibuki (1965) assigned the various excited states as follows:

5350 R - 4T1 (de); 4980 8 - 4'1‘2(4(;); - 4650 & - (4A1 Ce G,
4300 £ - 4T1 (*p); 3900 8 - 4T2 (‘p), and %z (*p).

 Manganese activation in ZnSe has received relatively 1i£tle
attention partly because of the wide variation of the emission peak
(L.e. 5940 R - 6500 R) observed by many authors (see fox example.
Leverenz, 1950, and Larach, 1953). Langer and Richter (1966) found a.
fine structure in the optical absoxption spectrﬁm of ZnSe containing
manganese at 4.2 K. They found two absorption bands with maxima lying
at 5300 & for ®a=—=*%r, (%) ana 4995 & for 6A1—'4T2, but the absorption
due to the 6Ai""""“lAl, 4E transition coincided with the intrinsic funda-
mental absorption in ZnSe. The maximum of the emission band associated
with the 4T'I"’6A1'transition was located at 5815 R, with the zero
phopon emission line at 5547 R; The fact that the Mn++ emission and
the self-activated emission lie in the same region of the spectrum.

(Jones and Woods,_1973; Allen et al, 1973) causes some confusion.

Jones and Woods suggested that the self-activated luminescence excited
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- : . ' - ++
by photons with band gap energy in ZnSe swamped the characteristic Mn

emission. The Mn2+ emission (at 5860 X) was_only obtained when.thef
.crystal was excited in a characteflstic excitation band. o o
Allen (1964) using crystal field theory suéoested that the ground
state_6A (6S) of Mn2+ in Zn$ lies some‘tenthS'of one eV above the ualence
band. Braun et al (1972), using photocapa01tance measurements placed
the ground state of Mn2- in ZnSe some 0.6 eV above the valence band.
Later Ozsan and Woods (1975) measured the short cireuit photocurrent
and argued that the ground state of an in ZnSe lies about 0.3 eV above

the valencegband. Further experimental investigation will be necessary

to'resolve this matter.

(c) Luminescence in- Mixed Crystals
-Tlt'is-pOSSible to vary the energy of luminescence by alloying
phosphors. It has been shown by Bundel et al (1961), and Lehman (1966)

that blnary eompounds between Zn and Cd on the one hand and S, Se and Te

on'the other, can be alloyed conveniently to form ternary compounds,

i;e.(Zn, Cd) S and 2n(S,Se). Later Ozawa and Heisch {(1973) studied'the

. self-activated luminescence in sihgle crystals of cubic Zn(S,Se):I.

The results obtained by these authors.have shown that the blue S.A.
emission band of ZnS is replaced by a green band as the sulphur is
replaced by selenium This_then changes gradually to orange as the
selenium content is further increased. Morehead (1963) investigated
the~luminescence in Zu(s;Se):Cu,Cl phosphors,-ahd he concluded that the |
luminescence emission in Zn(S,Se):Cu,Cl phosphors could be explained
with a modified Sch¥n-Klasens model. He suggested that the blue and

green recombination centres could be represented as two of the three

'possible states of a single,doubly ionisable centre. Lehman (1966)

observed that the blue (2.79 eV) and-green (2.35 eV) emission bands of
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copper-activated ZnS are replacéd_with new bands at about 2.6 eV and

_ 2.23 eV when iess than 1% of the’sulphur in ZnS is replaced with
éelenium.' Further gradual_increase.in the concentration of selenium '
was found ﬁo cause oniy a compératively slow shift of both bands towards
longer wavelengths until, in'ZnS§:Cu,.Cl, they were found to occur ;t

B ] . .
about 1.95 eV (red) and 2.34 eV (green) respectively.

2.4 " ELECTROLUMINESCENCE

2.4;1 .Introduction'

The historical background and various méchaﬁisms of exciting EL
have been previously reviewed by many authors,'i.e. ﬁenisch (1962},
" Ivey (1963), Fisher (1966),_Moreh¢ad.(1967), Aven (1967) and Berg and
Dean (1972). 1In the following sections the properties of Schottky
barriers and possiblé mechanismsg leading to eleétroluminescence in Zns

and ZnSe will be discussed.

2.4.2 Mechanisms of Electroluminescence in II-VI Compound:;

In general there:are two types of mechanism by which electro-
luminescence can be obtained in solids, namely (1) injection, and
(2) high field (avalanche) luminescence.

ﬁith process (1) the injection of minority carriers across a
potential barrier is followed by their radiative recbmbination with
majority carriers in the active reglon of the device, either dlrectly
or via a 1um1nescenL centre.

With process (2) the majority carriers are accelerated in a
high electric field to energies sufficiently large tq.excite the filled
luminescent centrés, or ionise the lattice to generate electron hole_

pairs, by impact. Radiative recombination may then occur as the excited
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carriers return to the_lﬁminescent centres.

Injection électroluminescence may be_obtained under forward.biaé'
conditions, at a p-n junction (Figufé 2.7a) érlmetai'sémicbﬁductor '
(Figﬁre 2.7b) contacts, while avalanche électroluminescence'appears when
P—n junctions or metal semiconduétof contééts fﬁidﬁie 2.7c)'$re reverse
biased. Eleétrolumin;scence can als;'result from_the tunneling processes
(field emission) at forward and reverse biased juncﬁibns or metal semi~
conductor contacts.

Radiative and the non-radiative recombinations will always com-

pete. The quantum efficiency of an electroluminescent device is described

as the ratio of radiative recombinaﬁions (ox number of photons) to the

number of injected carriers.

With injection.electroluminescence, the energy of the emitted
light is limited by the band gap of the material.. However, with the
iﬁpact ionisation process, majority carriers éan become "hot" and the
pﬁoton energy of the emission accompanying radiative recomﬁination may
exceed the energy of the band gap. Acceleration of carriers to energies
sufficient to cause impact ionisation, requires high fields, i.e. at the
order of 105 v cmn1 or.greater; Now a hecessary prerequisite for radia-
tive_recombination in most electroluminescent devices is the injection
of minority carriers into the active region of the device where the
recombination will take place. Since the impact generated electrons
and holes, in reverse biased p-n junctions or reverse.biased metal semi-
conductor contacts, are both extracted from, rather than injected into,
the active region, the quantum efficiency is expected to be low. The
quantum efficiency can be expressed as the ratio of transit. time, t) of
the impact generated carriers across the width, W; of the high field

region to the recombination lifetime, 1T, (see for example Morehead 1967).
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where V islﬁhe applied field and p is the carrier.mobility.

L

With unipolar II-VI compounds, whicﬂ éré of.bartiCular'iﬁterést,
electrolﬁminescence caﬁ be pbtained in metal semiconductor (M-S) or metal-~
insulator-semiconductor (M-I-S) déviéeé.':(The lafﬁéf Qili.bé déscribed
s .

in detail in the next section). With_such devices a high fie;d is pro-
duced within the semiconductor. The electrolumineécence resulting from
an M-S contact with an inversion layer has been deécribed by Fisher

(1964, 1966). 1In a reverse-biased M-S cor.Lact, electrons are injected

from the metal, through or over the potential barrier into the semi-

conductor where they are accelerated and the lattice or luminescent

.centres are excited by impact. The excited carriers then recombine

“radiatively, directly or via luminescent centres. Under forward bias

with dissimilar metal contacts as shown in Figure 2.7b, holes will be
injected from the contact with the high work function and radiative
recombination will take place near the anode. Electroluminescence can

also be achieved by tunnel injection through a thin insulating film.

. For example, a thin insulating f£ilm of a wide band gap material can be

placed between the metai and n-type semiconductor to produce a M—I—S-
device. Under reverse bias (see Figure 2.7d) the Fermi level in the
metal is pinned to a level within or slightly below the conduction_band
edge of the semiconductor.l The electrons tunnel from the metal through
the thin insulating film to the semiconductor. They are then accelerated
by the high field and excite the luminescent centres 6r.ionise the
lattice to generate electron-hole pairs by impact. Radiative recombina-
tion occurs at the cathode where impact generated holes accumulate close
to the insulating film. Under forward bias conditions (see Figure é.7e)

the Fermi level in the metal is pinned downwards to a level within, or
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only slightly above, the valence band edge of the semiconductor. The
holes may tunnel through the insulating £ilm to the valence band of the
semiconductor and recombine radiatively at the anode with the electrons
injécted from the metal with the low work function. In this case the
~extraction of electrons is impeded by the insulating film at the anode.
Since the extraction of one of the carriers involVed-With electrolumin-
escence in anM-I-S contact is.inhibited, the efficiency of light genera-
tion at an M-I-S contact shoulc be gfeater than at an M-S contact.
Further improvement would result if the extraction of both mino;ity'
and majority carriers could be_prevented. This might be achieved for
example by interposing a thin layer of a very wide band gap insulator
.between-each contacc and the cryscal, (Fischer, 1966), (see Figure 2.7f).
The insulators in such a device, (M-~I-S-I-M) should be chosen so that the
one at the anode has a_low‘barrier for holes from the valence band edge
and a high barrier for electrons from the conduction band, with the
opposite being true at the cathode barrier. However, it has proved
difficult to.find insulators, with the requisite properties.

"Injection electroluminescence in.IIuVI componnds (see for example
‘Aven, 1967, 1973) can also be realised with semiconductor-semiconductor
- heterojunctions.

The mechanism of direct-current electroluminescence must also
account for the observed current-voltage-luminance characteristics. In
a perfect minority carrier injected 1light emitting device, with 100%
quantum efficiency, the luminance is expected to be_proportional to the
square of the current because of the two-stage (bimolecular) recombinacion
process. | :

The high—field-electroluminescence can result from impact encita-.

tion or tunneling in the barrier region. 1In this case the current is
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proportional té @2 exp (-constant/é‘) ' where_ é° is the _field. If the
barrier is formed at_ﬁhe éathode by the ionisation of donors under the
applied field, the high—field region concentrates in the vicinity of the,
cathode and tunneling is predominant. The field is then proprtional to
V%. However, if the cathode barrier is due to .the dépletion of dqnor
centres in the phosphor sﬁiface, then the field is propo;tiona; ﬁo
applied voltage V, The luminance is-proportional to the number of exci£ed
luminescent centres. The probability of carriers achieving sufficienﬁly
lu%emmmsmemﬁemeMMMmmt®Mms&HWSmemmemmm~
tialﬂdependence on voltage. .Thereforé the luminescent—voitage character-
istics will obey a similar law.

Direct excitaﬁioh of localised centres (e.g. Mn) by tunneling
would still be involved with similar exponential current-voltage character-
istics. However, since ionisation wquld not occur in this procesé,
rYecombination is monomoleéular. Therefore, linear 1uminahce-current

charaéteristics should be observed.

2.4.3 The Schottky Barrier

Schottky barriefs are usually formed by evaporating a metal fi}m
on to the surface of a single crystal semiconductor. The basic theory,
and the early history of metal-semiconductor contacts, has been summarised
by Henish (1957). More recently the properties and applications of SChotfky

barriers have been reviewed by Atalla (1966) and Rhoderick (1969, 1974).

(1) Metal-semiconductor (M-S) system
When a metal and an n-type semiconductor are brought together
electrons are transferred from one to the other. The direction of the

transfer depends upon the work function of the metal, ¢m’ and on the
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electron affinity of the semiconductor Xs' When-¢m b Xs electrons pass
 from the semiconductor to the metal and the Fermi levels iﬁ the two
materials are forced into coincidence .(see Figure 2.8). An electric !
field; due to the contac¢t potential difference is then set up and exists
largely within the semiconductor. it opposes further flow of elect;ons
from the Semicoﬁductoi to the metal and allows eqﬁilibrium to be estab-
lished. Now the potentiél energy of an electron at rest, at the bottom
of the conduction band, in the interior of the semiconductor differs
from the potential enérgy of such an electron at rest at the surfaée by
ag amoun.t'q(cb_m f XS), which is known as the surface potential, VB. Tﬁe
negative electric chargé.at_the-surface of the metal is balanced by the
positive charge of the uncompensated donor ions in the barrier region
of the semiconductor. Since the donor concentratidnsijsemicondﬁctors
are much less than the concentration of electrons in metals,.the bal-
ancing positive charges and accompanying electric field must extend to
an appreciable depth in the semiconductor. As a result the netipopulation
of free electrons in the semiconductor near the surface is reduced.from
its bulk equilibrium value. The . conduction and the valence band edges
are shifted upwards with respect to Fermi level. The surface regibn in
the semiconductor is referred to as. a 'depletion' region.

When ¢m < XS for an n-type semiconductor, electrons will flow
from the metal to the semiconductor to establish equilibrium. Here the
metai acquires a positive charge and the semiconductor a negative one
and the semiconductor bands_bend downwards at the surface. Now the

electron concentration is greater than the original free elecfron con-

centration and a so-called accumulation layer is formed.

(a) Schottky barrier formation

An ideal Schottky barrier in an n-type semiconductor is formed
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when a blocking metal elect;ode.(with o > XS) makes intimaﬁe cdntact.
with it. To make a Schéttky diode  an ohmic contact with ¢m<' XS is
also applied to the semiconductor to allow current transport through thé
semiconductor. The important point here is that the ohmic contact should
not present any potential barriers to the electrons in the conduction

.

band. Thus the only barrier that electrons experience will be the barriex

in the depletion region, i.e. the Schottky barrier.

(b) Depletion region

Aséuming'that the charge density in the deéletiop regién_is due
to ionised donor atoms only, it is poésible to find some parameters of
the space_charge; depletion region, see Figﬁre 2.8(a). One can use the
ab;upt approximation that p (charge density) =~ qND for x < w, apd

p =0, &V/AX = 0 for X > W. The solution of Poisson's equation leads to

 the depletion layer width, W,

: 5 _
W= ;(Zes/qND) (Vao V- v2) z (2.4.2)

where € is the permittivity of the semiconductor, VBO

potential which represents the zero-bias value of the surface potential,

is the diffusion

and ND-is'the uncompensated dono; concentration. V2 = kT/q is a con-
tribution from the mobile carriers at the edge of the depletion region and

Vis applied bias. The field in.the depletion region is given by

E(x)

= qND/es W-%) = léﬁax v(qND/es)x... - (2.4.32)

Ié"n!ax =(qND/es)W e vie (2.4.3b)

'E;Lx is the maximum electric field which occurs at x = 0, and the

potential function is given as
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Vi) = (qND/eS)<W - %xz) - ¢ﬁn cer (2.4.4)

where ¢Bn is the value of the barrier height at x = 0,

The space charge density, Q o and-the.depletion layer capacitance C
' s

per unit area of the contact are

5

L] v 2 n .
Qsc f‘qNDW = 2ngND (vBo -V - Vz) coul/cm” ... (‘f4’5)
aQsc T _ 2 V -V )';i /W farad/ 2 2.4.6
C = v = (quND)/ (VBo - o ] -es W farad/cm (2.4.6)

‘Thus- the relationship between‘c'-2 and V is linear when'ND is constant

' . throughout the depletion region, and the slope of such a plot reveals

the uncompensated donor density ND since

- a/e’) /av = 2/ (@ M) or N = 2/qe ) {~av/ac1/ch}  (2.4.7)

(c) Schottky barrier (imaée force) lowering

Another force experiéncedlnzelectrons in a metal—semicdnductor
contact is the image force. When an electron-in.the semiconducﬁor is at
a distance x from the metal, a positive charge will be induced on the
metal surface. The attractive, image force between £his induced charge

and the electron is

F o= -q°/ [aren)? es:l... (2.4.8a)

and the work done by an electron in being transferred from infinity to

the'point X, is given by

U(x) = Ldex = qz/(161resx)- (2.4.8b)

vwhich represents the potential energy of an electron at a distance x

from the metal surface. When an external field € is applied the total
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potential energy, UT(x), is given by the sum
Uplx) = g ,’(16ﬂesx)_+ ac x (eV) oL (2.4.9)

The extent of the barrier lOWering, Ad, and the location of this"
lowering xm, see Figure 2.8a, are given by the condition [p(xi]/dx =.0

¥ . X
(see for example Sze et al, 1964) which leads to

. R - S - .
Xm = (q/16ﬂes|g|> (cm) e cee (2.4.i0a)l
and : : : . -
3 1 -, 5 > :
q N, V-V kI/q U pax |
Ap = ~ | = | .. (2.4.10b)
- Bn srledele am € _ ¢
o d s o d .
€ - '
s €d

whére e is the permittivity of free'space, € ‘the static dielectric-
constant, ed the image force dielectric constant and,?,is the electric

X
field of the metal—semiconductor interface.

. (@) Barrier Helghf

The barrier height can in principle be determined by capacitance
measurements. When a smalJ.amasignal is superimposed on aclc.bias,
charces of opposite sign are induced in the metal and the semiconductor .
and the relation netween C, the capécitance,'and V, the dicsbias, is
given by equation 2.4.6. When c_2 islplotted as a function of V.the
barrier height ¢Bn can be_determined from the intercept on the voltage
axis since |

b = Vgt v, tkT/q -~ A¢Bv (ev) C e '(2.4.11)

where V_ is the depth of the Fermi level below the conduction band, V

i

is the measured voltage intercept and in this case Vi = VBO'
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kT/q is the contribution from the mobile carriers in the reverse layer

(Gbodman} 1963), and A%ﬂlistheSchottky barrier lbwéring. The'depth of

the Fermi level from conduction band is cbtained from

== (EC - Ef) = KT "l.n(Nc/Nd) - (ev).. e (?._4.12)_

X ¥
Here Nc is the effective density of states in the conduction band and.

" is given by

: _ ' ' o /2 ' o
. I‘lc - 2[2'"- mde kT/h Mc s e . se e LI (2-4.13)

mde is the density of state effective mass for electrons, h Plank's

' constant, and Mc the number of equivalent minima in the conduction band. |

With II-VI compounds Mc.= 1. Using the electron effective mass
m; = 0.17 m,. . (Marple, 1964), an effective 'dens'it_:y of states'Nc of

3.38 '1‘1'5 b4 1014 cm_3 was calculated for ZnSe.

(II)  Metal-Insulator-Semiconductor (M-I-S) System

M-I-S devices .are formed when the metal is evaporated on to a.

semiconductor surface which is already carrying an insulating layer.

This contact was first analysed by Goodman (1963) . More recently the
theory has béen modified by Cowley (1966) and Card and Rhoderick (1971).
The potential energy diagram of this system under zero bias condition

is shown in Figure 2.8b. Ao is the voltage drop across the insulator,
which has a thickness d. Using Gauss' law fq relate the space chérge
density Qsc in the semiconductor to the voltage drop across ;he insulafor.

Assuming there is no surface states,

kK

5, = (a/e)) [Ze g Ny Voo - vz)]' cer (2_.4.14_)

where €, is the permittivity of interfacial layer.
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From the energy relation in Figure 2.8b ,

= Vo tA = b _—-'(vﬁ+_xs) (2.4.15) -

Defining
V, = 2e€ N (dz/ei)... e (2.4.16)

Equation  2.4.14 can be simplified to

__.;i _ 3y : o -
A = V1 (VBo V2) cee e e (2.4.17)

From equations 2.4.15 and 2.4.16 the diffusion potential VBo can be

written as

%

Y
1 (¢MS

2) ' (2.4.18) .

v =

BO Sus * V1/2 -V

+_V1/4 -V

When a reverse bias V is applied to the'juhction, VB and A differ from

their values at zero bias. The equations 2.4.15 and 2.4.17 become
+* V = V + A cees cees . 200 (2-4.19)
VE

- gy n : .
A = (v, - vt ... (2.4.20)

By eliminating A between these two equations. one obtains

by * V= vB+v’12 (VB—VZ)!i'" (2.4.21)

and the space charge QSC in the semiconductor is then given by
[? ]& ' (2.4.22
QSC = e e ND (VB - V2) cen b (2.4.22)
So that the capacitance of the junction becomes

' R 4 2 |
C = 8 /8 = e N) {sfwy -wm _]/ ovh ... (2.4.23)
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2)li and using this value in

equation 2.4.23 gives ,

- (e % . o Lo
C = (egN,/2)° (4, +V+V,/4 v,) e (2.4.29
Squaring and inverting, leads to the telation
o _ 4 .
.2 . . .
/¢t = (2 /easND) (Byg + V * v1/4 - V) (2.4.25)

The magnitude of the intercept of the straight line plot of C“2

_agéihst V should therefore be
Vi = g vV /A-V, L (2.4.26)

Which from equations 2.4.15 and 2.4.17 with the value bf,¢MS substitnted

in equation 2.4.26 leads to the following expression,

V, = V. =V +'Vl/4+ (V1V )!’ (2.4.27)

i BO 2 Bo es e ev e

Cowley considered the case where the_charge Qs stored in the insulating

layer varies with the voltage maintained across it. Then Gauss' law

_gives.

- ¥ _ b
Ao = V1 (VB V2) + (d/ei) QS (0) aee (2.4.28) .

where QS(O) is given as

Q. (0) = - eD_ (B, -¢.) =eD (B = Vpo = 4= o) (2.4.29),

and Ds is the density of surface states. Similarly ,

" ok | : |
b=V (V= V)7 + (de) @ V)., see o (20430
 So that ' . _
| A—A-—-V;’[(V -v);’-—(v -V);‘+(d/e)AQ (2.4.31)
o 1 B 2 BO 2 i s '_ v
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and the charge in the surface state charge is

AQS = - eNs (A - Ao) ) e .o e eee . (2.4.32)

which leads to the following_relation between C-2 and V, the applied bias
2 _ b oy .
1./C —-(2/e € N )3<V (VBO V ) /(1+a)) (V /4(1+0t) )+VBO+V V (2_.4.33__)

Here a =- eD d/e. .
s i

This equation implies that the slope would not change in the presence of

an insulating layer.

Now the intercept on the voltage-axis is :
vV, =V +|viw -V)%/@+:@+V Jasn?-v. L. (2.4.34)
i BO 1 "'BO 2 1 A2 \ '_ T

o

- However 1f ‘the’ asgumptlon is made that 3Q /BV = 0, Q (0) “and Q (V) in “

equations 2.4. 28 and 2.4.29 will be equal, then :

I Cwa L ok | -
A - Ao -. v1 (VB v2)_ (vBO v2). e e f2.4.35)

The intercept on the voltage axis is then given by the expression

- R
Vi = VgtV W

I | '
8O " V2) + (V1/4) - V2 e o (2f4f36)

2.4.4 Current Transport Processes in Schottky Barriers

: Current transport processes in Schottky. barrlers have been studied
by many workers. The most recent review has been given by Rhoderick (1974)

The conduction mechanism was flrst_descrlbed by Wagner (1931) and Schottky

~and Spenke (1939). Their theory of current transport in Schottky diodes

was based mainly on diffusion, and the current was limited by diffusion

and drift in the depletion region. The current-voltage relation by



- 40 -

Spenke (1958) was expressed as
J = JS [exp (qV/kT) - 1] LICN ) LN ] L ) (2-4.. 37a,)
‘with the saturation current Js given by

. = I - - -— ' . - {: 1 |
I Ny ué‘;ll [exp( ad,, /kT) 1] (2.4.37D)

where P is the electron mobility, léléx is the maximum electric field
strength (see equation 2.4.3) in the barrier and ¢ is the barrier
height. 1In this theory it was assumed that only thOSe electrons in the
semiconduotor 1mmed1ately adjacent to the metal were in thermal equilib—
rium with the electrons in the metal.
Bethe (1942) proposed the so-called diode theory whioh_assumed'that
the current is limited by the therxmionic emission process. The current-

voltage relation obtained by Bethe was

J = Js [exp'(qv/kT) - 1] cee cee (2.4.38a) .
where .-
2
= * - . .
I AT exp (-qb, /kT) e (2.4.38b)
with
A* = (47 m* qkz) / h3 (Richardson constant) e (2.4.38¢)

The difference between the two theories is most clearly resolved
in terms of the behaviour of the quasi-Fermi level for electrons
(Rhoderick, 1970).

In the diffusion theory, the quasi-Fermi level for electrons is
assumed to coincide w1th the Fermi level in the metal only in the v1c1n1ty
of the interface. However the diode (thexmionic emission) theory assumes
that the éuasi—Fermi level for electrons remains horizontal throughout

the depletion region.
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Crowell and Sze.(1966), combined the diffusion and thermionic
emission theories by considering the two mechanisms to be in series.

Their model introduced the recombination velocity'vr at the top of the

barrier. According to Crowell and. Sze, equation 2.4.37 can be modified .

T = g [éxp , Qv / kT) - 1] . Ceee . (2.4.39a)
3 .

vhere

o
fl

v/ (1+Vr_'/vd) exp (-qq>Bn/'kT) ‘oo -('2.4.3_9b)

where Va is the dfift velécity. This equation takes into’accnunﬁ both
diffusion and drift in the depletion region. Crowell and Sze also con-
sidered the effects of optical phonon scattering at the top of the
barriér and of the quantum mechanical refléctiph of those electrons
which have sufficient energy to surmount_the barrier. In consequence

they simply modified the Richardson constant A* by writing ,
[ : . .

*k *
AT = (fl?f A)./[1+fp

0 £, (v, /.Vd)] e (2.4.40)

where fP is the pProbability of eleétron emission over tae barrier withoﬁt
interacting with an optical phonon, and fQ is the gyerage transmission
coefficient. Crowell and Sze found that at.room temperature in the
range of values of electric field from 104 to about 105 v cm-l, the.
current transport mechanism in most oflthe Schottky barrier diodes
brepared on Ge, Si and GaAs was limited b& the thermionic emission of
the majority carriers.

Rhodérick (1972, 1954) showed that thermionic theory applies if

vy > yi_in equation 2.4.39. This was shown to be equivalent to

Hé&ax >> v/4 , qé;ak >> m*v/4t or Aqé;ax >> 2kT/w . .
- - (2.4.418)
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where

g o= qr/m* and v = (8kr/mm*)” Ceee ver (2.4.41D)

and whete X is the mean free path of electrons in the semiéonductor,'
T is theif mean free timé.
In practicelﬁpe'voltage-dependenﬁ image foréé lbﬁefiﬁg, A
(see equatidh 2.4.10b) may lead to departures_from ideal behaviour,
_and it is used to write the experimental forward current~voltage

characteristics as

J J [exp (qv/nkT) - 1] cee ces cee (2.4.42)

where

5
]

| -1 . - |
(@/kT) [a(tn ) /av) cee e cee  (2.4.43) -

and Js is the_saturation current. For ideal diode behaviour the value
of n is expected to be unity. .Sze et al (1964) showed with Si and Gals
diodes that the effect of image force lowering on the forward bias
characteristics was negligible when N, < 1017 cm_3,'and n= 1,02, The
value of n is greater than unity.in the fofward direction when there is
an insﬁlating layer between metal and semiconductor. According to Card

and Rhoderick (1971) the value of n is affected by the presence of the

interface states and is given by
n = 1+ {(d/ei) (ss/w +qD )/ (1 + (d/ei) qpsa)} . (2.4.44)

where Déa is the density of.interface states which are in equilibrium
- with the metal, and Dsb the density of states which are in equi;ibrium
ﬁith the semiconductor, €y is the permittivity of the insulating.film,
and d its thickness, and es is the permittivity of thek§emiconductor and

W the_thickness_of,the depletion region,
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According to both the diode (thermionic) and diffusion theories
the reverse current should saturate at JS_(see for example equation

2.4.38b). However there are often departures from this ideal behaviour,

and saturation may not be observed. One of the possible reasons is that

Bn depends on the maximum electiric field strength,

s

Is&ax in the barrier, sinceléﬂax increases with the application of reverse .

bias the barrier'height decreases accordingly. “In this event the'currént
would be expected to increase as exp (A¢Bn/kT), where A¢Bn here is the

barrier lowering. More recently Arizumi and Hirose (1969) and Andrews

- and Lepselter (1970) have described the reverse current-voltage character-

istics‘of nearly ideal Si Schottky diodes in terms of image force iowering..
It may also be possible for electrons with energies below the top
of the barrier to penetrate the potential barrier by quantum mechanical
tunneling. The Field (F) and Thermal Field (TF) theories have been
developed by Padovani and Stratton (1966) and Crowell and Rideout (1c69).
It was postulated that field emission occurred ohly.in degenerate semi- |
conductors because of the very small effec;ive masses involved. At low
temperatures the forward current was fbund to arise from electrons with
energies close to the Fermi energy in the degenerate semicqnductor,
(Field emission). However; when the temperature is higher the électrons
are excited to higher energies and the tunneling increases because the

electrons experience thinner and lower barriers, (Thermionic-field (TF)

emission).

2.4.5 Experimental determination of the barrier height in

Schottky diodes

(a) Photoelectric Measurement

It is well known that the photoelectric measurement is the most
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-accurate and the most direct method of determining the barrier height

(Cxrowell et al,.1962). When a metal-semiconductor Junction is illuminateqd
with monochromatic light either from the front or back thréugh:thé buik'
of semiconductors,.a photocurrent may bé geheratéd. The light can excite
eiéctrons from the metal if hv.z q¢3h, and can generate electron-hole

s

pairs in the-semiconductor within one diffusion length of the ‘contact

when hv 3 Eg' Electrons emitted from the metal can surmount the barrier

~and are then accelerated in the high field (>105 v cmﬁi) of the

depletion layer and contribute to the short circuit photo=-currernt. The
photo~current per absorbed photon, R, as a function of the photon energy,

hv, is described by Fowlex  (1931). theory which can be approkimated for -

direct gap semiconductois as, R w(hy - h\)o)2 ’ which'can'be'applied to

M-S contact as ,

L '
R)“~n (hy - q¢Bn) for q¢Bn < hv-<Eb cos ese  (2.4,45a)

and

(R)li n thv - Eg) for hv 3 Eg' cee 0o cee (2.4.4Sb)

Therefore when the square root of the photorespcnse,.(R)%, per absorbed
photon is plotted against the photon energy, the intexcepts of this
straight line regions give the values of the barrier height and the band
gap. Grimmeis (1974) pointed out tﬁe importance of the deep leveis in

the semiconductor in contributing to the photocurrent in M-S contacts.

(b) Capacitance—Vgltage Measurements

The barrier height can also be determined by capaciténcefvoltage
{(C-vV) measurements. When a small (< 25 mV) &s.?oltage is superimposed
on the d.c.voltage, charges of one sign are induced on the metal surface

and the charges of opposite sign in the semiconductor. The relation



- 45 -

between C and V is given by equation 2.4.6. The built~in voltage, VBé'
can be determined from the intercept, V s on the voltage axis of the

sfraight plot of sz_against V. The barrier height, ¢Bn' is given by
2.4.11, | | -

- With M-I-S diodes, a plot of C-2 vs. V aéain leads to a stxaighf
line (Goodman;'1963 aﬁd Co@ley; 1966),.(equation-2.4.33). _HoWevér.the
intercept on the voltage.axié now is_giveh_by equétions 2.4;34 and
2.4,36, where VBo is determined bY thtoeléctric measurements if Vn_is

known. The value of the barrier height, ¢ can again be exprossed by

ced
1S

equation 2.4.26.

(é) Current—Voltagé Méasureﬁents

The barrier height in M-S coﬁtacts can aiéo be deteﬁmined'frdm
forwara bias I-V measurements. The forward characteriétiES are-fépreé
sented by equation 2.4.42, The valué'oﬁtained-by.extrapolating the
current.density to zero-vqltage gives the éaturatiqn current, Js' :The

barrier height can then be obtained from the following equation ,

Ppn = (kT/q) Ln (a** T2/JS) ' ces . cee (2.4.46)

2.5 DIRECT CURRENT ELFECTROLUMINESCENCE IN THE SINGLE CRYSTALS

OF ZnS,Zn(S,Se) AND ZnSe

(a) Elecfroluminescéﬁce in ZnS

Some of the first work Qn(LCiEL in single crystals of ZnS was
reported by Piper and Williams (1952).' They used crystals doped with
copper. The emission originated at cathode. The light output increased
exponentially withlvoltage and linearly with qurrent. A mechanism of
impact excitation of activator centrés by hot electrons was proposed.

Smith (1955) studied dc EL in single crystals of ZnS which did not.
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contain intentiénally added impuritiés; and Obserred.a Broad emission

band extending from 3400 (band edge) to 6000 R, ne favpﬁred.a mechani.sm
involving the injection of.holes and electrohs. The first claim to have -
prepared a p-n junction device 6n-single ¢rys£als of ZnS came from Narita
(1960) . According to him copper was evaporated and diffused into ZnS to
form a p-type layer. *The same method was iatér.uSed with ZnS:Cl by
Georgébianirand Steblin (1967); ‘With these devicés.emission_was apparent
in the forward direction with applied biasses of about 2 V. Indradev and
Garlick (1967) examined the electroluminescehce of ZnSe:Cu singlé crystals.
Théy artributed the low Véltagé<lc,e1eCtroluminescence to cbpper precip-

itates at stacking faults, which behaved as resérvoirs of holes. Biter

et al (1969) studied electroluminescence in single:crystals of ZnS:Cu

which had been heated in molten zinc. Thef observed the blue self~
activated and green emission bands of undoped énd copper doped sampleé
respectivelyﬂ The light emission at.low\applied voltages (1.6 V) was
attributed to the existence of n'-n junctions where the energy §f the
emitted photons was believed to be provided by hot électrons. The bright.
spots at the cathode which appeared at higher voltaggs of‘;bout 15v
were believed to result from iméact ionisation in Schdttky barriers, as
will be described later. Ozsan and Woods (1974) observed d.c. electro-
luminescence in single crystals of ZnS:I which had been heat treated in
a molten alloy_of zinc and aluminium. They observed self-activated
emission in the blue region of the Spectrum with a maximum intensity at
2.58 eV. They obtainea a luminance of 90 ft-Lambert for a power

dissipation of 600 mW at 20 V.

(b) Electroluminescence in mixed crystals
D.C. electroluminescence in II-VI solid solution systems such

as 7n(Se,Te), has generally been investigated from the point of view of
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obtaining efficient injection devices. Electroluminescent.p—n junction .
diodes have in fact been prepared from the ZnSe Te,
by diffusing Al into as-grown p-type crystals. o | !

system, Aven (1965),

. Electroluminescence in powdered phosphors of Zn(s,Se) has been
studied by some authofs (see for exampie Larach and Scréder,11959; .Asano
and Nakao, 1964 and G;ldman et al, 1968j; but electroluminescence in
éing;e crySﬁals of solid solutions of Zn(S,Se).has not been fully investi-
gated. However, Ozsan and Woods (1975) described a green elect;olumin—

escence in crystals of ZnS which had been heat treated in molten

0.6°%0.4
zinc and aluminium. With reverse biased Schottky diodes they achieved-a.
luminance of 200 ft. Lamberts at an applied voltage of 11 V, corresponding
to a power efficiency of I x 10“3%. At room temperature the light was

emitted in a broad band centred at 2.27 eV. This shifted to 2.34 eV at

85 K. This work will be described in detail'later'in this thesis.

(c) Electroluminescence in Znsé

Electroluminescence in single crystals of ZnSe has been studied
by Fischer (1964, 1966). He used metal-semiconductor contacts on vndoped
n-type ZnSe crystals. Light was produced when the déviée was operated
in reverse bias. He exélained thé_observed electroluminescence in terms
of impact lonization. The spectral distribution for the avalénche
electroluminescenée extended to the-absorption edge. Fischer observed
injection electroluminescence under forward bias conditions (see Figure
2b) using contacting metals with work functions higher than 4.8 eV (i.e.
'~ Pt or If). The resultant injection electroluminescence spectrum was
contained in a broad band (1,000 X).atl1.96 eV. The light emission was
found to originate from the -anode and was initiated with a potential as
low as 1.35 V., Fischer also studied injection and avalanche electro-

luminescence in n-type ZnSe crystals in the presence of thin insulating
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layers undex the metal contacts, (see Figure 2. d,e). Aven and Cusano
(1964) investigated the CuZSe«ZnSe heterojunction. Lightemission_was_
observed at 1.4 V in forward'bias. The emission spectra at 77 X con- T

sisted of Several-bands peaking at 1.96, 2.07, 2.36 and 2.68 eV. At

- 77 X brightness levels of 1,000 ft. Lambert were measured with ZnSe:Cl

crystals. Park et al’ (1972) bbserved a_yeliow—orange-electroluminescence

using various Schottky barrier devices on n-ZnSe:Al. ' The emission at
300 K was found to peak at 2.10 eV, and could be resolved into two bands

at 2.21 and 1.95 eV at 4.2 K. External quantum efficiencies of 0.1%

- and brightness levels of 200 f£t. Lambert were obtained at an input power

of 100 mW at 300 X. Allen et al (1972) Prepared Schottky barriers on

n—-type ZnSe:Al crystals containing either Mn.or Cu, or both, to provide

luminescent centres. The EL and PL emission spectra of .the Cu doped

samples both showed peaks at 1.91 eV. However, the reverse bias EL in
the Mn doped samples was located at 2.10 eV and 300 XK and 2.12 eV at

118 X. Later Livingstone et al (1972) described the light emission in

forward biased ZnSe:Al diodes with Mn or Cu dopants. They found the |

forward bias EL peaking at 1.90 eV for Cu doped, at 2.0 eV for.Mn doped

and 2.675 eV for undoped samples. The threshold for light emission was

at 1.3 V. Turvey and Allen ( 1973) observed a broad emission band extendincj_ from
0.4 to 2.65 eV when Schottky barriers of n-type ZnSe, without deliberately
added impurities, were driven in reverse bias. They suggested that
radiative transitions could occur between different points in the Brillouin
zone and indeed demonstrated a &orrelation with the shape of the conduction

band of ZnSe. Ryall and Allen (1973) have also observed exciton emission

‘in the forward bias EL of ZnSe:Al Schottky diodes which were free of

other intentionally added luminescence centres.  Ozsan and Woods (1975)

have confirmed the observations of Allen et al (1972) and Park et al (1972),
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and have shown that the EL reported by Park et al is. the self activated

~luminescence, which coincidéntally in ZnSe lies very near the same

will be discussed later in this thesis. Recently the first claim to
have observed injection EL in a phosphorus—ion—implanted ZnSe p-n
junction diode came'from Park and Shin (1974). EL appeared under

forward bias. The emission peaked at 1.96 eV-and had a quantum

efficiency of 0.01% at 300 K.
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- CHAPTER '3

CRYSTAL - GROWTH

3.1  INTRODUCTION

- II-VI compounds are formed from the elements of groups II

and VI of the ‘periodic table. The opto—electronically 1mportant

zcompounds are those which form subgroups of zinc and cadmlum chal—

cogenldes, namely Zno, ZnS, ZnSe, ZnTe and CdO, Cds, CdSe, CdTe.
Single crystals of zinc selenide, zinc sulphoselenide and zinc
sulphide, with particular emphasis on zinc selenide, have been grown.

and studied during.the course of this research. Some of the well-

‘known crystallographic'properties of the zinc chalcogenides, together

with the purification and crystal growth techniques used in the

.present work, will be. descrlbed in the follow1ng sectlons.

3.2 CRYSTAL STRUCTURE AND BONDING IN II-VI COMPOUNDS .

~In the II-VI compounds the valence electrons are provided
by the 2tomes of the constituent elements, the electrons can either
be transferred or shared between the atoms. 'In the former case,
completely filled subshells (ile. Zn++Se—_) lead to an ionic bonding,
whereas in the latter case (i.e. Zn—-Se++) each atom possesSes four
electrons on average and the bond is covalent. For comparison, the
bonding in compounds formed from elements of groups I and VII of the
periodic table (i.e. NaCl, KCl) is strongly ionic. The welleknown
elemental semiconductors in group IV (i.e. Si,.Ge) or IIl-V compounds

(i.e. GaAs) show strong covalent bonding. The degree of ionicity

- decreases with the decrease in electronegat1v1ty dlfference between

the elements. (i.e. 2.2 for KC1, 0.9_for ZnSe, 0.5 for GaAs and zero

for si). Thus the shift from ionic to covalent bonding is gradual.
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The IIfVi compéunds are thgrefore exéecﬁed to show a bonding-which ié
neither ionic nor éovalent but somewhere in betﬁeen. _Pauling (1960)
éompared the nearest neighbour sepaiations, which were computed from '
the covalent and ionic radii of the aﬁoms concerned, with the yalues

obtained experiméntally from the lattice parameter. This shows that

. most of the II-VI compéunds do in fact possess covalent'bonding. How~ |

ever, the ionic influence is evident since a decrease in the atomic:

‘weight in II-VI compounds leads to reduced mobilities, high melting

temperatureé and increased bandgap energies. The lattice parameters
6f the zinc chalcoéenides obtained from recent eXperimental studies are
given in Table 3.1

| As with the elements of group IV, II—VI compounds also form
tetrahedral bonds. Tetrahedral bonding and covalency ére the results
of highly directidnél sp3 orﬁitalé (Qirected towards the corners of a
tetrahedron) formed by shared electrons. This arrangement produces
two crystallographic structures in II-VI compounds, i.e. zinc blehde
(or cuﬁic) and wurtzite (or hexagonal) .. Both zinc.éelenide‘and zinc
sulphide have stable cubic and hexagonal structures, depending on the
growth conditions. However, the zinc blende structure is the more sﬁable
phase of zinc selenide. In this structure each of fhe constituent atoms
lies on a face-centred cubic sub-lattice with the two sub-lattices
being digplaced relative to one another by one quarter of the body

diagonal of the cube.

3.3 CRYSTAL GROWTH

Methods of crYstal growth and the crystallographic properties
of the II-VI compounds have been reviewed by Lorenz . (1967), Roth (1967)
and Ray (1969). The most important requirement in crystal growth is

the preparation of structurally and chemically pure crystals, which



MELPING POINT _ |- CRYSTAL LATTICE PARANETHER
COMPOURD | poyprrATURES (C). STRUCTURE a(A) o(})
Zno | Wartzite 342426 5,190 (5)
| | Wurtzite 3.820 6.260 (6)
Zns 1830 (1)
' Zinc Blende | 5.4093 (7
InSe 1515 (2)(3) ; ' WUI"'R:Zi'te 40003 6.540 (8)
' Zinc Blende | 5.6687 -(9)
ZnTe | 1295 (2)(4) Wurtzite  |4.270 6,990 (10)
" Zinc Blende | 6.1037 (il)

(1) Addamiano.A, and PoA.Dell (1957)
(2) Narita.X.,H.Watanabe.and M.Wada (1970) -
(3) Aigrain.P. and M.Balkanski (1961)
(4) Lorenz.M.R. (1967)
(5) Heiland.M. and H.Mollwo (1959)
(6) Fuller.M.L. (1929) -
(7) Skinner,B.J and P.B.Barton (1960)
(8) Chan,F.L. and Y.S.Park.(1964)

(10) Chistyakov,I.D and E.Krucheanu,(1961)

(9) Larach,S.,R.E.Shrader and C.F.Stocker (1957)

TABLE 3.1, Lattice parameters and melting points for

zinc chalcogenides.
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necessitates nome knowledge of thgir thermodynamic propeities.

Crystals of II-VI compounds aﬁé usually grown in one of threé ways:

from the liquid phase, frdm the vépour phase or'by chemical transport. '

Most of the II-VI compounds, especially the zinc chalcogenides,

require vapour or chemical transport methods because of their: high

melting points (see Table 3.1) which lead to difficulties with the uso

of silica and the high vapour pressures at the melting temperatnres.

However,'in spite of these difficulties, single crystals of zinc sulphide,

zinc sclenide and zinc_telluride have been grown from melt in centimetre

dimensions by Fischer (1958, 1959). ‘High purity zinc oxide has been

produced by oxidation of high purity evaporated zinc by He;land and Mollwol
(1959). Single crystals of II-VI compounds_have'been-grown mnst

frequently from the vapour phase and by chemical transport methods. _
The vapour growth method was first deyised by Reynolds and Czyzak (1950)

and modified later by Green et al (1958} and Piper and Polish (1961).

" They grew large single crystals of ZnS,_ZnSe, ZnTe, CdS and CdTe.
Samelson (19615 and Hartmann (1962) have shown with zinc sulphide single
crystals that the formation of one preferred structure (either solely
sphalertire or wurtzite).can be achieved by further refinemgnt of the
érysta; growth conditions.

Single crystals of zinc éelenide have been grown from the vapour
‘phase by Burr and Wooés (1971) uéing the technique originally empioyed
by'C;ark and Woods (1968) to grow crystais of cadmium sulphide.

The chemical transport method was first applied to II-VI
compounds by Nitsche (1960), who produced single crysuals of zinc
selenide and sulphide with millimetre dimensions. This technique has
the advantage that the crystals grow at relatively 1nw temperatures.
Howevgr, it has the disadvantage that the transporting agent is

incorporated as an impurity.
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The crystals studied in this work were grown in this laboratory.
The furnace arrangements and the methods of growth are discussed in.

.the'following sections.

3.3.1 PREPARATION AND PURIFICATION OF THE STARTING MATERIAL

B.D;H; Ltd. 'Optran' grade zinc selenide or zinc sulphide
powder was used to produce most of the crystals used in this work.
However, some of the starting material was produced f£rom direct combin-
ation of the elementsdin this laboratory using 5N zinc, selenium or
sulphur which were obtained from Metal Research Ltd. .The system'employed
for the preparation of the startlng material from the elements is
illustrated in Figure.3. 1(a). A three zone furnace was used to heat the
elemerits in a silica tube in a stream of hdgh purity argon. The first
~and second zones were used to contain the elements, and the crystals
_grew in the third zone. The temperatures over the three zohes were
varied and controlled automatically with the.help of Pt-Pt/Rh thermo-
eouples. The non-metallic and the metallic vapeurs‘from the first and
second zZones were mixed and.paesed te the thixd zdne where super-
saturation occurred at the cooler part of the zone. The excess metallic
Ox non-metallic elements also sublimed in the gradient, towards the end
of the third zone, to be deposited as a residue. Some non-volatile
impurities were also expected to be extracted during this sublimation
précess. In fact there is always some degree of purification in the
growth process.where sublimation takes place, because of the one-step
| distillation procese. B.D.H. 'Optren' grade zinc selenide powder was
purified in.a similar way by subliming it in a stream of argon. A
typical flow run system fer this purification operation is shown in

Figure 3.1(b). A single zone furnace was used for this purpose. The
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powder was placed in a silica tube, in a stream of high purity argon,

‘and heated to 600°C for ten hours to remove all non-volatile impurities.

*

The temperature was then raised to 1150% for about tenrdays. In this

period of time the powder was sublimed towards the cool end of the tube.

The large faces of platelet crystals of =inc selenide produced by this
. . L] . T X

method were éevera; mmzlin.area.

The B.D.H. ziﬁc sulphide poWdef was purified in a different
way and the argon flow was not used. The silicé tube containing the
powder was sealed at one-end and continuously evacuated from the other.
The tube was placed in a temperature gradient with the_charge at

115OQC. The ZnS was then sublimed towérds.the cool end of the tube.

3.3.2 VAPOUR GROWTH

Large single crystéls of zinc selenide were grown in this

- laboratory using the vapour phase technique descfibed by Burr and

Woods (1971). The growth system is illustrated in Figure 3.2(a).

The platelet crystals that were obtained.from the flow run process
were crushed and used as the charge in a silica capsule. The growth
capsule was in communication ﬁith a tail, via a narrow orifice which
contained either zinc or selenium. The capsule and the tail wefe
evacuated and flushed, and baked in high purity argon and then
re-evacuated down to 31(10—6 torr and sealed. The tube was placed in
a vertical furnace with the charge at 1150% and the tail at 310%

when using selenium, or 570°%C when using zinc. The growing crystal

‘intexface was usually at 1020°C. The partial pressure of zinc or

selenium provided by the tail was necessary to control the pressure

of one of the components to provide a minimum total pressure, Pmin'

and to achieve a near stoichiometric composition of the vapour in the
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growth region of'the_capsule. The capsule was pulled upwards through

a temperature gradient at a rate of 1.5 em a day. The zinc selenide

'was sublimed from the bottom to the top in a period of fifteen days. -

- The temperature of the capsule was reduced to room temperature slowly

over 80 hours. Typical single crystal boules were one ‘centimetre in
dlameter and several’centlmetres -long, (see part a in Figure 3.3)

With this method, it was also possible to dope the zinc

selenide crystals with certain impurities. For example, samples doped

with indium or aluminium were cobtained by adding these elements
directly to the charge. Chlorine was introdﬁced by adding zinc
chloride, while copper was introduced as the metal or as the selenide.

When crystals containing manganese were required, anhydrous menganeée

'chloride was added to the tail, or introduced as the metal, or as the

selenide to the charge. In this way crystals containing up to 2,000 épm
of manganese could be produced. |

| Single crystals of solid solutiens of zinc selenide and éinc
sulphide, i.e. zinc sulphoselenide, Zn(S:Se), could also be grown
successfully using this method. High purity powders of zinc selenide
and zinc sulphide were crushed and ground together in the required
proportions, to achieve an intimate mixture of the two. The mixed
éowder was used as the charge in the growth capsule, which was flushed
with high purity argon, evacuated and sealed at a pressure of
2 x 10“6 torr and placed in a vertical furnace. The charge was pre-
annealed for three days to allow_sintering to occur and was then held
at 1165°¢C for most of the growth process. The tail, which contained

zinc, was maintalned at temperatures which would allow the P con-

in
dition to be attained at the growth tip of the capsule. This temperature,

‘and that of the growth tip therefore, depended upon the composition of

the crystal being grown, (Cutter et al 1976). The capsule was then
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pu;led upwa;ds at a rate of 1.5 cm a day for-15 days. In this way-
cylindrical boules of solid solution crystals were produced several
cms long.and 1 on in diameter. | |

This method Qf growing single crystals of solid solutions_

of ZnS#Se was only successful for coﬁpositions up to 60 molar per

®

1-x

cent of sulphur. High concentrations of sulphur led to multiple

' nucleation and non-uniform boﬁles.

It was very difficult to grow single crystals of zinc sulphide
using the same technigue because the temperatures were essentially

too low.

3.3.3  HIGH TEMPERATURE GROWTH

A féﬁ attempts were made to grow the crYsﬁaIs of iﬁtereSt
at high femperatures us;ng an argon,atmosPhefe. A silica tube, of
5 mm diameter and 15 cm long, was used to contain the purified charge
material. The tube was sealed at one end and made narroﬁer at the
other end. It was then placed in a horizontal furnace xept at'1300°C
and an atmosphere of high purity avgon was maintained inside it. The'
tube was pulled through a temperatﬁre gradient at a rate of about 2 cm

a day. Sublimation took place at about 1200 - 1250°C and the-crystals

~grew at the narrow end (which was blocked by the growind crystal).

3.3.4 CHEMICAL TRANSPORT

The chemical transport system of crystal growth used in this
work was based on the method described by Nitsche (1960).  Iodine was -
used as the transporting agent. The system which is illustrated in '
3.2(b) consisted of two furnaces, a main (single zone) and a mihi

(two zones).gne. The mini furnace was inserted into the main one.
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thermocouples. A silica tube of 6 mm inner diameter and about 10 cm

- 57 =

The temperature of the main fﬁrnace and the temperatures of the two -
ends of ﬁhe mini furnace.were_automatically controlled using Pt—PE/Rh
long was ﬁsed to contain 4 gm of purified charge material, with

2 milligrams of iodine for every cubic centimetre of the volume of
the tube. The tube %as flushed with high purity argon several times,
tﬁen sealed at 10"4-torr and placed in a mini furnace. Next,.the main
furnace was heated to 800°C and maintained constant at that témperature
fhrqughout the growth period. Then the temperature_oflthe mini
furnace was adjusted unﬁil the growth tip of the capsule was at 900°c
and the charge'end at 800°C. With such a temperature profile it was
possible to sinter the charée and clean the growth tip from stray
powdered material, which was transported back to the charge within

24 hours. . After this period, the temperature grédient over the mini
furnace was reversed to achieve a temperature profile from 800° to
840°C between the growth and charge ends of the capsule. The capsule

was held in this temperature gradient for about 12 days. At the end

.of this period single crystals of about 5-6 mm in diameter and one cm

in length were found to have grown at the cool end (cleaning end) of
the capsule.

Using this method , crystals of iinc selenidé, zinc sulphide_
and zinc sulpho-selenide (ZnSxSel_x) wiﬁh all compositions were grown

successfully.

3.4 HEAT TREATMENT FOR EXTRACTION OR INTRODUCTION OF 'IMPURITIES'

Most of the as—-grown crystals of zinc selenide, zinc sulpho-

selenide or zinc sulphide had high resistivities of the oxder of

1012--1014 ohm cm, although some of the zinc selenide crystals with
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suitable donor impurities (i.e. those doped with Cl,.Ga,'etc.i
sometimes had resistivities in the range 106-~ 108 ohm cnm. To reduce

the re51stiv1t1es to the range 1 100 ohm cm it was necessary to heat

the crystals in llquld zinc. Aven and Woodbury (1962) have shown that

acceptor impurities such as cdpper_and silver can be removed from zinc
selenide using this pfocess. To carry out the heat treatment of the
cr&stal samples, a silica tube of_6 mm inner diameter and 15 cm long
was .used. See Figure 3.2(c). The tube was sealed.at one end using
ac cap lllary sxllca rod and then left in aqua regia solution for several
'fhours after which it was washed w1th_distllled water. Finally it was
rlnsed.with methanol and baked at 150°d'for one day. dThe.crystal
slices with dimensions of 10x6x1 cm> were cutjfrom a boule using a
diamond wheel, polished_with 1200 grade carborundum and etched in a
‘solution of 1% bromine in methanol to eliminate the surface damage
caused by mechanical polishlng brocedures. The slices were placed at
the sealed end of the tube together with 5N zinc metal from Metals
Research Ltd. If requlred, other metals such as aluminium could be
added to the zinc. A slice from a capillary tube was sealed close

to the'other end of the tube (see diagram 3.2(c)) to'facilitate the
removal and separation of the slices from the melt after treatment.

The tube was evacuated and flushed with hlgh purity argon several

times and sealed at a pressure of 4::10 -6 torr. It was then suspended

in a vertical furnace which .was. kept at temperatures of 8500-100000
for about 250 hours. On completion of the heating the tube was removed
from the furnace and inverted. The molten zinc ran to the bottom of
the capsule while the crystals were held on the ledge formed by the

slice of the capillary tube.
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3.5 X-RAY POWDER ANALYSIS

The x—~ray powder photography method was used to investigate the
structure and compositibn of the.crystals which were grown using
different methods. Most of the samples studied.weré those which had
~already been heated in zinc using the procedure described in Section 3.4.
The main pﬁrpose was.to determine the structure and the lattice para-
ﬁeters of those crystals used in this work.

.To.obtain samples suitable fof X-ray powder photography; the
Erystals were crushed and ground to a fine powder of about 250 mesh
size, which Qas stuck on to a cylindrical glass fibre of 0.2 mm
diameter using flexible collodion as a binder. The fibre was then
mounted at the centre of the Debye-Schexrer camera. The camera was
loaded asymmetrically with the "Kodirex" x-ray film from Kodak'Ltd.
énd mounted on the fast arm of a Philips "Smootﬁed D.C. x&ray"
Diffraction Generator" type PW 1009/30. An x~ray diffraction tube
containing a copper target was-uéed_as an x-ray source. Tﬁis was
filtéred with a nickel filter to isolate the copper Ka Lines (doublet
Kdl = 1.5405 and Ka2 = 1.54434). The tube itsglf wgs operated at 40 kv,
20 mA. The specimens were e#posed to this radiation fof 6 - 10 hours.
X-rays were diffracted from the planes according to Bragg's Law.
The_film showed sharp lines at low and high 6 (Bragg angle) values .
(see part (b) in Figure 3.3). The 6 values were measured usihg a £ilm
measuring rule obtained from "Rigaku:Denki Ltd;“

The £ilms werelindexed using sinze values (see for:example
Cullity 1967) to £find the structure of the crystals e#amined. The
lattice parameters were obtained by an extrapolation method
(extrap. to 6 = 90°) using the Nelson-Riley function (1945). This

function takes into account the errors which might arise from
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(a) absorption of x-ray beams in the specimen

(b) miscentring of the specimen, and

(c) inaccurate determination of the camera constants. !
3.6 RESULTS

Crystals of z1nc.selen1de and zinc salphoselenide were
successfully grown from vapour using ‘the technlques described by
Burx and Woods (1971) and Cutter et al (1976). All the boules were
transparent. The body colour of z1nc se]enlde boules, with no
intentionally ‘added impurities, was usually greenish-yellow and that
of boules which were doped with-iﬁpurities (ife.,with Al, Cl, Ga, Cu

and Mn) was usually yellowish-orange. Howéver;'Znso_GSé0'4 mixed

crystals were colourless.

Crystals of zinc sulphoselenide, ZnSxSe were grown

1-x
successfully ovex the whole range of compositions using the iodine
transport method described by.Nitsahe f1960).' These mixed-crystals
were also transpareat. Zinc selenide grown by this method was usually
orange in body colour. The body aolour'changed gradually to green as
the sulphur content Qas increased, and then gradually faded away.whegh
the sﬁlphur content exceeded 70 molar percent. Zinc sulphide of course
is colourless.

The crystals grown in this laboratory were-quitepmrechemi—
cally. Spectro-chemical analysis of these crystals, using solid course
maas spectroscopy by .the Harwell laboratories, revealed that one of
the major impurities was silicon at about 4 ppm. The concentration of
coppexr was less than 0.1 ppm.

Heating the crystals of zinc selenide, either in molten zinc

or zinc plus aluminium, reduced the electrical resistivity to 1-10 ohm cm.
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However, it.was necessary to heat zinc sulphide crystals in éinc plus
aluminium to bring their resistivity down to 102-—103 ohm cm. After
this heat treatment the body colour.of zinc selenide had usﬁaliy
changed to brilliant_yellow.-'HOWever,-no cﬁange was found in the body
colour of zinc sulphide and it remained éoldurless.

‘The resultsgobtained from X-ray powdér Photography showed that
all the crfstals studied were cubic (sphalerite) in structure. The
lattice parameters of cubic zinc sélenide and zinc sﬁlﬁhide were |
measured to be abput a, ==5.668:t0.002 and ao¥=5.408:t0.002 respectively.
These values are comparable with the A.S.T.M. values of ao for ZnSe and
ZnSi_which are ao==5.667, 'ao==5.4060 respectively. Some of the measured
values of the lattice paramefers for the crystals groWn by different
methods are given in Table 3.2.

The lattice parameters 'of the mixed crystals of cubic zinc
sulphoselenide were also measured using the same x-ray powder meﬁhod.

A élot of the calculated lattice parametexs against the Nelson-Riley
functidn is'given in Figure-3.4. Assuming that Vegaxd's'Law holds for
the solid_solution,-(Hartmann 1960), i.e. that the lqttide parameter
varies linearly with composition, it is possible to estimate the molar
composition of the mixed crystals. In fact the X-ray poWder analysis
indicated that the molar composition of a mixed crystal was very'close
to that of the starting charges.' Electron microprobe analysis performed
in Fhe Geology Department, University of Durham, together with examina-
tion in transmission in the electron microscope by Russell (1974),
revealed that the mixed crystals were all homogeneous. Cutte? et al
(1976) found that the crystals grown by vapour transport technique,
descfibed in Section 3.3.2, had their free growth faces within a few

degrees of the (I;T,I,) non-metal face of the cubic crystal. -
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.The most apparent-crystalingraphic deiects in most_df the
boules produced by the vapour transport technique were twins. Héwever}
the quality of the crystals obtainéd by the iodine transport technique '
was greatly superior. Recently Cutter et al (1976), using a trans-
mission electron microscope, showed that as-grown zinc selenide bouleo
were purely cubic and of high crystallographic quality, w1th few disloca-.
tions between grain boundaries. However, investigation of minute areas
of mixed crystals of ZnSO.GSeO.4_(grown by the vapour tnansport technique)
indicated the presence of a small hexagonal component,-together with
intrinsic s;acking faults and a ‘higher density of even thinner twins.

. They concluded that these owe their origin basically to post~growth

_ stress.

3.7  DISCUSSION

| lThe crystal structure of zinc selenide and zinc sulphide
depends on the cxystal growth conditions. . Fitzgeraid et al (1966)
' showed'that zinc_selenide.crystals grown in a stream of argon at 1000°%
Wefe hexagonal. They also showed that mixed cubic-hexagonal zinc
selenide could grow at temperatures of 900° - 950°C. Cubic crystals
of zinc selenide were gnown by Burr and Woods (1971) at 1100°C.
Later Cutter and Woods (1975) suggested that the cubic modification
. was stable ior zinc selenide at temperatures above 1000°b and below
800°C, and that mixed cubic—hexagonalhcrysﬁals are to be expected '
between these temperaturesf Allen and Creshaw (1912) showed that zinc
sulphide had an unstable transition temperature at about 1020°C, at
which both cubic and hexagonal zinc sulphide tended to grow. They also
showed that the reaction cubic to'hexagonal was reversible. .This was

also shown later by Green et al (1958). 1In this process the crystals
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of zinc suiphide had to be.cooled from the inversion temperature
(i.e. 1020°C) to room temperature in a period of 30-60 minutes. Then

the crystals were solely hexagonal. In order to convert a mixed !

crystal structure completely to cubic, the crystals were heated to

800° 1000 C for a period of 72 hours. They also predicted a second .
transition back to the cubic structure at temperatures near 1240 C

Samelson (1961) showed that crystals of zinc sulphide, grown from

‘Vapour at temperatures in the range 1170 - 1330 c, had structures which

changed from pure hexagonal to a highly disordered mixture of cubic
and hexagonal and of cubic. He also showed (Samelson 1962), using
zinc sulphide crystals grown by chemical transpcrt, that their |
structure was sclely cubic when the growth-temperatute lay between
760 and 970 C, and became mixed cubic~hexagonal or hexagonal when the
crystals were grown at temperatures above 970° cC.

X-ray powder photography was the-only technique used here

to study the structure of the crystals grown in the laboratory. It

- showed that all the crystals were cubic (sphalerite) in structure.

These results support the suggestions made by Cutter and Woods (1975).

However, Cutter et al (1975), using the transmission electron microscope,

" showed that the mixed crystals of ZnSo 6Seo 4' as-grown from vapour,

contained a small amount of hexagonal components of almost the same
composition. This is probably because the crystal growth temperature
(i.e. 1145°C) was very close to the phase transition temperature at
which faulted cubic crystals containing a small quantity of hexagonal
component tend to grow. |

The crystals of ZnSxSel_x, grown using the iodine transport
technique were expected to be solely cubic because the growth

temperature (i.e. 800°C) was far below the phase transition temperature
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for both zinc selenide and zinc sulphide. Stacking faults have
frequently been observed in ZnS by previous workers. (See for example
Roth pp. i45—153). Although Cutter et al found the zinc selenide
grown here to he of'high crystallographic quality, stacking faults
were observed in ZnSxSel_x_crystals and increased in density as the '.
.sulphur composition was increased.

| Heating crystals in molten zinc (or zinc plus aluminium) was an
essential part of the Preparation of the electroluminescent devices
used in this work. The brocess was usually conducted at temperagures
of about 850 - 1000 C. X-ray powder analysis of crystals showed that
the crystal structure remained cubic after such treatment. Any:twins'

usually remained, although dislocation etch pits (observed on as-grOWn

crystals of zinc selenide by Gezci and Woods 1972) were obsexved to

decrease in density after such heat treatment. Pashinkin et al (1260),.

showed that the faulted and mixed (cubic-hexagonal) crystals of ziuc

selenide could be transformed to the cubic phase by annealing them at

900°c. This has also been reported previously for zinc sulphide crystals

by Green et al (1958). Thus the heat treatment used in this work
presumably helped to anneal out structural imperfections, as well as

reducing the resistivity.



CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 INTRODUCTION

The light eﬁitting devices studied in this work werelprepared
from sing;e crystals of n-type ZnSe,'Zn(S:Se).and ZnS. Almost all of
the light emitting de;ices were of the Schottky barrier type prepared
on low resistivity materials. Both the electrical and the 6ptical

characteristics of these devices are described in the following

sections.

4.2 DEVICE PRODUCTION

" To produce light emitting devices the crystals were subjected to
heat treatﬁent in molten zinc as descfibed in Chapter 3.4. Such heat .
treatment was essential in order to reduce the resistivity and allow .
the'passage of sufficient current to excite the luminescgnce. The low
.resistivity materials were then cuf into small dice with typical
dimensions of 0.2 x 0.2 x O.l'cm3 using a diamond wheel. The dice were
polished mechanically with 1200 grade carborundum powder and then with

1 micron dlamond paste until flat parallel surfaces were obtained.

4.2.1 SURFACE TREATMENT

In order to remove the sufface damage caused by thé mechénical
polishing procedure the dice were étched in a 1% solution of bromine
in methanol. The dice were immersed in the solution which was contin-
uoﬁsly stirred for three minutes, and then slowly diluted by thé
addition of methanol. The dilution was continued for a further two
minutes until the concentfation of bromine became negligible. Following

the etching process, the dice were washed in CS2 to dissolve any possible

~
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2Se or Br4Se2)

which would othexrwise form on the surface. Etched crystals were

compounds of selenium or sulphur with bromine (i.e. Bx
stored either in absolute alcohol or chloroform.

4.2.2 OHMIC CONTACTS

Ohmic contactssto the crystais’of zine selenide, Zinc:sulpho-
seienide and ninc snlphide were provided by pure indium metal wire
which was obtained from Johnson Matthey éhemicals Ltd. The indium wire
was either vacuum evaporated  or pressed on to the chemically etched |
surface of a cryatal. To obtain an ohmic contact on zinc selenide
for example it was necessary to heat the dice for five'minutes'at about
250°C in en armosphere of argon; The temperature was raised to the
required temperature rather_slowly, i.e. within 15 minutes, and a
similar reriod of time was usec_to cool the dice to room temperature.
The temperature required for the satisfactory formetion of an ohmic
contact on zinc sulpho—selenide-was between 280 and 380°b, depending
on the composition. The procees of ohmic contact formation on zinc
selenide using indium has been described by Blount et al (1966), in
texms of the penetration of a.chemical impurity 1ayer on the surface
of the semiconductor, followed at high temperatures by the indiffusion
of indium. However, Kaufman and Dowbar (1974) using indium on zinc
sulpho-selenide, zinc selenide and zinc sulphide crystals, descrihed
ohmic contact formation as a liquid epitanial process.

The ohmic behaviour of the various contacts was checked by

alloying indium on to the opposite faces of the dice. Satisfactory

ohmic contacts were made on zinc selenide and zinc sulpho-selenide with

ccmpositions up to 80% sulphur. With higherzsulphur compositions, and
with zinc sulphide, it was difficult, if not impossible, to form ohmic

contacts. Virtually no difference was observed in the ohmic behaviour
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of the contacts formed on surfaces which have been chemically.cleaned.

or cleaved.

4.2.3 SCHOTTKY BARRIER FORMATION
. The Schottky barriers were prepared by vacuum deposition of

the rectifying contacﬁé. The rectifying contact was formed on the

'face of a dice opposite that to which the indium contact had been applied.

Pure gold, obtained from Johnson Matthey Chemicals, was used almost
exclusively to provide the rectifying contact. 'The face to receive

the thin gold film layer was again put through the full process of

N

surface treatment, including the mechanical polishing procedure, after

alloying the indium contact on to thé_opposite face. During the whole

of this process the indium contact was covered with a protective layer

of “locomite“ which the chemical etchants did not affect. The thin

protective layer was peeled off easlly later on. 1If the dice were
stored in chloroform, the locomite was removed first, because it

dissolves in chloroform. Ultimately, gold films, 10-‘2 cm2 in area,

' Were deposited on the freshly cleaned surfaces. In a few samples, gold

layers were deposited on to faces which had been freshly cleaved in air.

4.2.4 VACUUM SYSTEM AND METAL FIIM DEPOSITION

The schematic diagram of the vacuum systemlused is shown in
Figure 4.1. All parts were obtained from Edwards High Vacuum Ltd.
The ;ystem was built around a 4" oil diffusioﬁ bump which was sufficient
to handle the outgassing of the source (this facility was initially
provided to enable .an electron gun to be used at high powers).

Edward's 70 series units were employed to measure the pressure in the

'work_chamber, i.e. a Pirani 11 gauge for pressures below 10_3 torr, and
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~a 1G5 lonisation gauge fqr pressures beiow 10-_-3 tori. With liﬁuid
nitrogen in the cold trap and siiicéne fluid 705 in.the.diffusion
pump, the lowest pressure attained in .the chamber Was-lxlo'-6 torr.
The.pressure was maintained below 6.0:{10_6 torr duringlﬁost éf the
depositions. |

The vacuum chamber used to dep051t thin metal film layers oﬁ
the smngle crystal dice is illustrated diagramatically in Figure 4.1.
The dice werxe placed on top of the copper masks over small holes,
through which the thin metal films would be deposited. The copper
masks were mounted on an 8 mm thick stainless éteel disc, which was
placed 8 mm above the source. Resistively heated molybdenum boats
containing small pieces of gold metal were used as sources. -The source
was supplied by an L;T. transformer enabling 30 amps at 30 volﬁs to be
drawn if required. Substraté heating was provided by the focussed
light from a 750_watt tungsten halogen lamp internal to the systen.
The température of the substrate (copper masks) was controlled by a
Eurotherm "phase angle" controlle; in conjunction with a NiCr/NiRAl
thermocouple in contact with the coﬁper'masks, A siiica_cylinder,

5 cm in diameter, was located in the volume between the source and
the copper masks and a magnetic shutter was situated just below the
substrates.

Before insertion in the vacuum system both the copper masks
and the pure gold metal were cleaned in chromic acid and washed with
absolute alcohol. The initial step, before any metallic evaporation
was proceeded with, was to outgas the_éhamber. For this, the work
chamber was evacuated down to 1.0x10-6 toxr and power was aéplied
to an empty molybdenum boat while the substrate holder was heated to
_200°C using the tungsten haLogen.lamp heater. When this outgassing

procedure was completed the work chamber was let down to air for a short
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period,.during which timg the diée'waré qﬁickiy moﬁhted oﬁlthé ééﬁper
masks, and the small gold pieces were placed in thg molybdenun boat.
The work chamber was then re—ancuated to 1.0::10-6_t§rr Qhen the gold
evaporation_was &arried out. Initially the shﬁtter was kept closed

so that the substrate would not be exposed to metallic vapours until

a éteady evaporation rate had been attained, and minor oqtgaésing was.
Completed. The substrate.was kept at 60°C throughout the evaporation}
and the pressure was usually less than 6.0:{10—6 torr during most of

the depositions. A rough guide to the thickness of a gold layér waé
achieved by weighing the source before and zfter the evaporation. The

estimated film thicknesses were usually around a few thousand Angstroms.

The light emitting devices produced were not encapsulated.

4.3 ELECTRICAL MEASUREMENTS

Most of the light emitting devices produced here were Schottky

barrier devices on n-type material. The electrical properties of these °

~ devices have been studied in conjunction with the light emission.

4.3.1 CURRENT-VOLTAGE CHARACTERISTICS AS A FﬁNCTION OF EMITTED LIGHT

(LUMINANCE) OF THE DIODES

The diodes were mounted on the copper finger of a metal cryostat.
The cryostat formed an open sided coﬁper enclosure with a silica window
facing the diode at one eﬁd, and the vacuum inlet at the other (Fig. 4.2).
All electrical connections were made via a 6-way glass-to—mg;al seal at

the bottom of the cryostat. A soft copper wire was used to make a probe

conﬁact to the Schottky barrier. It also served to hold the sample

vertically on the copper block. A copper=constantan thermocouple placed
very close to the diode made contact with the copper block. The pressure

inside the cryostat was reduced to 10“1 torr with a rotary pump. The.
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sample block was directly cooled by .liquid nitrogen contained in a

‘German-silver cylinder above.it, and it was possible to obtain
temperatures down to 85 K. _ : '

Current voltage characteristlcs were measured in the dark.

A Phlllps mlcrovoltmeter type PM 2440 or E.I.L. Vibron electrometer
type 33B were-used to measure applied biasses smaller than one volt.
For‘higher applied voltages a digital multimeter type DMM2 and an
. Avometer were used.

The luminance of the diodes was measured directly with an
SEI.photometer which gave the brightness in foot-lamberts. In general
the intensity of emitted light covering the whole emission spectrum
was measured using ah EMI photoﬁultiplier type 9781R which had an-
extended 85 cathode. The output of the photomultiplier was calibrated

against that of the photometer.

4,3.2 CAPACITANCE -~ VOLTAGE MEASUREMENTS

| The.differential capacitance (C) of the Schottky diodes was
measured as.a function of applied bias (V). The C-G-V plotter used
ﬁas designed and built in this lagoratory by P.G. Martin. It operated
accurately in the frequency range of 10 Hz to 300 kHz. An external
osciliator provided the signal voltage 25 mV (p-p) applied to the device.
The instrument included a low firequency sweep generator capable of
biasing the device under test over the range -20 to +20 volts. Most of
the C-V plots were taken with biases between 3 volts (reverse) -0- .2
volts (forward). The voltage limitation in the forward direction was
due to the high condﬁctance of the device. A "Bryans" X-Y Autoplotter, .
model 21005, was connected to the output of the C~G-V plotter to obtain.

an automatic record.
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The C-V measurements were made on diodes mounted in the .cryostat.
‘The pressure was reduced to 10—1-torr and most of the C-V plots were
made in the dark at a frequency of 200 kHz. With a few samples c-V. i

- plots were also made at low temperatures.

4.4 OPTICAL MEASUREMENTS

| Extensive optical studies were made on most of the devices.
'Aléhough the emphasis was oﬁ electroluminescence, phtoluminescence
emission and excitation spectra, in conjunction with the spectral !
~ distribution of thelphotoresponse,.wére also studied to contribute to
the undérstanding of the actual mecﬁanism'concerned with electro-
luminescence. ' In the following seqtions the'experimental techniques

and the apparatus used will be described.

4.4.1 APPARATUS

Two kinds of apparatus.were used for the luminescéhce measure-—
ments. Most measurements were carried out uéing a Baxx &and Stroud
double moﬁqchromator type VL.2_fitted with Spectrosil 'A' quality prisms;
This system was used to determine the emission spectra'of both the
electroluminescence and photolumiﬁescence, and provide a monochromatic
light éource for lﬁminescence excifation and phétoresponse measurements.
An E.M.I. photomultiplier t?pe 9558; with a trialkali s-20 photocathode,.
was used for most of the emission and excitation measurements. The
output from the photomultiplier was amplified by taking the signal from
the 10 k.ohm load resistor to the input terminal of a Brookdeal lock-in
amplifier ﬁype 401 and a Philips valve voltmeter typé PM 2440. The
valve voltmetef wés used to ensure that the photomultiplier was not

over exposed during the mirror alignment procedure. The reference
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signal to fhe lock~in amplifier was obtained-from-Light falling on to .

a photodiode which was fed from the internal 9 volt éupply of the
amplifier. Both the light inpident on the entranqe slit of the mono~
chromator.and the.light falling én the photodiode Qere chopped with a
multibladed chopper which was driven by a synchronous motor via a

flexible drive. This motor allowed a chopping frequency of 200 cps

to be obtained with the help of a 40 bladed chopper.

The cryosgtat used fpr'luminescence measu;emeﬁts was identical
to that used in electrical measurements, except that thé sample block
was built to rotate about its vertical axis. Copper plates holding
vafious filters provided a vacuum-tight seal at the side, enabling
photoluminescence and excitation sbectra measurements to be made.

80 K was the lowest attaiﬁéble temperature with this cryostat. A
copper—constantan thermocouple, placed very near the samplé, was used
to measure the temperature.

‘The second system used for optical measﬁrements was an Optika
C¥ 4N1.grating spectrometer. It was_possible to make optical measurements
down to 18 K with this sytem, whiéﬁ employed an Oxforg Cryogenics
cryostat. The cryostat'had a helium capacity of 1.5 litres and the
copper sample block was directly cooled. The diodes were held in
contact with the sample block with springy copper wire and thé gold
contact faced the detection system. The pressure inside the cryostat
was maintained below 10f4 torr, and a gold-iron/chromel thermocouple
was used to measure the temperature of the sample_block. -The automatic
recording spectrometér was provided witﬁ an E.M.I. photomultiplier type

9781R with an extended S-5 photocathode.
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| C4.4.2 EMI.S.SION SPECTRA | .

| . Figure 4.3rshows the arrangement used to measure the electro-

" luminescence and the photoluminescence of the sample diodes. Most -
of the diodes were operated from a constant current D.C. power supply.
Howevex, in some cases the diddes were operated under pulsed conditioné
using a Solartron puls; génerator type GO 1101. In the latter case
thé oﬁfical chopper was remerd and the reference signal was obtained
from the puise generator. With most devices-botﬁ forward and reverse
bias electroluminesc;hce_(EEL, REL) was measured at room and liquid
nitrogen.temperatures.

Photoluminescence was excited by 3650 R ultra violeﬁ (uv)
.radiation from a 250 watt compact source mercury lamp. The UV iine
was lsolated with a Chance glass OX.1 filter. Some of the emission
spectra were obtained using excitation of lower photon energy, in
.which case.a 250 watt, 24 volt quartz-halogen projector lamp.with
suitable interference filters provided the required exéitétion. Infra
red rédiatidn was removed by using a Chance glass HA.3 heat absorbing

' fiiter in conjunction with ; 7 mm path length of a 19% solution of
copper sulphate.
| The emission spectra'weré cofre?ted for twp'factbrs, namely
~ spectral sensitivity of the photomultiplier and the dispersion produced
by the spectrometer.  The data used for these factofs were supplied by
the manufacturers.
| ' In this woxrk the intensity of the-emission curve was plotted

in terms of number of photons per unit energy interval, I , and the

hv

‘abscissa were expressed in terms of photon energy in electron volts.
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4.4.3 PHOTORESPONSE AND EXCITATION SPECTRA

For theSé measurements the apparatus used to obtain the
emission spectra was re-arranged as shown in Figure 4.4. In this )
case,.the cryostat was plagea in frént of the exit slit. .The quartz
halogen projector lamp was used in conjunction with the monochrdmatdr,

: N :
to obtain a mionochromatic beam of light which fell on the face of the

diode which had the gold contact. The short-circuit pﬁotbcurrént was
measured either with an EIL Vibron electrometer or with a Brookdeal
16§k-in amplifiér.type 40i. 1In the latter event.light was éhopped at
a frequenéy of 200 Hz. |

To measure the excitationnspéétra, the luminescence emission
was isolated from the excitation by using -a Chance glass filter
together with a graded interference filter/ i.e. when observing an
orange emission an OR.I chance filter was employed together with the
.graded interference filtex, enabling a bandwidth of about 200 R to
be attained at 6000 X. The normal'procedure was such that when tﬁe
emission was observed the interference filter was readjusted slightly
to achieve the maximum signal. When obsexving the gxeen ahd blue
emissions in the zinc sulpho-selenide crystals, the combinations of
filters allowed a bandwidth of about 200 R to be attained at 5,300 and
4,900 K.

The excitation and photoresponse spectra were corrected for
the spectral distribution of the intensity of thé monochromatic light
source. This was measured using the same photomultiplier. Intensity -
in the excitation spéctra';s plotted iq terms of Ihv' whereas the

current in the photoresponse curves is pfoportional to I falling on

hv

to the junction. The abscissa are again expressed in texrms of photon

energy in electron volts.
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4.5 THE _POWER EFFICIENCY OF THE DIODES

To measure the power effiéiency of the electroluminescen£
diodes (the ratio of light output to input power), it waé necessary
to expxess_the light output in texms of watts and this was.done
roughly.in two ways. First, the surface brightness of the diodes
(in foot-lamberts) Gas measufed directly using the SEI photometer.

This brightness was converted into uW/mm2 using the conversion,

one foot-lambert = 1 lumen/sqg. foot, 680 lumens = 1 watt. Secondly,

.With réference to intensity measurements, it was assuméd_that the
‘light was emitted with a hemispﬁerical polar diagram, with the
photocathode at a known'distahce'in front and along the axis of
the diode. ' o

By.measuring'the output of thelphotomultiplier and knowing.
‘the sensitivity of the photocathode which was provided by the
manufactﬁrers, the light output could be calculated in terms of
lumens. To obtain the power efficiency, the light output in watts
was divided by the input power of the diode. The results from the

two methods of measurements were of the same order of magnitude.

L}
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- CHAPTER 5

ELECTRICAL PROPERTIES OF Au-Z%nSe DIODES

5.1 INTRODUCTION

The electrical ptdperties of Au-ZnSe diodes have been investi-
L] . '

~gated fairiy ektensively. The devices were prepared on single crystals

of ZnSe as described in'Chapter 4.2.3. The SPectral.response of the short-

circuit photocurrent has been measured and used to find. barrier heights.

These measurements also revealed the band gap of ZnSe. The uncompensated .

" donoxr density was calculated from the capacitance-voltage (C-V) measure-

ments. The results obtained from the photofesponse'and'cépacitance-
voltage measurements can be explained in terms of the Presence of a semi-
insulating film between the gold and ZnSe. -Conductance~voltage (G-V)

characteristics have also been studied for a few samples. The current-

'voitagé (I-V) characteristics have been investigated in both forward and

' reverse directions. Léng'term ageing processes which affect the electrical

characteristics of Au-ZnSe devicés-have also been investigated in an
attempt té understand how to produce stable ‘LEDs.
In order to facilitate the presentation of results, the Schottky

barrier devices fqrmed by deposition a go;d electrode on ZnSe will be

-referred to as Au-ZnSe:X,Y,Z where X,Y,Z represent the dopant elements

introduced either during the growth procedure (see Chapter 3,3) or during

the subsequent heat treatment (see Chapter 3.4).

5.2 - SURFACE PREPARATION

The treatment of the surface of the crystal (see Chapter 4.2.1)
prior to the deposition of the gold films was found to have a considerable

effect on the electrical properties of the devices produced. The surfaces
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" of ZnSe crystals were etched at room temperéture with a solufion of 1%

bromine in methanol. This was followed with a rinse in C52 énd then
absolute alcohol. This etchihg'procedure will be referred to as the '
standard etching procedure in the following sec£ioné;

The chemic&l composition of the thin semi-insulating layer
which waé found to ha&e forﬁed"after such chemical etching, is nof yet _
-knéwn. .Hoﬁever the approximate chemical composition of the Surface was
investigated using ESCA (Eléctron-Spectroscopy for Chemical Analysis).

_ The results indicated that apart from Oxygen and Carbon, other_elemeﬁts

such as Br, Cl and S were also present in the following ratios:-
Se/Br = 5 S/Br = 2 cl/s - = 1

Furthermore, examination in reflection in the transmission electron
microscope revealed that the structure of this layer was amorphbus.
The insulating layer probably contains more than one oxide, one of which

.is almost certainly ZnO.

5.3 OEMIC CONTACTS

The teéhniques of growing and tfeating the ZnSe crystals.to
reduce their.resistivity has been described in Sections 3.3 and 3.4;
A brief summary of the growth parameters and heat treatment administered
to the samples used in this work is recorded in Table S.i. Ohmic con-
'tacts.were forme@ by alloying indium metal. To test fheir ohmic be—
haviour symmetric indium contacts were formed on the opposite'faces of
- the crystal chip. With satisfactory contacts the plot of log I against
log V waé found to be linéér over nearly three orders of magnifude of
both current and applied bias (see Fig. 5.1) for either polarity.
Similar characteristics were also obtained when indium contacts were

formed on surfaces produced by cleaving a crystal in air. The 1inearity
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of the ohmic behaviour was found to be maintained at 85 K, however small’

deviations were often observed at voltages below 10“3 Vv, at 85 K;

. 5.4 '~ PHOTORESPONSE MEASUREMENTS

Almost all of the photoresponse measurements were made on

freshly produced Au-ZnSe diodes. The'technique_used-is described in

Chapter 4.4.3. At first large area devices (0.4x0.4x0.1 cm3) were
investigated and the junction was illuminated through a thin (’§100 X)
layer of gold or through the bulk of the ZnSe (i.e. front and back |
illumination respecfively). ﬁo difference in the shape of the spectral
photoresponse was obsérved except that the amplitude of the photo-
current was greater with front illumination. Second, the photoresponse
of small area devices (0.15x0.15x0.1 cm3) was investigated. The
observed spectral responée was éssentially the same as'that from large
area devices. However, the amplitude of the shért circuit photocurrent
increased when the edges of the gold contact wére illuminated at the
same time. Since.the characteristic phétoresponse was éssentially the
same in large or small area devices, almost all £he subsequent measure-
ments were made on small area devices with contact éreas of 10—2 cm2.
This also facilitated the evaluation of C-V measurements made on the
same junctions. The quantity actually determined'was short circuit
photocurrent Isc' which was measured as a'fupction of photon energy

in the range 1.3 < hv < 3.0 eV.

5.4.1 Photoresponse of Au-ZnSe Diodes

Two sample diodes were prepared from boule No.246 which con-
tained grown-in manganese. The first was a bar of 0.15x0.15x0.5 cm3,
which was cut and chemically cleaned. Then thin slices were cleaved

from both ends to which the ohmic indium contacts were applied. The
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bar was then cleaved into twé through the middle ﬁnd the two parts were
transferred to the vacuum system for immediate deposition of the gold
films.  The orientation of the cieaved surface was found to be {1,1,0} .
using x~ray back reflection teéhhique. The diode -thus formgd on a
surface produced by cleaving in air will be referred to as the "cleéyed

diode (246A)" in foll&wing sections. ¥or comparison a second.type of

' . /
device was formed on a chip (0.2x0.2x0.1 cm3) cut from the same. boule.

The chip was cleaned with a standard chemical etching procedure in
bromine in methanol and the_Schotﬁky barrier was formed on a chemically
cleanedlsurface as déscribed in Chapter.4.2.1.

Some typical.curves of photoresponse as a functiohn qf photon
energy for etched and cleaved.diodes from boule 246 are shown in Fig.5.3;
The photocurrént at the lower photoﬁ energies is associated with photo~
electric emission from'the goid into ZnSe, and the low énergy threshold

is a measure of the barrier height ¢Bn' The threshold is difficult to

‘determine with any accuracy from plets such as those shown in Fig. 5.3(a)

and 5.3(b).. However -when the square-root of the photocurrent was plotted
against photon energy in the vicinity of the threshold, good straight

lines were obtained for all junctions investigated (see the curves in

“Fig. 5.3(c)) and the barrier heights ¢Bn could then readily bé determined

from the intercepts. In this way the value of the barrier height formed
by gold on cleaved ZnSe was fcund to be ¢Bn = 1.36+0.01 eV at 295 K.
This value increased slightiy to 1.41+0.01 eV at 85 K. The value of
the.barmier height on chemically cleaned.surfaces was found to be axound
1.59-1.65%20.01 eV ;t 295 K and this is often increased to i.68¥t0.01 eV
at 85 K. |

" The 1ar§e increase in the photocurrent when the photon energies

exceeded the band gap of ZnSe, was due to the creation of electron-hole
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pairs within one diffusion.léngth of the contact. Again a plot of tﬁe
square-root of the éhotocurrent éave é gopd straight line which could
be extrapolated to give:the value of the band gap. .The valug of the \
band gap of ZnSe was found to be Eg=2.64+%0.01 eV at 295 k énd

Eg=2.75120.01 eV at 85 K. The values fér the band gap of ZnSe were

essentially the same Whether or not Au-ZnSe diodes were formed on

cleaved or chemically cleaned surfaces.
Measurements of short cirdui; photocurrent were also made on
samples containing no intentionally added imputities and on samples con-

taining donors (i.e. In, 21, I or Cl) or acceptors (i.e. Cu). The

~ results obtained at 295 and 85 K are illustrated in Figs. 5.4 and 5.5.

All of the diodes examined were prepared on chemically cleaned surfaces.

The plots of thé square-root of the short circuit current against photon

 energy were similar to those illustrated in Fig. 5.3(c). The band gap

energies for all these samples were found to be essentially the same

as -that of the manganese doped samples. The barrier height at 295 K

was found to be around ¢Bnﬁfl.63:FO.01 eV for samples doped with donors

" while the copper doped sample gave a value of ¢Bn= 1.451eV. The value

of the barrier height increased slightly at 85 K to about 1.68 eV for
samples ‘doped with donérs and to 1.5 eV for the sample doped with copper.
- One notable feature of most of the phétoresponse curves.was that
they showed a minimum at photon energies just equal to or less than the
band gap of ZnSe. This minimum coinqided with a maximum in the lumin-
escence excitation-spectra and will be déscribed in detail in Chapter 6.
An intefesting feature of the spectral response of the-shért
circuit photocurrent of the Au—ZnSe:Mﬁ,Cl,Zn diode can be séen in the
curves measured at 85 K (Fig. 5.3). This is the small second maximunm
centred at 2.45 eV. Such a maximum was not observed in any of our

diodes which did not contain manganese. Measurement of the excitation
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spectrum of photoluminescence (Chapter 7) showed that 2.45 eV is thc
energy separation between the.grouad state and the second excited state
of Mn++ in ZnSe. It would appear therefore that irradiation of the o
barrier region with light with sufficient enexgy to raise thc valence

~ electrons in Mn++ ioh to the second excited state, iéads t0'auto—
ionisation and the apbearance of a maximum in the spectral response of

the photocurrent.

5.5 CAPACITANCE ~ VOLTAGE MEASUREMENTS

5.5.1 Introduction

The C~V characteristics of the Au-ZnSe diodes were measured as
deécribed in Chaptér 4.3.2. A typical C-V plot measured at 200 KHz for
a diode prepared on the cleaved surface of a manganese doped crystal
is illustrated in Fig. 5.2. The bias rangc was typically from 3V in
the reverse to 0.5 V in the forward direction. The plots of Cn2 against.
V were found to be linear for all junctions examined. Linearity of the
plots was often found to prevail up to a bias of 8 volté in the reverse
direction. The C-V characteristics of Au-ZnSe diodes doped with various
iﬁpurities such as In, Al, Ga, Cl, i (donorsland Cu (acceptor) were
investigated and typical C_g V plots are shown in Fig. 5.6. The un-
compensated donor concentration was found from the slope of such plots

using equation 2.4.7 and N_ was found to lie in the range from 1016 to

d
17 cm-3 at 295 K. The intercept.vi of the straight line on the

3x10
voltage axis gave an average value cf 2.0 eV for diodes' constructed on

- chemically cleaned surfaces. However, the value of Vi was found to be

1.39 eV when the gold had been deposited on surfaces cleaved in air.

(see for example line (9), Fig.5.6). At 85 K the values of N, were

found to have decreased slightly for all diodes examined. 1In contrast
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the Vi values had increased siightly tq an average value of 2.2 eV fdr
diodes prepared on chemically cléaned surfaceé,_ (see-for example Fig.5.6).
A typical 0-2-V variation fo; an Au-ZnSe diode prepared on a
chemically cleaned surface 6f ZnSe containing no intentionally édded
iméurities, (diode No.172R) is illustrated by line (1) Figs. 5.6(a) and (b).

The uncompensated donorqconcentration was N ==1.41}(1016 cm-3 at 295 K

d
and Nd==1.06:<1016 cm-3 at 85 K. The voltage intercepts were 2.1 at 295 K

ahd.2.28.eV at 85 K. The value of Ng of 1.4:{1016 cm_3-was the highest
coﬂcentration of native donors observed in a sample to which foreign
impurity donors had not been added. The donor content could be easily
raised (after growth) to leveis of the ordér of 1017-cm“3 by diffusion

of donors (i.e. Al) during the heat treatment.in molten zinc. Of course,

doping ZnSe with Al by diffusion is not necessary if sufficient donors

. are introduced duxring the growth.

5.5.2 C-V measurements on Au-ZnSe diodes doped with donors

The C-V' characteristics of Au-ZnSe diodes prepared on ZnSe

.6rystals doped with various donors (i.e. In, Al, Ga, I, Cl) have also

been studied and some of the C—2—V ploté are shown in F:Lg 5.6.

ZnSe crystals doped with In, and Ga at concentratioqs of about
1000 ppm formed precipitates when they were heat treated in molten.Zn
for about 200 hrs. at 850°C. (See for- example Jones, 1973).

However, at low doping levels of about 100 ppm, precipitation

after heat treatment in molten zinc did not occur. The indium doped

ZnSe crystal No.139 is one example of this. Alternatively, when the
dopantlconcentration was of the order of 1000 ppm (see for ekample Ga
doped ZnSe crystal No.176) the precipitation caused by heating in molten-
zinc could be avoided by using low temperatures, i.e. 600 = 750°C, for

shorter times (i.e. 15 hours). Féllowing this procedure In or Ga doped



200Ky

(a) At 295%

(4)
(5)

-3 -2 <1 0 1
Applied Bias (V)

Applied Bias (V)

(v) At 85%
(3 2
- 3 ¢2 2
g 1019
(in
| 520t 5x10%4
’ N\ \\
| RN
\\~‘~‘\~\\\\
-3 -2 -1 0 1 2 3 -3 5 a4 6 1 2 3

Applied Bias (V) Applied Bias (V)

FIG, 546 C-2 vs V plots for freshly produced :Au-ZnSe formed. on

chemically cleaned surfaces of ZnSe doped with (1)~-Se,Zn (172)

- (2)-8e,2n 21(172), (3)-Ga,2n(176), (4)-In,zn(139), (5)-A1,2n(247),
(6)-I,2n(931), (7)= €1,Zn(242), (8)-Cu,Zn,A1(165a) and for Au-ZnSe
diode j)repared on cleaved surface of ZnSe doped with (9)Mn,Cl,Zn(246)



- 83 -

ZnSe crystals with resistivities of the order of 10 - 100 ohms cm were

obtained.
Au-ZnSe diodes doped with substitutional In or Ga were prepared -

on crystals treated as just described. The C_%-V plots for these diodes,

. prepared on chemically cleaned surfaces, were found to be linear. (See

Fig. 5.6). From the slopes, the donor concentrations proved to be of
thé order 6x101b and 1.6;{1016-cm_3 for In and Ga doped samples respec-
tively. The voltage intexcept of the C"g V plot for the In—-doped sample
was 0.2 eV but with the Gé—doped sample No.176 it was much higher.
(V.=3.2 eV).
Iodine was introduced into ZnSe during the iodine transport
2

ﬁethod of growing the crystals. The civ plot for a diode containing

iodine is also illustrated in Fig. 5.6. The donor concentration found

~from the constant slope of this plot was Nd=;1.6:<1017 cm_3 with a valué

6f Vi==2.36 eV. Aluminium and chlorine were introducéd during the growth
of ZnSe crystals (No.247 and 242) aqd the C—2-V plots from the cor-
responding Au-ZnSe diodes (see 5,7 in Fig. 5.6) gave donoxr densitiés
of 8.5:;1016 and é.8:c1017 cm_3 for Al and Cl doped samples respectiveiy.
The voltage intercepts Vi were 2.06 and 1.9 eV. .

The donor densities and voltage intercepts obtained from C-z-V

plots shown in Fig. 5.6 are tabulated in Table 5.2.

5.5.3 C-¥ Results on Au-ZnSe Diodes containing Donors and Acceptors

With acceptor doped ZnSe crystals (i.e. with Cu) containing no
foreign donors, the resistivity could not be decreased below about
104 ohm cm by heat treatment in molten zinc. Therefore copper was either

introduced into ZnSe with compensating impurity donérs, during the

growth process, or the crystals containing copper were subsequently heated

in a molten mixture of zinc and aluminium. The sample was cut from
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crystal No. 165A containing grown—-in copper and was then heat treated.
in a molten mixture of Zn and Al, (for details see Table 5.1). The cor-

responding(fz—\lpiot:isshown as line (8) in Fig.5.6. The uncompensated-
' ' 16 '

'cm—3, with a value
of V, = 1.9 eV.

i _

In another crystal (boule No.191) copper was also introduced
L
into ZnSe toééther with Mn and Cl and then heat treated in the molten
mixture of Zn and Al as described in Table 5.1. The C-2-V.plot'also
gave a straight line with an uncompensated donor concentration of
17 -3 |

Nd = 1.63 x 10 cm and a voltage intercept of Vi = 2.1 eV.

5.5.4 C-V Variation with Temperature

A few attempts were made to observe the effect on the C-V
characteristics of changing the teﬁperature. in this investigation, the
first diode (No.172) was formed on a chemically cleaned surface of an
undoped waterial (Au-ZnSe:Se.Zn) and the second one was forméd on a
cleaved surface of a sampie dc.)p.ed with chlorine and manganese
{Au~-ZnSe:Mn,Cl,Zn). The C—2-V plots were found to be linear_over the
whole range of temperature from 85 - 295 K. Values of uncompensated
donor concentration Nd and voltage intercept Vi were determined as a
function of temperature for both diodes:and these are illustrated in
Fig. 5.7 and Fig. 5.8 for chemically cleaned and cleaved surfaces respec-

tively. In both series the donor concentration decreased slightly as the

temperature was reduced. HoWever, the variations of V, with temperature

i
were different fér both types of diode. The value of Vi which was

2.0 eV at 295 K for chemically cleaned surfaces increased steadily with
decreasing temperature, reached a maximum of 2.4 eV at 180 X, and then

decreased rapidly to a value of 2.1 eV at 85 K. (See Fig. 5.7). With

cleaved samples, however, the value of Vi increased almost linearly with
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decreasing temperature from 1.39 eV at 295 K to 1.54 eV at 85 K. Using

equation 2.4.11, the barrier height was calculated to be ¢Bn==1.39 eV

and ¢Bn==1.47 eV at 295 and 85 K respectively. The inqrease'of ¢Bn

_ - .
with temperature, at a rate of 4x10 ~ eV/K is to be compared with
the increase of band gap with temperature of 6.6:{10“4 eV/K , deter-
mined from free excitoh measurements (see Chapter 6). The anomalies

observed with. chemically etched surfaces are believed to be associated’

with changes in the properties of the interfacial layer which remains

aftex chemical etching procedure.

The decrease in the uncompensated donor concentration at 85 K

‘was observed in all diodes studied here and is attributed to incomplete

donoxr ionisation. A knowledge of the concentration of ionised donors
! ’ : . .
can be used to determine the ionisation energy of the dominant donor

level Ed' The ionised donor concentration Nd+ is given by the expresSion:

*~

(see for example Sze, 1969)

. . | : 1
+ = - 3
Nd . Nd {1 + 2 exp (Ef Ed)/kT} 5.1

Here Ef and Ed are the energetic depths of the Fe?mi and donor levels
below the conduction band. At-high'temperatures (i.e. 300 K) all the
donors are thought to be ionised and therefore the number of uncompen?
sated carriers at 295 K is taken to be Nd. The positioﬁ of the-Ferﬁi
level can be calculated using equation 2.4.,12. The uncompensated donor
concentrations, at 85 and 295 K for diodes containing different donor
impurities are recorded in Table 5.2. Using equations 2.4.12 and 5.1,
the ionisation energies for Cl, Ga, In and Al donors w;ie calculated
to be 25, 25.3, 28.9 and 29.3 £1 meV respectively. The ionisation

energy of the native donors in the undoped sample (No.1722) was found

to be 39 meV using the same method.
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5.5.5 Surface Leakage and C-V Characteristics

Other chemical etchants such as (1) HNO3 + HCL, (2) H202

(100 volume) + an equal part of HCL and (3) K2Cr 0, in H_SO,k6 were also

27 2 4 '

used as surface treatments prior to gold"deposition. The C-V plots
obtained on Au-ZnSe diodes cleaned. with such etchants were all found
to be linear. The donor concentrations found from the slopes were

slightly larger than the corresponding values obtained using standard

.etching procedures. However, the voltage intercepts of the C—E V plot

were around 3.0-3.5 eV. Similar behaviour was observed if the dice
were stored in chloroform, at room temperature, for several days,

after being etched prior to goldlfilm deposition. In contrast, the
barriex héights of these Qiodes determined from photothreshold measure*L
ments, were by no means so large being around 1.64 eV at 295 K. Wit£ ‘
a few diodes the surface was cleaned by argon ion bombardment in an
attempt to eliminate the semi-insulating layer. However, the results

were not successful and the C—z-V'plots_still showed large values of Vi'

With one or two chemically etched diodes thin slices were

cleaved from each of the four faces orthogonal to the contacts. The

procedure led to a slight inciease in the slope of.the C-z-V plot but
there Qas no change in the voltage intercept. A typical example illu-
strating this is shown in lines (1) and (2) in Fig. 5.21 for the
Au—ZnSe:Mn,Cl,Zn diode. The calculated value of Nd decreased froml
1.7x10"7 to 1.46x10"7 cm > after the cleavage of the qrthbgoﬁal

faces, whereas the value of vy remained unchanged at about 2.0 eV.

5.6 THE FREQUENCY DEPENDENCE OF C-G-V PLOTS AND SURFACE STATES

" 5.6.1 Frequency Dependence of C-G-V Characteristics
The C-V characteristics of the various diodes were measured at

several frequencies in the rénge.of 800 Hz to 300 kHz in the dark.
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The slopes of C-z-V plots were found not to change over the frequency
‘range from 150-300 kHz. However, the slope of a plot was ofteﬁ observed
to decrease at lower frequencies. The maximum discrepancy was obServed'
at about 10 kHz for diodes cohstrucfed on chemically cleaned surfaces.
It was thdught that the gréatest change would occur in the si;uation
where the surface stdtes responded to the a.c. signal freéuéncy. This
discrepancy might then be accounted for if some of the parameters con-.
cerning the surface stétes were known. Valuable information about
intexface states can be obtained by measuring the equivaleht conductance
GP of what is in effect an M—I—S.(metal—insulator—semiconductor) capacitqr
which arises solely from the steady state loss due to the capture and
emission of carriers by interface states. Studies of the frequency
dependence of capacitance using the conductance technique have been
deQelopéd and used extensively for- the Si—SiO2 interface (see for

' example Nicollian and Goetzberger, 1967). The method relies on the

fatt that the time constant of the interface states will give rise to

a cohductapce GS==CS/t, as the distribution of charge at the inferface
lags behind the measuring signal. Here-Cs is the capécitance assoclated
with the interface states. The equivalent circuit éf an ‘MIS capacitor,
assuming a single trap model, can be represented as

: ' (o] R

oxX

==

Diagram 5.1

t

where Cox and C_, are the oxide and the depletion layer capacitances

d

respectively and Rs is the resistance representing the loss mechanism

due to interface states. The measured capacitance Cm, across the
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terminals of X and Y of this equivalent circuit is then

= i : . :
1/Cm 1/Cox + _/Cp. . 5.2

where CP is the'capacitancé'in the parallel branch of the equivalent
circuit. Following a change in the applied voltage, the surface states
will reach equilibriuym with the semiconductor exponentiélly With-thé
characferiséi; time t = RSCS. .The capacitance and the conductance of

the parallel branch in diagram 5.1 can be written as:

) ) CS _ )
C = C, 4+ ——— 5.3
P d 1-|-w9't2
EE Cswt '
w - T 33 o 5.4
14w t

The above equations can be exteﬁded to include the efféct:of Cox so
fhat comparison can be made directly with the experimental data, i.e.
with the measured conductance Gm and measure capacitance Cm across ihe
texrminals X and Y of the equivalent circuit in Fig. 5.9. Then equations

5.3 and 5.4 become:

c (¢ 2+wzc 2) [wzc (¢ -C)-G 2]

c . .ox m m m OX n m 5.5
P w2 2G2+[w20 ( —C)—G2]2

oXx nm m oX m m .

and

G wcC 2G (G2+w202)
P - ox m m n 5.6
w wee G2+ [wzc (C -C)-G 2J2

OX m m oOX m m

Equation 5.3 depends'on both C. and Cs' while equation 5.4 depends only

d
on the surface state branch of the equivalent circuit. A plot of

Gp/w against w goes through a maximum which occurs when

wt = 1. ' _ 5.7

The maximum is related to CS in the following way

G - C ' .
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" which is rxelated in turn to the surface state density Ds sincé

D = — _ ' 5.9

Here e is the electron charge and A is the area.of the device. _ '

5.6.2 « G-V Measurements

G-V characterasticé have been measured using the G—Cf\fplottéi
descriﬁed in Chapﬁer 4.3.2. Measuremenps were made in the dark, in
the range of frequencies from.l-300 kHz. A typical G-V plot at
200 kHz is illustrated in Fig. 5.2.' In all Au—ZnSe diodes examined,

the conductance was found to increase quite steeply at applied voltages

greater than 0;5 volts in the forward direction. This large conductance
. lay outside the range of the C-G-V plotter used here. . The capacitance -

- could not therefore be measured at forward bias voltages greater than

0.5 V (i.e. under accumulation conditions}. In perféct MIS diodes
the measured capacitance is expected to saturate in accuﬁulation con-
ditions at the value ;f the oxide capacitance éox' Such a saturation
was not detected in the ZnSe Gicdes studied here. An attempt was made
therefore to investigate the Qariation of Gp/w with.w by ignoring the
contribution of cox; that is the measured capacitance Gm was assumed
to be equél.to Gp in equation 5.3:

The Gp/w versus w characteristics plotted as a function of
applied bias for a diode containing diffused-in aluminium (No.247) are
shown in Fig.5.9. This diode was férmed on a chemically etched surface
and thin slices were cleaved from each of the four faces orthogonal to
the contacts. Cleaving the orthogonal faces often caused a small
decrease in the measured conductance. The Gp/w versus ﬁ plots were
broad curves with maxima occurring ét abouthOkHz.regardless of bias.
When é diode formed on a cleaved surface (diode No.2463) was

investigated, the Gp/w versus w plots led to much narrower curves (see
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Fig. 5.10). The values of (G /W) at V = 0 were 3.5 x 10"
) p nax .

3.7 x 107

~90 -

10 na
115‘ for chemically cléaned.and cleaved diodes respectively. Sub-

stituting these values in equation 5.7, time constants of 12 and 1.4 psec '
were obtained for the interface states on.chemiCally cleaned and cleaved

surfaces respectively. Again, using the above values of (G

p/w)maX-ln

equations 5.8 and 5.9, the densities of the surface states were calculated
. .

to be about 4 x 1011 states/eV/cmz.for chemically cleaned and 5 x 1010

. states/eV/cm” for cleaved (see Fig. 5.10) -surfaces, at zero applied voltage.

An attempt was also made to include the effect of oxide capacitance
cox so as to bo able to make use of equation 5.6. For this an estimated

value of Cox = 3 x 10_7'F/cm2 (see Sec. 5.7.4) was used with the sample

for which the Gp/w versus w plots are shown in Fig. 5.9. At some frequencies

(i.e. 10 kHz, 200 kHz) the values of Gp/w calculated using 5.6 were found
to be bigger than the measured value by a factor of 2. It follows there-

fore that the density of surface states calculated using equation 5.4

(where the effect of Cox was ignored) can be in error for a factor of 2.

The effects of the surface states on the-C_z-—V plots at high fre-
quencies are negligible. This is because Cd'.\."Cp when_ wt >> 1 (see
equaticn 5.3). However the discrepancies in.the C_z-fV plots at lower
frequencies which arise from ignoring the sufface statés cap be célculated.
When an oxide layer is present and Cox % Cp, then the'contribution from Cox
should also be considered. First the contribution from Cox is allowed for,
and Cp.is-ca}culated from the measured capacitance Cm. Once the plots of
Gp}w. versus W have been made and CS and t determined from the magnitude
and location of the maxima, the second term on the right hand side of
equation 5.3 can be célculated_for-each.value of the bias at which the con-
ductance me;suremeﬁts were made. . The true value of C4 can then be e#trécted
from equation 5.3. The abplication of this procedure is best illustrated

with some results for sample diode 242. Using uncorrected capacitances

measured at 10 kHz led to a value of Nd of 6.-7'x.1017 and a voltage intercept
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of Vi of 2.5 V. then the correctionfprocedure was &pplied, the neW values
of capaeitance led to a straight line C—g-v plot'with.a value of Nd'of
5.48 x 1017 cm“3 ahd a voltage intercept of 1;61 V. The.value of Nd afterl
correcting the C“2 -V plots at 10 kHz was almost identical with the'valhe _
.ot Nd oi 5.40 x 101 _3 obtained using uncorrected capaeitances at

200 kHz. Therefore the error in the value of Nd using uncorrected capac-

itances neasured at 10 kHz was around 25%.

5.7 DEVICE PARAMETERS

5.7.1 Introduction

Some of the device barameters such as the Fermi level Ef, Schottky
barrier lowering, A¢ ’ the depletion layer width W, the electric field
]gland the diffusion potential V 1n the bulk of ZnSe could be calculated
from the photoresponse and C-v measurements.' It was also possible to
find the thickness and the capacitance of the 1nterfac1al semi—insulating
1ayer (ZnO) between the gold and ZnSe. These calculations were baged
on the assumptlon that the barrier height between the gold and the zinc

selenide is given by the photothreshold ¢ ph) obtained directly from

the short-circuit photocurrent measurements.

5.7.2 The Diffusion Potential VBo

The diffusion potential V can be obtained directly from the photo-
threshold values of the barrier helght ¢ (ph). The value of ¢ (ph) is
related to V by.¢Bn = BO + EF represents the depth of the Fermi level
below the conduction band in the bulk of the semiconductor. The Fermi
level can be calculated usihg equations 2.4.12 and donor concentrations
determined from the slopes of C.-2 - V plots. For many of the diodes
studied here the value of the Fermi level EF lay in the range 40-120 mev
at 295 K (see Table 5.2). Values of VBO obtained by subtracting the
values of EF from the observed photorespohse thresholds are listed in

Table 5.2.
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5.7.3 The Depletion Layer Width, w

The width W of the depletion layer in the semiconductor is given
by equation 2.4.2 and can be calculated if the diffusion potentlal V
and the uncompensated donor concentration Nd are known. Using
esa=9.1 € for ZnSe, and the data glven in Table S.u, the depletion .
layer w1ath_W for most of the Au—ZnSe diodes could be calculated.
According to equation 2.4.2 the depletlon layer decreases when the diode
is biased in the forward dlrection and increases when the diode is
biased in the reverse direction. The typical values of W for C1 doped
samples, for example, were found to be about 750 K at zero applied bias,
but the width- could be as high as 3250 A if the donor concentration was

around 1016 cm--3 (diode 172 A). The depletion widths were found to

.increase slightly at 85 K (see Table 5.2).

5.7.4 Maximum Electric Field, é;ax' and the Image Force

- Lowering A¢, at the Interface

The.maximum electric field strength |81max in the depletion
region of the semiconductor is given by equation 2.4.3(b). Therefore
if Nd and W are known |€1max can be calculated. 'Using the data given
in Table 5.2, the value of the Ié1max_at zero applied bias was found
to be greater than 105 V/cmz. For example the value of |€1max at V=0,
was calculated to be approximately 4:{105 V/cm2 for the Cl doped samples
(diode No.242), and the lowest value of 105 V/cm2 was found.in the diodes
with no intentionally added impurities (i.e. for diode No.172). See
Table 5.2. | |

The image force lowering A¢B of the barrier height'is described
by equation 2.4.10(b). Assuming that the image force dielectric con-

stant and the static dielectric constant of ZnSe are equal (i.e.

S

€4 = €, = 9.1), the value of A¢B can be calculated if |€1max is known.
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Substituting the calculated values for Ig[max into equation 2.4.10(b)
the values of A¢B for most of the diodes were found to lie in the-range
of 38 - 81 meV at zero applied bias (see Table 5.2). Again the higher, -

values were found in samples containing high donor concentrations.

5.7.5 Interfacial Layer Thickness, d

Values of the above mentioned parameters such as W'Ié’lmax' A¢B,

can also be found from C~V ﬁeasufements using equation 2.4.6, bwaindipg
W from the measured capacitaﬁce. lHowever, this procedufe ﬁas.ﬁ;t-
followed because the C—V plots deviated from ideal behaviour when an
interfacial layer was.éresent. However, the thicknesé of the inter-

facial layer can be calculated at zero applied bias using equations

~.2.4.34 or 2.4.36 if VBO' Vi' Nd'_Ds' Nc are known. For example if the

following calculaﬁed parameters:

es = 0.1 eo (Berlincourt et al, 1963)

R o . 16 -3

ST = 295 K Nd = 8.44x10"" cm

. _ | o 18 -3
¢Bn(ph) = 1.63 eV Nc = 1.7x10"" cm
Vi = 2.06 eV _ DS , = 3.6x1011 states/eV/cm2
B, . = 0.08ev ' e;(Zn0) = 8.5 ¢ (Dietz et al 1961)
V, (kT/q) = 0.0259 ev €, = 8.85x10 4 r/em

for a chemically etched diode (No.247) Au-ZnSe:Al, Zn are substiFuted
in equation 2.4.34, the interfacial layei thickness 4 is found to Se
about 240 X, On the other hand, if one assumes that there are no*
surface states, or SQSS/GV = 0, one can then use equation 2.4.27 or

2.4.36. With this assumption the above parameters lead to a thickness

of'arouﬁd 200 R.

When the gold was deposited on to a cleaved surface, particularly

with diode (No.246A) Au-ZnSe:Mn, Cl, Zn the following parameters were

ob?ained at 295 K.
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' 17 3
¢Bn(ph) = 1.36 ev Nd .— 2.43 x.10 cm
V, -+ = 1.39 eV o - N = 1,7 x 1018 cm3
-1 . _ c :
: _ ' ' 10 ' 2
EF = 0.051 ev _ . DSs = 4.6 x 107" states/eV/cm
V2(kT/q) = 0.0259 ev Ei(ZnO) = 8,5 eo

- Substituting these values in equatioh 2.4.34 gives an interfacial layer

thickness of @ = 27 g. Howver, if once.again one accepts that there are

virtually ho surface statés and used the equation 2.4.27 or 2.4.36 a

value of about d =15 2 is found for the thickness of the interfacial 1ayef;
An approximate estimate of the thickness of the interfacial layer

can also be obtained from the C-V measurements in a different way.

According to equations 5.2 and 5.3, Cox can be calculated from the measured

capacitance Cm when Cd and CS are known. The value for the depletion

layér capacitance Cd can be calculated separately using equation 2.4.6

if VBO and Nd are known. On the other hand Cs can be caléulated by the

conductance method. To illustrate the calculation the Au-ZnSe:Al, Zn

diode (No.247) mentioned akhove had the following parameters:

C_(measured) 4.95 x 1078 F/cm® (at 200 kHz)

€ (Zn0) _ = 8.5 ¢
ox o

5.97 x 10" F/cm?

: Cd(calculated)

[}

c/ (from Fig.5.9) 5.26 x 102 F/cm?

=0
Sﬁbstituting these values into equations 5.3 and 5.2, the oxide cap-
acitance was found to be Cox = 2.8 x 10._7 F/cmz, and assuming that the
insulating.layer would form a parallel plate capacitor, i.e. Cox'= eox/d,
the intg:facial layer thickness was fouﬁd‘to be d = 260 X_ Finally

if one treats the insulating layer as having a éeries resistance, r,

-1t is possible to derive the following relation (Goodman, 1963):



- 95 -

g2, 2
vV, = v o+ —L

1 B au/c?)/av

5.10

Using the results contained in the C“2-—V plot for diode No.247, in *

Fig. 5.6, the value r for the oxide resistance was found to be of
L 5 6 o : ,
the order of 10 - 10~ ohm. . _

L]

5.8 CURRENT VOLTAGE (I-~V) CHARACTERISTICS

5.8.1 Introduction

The experimental current-voltage cﬁaracteristiés of a rec-

- tifying M-S contact are usually described by equation 2.4.42, and the
saturation current Js'depends on what kind of transport process is
taking piace in the particular M-S contact. A condition for thermionic
emission over the barrier to occur was given by equation 2.4.41. The
maximum electric field strength was typically kamax = 4:{105 V/cm2,
the value of the average velocity_3 of electrons in ZnSe, using.
m*=0.17 m (Marple, 1964) is calculated to be 1.5;;T0'5:<106 cm sec'_1
from equation 2.4.41(b). Using the value of pé== ?30 cm2 V_1 sec at
300 K (Woodbury and Aven, 1962), the ratio of iy Il 07/ 7/4) is
found to be about 30. Thus the condition for thermionic emission to
occur (equation 2.4.41) is satisfied.

The I-V characteristics were investigated in Au-ZnSe diodes
formed on chemically cleaned or cleaved surfaces of_ZnSe. The technique
used to measure I-V characteristics was described in Chapter 4.3.1, |
and in tﬁe following sections a brief @iscussion of forward and

reverse I-V characteristics is given.

f5.8.2 . Forward—-Bias I-V Characteristics

Typical forward I-V characteristics for a freshly prepared
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Fige5.11 The forward - I~V char@cteristics of Au- ZnSe diodes doped
with (a)lin,Cl,2n,as produced, (b)Mn,C1,Zn (246,after sides were cleaved)
(o)Mncizn (246,Cleaved), (d) (c at 85°k),(e) Al,Zn (247),(£)se,20(172)
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Au—ZnSe;Mn,Cl,Zh diode,'.formed on a chemically cleaned-surfaee, can
be seen in curve (a) Fig. 5.11. However, when thin slices were cleaved
from each of the four faces of the diode orthogonal to the contacts,
a new characterletlc was obtalned, see curve (b) Fig. 5.11. It was
concluded that the hlgh currents orlginally observed in curve (a) with
applied voltages less than 1 V were attributable to the shuntlng effects
of the scml—lnsulatlng-layer left by the etching process on the orthog-
onal faces of the dice. When the shunting layers were removed the
forwerd I-V characteristics became exponential with voltage for current i
densities in the range 10"-8- - 10--2 aun}ps/_mm2 with a diode perfection
factor "n-value" of 1.26.
Assuming that the deneity of interface states was sufficiently
- small-eo as noe to influence fhe potenfial distributien in the junction,
the n-value described by 2.4.44 becoﬁes: | . .. - -

de_ _ _
-1 4 N | | 5.11

The value of the depletion'width W was determined to be 890 X using
photozesponse measurement. From the value of n=1.26, the thickness of
the insulating layer was calculated frem the forwara I-V characteristics
to be approximately 215 K.

At the highest current densities the curves appearea to saturate.
This was entirely due to the fact that the current was then 1imited by
- the series differential resistance of the device.

Curve (c¢) Fig. 5.11, was obteined from an Au-ZnSe:Mn,Cl,Al
diode (No. 2463) where the gold was deposited on a cleaved surface. It
also showed the presence of leakage currents, with epplied.biases'below
0.8 v, part 2 in curve (c) Fig. 5.11. When the forward voltage ekceeded
0.9 V an exponential region was observed over nearly two decades of

current with an'n—valueuof‘1.06, part 1 curve (c) Fig. 5.11. The
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depletion layer of this diode was 750 X thlck while  the 1nferfac1al

layer was about 35 2 wide. The n-value corresponding to part 2 of

curve (c) Fig. 5.11 was 1.38. ' _ | !
Similar behaviour in the forward bias I-V characteristics was

also obeerved for Au?ZnSe:Al,Zn diode (No.247) shown in curve (e)

Fig. 5.11 and for Ad-ZnSe:Se,Zn diode No.172A in curve (f) Fig. 5.11.

The maximum electric field Iglmax decreases under the applica-

tion of forward bias. Therefore the validity of equation 2.4.41 has

‘to be checked over the raﬁge_of bias voltages for which the current

stays exponential. From Fig.5.11, the maximum current density up to

which the forward I-v characterlstlcs for all the diodes studled here
remained exponentlal was around 10 ~2 Amps/mm - This corresponds for

example to a forward voltage of 1 and 1.3 V for the diodes illustrated
by curves (c) and (b) in Fig. 5.11, and the calculated values of 'éﬂmax
at these biases were 1. 6::105 and 1. 3:{105 V/cm2 respectlvely. These
values in turn both led to a calculated ratio of (u IEI 1/(\7/4) of
around 12. The evaluation of curves (e) and (£) Fig. 5.11 gave similar

results. The conclusion is, therefore, that the condition for thermionic

emission over the barrier (i.e. equation 2.4.41) was satisfied for the

" forward I-v characteristics of most of the Au-ZnSe diodes studied here.

The experimental current-voltage characteristics for an M-S
contact obeying thermionic'emission theory is described by equation
2.4.38(a). with the saturation current given by equation 2.4.38(b). The
diffusion potential VBO and thus the barrier height ¢ can now be
found from the saturation current. The Richardson constant A* can be
calculated for ZnSe if one uses the value of m*=0,17 m (Maxrple, 1964).

The saturation current from part (1) of curve (c¢) Fig. 5.11,
that is the_cleaved sample, was found by extrapolation to be

JS =3x 1'0“16 amp/lcmz, from which the diffusion potential VBO wa
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calculated to be 1.29 eV. The barrier height was then found by adding
the Fermi energy to VBO' which gave a value of ¢Bn = 1.34 eV. In con-

trast, if one considers part (2) of curve (c) Fig. 5.11, the saturatioh
-11

9 . _ .
current of 10 A/cm , which is dominated by leakage currents, reveals

.a valué'of VBO of 1.04 eV which is much too small of course.
" With the cheﬁically cleaned sample which gave the current-
Qoltage characteristic shown in curve (b).Fig. 5.11, the saturation
current was of the order .of J = 4x 10"18 am,p/cm2 and the resultant
diffusion potential was calculated to be V =1.41 ev ("¢E ). ' !

n
Similar values for VBO were found for diodes No.247 and 172 frcm the

curves (e) and (f) Fig. 5.11.

At 85 K the forward I-V characteristics were shifted paralleli

‘to themselves towards high voltages. A typical example is illustrated

by curve (d) Fig.5.11. The barrier height of 1.41 eV, cbserved from
photcthreshold measurements, would require a thermionic saturation
current much smaller than the observed saturation current of
8:<1d—18 amps/cm2 which is obviously attributable to leakage at

least at 85 K.

5.8.3 The Reverse Current-Voltage Chafacteristics

The reverse current-voltage characteristics,'for a cleaved
diode (246A) for which the forward I-V charactéristics are éhown in
Fig. (c) Fig.5.11, is illustrated in curve (a) Fig. 5.12. The reverse
I-V characteristics were substantialiy exponential for current den-
sities in the range 10--5--10-2 amp/mmz. No saturation was observed
and indeed an avalanche effect developéd when the bias e#cecded 15 v..
The maximum electric field Ié1max increases with the_application of

the reverse bias. For example, the value of |éﬂ -was calculated to
2

" be about 1. 2:{10 V/em™ at VR-—15 V for this sample. The reverse bias
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PIG.5.12 Reverse current voltage characteristics of various Au-ZnSe
diodes.  Au~ZnSe:Mn,Cl,Zn prepared on cleaved surface(no 2464) (a)
and prepared on chemically cleaned surface (b). (c) Cleaved diode 2464
at 85°%. (d) Au-ZnSe:Al,Zn , (e) Au-ZnSe:Se,Zn , (f) Au~ZnSe:Se,Zn &% 85°K

and'(g) Au-ZnSe:Cu,bn,Cl,Zn+Al all prepared on chemically cleaned surfaces.
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I-v characteristic for an Au-ZnSe:Mn,Cl,Zn diode prepared on a chemi-
cally cleaned surface is illustrated in curve.(b) Fig.5.12. The I~V
characteristic was again expocential. The current at any particular .
appiied bias was slightly greater than that in dicaes prepared on
cleaved surfaces. However, the avalanching effect at higher bias was
.1ese pronounced. Aghin no saturation was observed.

The reverse I~V characteristics for Au-ZnSe:Al,%Zn (No.247)
and Au—ZnSe Se,Zn (172) diodes are illustrated in curves (d) and (e)
of Fig.5.12. 1In these diodes the reverse voltage required to cbtain
a current density of 10- amp_/mm2 was higher. Again there was no sign
of saturation at high current deneities._ The small deviation froﬁ
exponential behaviour at high currents was founq to be due to Joule
heating. Whec short voltage pulses were csed this effect was not
observed., |

The reverse I-V characteristics were also investigated at
-85 K. In general the I-V characteristic retained the eame basic slope
but the current at a given voltage increased. A typical example is
illustrated for diode 246A in curve (c) Fig.5.12. The reverse I-V
characteristics at 85 K obeyed an exponential law over.four decades
of current. The avalanche effects were also quite apparent at high
current censities at 85 K. |

The reverse I~V cheracteristics have also been investigated
for Cu doped samples and will be described in later chapters. However,
an interesting feature of the reverse I—V characteristics of diode
- No.191which contained copper and manganese, is 1llustrated by curve {(g)
Fig 5.12. The reverse current of this diode reached a value of
2x10-2.amp/mm2 with a very low applied bias of 7.5 V. The current
followed an exponential variation over four decades and ‘avalanching

occurred at the highest current densities. The low values of the

\



which had a donor content of the order of 2x1017 m3
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photothreshold in Cu déped samples (i.e. ¢Bn = 1.45 eV) may explain

theée obsexved reverse I-V characteristics. The voltage iﬁtercept
from -the an -V plot was V = 2.1 eV, and Nd was 1. 63:{10 c'm“3 Coe
1ndlcat1ng the presence of an interfacial layer with a thickness of
d = 205 2, which was of the same order as that for many diodes studied
héré; The only efféct of the copper was apparent]y to decrease the
barrler height in Au~ane diodes, which is rather difficult to understand.
To summarise, the reverse I~V charac;eristics in Au-zZnSe diodes
were largely exponential and avalanching only occurred in those devices
+ The maximum
electric field |€1 was around 1.2x106 V/cm2 at an appliéd-reverse
bias of VR = 15 V for diodes containing added fqreigﬁ donors (e.g.
diode 246A) as against 4;{10? V/crn2 for én-Undoped diode at Vk = 30 V.
It also follows that the thermionic emission theory would be expected
to hold in reverse bias as well. However, the observed value for the
saturation current was around 3 x 10"8 amp/cmz, from which the barrier
height would be 0.8 eV, using equation 2.4.38(b). This value is small
compared with the values of 1.41 eV obtained from the forward i-V
characteristics. Under reverse bias the width of the barrier incfeases,
but at the level of the Fermi energ& becomes narrower, thus enhéncing
the possibility of electron tunnelling. On the other hand, the
Schottky barrier lowering, A¢B, increases at reverse biases. qu

example the value of A¢B was calculated to be 0.15 v for the cleaved

diode (246 A) at an applied bias of Vk==15.V.

5.9 AGEING AND THE ELECTRICAL PROPERTIES OF Au-ZnSe DIODES

Au-zZnSe diodes prepared on chemically cleaned surfaces of
ZnSe had stable current-voltage characteristics when biased in the

forward direction. However, the reverse current-voltage characteristics
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of these diodes were often found to be unstable while making point by
point measurements. What happened was that an increasing reverse voltage
was required to maintain a coﬁstant current. C“2 -V plots obtained aftér
biasing the diodes in the reverse direction showed a slight decrease in
the values of Nd and V.. Remeasurement of the forward 1-v characterlstlcs
showed that the leakade currents had increased considerably after ageing.
The exponentlal form of the forward I~V characteristics was found not to
change,'but the élope, or "nuvalue",.was often found to increase. The
magnifude of the short circuit phot&current was also found to have
decreased. Ageing effects of this type were found to be reduced to a
minimum when a standard chemical cleaning procedure was foilowed (see
Chaptef 4.2.1 ). . However, ageing éffects were pronounced and variable
Wheh alternative etching procedures were used. Since a standard etching
procedure gave reprodudible results, this etchant was used in all samples
examined, and since Au-ZnSe:Mn,Cl,Zn diodes were found to be promising |
light emitting devices, the ageing of these diodes was studied in some
detail. All ageing experiments described below were made in a rough
vacuum (i.e. at the ptessure of 10_3 torr). Ageing ;n EL output will

be discussed in Chapter 7.

5.9.1 Long Term Ageing in Au-ZnSe:Mn,Cl,Zn Prepared on

Cleaved Surfaces of ZnSe

Here the ageing of a cleaved diode (246A) was studied. This
diode was constructed on a {1,1,0} cleaved surface as described in
Section 5.4.1. The barrier height was found to be 1.36 eV from the short

circuit photo-current measurements (see Fig.5.3).

(a) Forward Current Voltage Characteristics

The forward current—voltage characteristic of this freshly

produced diode was exponentla%ﬂqvax,fpur decades of current (see Fig.5. 13).
) [HHER T 4 gy
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FIG.5.13 Ageing on forward current-voltage characteristics for

- Au~ZnSes Mn,Cl,Zn diode (no 246A) prepared on cleaved surface.
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From the saturation current of about 3:(10-.16 amp/cm2 the  diffusion poten-

tial ﬁac calculated to be VBO==1.28 eV. When a reverse biac of VR==16 V
was applied for a few hours, .no immediate change in the forward current-
voltage was apparent exceptcfor an increase in the lcakage current ét
applied voltages below.0;8 V. 'HoweVer; after the diode had.been operated
in reverse.b%as af a d.c. current dencity cf IR==1.5 A/cmz continuously

. for 350 hours, the forward current density at voltages below 0.8v had
increésed bY'almost two orders of magnitude (see Fig.5.13). The n~value
.of the diode increased to 1.9 and the saturation current to a value of

" about 10—? amp/cﬁz, correspondinc to a barrier height of around 0.8 eV.
Furtﬁer continuous operation up to a total of 1000 hrs. at a constant
current of IR = 1.5 A/cm2 iccreased.the fcrward current density at

lower voltages slightly, but the variacion was still basically exponential.
After 1000 hours, the forwafd-characte;istics gave an IIn' value of 2.23
which the saturation currént had increased furfher to 16_6 amb/cmz, for

which the calculated barrier height was about 0.7 ev.

(o) : Ageing and reverse bias characteristics

The reverse bias current-voltage characteristics, measured just
after fahricatidh, varied exponentially over four decades of current
(see curve(lLFig.5.14). At voitages higher than 16 V an avalanche
effect was observed. Continuous operation of the diode at a constant
reverse current of 1.5 A/cm2 for 350 hours changed the reverse current;
voltage characteristics slightly, see curve 2 Fic.5.14. This change
leads to ac increase in a reverse current density at voltages 5elow
14 V but the voltage required to obtain a current density of 2 amp/cm2
was increased slightly from 16 to 16;5 volts; After 1000 hours operétion
at constant current, the reverse characteristics, curve (c) Fig. 5.14, .
had shifted slightly to higher voltages with respect to curve (b).

The avalanche effect which set in at a current density of about 1 amp/cm
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| F1G.5.14.Ageing effects on Reverse Current— Voltage Characteristics for

Au-ZnSe:Mn Diode prepared on cleaved sample.
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" became more pronounced after 350 and 1000 hours of continuous operation.

in this period the operating voltage rose to 16.8 V.
(c) Ageing and C-V characteristics o

The C-V characteristics were also examined at intervals during

- the continuous operation. The initial C—2-V plot was linear, giving an

' -3
uncompensated donor éoncentration of 2.3:{1017 cm ; and an intercept

véltage Vi'of 1.39 ev. (see curve 1 Fig.5.15). 1Initially the diode
was operated in the reverse direction with voltages up to VR = 16.4 V
while the current-voltage characteristic was measured. FEven this pro-

cedure was found to change the C_2-V-plot (see curve 2, Fig. 5.15).

The shape of curve (2) suggests that the donor concentration N. had

a
decreased to a value of 1.97;{1017 cm—3. The intercept voltage was
Vi=f1.37 ev. Aftér this C~v measurements were made at_interQals during
the continuous operation at a cénstant_curfent of 1.5 amps/cmz. The
C—z-v plots remained linear up to 1000 hrs of constant operation. How-
ever, the slopes of the plots increased during this time. Apparent
donor.concentrations calculated from these slopes are tabulated in
Table 5.3, together with the values of the voltage intercept Vi. The
donor concentration was found to drop to 1.64::1617 cm—3 at the end of
1000 hour period of constant operation. However, the intercept value V

i
remained almost constant at about 1.40 eV during this time. The thick-

ness of the insulating layer was calculated to be around 28 X when the

device was produced, and evidently increased to 40 X after 1000 hours

operation.

5.9.2 Long Term Ageing of Au-Z%nSe Diodes Prepared on Chemically

Cleaned Surfaces

The gold layer which had been deposited on a cleaved'{l,l,O}

surface was removed and the surface was mechanically polished and
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chemically etched aé described in Chapter 4, then the gold was deposited.
Phriotoresponse measurements on this_freshly produced diode (see Fig.5.3)
revealed a barrier height of 1.62 ev. |
(a) Ageing and forward I-V charactéristics
Again the forward’current—voltage characteristic was measured
Just after production’ (see curve (a), Fig.5.17). The current was found
to vary exponentially with voltage over nearly three orders of magnitude
of current.- This diode had an n value of 1.21 and a . saturation current
of 3:{10~11 amp/cmz. The diffusion potential was 1.0 eV. This dicde was -
also subjected to contihuous operation in the reverse direqtion with a
'_current.density of 1.5 amp/cmz; After 200 hours, the current voltage
characteristic in the forward direction was fouﬁd to have shifted to
lower voltages, i.e. the current density at applied vbltages.lower than
0.8 V had increased by almost two orders of magnitude. See curve (b),
Fig.5.17. The n-value and the saturation current were found to increase -
,steadily as the constant current operation proceeded, see Fig.5.17.After
1000.hours of operation in reverse bias,.tﬁe forward charactgfistics
gave an n-vaiue of 1.58 and saturation current of 2:{10_6 amp/cm. The
diffusion potential correspénding to this value of saturation current
~was 0.71 eV. |
(b) Effect of ageing on revérse I-V characteristics
The reverse bias current-voltage charécteristic measured on a
freshly produced diode is illustrated in curve (i), Fig.5.18. The
currént varied exponentially over nearly four orders of magnitude of
current. Né saturation was observed. The avalanche effect was ;ess
pronounced in comparison with fhat in.cleaVed diodes - (see curve (a),
Fig.5.12). The diode was then subjected to constant current operation
in reverse direction at 1.5 amp/cmz. The voltage required to maintain

.this constant current increased steadily with time, .from 14.5 to 21.5 Vv
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1 23 45
L R
|
102’ I | E
|
10} 7
(/\"\
X &
E
~ 7 1 t=0 hrs
o 2 t=40 u
- & 3 t=100u
~ . / 4 t=200n
_ 10} 5 t=320n
= 6 t=500"
£ 7 t=7500
3 8 t=1000"
//
. /
10}
/
-6
10 " . N X i . N N N
6 8 10 12 1 16 18 20 22 24 26

+
'.
|

F1G. 5 8. Ageing

Au- ZnSe.Mn- diode prepared on chémically cleaned sample.

!

Reverse Bias (volis) —»

effects on Reverse Current— Voltage Characteristics for



D et P

- 105 -

in 500 hours. Thereafter it appeared to satnrate at.21.6 V for the
next 1000 hours. However, the shape of the I-V characteristics changed
considerably. The diode current was observed to deciease with applied |
voltages above 10 V, for_the first 200 hours, see Fig.5M8but the leakaée
current at blases below 10 volts was found.to increase steadily with
 time. After 200-hcurs the leakage currents at low voltages became mcre
dominant and‘the diode current at fixed bias increased steadily with
time (see curves 5,6,7,8, Fig.5.1$). The small avaianching effects at
- high currents seemed to disappear after about 200 hours operation.
| {c) _Effect of ageing on C-V cheracteristics
The C-V characteristics were also examined during this agelng
procedure. The C 2--V plots were found to be linear when the device was
first nroduced (see Fig.5.16) with an initial donor concentration of
Ng = 1.93 x 107 mﬂs and voltage intercebt of 1.7 ev.
During constant current operation, the C-V characteristics were
measured from time to.time. After'QO_houfs of such operation, the C_z-V
'plot_was still linear, see line 2, Fig.5.16, but its slope had increased

slightly giving a value of Nd = 1,66 x 1017 cm-3. The voltage intercept

- was now 1.4 eV, which was almost the same value as tnat obtained for a
cleaved surface (1.39 eV). After 100 hours, the C2-V Plots were found

to consist of two linear sections shown as (a) and (b) in curve (3),

Fig 5.16. The donor concentration calculated from the slope of section (a)
of curve 3 was 9.9 x 1016 cm_3, whereas that calculated from section (b)
was 1.56 x 1017 cm-3. The extrapolatec intercepts of these two sections
were 0.5 and 1.42 eV respectively. However, it was soon realised that

if the diode were biased so as to pass a large forward current of

20 amp/cm for 10 minutes, then the C 2--V plot became linear with a

slope similar to that of section (b) over the whole voltage range of

Fig.5.16 Furtner operation in reverse bias reduced the slope of the C—z-V



Ny (x1017 cm 3) Ey, (meV) Vi(éV) (C-Vv) | d(calculated) R' C, (pF/ml%)b

as produced 2.29 S.i 1.39 28.6

after V_=16.4Y 1.97 5.5 | 1.37 26.2

at t = 0 1.86 5.6 1.42 42.3 903
after 17 hrs. 1.80 5.7 1.40 37.8 90 -
after 90 hrs. 1.78 5.75 1.40 37.5 905
after 302 hrs. 1.74 5.81 1.40 38.2 897
after 560 hrs. 1.65 5.95 1.40 39.7 880
after 680 hrs. 1.64 5.96 1.40 39.8 878
after 1000 hrs. 1.64 5.96 1.40 39.8 878

Table 5.3:

Some parameters obtained from the ageing

of cleaved diode {from Figure 5.15)

N a (x1017 cm-.-.3) EF (meV) Vi (ev) d (célculated)
t=0  hrs. 1.93 5.7 1.7 40
t=40 hrs. 1.66 6.1 1.4
t=100 hrs. 1.56 6.27 1.42
t=200 hrs. 1.5 6.37 1.39
t=250 hrs. 1.7 6.04 1.54
t=300 hrs. 2.76 5.1 1.76
t=500 hrs. 6.6 2.5 3 48
t=1000 hrs. 7.6 2.0 3.4 166

Table 5.4:

Some parameters obtained from the ageing

of diode prepared on chemically cleaned

s_urfa_ce (see Figure 5.16)
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curves (incfeasing Nd) and the voltage intercept gradually increased up
to 3.5 V at the end of 1000 hours operation. The appropriate values.of
Vv, and N, are tabulated in Table 5.4.. _ ' '

Photoresponse measurements were only made initially when the

‘device was freshly ?roduced révealing a photothreshold of 1.62 ev.

. -— K .
According to- the C 2 -V plots the value of Vi which was initially
1.7 eV decreased at first Eo'1.39'and then increased again to 3.4 V.,
The thickness of the interfacial layér was calculated to be about 40.8

when the device was produced. However, assuming that an unchanged

.photothreshold would be obtained after 1000hours, the interfacial layer

would then have increased in thickness to 166 X.

5.9.3 Ageing a Chemically Cleaned Diode with thin slices

cléaved from the sides

_Finally an attempt was made to investigate the contribution td
the ageing effects of the orthogonal faces. The fqrward—current—voltage
characﬁeristics in curves (1) and (2), Fig.5.19 were measured befqre and
after the éleaving. The effects of cleaving off the orthogonal faces
on C-V plots are illustrated in Fig.5.21. After a féverse bias had been
applied to the diode, the forward current-voltage characteristics showed

a progressive shift to smaller voltages, i.e. the leakage-currents

-increased by about two orders of magnitude, and the n-value increased

from 1.26 to 3.07 within 174 hours. The obseived saturation current of

Js =4 x 10--18 amp/cm (from curve 2, Fig.S.iQ) increased to about
.7 X 10-5 amp/cm2 at the end of a period of 1000 hours of constant
current opération. -

The éffects of ageing on the teverée I-v characteristics:of this

diode are shown in 'ig.5.20. The exponential behaviour of the character-

isticts was maintained and the I-V curves shifted parallel to themselves
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N (1017 cm
c

)

Vi(eV) (C-V)

as produced

after sides were
cleaved

after 40 mn
after t = 41 hrs.

after t

90 hrs.

after t =110 hrs.

afternt =174 hrs.
after t =300 hrs.

after t = 500 hrs.

(1)

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

1.76

1.46
1.22
| 1.17
0.98
.0.89
0.72
0.64

0.55

1.99

1.98
'1.72
1.78
1.78
1.70
1.60
1.39

1.39

Table 5.5: Some of the parametérs obtained during

ageing from the C_z-V plots shown in

Figure 5.2i,
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towards higher voltages. No cross over of the I-V characteristics
was observed in contrast with the behav:our of the chemically cleaned

sample shown in Fig. 5 18. This suggests that the increasing leakage

currents observed in the reverse I-V characteristics in FPig.5.17, are

~attributable to leakage currents flowing along the side surfaces of

4
the chip.

The C—Z;-V plots all remained linear, the effect of cleaving
the sides is demonstrated by lines 1 to 9 in Fig.5.21. During constant
current operation in reverse bias, the slope of the C-V characteristics

increased, i.e. the values of Nd decreased slowly from the original
17

value of 1.76 x 10 m-3 to 5.5 x 1016 mf3 aftexr 500 hours ageing.

The voltage intercept was also decreased steadily to 1.39 eV in this
time. Some of the relevant parameters, i.e. the values of Nd'and Vi

obtained from the C_2-V'plots (Fig.5.21) are given in Table 5.5.

5.10 DISCUSSION

5.10.1 Ohmic Contacts

Alloying indium metal on to ZnSe has proved to form a satis-
factory ohmic contact. In this process the chip was heated to 280°C

in an argon atmosphere. A significant step towards a better under-

standing of the indium contact was made by Blount et al (1966) . The

Yequirement of relatively high temperatures to form an ohmic contact

‘on ZnSe wag also Predicted by Bjerkeland and Holweck (1972). Later

Kaufman and Dowbar (1974) showed that the formation of ohmic indium
contacts on ZnSe was‘an alloying Pbrocess, i.e; indium dissolves ZnSe,
and the ZnSe then regrows epitaxially, heavily doped with indium. The
poss1bi11ty of the in-diffusion of indium and the creation of compen-

sating Zn vacancies would seem to be negligible at temperatures below
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l400°c (Swank et al, 1969). Nonetheless, during the preparation of the
Schottky barrierxs on ZnSe, the sufface to receive the gold film was
repolished and chemically etched or cleaved to- remove any.high resis- ,
tivity la&er which might have formed on this surface during the indiﬁm
alloying procedure. Furthermore, the standard etching procedure gave

more reproducible redults.

5.10.2 Photoresponse Measurements

.The phdtoresponse measurements were made to ascertain both the
barrier height of the Au-ZnSe system and thé value of tﬁe bandgap §f
ZnSe. The measurements were corrected for the spectral distribution of
the source and the dispersion of the monochromator. The threshold of
the short-circuit photocurrent at low photon energies was taken as a
measure of the barrier height between the gold and ZnSe and this was
found to be 1.36 * 0.01 eV for cleaved and 1.64 + 0.01 eV for chemically
cleaned surfaces at 295 K. |

The band gap of ZnSe.was found to be 2.64 % 0.01 eV at 295 K
and 2,76 ¥ 0.01 eV at 85 K, which is essentially in agreement with the
values of Eg found from absorption measurements in this laboratcry by
Gezci'(1973). These valﬁes would appear to be 0.06 eV smaller than
éreviously published results, i.e. 2.7 eV at 300 K (Aven et al; 1961)
and 2.807 eV at 85 K estimated from the value of 2.809 eV at 80 K
reported by Hite et al (1967). However, values of 2.69 eV at 295 K
and 2.81 eV at 85 K were obtained in the present work from studies of
the free exciton emission in forward bias eiectroluﬁinescence (see
Chapter 6). It would appear therefore that measurements of the photo-
current lead to values of the.band gap which are some 0.06 eV too small.

.Almost all the photoresp§nse éurves, see for example Fig.5.4
and 5.5, contained a minimum at some energy just less than that of the

bandgap. It will be demonstrated later (in Chapter 6) that the maximum

.
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of the luminescence ex01ta£ion spectra of self-activated em1551on
coincides with this minimum in the Photoresponse,

It would seem that the position of this minimum Qas determined:
by the bulk rather than the surface ﬁroperties of ZnSe. It is con-
cluded therefore that irradiation: of thehmrrierwith photons with this
enexgy would raise electrons to the‘excited_states of the self-activated -
1hminesoent ceneres, and since the life time of these excited states is
fairly short (10 us), recombination would occur preferentially before
any auto-ionisation took place, so that no'significant contribution to
photocurrent would be observed. However, with manganese doped diodes,
the spectral dlstrlbutlon of the photocurrent at 85 K contained a small
maximum at 2.45 eV which is attributed to a transition from the 6A1
ground state of the Mn++ ion to the_4T2 second exciﬁed state. The life
fime of this state is long enough (~1 ms) for auto-ionisation to occur,
and with it a maximum in the specoral response of the short circuit
photocurrent. The spectral response of the. photocurrent of this man-
aanese doped diode contalned no peak approprlate to the flrst ex01ted
state of Mn T+ (i.e. 2.31 eV). It follows therefore.that electrons
raised to the first excited state are not ionised to the conduction band,
while electrons in the second excited states are. This implies that the
ground state of.Mn++ lies about 0.3 eV above the valence band. This
should be compared_with the photocapacitance studies of ZnSe:Mn by
Braun et al, 1972, They suggested thet the ground state of Mn++ in

‘ZnSe may lie 0.6 eV above the valence band.

5.10.3 Capacitance—Conductance-Voltage Measurements

- The voltage intercept Vi in the plot of C'-2 against V was
larger than the photoelectric threshold for all diodes examined. For

diodes cleaved in air prior to the formation of the gold contact
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Vi = ¢B (C~V) was 1.39 ev and the difference was slight ('¢ (Ph) =1.36 ev) .

However, with the etched diodes valuev of V as high as 3.5 eV were
found depending on the surface'txeatment prior to the gold deposition ,
(with the standard etching process an.average value of 2.0 eV was
usually obtained). This has been 1nterpreted as 1nd1caLJng the presence

of interfacial layeré under the gold, whlch can become as thlck as 250 2

or more, dependlng on the chemical etching procedure used.

d

slopes of C—z-v plots, and the values obtained were in good agreement.

The uncompensated donor concentration N. was found from the

with the dénor concentrations ébtained from measurements of the Hall
coefficient méde.in this. laboratory (Jones1973). The values of Nd
togethexr with those of VBo (qbtained from short-circuit photocurrent
measurements) were used as the basis from which to calculate most of the
other device paraments, i.e. f, W, A¢ Iglméx

The C-V curves were measured as a function of temperature to
find the variation Nd with temperature. The decrease in the density of
uncompensated donors at 85 K was due to the incomplete ionisation of
‘donors at the loﬁer.temperatures,'and using this fact the donor leveis
_associated with substitutional Cl, G;,;Ih and Al ﬁe?e calculated to lie
25, 25.3, 28.9 and 29.5 % 1 meV below the conductioh band. These values
are to be coﬁpared with the previously published results of 26.9, 27.9,
28.9 and 26.3 £ 0.6 meV for Cl, Ga, In and Al respectively, obtained
from a study of bound exciton emission by Merz et al (1972).

éome G-V measurements were méde'on a few samples to f£ind some
of the parameters of the interfacial layer, i.e. DS and t. The density
of surface states was found to be 4 x'1011 and 5 x 1010 sté.tes/eV/cm2

for chemically cleaned and cleaved surfaces respectively. These results

are to be compared with the previously published data on other II-VI

1 .
compounds, i.e. DS i0 ! states/eV/cm2 for CdS obtained from the study
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of surface photovoltaic- measurements by Williams (1966) and
11 '
Ds.= 2-5x%x10 states/eV/cm2 for CdSe observed by Consigny and

Madigan (1970). ' o ' | '

5.10.4 The Current-vVoltage Characteristics

The lnfluence of the lnterfaCLal layer was also apparent in the
I-v characterlstlcs where it was responsible for leakage currents.
With the forward I-v characterlstlcs the leakage currents were found to
be less pronounced in cleaved diodes. It has been conclusive demon-
strated that the leakage current flows through the orthogonal surfaces,
and cen be eliminated when thin slices are.cleaved from the faces

orthogonal to the contacts. 1In general, therefore, the forward I-V

-characteristics on chemically cleaned surfaces can be regarded as com-

posed of two currents in parallel, namely (1) the leakage current flowing
through the surface and (2) the current flowing through the bulk of ZnSe
and over the barrier into metal. The applied bias is shared by the

interfacial layer and the depletion layex. At small applied biases the

surface path will have a low resistivity in comparison with that of the

depletion layer. _Then the predominant current will.flow through the
surface regions limited by the series res;stance of the insulating layer.
When the voltage is increased however, the narrier height and tne
depletion width are reduced and the.current will be dominated by the
current passing over the barrier until it is limited by the series resis-

tance of the bulk of the crystal itself. The exponential variation of

“the leakage current with voltage, accompanied by the spurious high

saturation current, may suggest that the leakage current is also flowing
over a potential barrier, which is smaller than that encountered by the
electrons flowing through the ZnSe. When thin slices were cleaved

from the faces orthogonal to the contacts the current flowing through
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the surface was eliminated and the remaining current flowed through the.

bulk of Znsel This was found to-vary-exponentially with voltage over

about 6 decades of current. When the diode was formed on a cleaved

surface, the diode quality factor.n was found to be close to unity

{n =1. 06) The barrier height obtained from the saturation current

¢' (J ) 1.34 eV is in good agreement with the value of ¢B (Ph) = 1.36 ev

'obtained from the short circuit photocurrent measurementsf_ With diodes

formed on chemically cleaned surfaces the n—value_was 1.26 or larger and

the-saturation current Qas yreater (J 4::10 A/cmz) than- that

(9 X 10 A/cm ) expected from a diode with a barrier height of 1. 63

as obtained from short circuit photocurrent measurements. The observed

electroluminescence'in the forward direction (see next chapter) would

support the suggestion that the high currents may be due to hole injec-

tion via this insulating layer. |
The reverse current also varied exponentially with voltage over

about four decades of current. The currents observed at small biases

can also be attributed to leakage cnrrents. The magnitude of the maximum F

electrrc field increases with the application of reverse bias, and the

.condition ‘or the thermionic emission theory (equation 2.4.41) to apply"

was found to be satisfied. However, the measured saturation current

was very large, i.e. of the order of'10—7 amp/cmz, corresponding to a

value of VBo of about 0.8 eV, so that some other mechanism must have

been operative. Allen et al (i972) have also stndied the reverse I-V -

characteristics in Au—ZnSe diodes. They observed an exponential

variation but they reported a saturation current of the order of

0.2 amp/cm2 which is much higher than the values of saturation current

found in our work Relying on the fact that the current varied strongly

with voltage and weakly with temperature, they concluded that the

electrons were injected by tunnelling through the barrier rather than

.
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by thermal activation over it. The.magnitude of our observed saturatiou
current, of the order of 10;6— -10_‘7 amp/cmz, would suggest that the |
electrons are injected into the ZnSe both by thermal activation over, *
and_tunnelling through, the barrier.

- The presence'of a semi-insulating layer would-be'expected to
decrease the effectiVe barrier height with increasing reverse bias, as
a result of the lncrea51ng voltage dropped across the insulating £1lm.
This might also be the reason why no saturation was observed in most

diodes. Card and Rhoderick (1971) have shown using the Si-SiO, system

2

that because of the reduction in barrler height, the reverse current
of a diode with a falrly thick interfacial layer may actually be greater
than that of a diode w1th a thin 1ayer. This behaviour has also been

observed here with dicdes with thick interfac1a1 layers (d = 300 ?)

5.10.5 Barrier Height.

Barrier heights were determined directly from the'photothresholds.
The barrier height ¢ ph) was 1. 36 eV for an Au-ZnSe diode prepared on
a cleaved {1,1,0} surface of ZnSe. The barrier height from the forward
I-v characteristics was found to be about 1.34 eV which is in good

agreement. The barrier height, however, was found to be 1.41 eV when

. measured from C-V plots. The value of 1.36 eV had also been obtained

from photoelectric measurements on Au-ZnSe diodes prepared on cleaved '
surfaces in ultra-high vacuum (see for example Mead, 1966), and is to
be contrasted with that of 1.4 eV which was obtained by Swank et'al
(1969) using I-V and C-V plots for an Au-ZnSe contact formed in an ultra
high vacuunm.

Mead (1965) measured the barrier heights formed by several
metals on ZnSe and found that the barrier height varied with the work

function of the metal, the measurements were repeated on ZnSe by
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Swank et al (1969) who confirmed Mead;s results, i.e. the b%rrier'height
is strongly influenced by the work function of the metal. All these
results indicate that the density of the interface states iﬁ the

vicinity of the Fermi level is small. A surface state deﬁsity of the

11 2
order of DS # 10" states/eV/cm as found in the present work is clearly

in good agreement with the earlier work.

5.10.6 A Possible Model for the Au-ZnO-ZnSe System

The value of ﬁhe photothreshold was found to be ¢Bn(Ph)==1.63 ev
for etched diodeS'with interfacial surface layers which are thought to
cbntaiannO. Because of the low dengity of interface states, the
barrier height in ZnSe diédes is expectéd to be strongly dependent_on
the work function of the material making contact with it. When the
observed barrier height of 1.63 for the Aﬁ—ZnO—ZnSe system is compared
with that of 1.36 eV for the Au-ZnSe system, one may suggest that the
Fermi level at the surface of ZnSe in the Au-Zn0O-ZnSe sysﬁem would be
located about 0.27 eV below that in the Au-ZnSe system.and that there
is virtually no direct communication between the Fermi levels of gold.

and ZnSe when the layer of ZnO is about 200 R thick.

Although the properties of the interfacial layer of “z1nc oxide"™

would probably not be the same as that of single crystal Zno, it is
necessary to assume that the layer does have these proéerties in order
to make any progress. Swank (1967) investigated the surface properties‘
of many II-VI ccmpounds, including ZnO. Clean surfaces of ZnSe cleaved
in ultra-high vacuum were also studied. He found the electron
affinities of Z2n0 and ZnSe to be 4.57 and 4.09 eV respectively. This
means that in an ideal ZnO~ZnSe n-n heterojunction, taking the vacuum
level tb be evérywhere parallel to the band edges and continuous, the

conduction band of Zn0 would lie bélow that of ZnSe with a discontinuity
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of.Aﬁé % 0.48 eV at their junction. Then, since the bend gap of ZnO

is 3.25 eV (Swank, 1967), while that of ZnSe is 2.7.eV (Aven et al,
.1961), the valence band of ZnO would have to be placed below.the valence
bend of ZnSe with a discontiﬁuity of AE % 1.0 eV. The barrner helght
of 1.63 eV observed here for our ZnO-ZnSe n-n ‘heterojunction, would
require work functions of 4.12 and 5.72 eV for ZnSe and Zno respectlvely
if one uses the value of 5. 6 eV for the work function of gold (Swank,
1967). The potential energy diagram, see Fig.5.22 is suggested as a
moael fof the Au-Zno-zZnse system.- From this diagram it can be seen
that the interfacial iayer remains transparent to photoexcited electrons
and the photo-threshold gives the height of the conduction band in'ZnSe
above the Fermi level at the interface.. The high values of the voltage
intexcept Vi of 2.0 eV or greater obtained from C-~V meaéufement, can

be explained in terms of the series capacitance of the_oxide. The iow
Values of the barrier height obtained from the forward I-v character—
istics, typlcally ¢ (I—V) = 1,46 eV could be attributed to leakage
currents and hole injection into ZnSe. The proposed model would lead
to. an inversion layer in the ZnSe With a plentiful supply of free holes

just beneath the oxide layer.

5.10.7 Ageing Effects

All ageing experiments were carried out in a rough vacuum at
a pressure of 10“3 torr. Long term operation of Au—ZnSe diodes at
forward current den31ties of the order of 1 amp/cm2 did not affect the
electrical properties. However, once a reverse bias was applied the
electrical characteristics were changea in-an irreversible manner.
Ageing led to an increase in the leakage current and a decrease
in the donor centent. The decrease in the donor content was Seen even

after the application of a reverse bias for a short period of time
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(5-15 minutes). This aspect of short termlageiné was slight in samples
containing impurity donors. For example, when a diode containing Cl
(diode_No.242) was biased at VR =15V with IR = 2 amp/c_m2 for five -
mindtes, the donor content Was"eeen to drop'from 1.4'x 1017 to

.f.2 x'1017 —3. However, 1f the diode contalned both foreign acceptors
. and donors, i.e. Au-zZnSe:Cu, Mn, Cl Al (dlode No. 191) the application of

a reverse bias of VR =7.5V with IR = 2 amp/om2 for a few minutes.

' decreased the donor content from 1.63 x 1017 to 1.05.x 1016'cm—3.

In the.case of long term ageing (i.e. 1000 hre), it appeared

" that any changes in the electrical Properties would strongly depend.on
the type of surface treatment. For_exemple, with a cleaved sample, the
donor concentration fell from 3 x 10-17 to 1.66 x 1017 cm_3 after 1000

" hours operation. The voltagefihtercept (Vi =1.40) on the C;z-v plot
did not change. However, the voltege required to maintain a constant
reverse current increased slightly from 16.1 to 16.9 V. With an etched--
diode however the changes in ‘the electrlcal properties durlng ageing
were much more obvious. The increase in the leakage current was much
more pronounced than in the cleaved diode. The intercept in the C-2-V
plot usually fell from 2.0 to 1.39 eV after several hundied houre of
constant operation. The donor concentration, for.example for the diode
shown in Fig.5.21, decreased from 1.76 X 1017 to 5.5 x 1016 cm_3 after
500 hours of constant operation.

The processes which take place doring ageing -are by no means
understood. The decrease in the donor content is probably due to ionic
migration of ionised donors in the high electric field of the depletion
layer. The process is more pronounced in etched diodes where the
greater barrier heights lead to higher electric fields.

The increases in the forward and reverse leakage currents,

which became.more apparent during ageing, make it increasingly difficult
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to determine device parameters after a few hundred hours of operation.
This is aggravated by the fact that the photosensitivity of the diodes

decreases as electron-hole recombination through interfagial states

becomes more pronounced. Despite these effects, some measurements were |

possible which would suggest that the interfacial layers of cleaved
diodes increased from about 28 to 40 Rin width after 1000 hours of'
operation. | |

The interpretation of the measurements made 6n etched.diodes
is mgch more difficult. ﬂowever, although Vi decreased, the increase
in the quality factor n and the increase in the bias (from 15 to 20 V)

necessary to maintain constant reverse current suggest that the inter- .

facial layer in etched diodes also increased in width during operation.'
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CHAPTER 6

r———

ELECTROLUMINESCENCE IN ZnSe DOPED WITH SUBSTITUTIONAI DONORS

6.1 INTRODUCTION ' _ _ oo

The electroluminescence (EL) of Schottky.diodes prepared on
nominally pure ZnSe, énd on ZnSe containing impurity donors (i.e. In, Al,
Ga, Ci and I) is described in this chapter. The electrical properties of
thése diodes have already been discussed in detail in Chapter 5. Almost.
all diodes examined emitted EL when biased in the reverse direction. How-~
eVér to obtain detectable EL in forward bias it was necessary.to'have .
an intexrfacial film witﬁ thickness of 200 K or more between the gold and
ZnSe. The forward bias electroluminescence (FEL) , reverse bias electro~
luminescence (REL), photoluminescence (PL) and luminescence excitation
spectra have all been investigated for the same diode samples.. In the
diagrams in this chapter illustrating the emission and exciﬁatién spectra,
the intensities are in arbitrary units. The surface brightnesses in REL
and FEL were measured as functiéns of diode current and voltage, uéing
dhips.of 0.15 x 0.15 x 0.1 cm3 in dimension. The thermal quenching of the

luminescence was also studied in a few diodes operated at constant current.

6.2 EL AND PL OF SCHOTTKY DIODES PREPARED.ON NOMINALLY PURE ZnSe

The FEL, PL and REL emission spectra of an undoped sample diode
KNO.172A) will be described first. Some of themeasured parameters of this

diode have already been recorded in Table 5.2.

6.2.1 PForward bias EL and PL

(a) Brightness/current—voltage'characteristics
Forward B/I-V characreristics are illustfated in Figure 6.1. The

current was found to vary exponentially with voltage for current
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densities up to 10—3 A mr'u--2 at 295 and 85 K: The brightness also vatried
exponentially with applied bias over three orders.qf magnitude'from 10_3
to 10° ft-L, at 85 K, but increased less rapidly at levels higher than .

1 ft-L. The measurements showed that the brightness depended on the

‘current as Bax i at 85 K, for brightnesses up to 10 ft-L, with n = 1.7.

At higher current densities the value of n decreased. A brightness of

50 f£t-L was achieved for the blue emission (see below) with an applied

bias of 3 V and a diode current of 4 x 10"2 A mm—z. This corresponds

4

__to a power conversion efficiency of 5 x 10 % .

(b) Spectral distribution

_ .The spectral distributions of the FEL and PL in diode 172A are

illustrated in Figure 6.2. The spectra can be divided into three regions

assoclated with (i) Exciton emission, (ii) pair emission, (iii) Deep

centre (self-activated) emission.

(i) Exciton emission

A full account of excitonic transitions, near the band gap of
ZnSe has been given by Dean and Merz (1969) who_studied PL. Exciton
emission in forward biased ZnSe diodes has been observea previously by
Ryall and Ailen (1973).

Halsted and.Aven (1965) have_shown that in II-VI compounds the
ratio of the dissociation energy Edis' with which an-exciton is bound
; of the defect is a

1

constant. The dissociation energy of an exciton is taken to be the

to a neutral defect, to the ionization energy E

~energy difference between the zero phonon line of the'bound exciton and

eithér the reflectivity or emission peak associated with the ground state
of the free exciton from the PB - I‘6 energy gap. With acceptor doped

II-VI compounds Halsted and Aven's ratio is Edﬁs/Ea = 0.1, whereas for
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donor doped IY-VI compounds this ratio is E,; is /Ed = 0.2. E and E,

are the ionization energies of the acceptors and donors respectlvely.
The ground state of the free exciton origlnatlng from the r F6 |
energy gap was recently reported by Hlte et al (1967) to occur at
2.799 eV (4430 &) at 2.1 K. They used reflectivity measurements.

Later Dean and Merz (1969) reported the free exciton emission in ZnSe

~at about 2.80 eV and 4.2 K.

In the present work exciton.emission was'aetected only in FEL

‘and not in PL. The implications of the absence of exciton emission in

PL will be discussed later. At 20 K, the FEL emission spectra contained

a relatively narrow band peaking at 2,785 eV (4450 g), s¢e Figure 6.2.

- This band also exhibited a shoulder at about 2.76 ev (4490 g). It is

suggested that these two bands originate from the decay of excitons ' ;
bound to neutral, native acceptors. These two peaks would then cor-
respond to the 11 lineS'observed in PL emissiop by Dean and Merz (1967).
The dissociation energies of the two bound excitons were calculated to : F
be 12.4 and 35 meV reepectively. These dissociation energies wouid
imply that the exciton was bound to native acceptors with ionization
energies of E = 124 £ 4 and -Ea = 360 £ 4 mev.

| The probability of the exciton recombination process involving
LO~-phonons was studied in the PL emission of CdS by Gross et al (1966).
They showed that the variation of the half width of the LO-phonon

assisted bands was linear with temperature with AE approximately equal

_to 2.9 kT, 1.8 kT and 1.2 kT for the 2, 1 and zero-LO phonon assisted

exclton transitions respectively. In the present work the'phonon

assisted side bands were not observed because of the low emission

intensity. As the temperature was raised from 20 to 380 K, the bound

excitons dissociated from the aeceptors and became free above about.130 K.
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This can be seen from the plots of the measured exciton peak energy
- versus temperature in curve.(a) Figure 6.3. The band gap enefgy of
‘ZnSe can be obtained by adding the'biﬁding energy of'tﬁe fiee exciton '
i.e. about 21 meV (Hite et al 1967) to the ground state energy. The
variation of the energy of the ground state-of thé free exciton was -

°
almost linear with temperature from 150-380 K. Fromlthe variation
the rate of change of the band gap.wés found to be about 6.6 x 10-'4 eV/k.
fhe variation of the width of the exciton band at half height with tem-
pegature was aisb linear (see curve (c) in Figﬁre 6.4). 'Me slope of
this line showed that AE ~ 1.3 lkT which is close to the theoxetical
value of AE ~ 1.2 kT predicted for the width of the zero-LO phonon
assisted exciton emission line by Gross et al (1966). The variation
-6f the intensity of the exciton emission with tgmperature is illustrated
in curve (a) Figure 6.4. At room temperature the exciton emission was

apparent in the form of small, bright blue spots originating around the

edge of the gold contact.

(ii) Pair emission

The vair emission, at 85 K, in FEL and PL waé found to be uniformly
distributed over the whole volume of the chip. At 20 K'botﬁ FEL and PL
eﬁission spectra were found to consist of a series of narrow bands {(see

Figure 6.2). These bands labelled as Eo' E1, E2 and E_, shifted slightly,

3
in FEL, to higher energies by about 1 meV when the diode current was
inéreased from 4 x 10“2 to 1.5 x 10“1 A mm-z. Such behaviour is typical
of donor-acceptor pair emission which has beenlobserved in PL studies by
Iida (1968) and rgcently in this laboratory by Gezci and Woéds (1975).
Tﬁe E series is therefore associated with the recombination of distant

donor—-acceptor pairs with the assistance of LO-phonons. The zero-phonon

band (Eo) was found to occur at 2.683 eV (4620 8). From the equal energy
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separations of the.phonon'assisted bands (see Figure 6.1), the LO-phonon
energy was calculated to be 31.7 % b.3 meV. This value is in good agree-—

ment with the value of 31.9 meV determined by Dean and Merz (1969). A '

shoulder at Eé was also apparent on the high enerygy side of zexro-phonon

assisted band at 2.706 eV (4580 £) in the FEL spectrun and has been .
attributed to a seconé donor~acceptor'pair_emission by Gezci and Woods
(1975). The pﬁonon assisted side bands of this second pair emission are
probably superimposed on the E series and therefore are not detected.

The energy separating the paired donor and acceptor states is given by

equation 2.3.2. At 20K, the band gap of ZnSe is estimated to be 2.818 eV.

-'The energy of the zero-phonon band_Eo is 2.683 eV. Using the value of _

;4 meV for the coulombic attraction found in this 1aborétory by Gezéi
(1973), the.sum of -the donor ané acceptor ionization energies was cal-
culated to be 148 meV. At high temperatures the pair emission both in
FEL and PL, shifts slightly to higher phonon energies (see Eigure 6.2).
For example the FEL emission spectra, at 65 K, exhibited a-series of
bands labelled as L (see Table 6.1) which were equally spaced in energy
with a LO phonon energy of about 31 meV. The shift of the series to

higher energies is often attributed to the ionization of the donors so

that free electrons recombine with holes at the same acceptor level

which is responsible for the lower energy pair emission. The value of
the band gap energy of ZnSe at 65 K was estimated to be.2.812 ev,

kT is 5.6 meV and the energy of the zero-phonon band (Lo) is 2.695 eV,

~ Substituting these values in equation 2.3.3, the ionization energy of

the native acceptor level involved, was calculated to be Eazz 122 £ 2 mevV
which is in good agreement with the value of 124 * 3 meV prédicted
from the measurement of the wavelength of the free exciton. Assuming

the same acceptor level is responsible for the pair emission spectra
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- observed at 20 and 65 K, i.e. Ea + BE_ o~ 148 eV Ea = 122 meV,.the donor

d

ionization energy Ed_is calculated to be 26 meV. Another small band

(labelled as L') was also observed at 2.715 eV (4550 2) at 65 K which

: may have been due to the free to bound transition corresponding to

the second possible pair line (E ) observed at 20 K. Following similar
arguments the ionization energles of the acceptor and donor involved
with this transition were found to be 93 % 2 meV and 30 meV respectively.

The variation of the photon_energy of the'zero-phonon line with

'temperature, in FEL, is illustrated in cuxve (d) in Figure 6.3. At low

temperatures the emission.was due ta donor-acceptor pair recombination.
The maximum in this-curve which occurs at about 60 - 80 X is associated
with the ionization of the donor so that free to bound transitions occur i

at higher temperatures. At 20 K, the intensity of the pair emission was

about 20 times greater than that of the exciton emission. However the

pair em1551on was quenched more rapidly and could not be observed at
temperatures above 200 X. The variation of the luminescence intensity
of the pair emission in FEL and PL, was plotted in the foxm of
log_(I(o)/I(T)-l) against 1/T (see Figure 6.5). The curve (a) for FEL
exhibits two linear parts with slopes which correspond to acceptor ioniza-
tion energies of E a1 ™ 120 = 2 meV and E a2 = 180 £ 2 meV respectively.
However, curve (b) measured in=PL contains only one line with an activa-

tion energy of »120 meV for the native acceptor level.

(iii) Deep centre emission

The FEL and PL emission spectra also contained a broad green band
peaking at 2.36 eV (5250 X) winh an additional weak band an about
2.07ev (61508) at 20 K (see Figure 6.2). At 65 K, the two bands had
shifted to slightly lowexr photon energies, i.e. 2.34 eV (5300 X) and

1.98 ev (6250 R) (see Table 6.3). As the temperature was raised further
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to xroom temperaturg the two bands disappeared completely in FEL, leaving
behind a broad band in the ihfraréd with a long tail extending into the
viéible red region of the spectrumt' However the PL emission at 295 K .
consisted of a single broad band at somewhat sﬂorter wavelengths peaking
at 1.93 ev (6400_2). It was impossible to measure the temperature
quenching characteristics of the green ahd orange bands because.of theirx
poor emission intensities.

The orange band in PL was observed to be excited at maximum

efficiency with photon energies of about 2.78 eV (4460 8) (see Figure 6.18). i

6.2.2 Reverse bias EL

(a) Brightness/current-voltaye characteristics

The reverse B/I-V characteristics of diode No.172A were measured
at 2§5 and 85 K (see Figure 6.6): The currenf and brightness were found
to vary exponentially with voltage in fhe range 20-—30 V.‘ The brightneSSf
current relationship can bgst be described by the power law B tx in,
with n = 1.07 at 295 'K and n = 1.2 at 85 K. Small deviations in the
value of n can be attributed to.leakage currents at low current levels
and increasing joule heating at high current levels. The brightnesses
of 20 and 40 ft-L at 295 and 85 K correspond to conversion power effic-

iencies of 3 x 10_5 and 6 x 10_5 %.

(b) Spectral distributién

The REL emission spectra were recorded at 20, 85 and 295 K'(see
Figure 6.7) . The diode was operated at a current den_sity of 2x 10—2A mm-z.
At 20 K, the spectrum contained two bands peaking at about 2.17 eV
(5700 8) and 2.38 eV (5200 8). The tail to the high energy side of the
emission cut off sharplf at abogt 2.71 ev (4575-8). This would mean

that the electrons in the depletion layer are accelerated to energies
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equal to or greater than the band gap energy (~3 éV) and ionize the host
1atticg. Recombination of electrons and holeS'give.rise to the shoulder

in the blue region which is thought to be associated with pair emission,. .

In fact bright blue spots were observed to have localized around the gold -

contact. However the high enexrgy cut off at'2;71 eV suggests that no '
exciton,emisgion was produced. At‘85 X, the emission extends to'lonéer.
wavelengths with a makimum at 1.98 eV (6250 8) and a shoulder.towards
the blué, At 300 K the orange peak shifted slightly to 1.96 eV.(6300 )

but the emission was very similar fo that at 85 K.

6.3 EL AND PL FROM A ZnSe DIODE DOPED WI'TH INDIUM DONORS

The FEL, PL and REL emission spectra of an indium doped diode

(No.132) are repofted in this section. The conditions of crystal growth

and the details of the heat treatment given are summarized in Table 5.1.

Some of the parameters of this device can be found in Table 5.2.

6.3.1 Forward bias electroluminescence (FEL)and photoluminescence'igL)E

.(a). B:ightness/current—voltaqe characteristics
The forward B/I-V characteristics of this diode wére found to be
similar to that of the undoped diode No.172A. At 85 K, the current and
brightness varied exponentially with voltage over £hrée decades -and the.
brightness-current relation foilowed a power law B u'in with n = 1,73,
Brightness levels of 10 f£t-L were achieved with an applied bias of.i v
) .

and a current density of 3.5 x 10—2 Amm “. This corresponds to a

power conversion efficiency of 3.5 x 10-4% .

(bi FEL and PL emission spectra
FEL and PL emission spectra were recorded at 20, 65, and 295 K

(see Figure 6.8). Again the emission spectra are described in detail in
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three subdivisions, namely (i) exciton emission, (ii) pair emission,

(1ii) deep centre (self—activated) emission.

(1) Exciton emission

Again exciton emission wés detected only in FEL_and did not appear
iﬁ PL. The FEL spectra were recorded at a diode current of 7x 10~2A'mm—2.
At 20 K, a s&ngle exciton emission band Was observed at 2.79 eV (4440 2).
This is attributed to the decay of excitbns bound to neutral donors. A
dissociation energy of 5 meV was calculated for_this line. Using Halsted
and Aven's law (1965), a donor ionization energy of Ed¢= 25 meV was. then
derived. The variation of the peak energy of the bound exciton with

temperature was studied from 20 - 350 K (see curve (b) in Figure 6.3).

At 65 K the peak energy of the exciton was about 2.79 eV (4443 X) and

at about 80 K the energy difference between the ground state of the free

exciton (see curve (a), Figure 6.4) and the bound exciton disappeared.
This is attributed to the thermal dissociation from a bound to free
exciton at 80 K. The width of thé exciton band was élightly greatér
than that of the exciton in diode.Nc.172A. From the variation of the
band width with temperature (see line ({d) in Figure 6.4), AE- of a free
exciton was found to vary as 1.3 kT. This is again iﬁ good agreement
with the predicted theoretical variation 1.2 XT ¥for the zero phonon
exciton line. The variation of the intensity of the exciton emission
with temperature is illustfated in curve (b), Figure 6.4. Again the
exciton emission at 295 K was observed in the.form of bright blue spots

localized at the edges of the gold contact.

~(41) Pair emission

At 20 K, the pair emission in FEL and PL consisted of a series

of equally spaced bands labelled as the F and N series in Eiguie 6.8.



R T . ik

2p0I@- UZ U] :2SuUZ_ny ul 25U2752UIWIN{OI0Yd PUD 2DU2DS2UIWNR[ONO2]3 sOIF PuDMIOd :§°9 “Big

. . . - (a2) 4ASi2u3z ucoyd
9z Sz %¢ €T e bz 0z 6l 8l L

g
- =

0z 134

v T~~~ -

‘Inm e ® e - e—————.- e = e

— —— .

.\_/..

(saun  AJps3iqao) Auisuziuj




10

: 102_
)
a
o
[« T
v
&
©
N
KR
:.3
N
s
]
SlE 4,1
g 11|
10°}.
0
Fig. 6.9:

1/T (x 10"3)

The variation of the intensity of edge emission with
temperature (a) in FEL, (b) in PL,and the variation
of intensity of orange band (¢) in FEL and (d) in PL
using obtained in Au-2ZnSe:InZn,diode No.139,

14



" in FEL. As the device current was decreased this difference disappeéred.
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The bands are phonon assisted meﬁbers_of distant donéi—acceptor.pair
recombiﬁation. The.zero order cdmponent lay at 2.693 eV (4603 ﬂ) in

FEL and 2.690 eV (4608 X) in PL, (see Table 6.2) indicating that the F .
éeries in FEL was'slightly-higher in enexrgy {(~1 meV) compared with the.
N series in PL. This is.attributable to a hiéher density of excitation
From the equal energy seéaration betweeg mémbers of the F ahd N series,
the LO phonon energies were calculated to be 31.7 meV and.30.7 meV.

Using the energies of the zero order bands (FO,INA) and 14 meV for the
coulombic attraction and Eg = 2.818'eV, equation 2.3.2 gives the sum of
the donor and acceptor ionization levels (Ea + Ed) as 139 +2 meV and
141 + 2 meV for the two cases. At 65 K in FEL the energy of the F series
decreased slightly (see Figure 6.8). The new series, ¥, apparently still -
corresponds to donor-acceptor emission. However two series of bands
(labelled as N' and S') appeared in the PL emission spectra at 65 K.
The.S' series 1s thought to correspond to free to bound transitions to

the same acceptor which is responsible for the bound-to-bound transitions

- of the N' series. Taking the energies of the zero-LO phonon components

as 2.688 eV and 2.709 eV for-Né and Sé respectively (see Table 6.2) the
ionization enérgies of the acceptor and donor levels were calculated to

béEag108j-_2andE ~ 30 £ 2 mevV.

d
The thermal guenching of the edge emission was studied in the

temperature range 85 - 180 K. The results are plotted in the form

ioé yI(o)/I(T)) - 1}against 1}T for FEL and PL emission {see curves (a)

and (b) in FPigure 6.9 respectively). Curve (a) for FEL contéins fhree

linear sections with slopes giving activation energies of

96 + 2 mev(T(K) < 110 K), 125 % 2 meV (110 K < T(K) < 160 K) and

360 £ 2 mevfr(K) > 160 K). Howevet, curve (b) contained only two linear
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parts with slopes of 108 in2 meV (T(K) <.110 K) and 12é_i'2 mevV

(110 K< T(K) < 160 K).

(1i1) Deep centre emission

In addition to the exciton and edge emission, broad, orange and

green bands.were obser&ed ih both FEL and PL, (seé'Eigure 6.8). At 20 K -

g

the broad orénge band (see Table 6.3) was centred_at 2;08 eV (5950 R)

FEL and at 2.05 eV (6050 R) in PL. The green band appeared as a shoulder

at about 2.34 eV (5300 £) in both the FEL and PL at 20 K. The intensities
of the orange and green bands were about 25 tiﬁes less than that of the

edge emission. At 295 K, the peak of the orange band shifted to lower

_energy, i.e. to 2.03 eV (6100 X) in FEL and to higher energies 2.066 eV
(6000 &) in PL and became broader (see Table 6.3):

At 85 K, the orange luminescence was found to be efficiéntly
excited by photons with energieslnear 2.75 eV (4500 R), i.e. at epergies
ﬁust below the band gap (see Figure 6.17).

Thermal quenching of the orange band in FEL and PL (see Figure 6.9)
suggests that the acceptor level involved had an energy df about'iBO meV,
in the case of FEL another level with ionization energy about 30 meV was

also observed and attributed to a donor.

6.3.2 Reverse bias electroluminescence (REL)

(é) 'Brightnesé/current—&oltage relationg

Reverse B/I-V characteristics of the indium doped diode were
measured at 85 and 295 K (see Figure 6.10). At 295 K, two exponential
regions in the I-V and B-V characteristics were observed. At 85 K,
avalanching occurred with applied biases greater than 16 V, but the I-V
and B-V curves remained-parallel. The brightness~current relation

B o i" held with n = 1.08 at 295 and n = 1.2 at 85 K. As a brightness
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of 10 ft-L, the power conversion efficieﬁcy of this diode was calculated

6

to be 6 % 10 ° at 295 K and 2 x 10-5%' at 85 K.

(b) Spectral distribution
The spectral distribution of the REL was measured at a diode

:current of 3 x 10"2

A-{‘mmm2 and:is shoﬁn in'fiéﬁfélG.ll;: The'kEL spectrum
was very broéd comparea with that measured in FEL and ?L (see Tabie 6.3).
The main REL emission band peaked a£ 2.04 éV k6070 R) at 85 and 2.06 eV
(6000 X) at 295 K. On the high energy side, the emission cut off fairly

sharply at photon energies a little below the band gap.

6.4 EL AND PL IN ZnSe CONTAINING ALUMINIUM OR GALLIUM DONORS ONLY

As stated earlier in Chapter 3, aluminium (or gallium) could be
introduced into ZnSe either during or after crystal growth. In the
diode No.172B, aluminium ﬁas introduced by heating the ZnSe in molten
zinc pius 10% Al. The seconddiode sample, No.246, was fabri_cated from
a crystal containing grown-in alumipium. The Qallium doped diode,
No.176, contained grown-in gallium. The conditions for crystal growth
and the heat treatment administereq to these crystals prior to production
of Schottky diodes are given in Table 5.1; With the gallium doped sample,
the yellow, orange body colour of the as-grown crystal changed to darkish
orange on the surface after the heéting in molten zinc. This suggests a
small degree of precipitation occurred as mentioned in Section 5.5.2.
However when qne'of the sides was polished by removing a layer of about
100 pm the original yellow, orange body colour was restored. To form a
diode the chip was chemically etched and an indium contact was applied
to a polished face while gold was deposited on the opposite darkish
orange face of the chip. Some of the parameters of the above mentioned

diodes are listed in Table 5.2.
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6.4.1 Forward EL and PL

(a) Brightness/current—voltaée characteristics

e forward B/I-V characteristics.obtained_from the aluminium
doped diode (No.172B) are illustrated in Figure 6.12. The I-v
characteristiqs were'd@minéted by leakage currents at blases less thaﬁ
1.3 Vand 1.5 V at 85 K. At 295.K, the light emission was first oﬁserved
at a voltage th;eshold‘of about 1.4 V. With current densitles higher.
than 10°% a mm-2 the brightness obeyed the usual relation of B o i" with

n equal to about 1.5.- Ih Figure 6.12, the brightness level of about

0.2 ft-Lambert at 295 K would correspond to a conversion power efficiency

of about 10_5% . The brightness Was found to increase two orders of mag-
riituéle on cooling to 85 K with a power 'éfficiency approximaﬁely .1.3 X 10-.‘.1 3.
Similar I-V and B~V characteristics were élso observed with the diode
No.247. The light output of this device prepared on as—gfowh material
was slightly bgtter with an improved power efficiency.

'Thé forward B/I-V éharacteristics of the gallium doped diode
No.176 are illustrated in Figure 6.13. At 295 K, the current and hright-

ness varied exponentially with voltage over three orders of magnitude of

- current and brightness respectively. At 85 K both the I-V and B~V

characteristics shifted td'higher voltages. This was partly due to the

- increased series resistance of the diode at low temperature. However
- when the applied bias was slightly increased beyond 22 V, the diode

- current increased rapidly from 10_.2 to 2 x 10—1 A mm--2 while the voltage

decreased to 18 V. Similar behaviour was repeated in the B-V character-
istics. Again the brightness-current dependence obeyéd a relation of the
form B o 11'5. The power conversion efficiency was about 1.7 x 1(?5%

at a brightness level of 10 ft-L at 295 K.
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(b) Spectral distribution in FEL and PL

The spectral'distributioh'of the FEL emission was measured at
current densities of 4 x 10_--2 A mmﬁz. The FEL and PL spectra measured .
on-diodes'No.172:B; 247 and 176 are shown in Figures.6.14, 6.15 and
6.16. The FEL and PL spectra of the aluminium doped samples containeq
edge and self-activated bands at 85 K. The intensity of the edge emission
of Al-doped samples was much lower.than that in undoped (No.172a) and
indium doped (No.139) diodes and as a result no phonon replicas were
resolved. The edge emission band was located at about 2.67 eV (4610 R),
In FEL, the broad band emission peaked at 2.23 eV (5550 ﬁ) and 2{63 eV
(6100 X) in diode No.172B and at 2.21 eV (5600 X) and 1.98 ev (6250 g)'
in diode No.247. At 295 K, a broad orange band only was observed, at
2.06 ev (6000 2) in diode No.172B, and at 1.98 ev (6250.3) in diode

No.247. The PL emission spectrum was similar to that in FEL at 85 K and

295 K (see Table 6.3), however the intensity of the green band in PL was

slightly weaker. The spectral distribution of the FEL emission from the

galliuﬁ doped sample consisted at 85 K,‘of a single broad band (see

Figure 56.16 and Tablé 6.3) peaking at 2.15 eV (5750 X) with a shoulder

at about 2.0 eV (6200 R) in the orange. At 295 X, the orange band was

dominant. In PL emission only the orange band was observed (see Table 6.3).
The luminescence excitation spectra for the orange band of these

diodes are shown'in Figures 6.17 and 6.18. At 295 K, the orange band in

diode No.172B was exéitea efficiently_by photons with energies of 2.58 eV

{4800-2), However, the orange band was exﬁited with high efficiency at

the band gap and at photon energies of about 2.4 ev (5150 g) and 2.45 eV

{5050 X) in diodes No©.247 and 176 respeétively (see Figures 6.17). At

85 X, the maximum excitation efficiency occurred at highex photon energies,

for example at 2.72 eV (4550 g) in ‘diode No.172B and 2.61 eV (4750 g) in

diode No.176, (see Figure 6.18).
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6.4.2 Reverse bias EL

-(a)_-Brightness/current~voltage characteristics

Reverse B/I-V characteristics measured on dlode No.172B are shown
in Flgure 6.19 and are similaxr to those measured on diode No 247. The
reverse B/I-V characterlstics of the galllum doped diode (No. 176) were
.similar to those of undoped diodes descrlbed earlier in this chapter.
The brightness again followed the B o i relation with n equal to about
1.2, .A brightness level of 20 ft-L was achieved in diode No.1723 with a
power conversion'efficiency of-5 X 10"5% . 80 ft~L was obtained in’
diode No.247 with a slightly improved efficlency of 16"4%.. The light
output from the gallium doped sample was poor. A brightness of 2 ft-L
-2

was obsexrved at a bias of 30 V and current density of 1.2 x 1C)2'A mm

corresponding to a poor power efficiency of about 6 x 10.-'6 %

.(b) Spectral distribution

The REL emission spectra of the abovejmentioned diodes-were
measured at a current density of 2 x 10""'2 A mm—z. At 295 and 85 K, the
REL emission spectrum of diode No.247 was the same as that measured in
FEL and PL. Similar bands were also observed in the REL and PL emission
spectra of diode No.172B (see Figures 6.14, 6.15 and Table 6.3). The
REL emission from the gallium doped sample consisted of a broad yellow,
orgnge band peaking at 2.08 eV (5950 X) at 85 K (see Figure 6.16 and
Table 6.3). This orange band'became much broader at 295 K as the maximum

shifted to lower energies at 1.96 eV (6300 X).

6.5 EL AND PL IN ZnSe CONTAINING CHLORINE OR TODINE ONLY
As described earlier, chlorine or iodine was introduced into ZnSe
during the crystal growth procedure (see Chapter 3) The crystal growth

parameters and the heat treatment conditions of crystals No.242 containlng
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Cl and No.931 éontaining_I have already been recorded in Table 5.1

6.5.1 Forward bias EI, and PL ' _ ' g

(a) Brightness/current-voltage characteristics

The forward B/I-V. characteristics obtained from the chlorine .doped

diode No.242 :.were. s1milar to that of the aluminium doped diode (i e.

" No.172B) shown in Figure 6. 12 The light emiSSlon from thJS diode was

poor at 295 K, but at 85 K a brightness of 40 ft—L vas achieved The

characteristics of the iodine doped diode (No.931) are shown in Figure 6.20.

From this diode a brightness of 20 ft-I was attained at 295 and 300 ft~L
at 85 K with corresponding COnvexeion power efficiencies of 2 x_Uf4 and
16*3% respectively. The brightness current variation followed the B.oain

relation with n = 1.6.

(b) Spectral distribution

The FEL and PL emission spectra from the chlorine doped diode are

illustrated in Figure 6.21. At 85'K, a single'orange band was seen to
peak at 2.08 eV (5950 £) in FEL and 2.06 eV (6000 &) in Pr. Beaause of
the pocr emission intensity, the orange FEL emission.spectrum could not
be recorded at 295 K but the PL emiesion consist.ed of a broad. orange band
at 2.1 eV (5900 X). The iodine aoped sample also showed a single orange
band in FEL and PL emission at 295 ahd 85 K (see Figure 6.22). The
orange band vas centred at 2.06 eV (6000 8) at 295 and 2.04 ev (6080 £)
at 5 K in FuL and at 2.06 eV (6000 £) at 205 and 2.02 ev (6120 §) at

85 K in PL.

At_295 K, the orange band in the chlorine-doped diode was

efficientiy excited by photons with an energy of 2.55 ev (4850'3). In

the ilodine-doped diode (see Figure 6.17), the same orange band was

excited by 2.5 eV photons. At 85 K, the peak of the excitation band
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shifted to higher photon energies of 2.61 eV (4750 2) in'diode.No;242
and 2.59 eV (4790 R) in diode No.931.

' The tcmperaturé quenching of the orange band in FEL and PL in '
the'chloxine doped sample is shown gcaphically in Pigure 6.23. Two

quenching energies of 14 meV and 360 meV were found.
R

6.5.2 Reverse bias EI,

(a) Brightness/current-voltage characteristics

In reverse bias, the current and brightness of diode No.242
again varied roughly exponentially with voltage and a smali avalanching
effect.occurred at biases greater than 15 V, (see Figure 6.24). The
ieverse B/I-V characteristics for the iodine doped sample are shown in

Figure 6.25. In both diodes the brightness-current characteristics

followed the B g in relationship, with the value of n around 1.1 at 295

and 85 K. Brightnesses of 20-40 ft-L were achieved in these diodes with
power conversion efficiencies of about 5 x 1645%. The brightnesses.
increased up to 100 - 200 €t-L at 85 K with slightly improved power

efficiencies.

(b) Spectral distribution

The spectral distribution of thc REL cf these diodes is shown
in Figures 6.21 and 6.22. The bands were slightly broader than in FEL
and PL (see Table 6.3), but were located at the same_photon enérgies.
' Finally the temperature quenching of the orange band of the
chlorine doped diode revealed two quenching energies of 14 and 360 meV

(see Figure 6.23).
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6.6  DISCUSSION

6.6.1 Mechanism for Electroluminescence

(a) Forward bias (injection) electroluminescence

Inﬁection électroluminescence depends strongly on the efficient
injection of minorxity carriers into the zinc selenide and their sub-
sequent radiative recémbination. ﬁole injection in Au-ZnSe diodes
prepared on n-type material with no interfacial layers is negligible
bééause the hole barrier which is defined as the energy bandgap minus
the eleétroﬁ carrier is about ¢Bh!= 1.3 ev.. However.the inclusion of an
insulating layer between the metal and the semiconductor allows the Fermi
ievel_to move towards the valence band and holes from the vicinity of
the Fermi level in the gold can be injected into the semicondﬁctor.

This type of injection with consequent EL emission has been observed in

~ wide gap semiconductors, including ZnSe by Fisher (1964), Fisher and Moss

(1963) and more recently by Livingstone et al (1973). Similar observa- —
tions have alsc been made using III-V semiconductors, foi example in GaP
by Card and Smith (1971) aﬁd ﬁaéri and Rhoderick (1974). The fact that.
we have only been able to observe forward electroluminéscence.in Au-ZnSe
diodes, in the presence of a relatively thick ( > 200 X) semi—insulating

layer under the gold leads strong support to the basic model described

.a@bove: The hole barrier height, ¢Bh' is calculated to be about 1.0 eV

in Au-ZnSe dilodes prepared on chemically cleaned surfaces. The hole
injection efficiéncy, i.e. the fraction of the total current across the
junction carried by hoies, is low. This was estimated to be 10_5 for
Au;ZnSe by Livingstone et-al (1973). They also suggested that the hole
injection efficiency had no strong temperature'dependepce. Thé similgri—
ties which we have observed in the thermal quenching of FEL and PL would
indeed suggest that the intensity of the light output was largely deter-
mined by the radiative recombination efficiency rather than the hole

injection efficiency. .On the other hand, the light intensity is a measure



- 136 -

of the_holé injection p}oéess. Therefore one might suggest that. the
voltage threshold.for iight.emission is the bias necessary to align
the valence band of ZnSe with the Fermi level in gold. This threshold *-
voltage was found at 1.2 - 1.4 V at 295 K and 1.4 - 1.6V at 85 K.

If the'minbriﬁy injection and radiative recombination mechanisms were
100% efficient the l&minance would be p?oportional to the squére of
the diode current, because of the two stage (bimolecular) recombination
process. In our experiments the brightness varied with current as

B o i1'5. The variation is to Le compared with similar variations

(B a'il's) reported for the injection.electroluminescence from CuZSe -
ZhSe, é—n heterojunctions by Aven and Cusano (1964).and recehtly from
phosphorous ion-implanted ZnSe p-n junction diodes by Park and Shin.
(1974).

The maximum b:ightness_reéched in FEL was agout 20 ft-Lambert at
295 and 250 ft-Lambert at 85 K. This corresponds to. light output powers
of 0.25 and 3 YW at 295 and 85 K respectively. This should bg coﬁ;
pared with the light output power of about 1.2 uw obtained in phosphorous
ion-implanted ZnSe p-n junction injection diodes.

The power efficiencies of the injection devices studied here were
poor, i.e. typically of the order of 10—6 - 10_5%.. This is attributed
partiy to the extraction of electrons from the barrier region of the
ZnSe into the gold. If the model suggested in the previous. chapter
.‘fqr the Au-ZnO-ZnSe system (see Figure 5.21) is correct, the only
barrier that could suppress electron extraction is that of the depietion
~ layer. The barrier is expected to decrease and become flatter at

higher applied biaées, thus enhancing the extraction process, so that

the luminance would decrease with increasing bias.
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b) Reverse bias_ELl

“Reverse bias EL from RAu-ZnSe Schottky diodes.was reported recently
by Allen et al (1972). They'sﬁggqsted that the electrons tunnel from..
the metal into semiconductor and are tﬁen accelerated in the high field
of the depletion layer hefore exciting the luminescent centxes ox- host
lattice. Lﬁminescehée occurs following the subsequent recoﬁbinatio$_of
tﬁe excited carriers.. Our obserQations support this basic model. How-
ever, the indications are that in reverse bias, electrons are thermaliy
actifated over and also tunne; through the barrier in their passage
into ZnSe (see Chapter 5). Impact excitétion or ionization procésseé
require eiectrons with kinetic énergies of about 2-3 eV. The electric
field of 105 V_cm—1 or more which is present in the depletion region
would be adequate to accelerate the electrons to the required energies.
The loWest threshold for light emission in revefse biésed Au-ZnSe diodes
was about 2.5 V. Since impact excitation is a mono-molecular process
the luminance would be expected to vary linearly with diode current.
In practice this Qariaticn éould.agaiﬁ be expressed as B a in with the
value of n near 1.2. lThe sub linear variation observed at high cﬁrrent

is attributed to joule heating effects. At room temperature a maximum

brightness of about 100 -150 £ft-L was achieved with undoped and donor

doped ZnSe. This would correspond a light output power of 1.2 - 1.8 puw

and power efficiency of about 1074% . i

6.6.2 Spectral Distribution of the Luminescence

(a) Exciton emission in forward biased Au-ZnSe diodes has been
reported previously by Ryall and Allen (1973).' They studied the emission’
in the range of temperatures.from 85 to 390 X and-attributéd it to free
exciton recombination. We have observed the exciton emission in FEL

over the wider temperature range from 20 - 360 K and have found that the
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exciton became bound to neutral donors, or acceptors, at temperatures
below about 65 K.
In contrast with FEL, exciton emission was not observed in PL or

)

in REL. It is possible that with injection electroluminescence'(FEt)

a higher concentration of injected electrons and holes is produced.

Possibly injgcted holeé increase the exciton recombination cross secéion.
If this were'so, then one would expect lLole injection to plaj a greatér
role in exciton emission. Furthermore, 6ne would expeét the relative
intensities (i.e. recombination cross sections) of exciton and pair
emission to depend on the hole injection levels. However, experimentally
the ratio of the intensities of edge and exciton emissions was found to
be indépendent of the diode current.

Eurthermore wﬁen thé diodes (for example diode No.172A) were
operated at low curreﬁt levels, gt 20 K, the intensity of the pair

emission in FEL was about 30 times smaller than the intensity in PL for

the same diode at the same temperature. However the exciton emission

Was.still present in FEL but not in PL. Therefore the suggestion that
the obsexvaticn of exclton emission in FEL resuits from a higher density
excitation may not be correct. Another possibilitf is thgt the band
edges may play an importént role._ Exciton emission lies in a region of

very strong absorption in'ZnSe, i.e. of exciton self-absorption. The

observed emission would emanate. from exciton recombination very near the

surface. So the surface properties of the semiconductor might well play
an'important part. Swank (1966) has found conéiderable band bending,

with VB

o™ 0.58 eV’ at the free surface of ZnSe which was cleaved in

vacuum. The magnitude of the band bending in chemically cleaned samples
will be larger (see Chapter 5). The donor concentrations in the diode
samples that showed exciton emission were of the order 101-6 cm-3. This

tdgether with a band bending of about 0.58, would lead to a localised
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electric field of the order of 10 - 10° v cn™! at the surface of the
ZnSe crysﬁal. In PL the UV excitation would be absorbed to_create free
electrons and holes at the surface. But because of the high field,'the
free electrons and holes would be accelerated in opposite directions,
Consequéntly the probability of free electrons-and holes coming together'
to form excitons would be reduced. The-absenée of the exciton emission
in the REL spectra would also support.;his suggestion. The situation

in FEL is quite different. At those biases, where the exciton emission
was observed, the bands would be completely flattenéd,.so_that in the
absence of a strong electric field, injected electrons and holes can
come together within one hole diffusion length to form excitons. This

is also in good agreement with the obsexvation that the exciton emission
from FEL was localised around the Qold contact. The observation in

this laboratory of exciton emission in PL from insulating (as-grown)
crystals of ZnSe would support the above suggestions since flat bands

are expected in insulating ZnSe. It is concluded that exciton emiésion
in conducting crystals of ZnSe can only be achieved by creating flét
energy bands in the region of excitation. Exciton emission in PL

using conducting crystals of Znéé has been observed by Dean and Merz
(1968) and Merz et al (1972), but they used a high power argon ion laser, |
as the exciting source. The changes that the energy bands of ZnSe may

have undergone when such sources were used is not yet known. - However,

 -surface photovoltage measurements on other II-VI compounds, e.g. CdTe,

Cds by Swank (1966) indicate that the bands are completely flattened
at high light levels. Thislwould suggest ‘that a similar band flat-

tening may have been achieved in conducting ZnSe.

(b) Pair Emission
The pair emission was observed in FEL, PL and in some ‘diodes in

REL. Edge emission in PL has been studied by various authors; namely
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Tida (1968), Dean and Merz;(1969), Chatherjee et al (1973) aﬁd Gezci and
Woods (1975). Edge emission in.FEL from Au-ZnSe diodes has been reported
at ligquid N2 temperatuxes (see for example Ryall and Allen. 1973). However -
the first détailed study of pair emission in forwara biased Au-ZnSe diodes
is presented in this work. The pair emission observed in FEL and PL is
regarded as associated %ith bound to bound and free to bound recombination’
at 20 and 65 K respectively. With a diode containing no intentionélly
added impurities (i.e. No.172A), the pair emission in FEL and PL was similar
and the ionization energieé of the acceptor and donors involved with this
edge emission were calcﬁlated-to be 122 £ 2 meV and 26 % 2 meV respectively.
A small trace of a second pair emission was also observed in this diode
involving acceptor and dénor levels with ionization énergies of 93li 2IméV
aﬁd 31 £ 2 meV. With diodes'containing indium (é.g; diode Nq.139).a single
set of phonon-assisted bands was observed in fEL and is attributed to re-
combination befﬁeen donor aﬁd acceptor levels. However two sets of pair
emission bands were observed in. PL, and were attributed to bound to béund
and free to bound trangitions involving the same donor-accaptor levels
Observed in FEL. The iohization energies of the donors and acceptors were
found to be 30 and 107 £ 2 meV respectively. Gezci and Woods (1975) have
studied the edge emission in PL in as-grown ZnSe crystals in this laboratory.
They observed thrée different series of pair emission 5ands associated

with donor-acceptor recombination and they suggésted that two of tﬁese
series were associated with random and preferential'pairing of the same
donors and acceptofs, wifh an ionization eneigy of the acceptor of about
112 meV. They calculated the ionization ehergy of the acceptof responsible
for the third donor-acceptor pair emission to be 122 meV. They also
suggested that the acceptor-like impurity with ionization energy of 112 nmeV

would be leached out by the heat treatment in molten zinc. However the
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results obtaihed here, suggest that this acceptor-like impuiity with an
ionization energy in the range 120 - 130 meV was still present after the

+

Zn treatment.

The investigation of the edge emission in crystals doped.with donor_
impurities shoﬁéd that the inténsity”of the edge emission inFEL and PL -de~
creased gradually.as éhe'donor impurity content increased, see for example
Figures 6.2, 6.8, 6.13 and 6.14. (The donor concentrations are given for
those diodes in Table 5.1). No edge emission was observed in FEL or in
PL from diodes with donor impurity concentrations greater than 1017 cm‘3.' _ﬁ
The interesting feature was that as-the edge emission disappeared, the
ihtensity of the self activated (orange) emission gradually increased.

?his means that the blue edge emission is ‘quenched by the acceptor-like
levels introduced togethexr Qith the impurity don§rs leading. to prefer-
ential recombination of carriexs to give rise to the S.A. emiésion.
Edge emission was also observed in the REL spectrum- of a few of the

diodes but its intensity was much weaker than that in PL or in FEL and

it was much more localized.

(c) Deep Centre Emission

The self-activated (S;A.) and éopper emission from zinc selenide
in PL has been reported_by Holton et al (1965), Iida (1968), Markowski
et al (1969). Recently Jones and Woods (1974) studied the PL emission
and excitation spectra of ZnSe crystals doped with copper or chlorine.
They reported thqt at 85 K, the S.A. émission band was located at
2.01 ev (6150 X) while-the_coéper, red and green bands were located at
1.95 eV (6340 X) and 2.34 eV (5300 2) respectively. They stéted that
the peak of the S.A. band shifted towards higher photon energies while
that of the copper red band sﬁifted towards lower photon energles with

increasing temperature. Jones and Woods also observed that the copper
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. red emission was excited in a band centred at 2.43 eV (5100 &) while

the S.A. emission was excited strongly in a band_eentred at 2.55 eV

present work, it would appear that excitation occurs in a narrow band

with its maximum equal'or just beiow the bend gap energy. Thls is true
L]

for undoped diodes (No.172a) or for diodes with low donor concentratlon

(i.e. in diodes No.172B and 139). However with diodes doped with donors
17 |

. (i.e. Cl, I) with densities of the order of 10 mﬂs ¢+ & lower enerxgy

excitation process would seem to be ective,'resulting in a broad excita--
tion band peakihg around 2.6 eV. In general, the minimum observed in

the spectral response of the short circuit photocurrent coincided with

the maximum in the excitation band for S.A. emission. This may suggest

that the excitation of the S.A. band occurs in a localised centre and
ionization does not occui so that tﬁere is no contribution to the short-
circult photocurrent.

From the thermal quenchlng of the S.A. band in FEL and PL, two
ionizatlon energies were found. The smaller of about 14 - 30 meV ie
attributed to shallow donors, but no clear identification for the second
ionization energy of about 180 meV (in the indium doped diode No.139) or
360 meV (chlorine doped diode No.242) is obvious. Apperson et al (1967)
have observed an acceptor level with an ionization energy of about 190 meV.
Similarly Iida (1968)-obtained a value of 350 meV for aﬁ undoped crystal.
However, the investigation of.the luminescence and the electrical pro-
perties of a large variety of ZnSe crystals by Jones -and Woods (1974 ,1976)
led to the suggestioh that these ionization energies may well be assoc-
iated with deep donors. Furthermore, Jones and Woods have suggested
that deep donor—acceptor pairs, (with donor ionization energles of 0.37

and 0.41 respectively) were responsible for the S.A. emission.



- 143 -

Following a study of tﬁe PL of as—grown crystals (Jones aed Woods
1974), it was suggested that most of our cryatals appeared to have been
contaminated by copper (1 P.p.m.) durlng their growth. However in the '
present work the crystals were treated in molten zinc. This process
" removes copper from Z?Se (Aven andiﬁoodbory 1962). ﬁowever a small trace-
of copper ma§ have been responsible for the broad red and green bands
observed in the FEL, PL and REL emiesion spectra of the undoped diode
No.172. The eituation is complicated when S.A. emission and copper
emission are present eogether; The orange bands observed in FEL, PL and
REL la& in the renge of energies from 1.93 eV (6400 &) - 2.15 eV (5750 gi;
This.large variation in energy may have-beep due to a small amount of
-copper which remained in our diodes even after the heat treatment pro-
cedure. However the S.A. emission undouofedly swamped any copper
emission in diodes containing high donor impurity concentrations, i.e.
in.diodes with I or Cl with Nd 2»1017 cms_3.' Here it is conoluded that
the S.A. band lay at about 2.10 V (5900 8). The FEL, PL and REL emission
spectra in these diodes were virtually identical. However if the §.A.
is weak then weak copper emission is partly superimposed on the S.A.
emission band. The emission spectra obtained from diode,No.247 is thought
to be an iliustration of.such a super-position. The excitation spectra
for the orange band io this diode showed a broad band peaking at about
2.4 eV (5180 X) vhich is typical of copper doped samples (see Chapter 7).
The net effect of thls super—position was that the copper red and green
bands shifted towards one another.
In general the emission bands in FEL, PL and REL were similar,
although the proouction of hot electrons in REL causes broadening with

long tails extending to the high energy end of the spectrum. However,

if there is a concentration profile of luminescent centres at the surface
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of the dicde (~ 20~100 pm) slight differences in the FEL, PL and REL . .
spectra can be obseived. For exaﬁple in the case of the gallium doped
diode No.176,'there is about 0.2 éV difference between the.FEi and PL '
emission bands at 85 K. The lower enexgy emission in PL is thought to
bg'due to recombinati?n neaf the surface, while the highe;-enefgies ’

observed in FEL emission are thought to be associated with_recombination'

in the bulk of the diode. The peak energy of the REL emission band lies

between these two.-
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CHAPTER 7

ELECTROLUMINESCENCE IN-ZnSe DOPED WITH LUMINESCENT CENTRES,

i.e. MANGANESE OR COPPER

7.1  INTRODUCTION

| Manéanege and copper ére well-known as efficienﬁ PL activators in
many materials, e.g. zinq sulphide, calcium halophosphate and willemite.
In this work therefore these activators ha&e been introduced into zinc
se;enide in an attempt to produce efficient electroluminesceﬁt diodes.
Manganese és an activator has recently been uéed successfully in d.c.
ZnS electroluminescent panels (Vecht et-al 1969) and ZnSe electroluminescent
diodes (Allen et al 1972, Ozsan and Woods 1974). In this chapter, the
electroluminescent properties of Schottky diodes formed on ZnSe crystals
containing manganese or copper, or both, will'bé described. The luminescent
emission was studied in both fbrwaid and reverse bias. The total light
output was measured in diodes with dimensions of 0.15 x 0.15 x 0.1 cm3 and
the bfightness egpressed in terms of Ft ~Lamberts. The light output was
recofded as a function of applied bias and diode current. The PL excita-
tion and emission Spectra were also studied together with the REL and FEL
spectra. In the figures illuétrating the emission and excitation spectra,

the intensities are in arbitrary units.

7.2 ELECTROLUMINESCENCE AND PHOTOLUMINESCENCE OF ZnSe CONTAINING MANGANESE

Zinc selenide crysta;s, containiné-manganese, were grown by the
vapour phase or iodine transport methods (see Chapter 3). The most success;
fui boules were grown from the vapour, in capsules with 1500np.p.m. man-
ganese chloride in the tail and 1% manganese in the charge. Atomic absorp-
tion analysis showed.that the crysﬁals grown by both methods contained about

1% manganese. The electroluminescent diodes produced from these two types
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of crystal-wére found to give essentially similar results. It is there-
fore nécessary to discuss oniy one type of electroluminescent diode and:
we shall describe that fabricated from vapour gxrown étystals. The.cryséal
growth conditions and the heat treatment procedures used for crystal
Nof246 containing manganese have been listed in Table 5.1, and some of
the electrical proper%ies of some of the dicdes cut from this crystal

have already been described in Chapter 5.

7.2.1_ Forward bias electroluminescenée-(FEL) and photo-

‘luminescence (PL) "

(a) Brightness/current voltage characteristics

The forward B/I-V characteristics of Au—ZnSe:MnCl, Zn diodes
were found to be similar to those diodes containing donor impuritiés which
were described in Chapter 6. Again no FEL was observea from diodes pro-
.duced oﬁ cléaved surfaces (e.g. diode No.246A).

The forward B/I-V chéracteristics of a ZnSe; Mn, Cl,Zn diode,
prepared.on a chemically cieaned chip, cut from boule No.246, are illu-
strated in Figure 7.1. The brightness and current were found to vary
approximately exponentially with voltage over at least three orders of
magnitude. The brightness—current characteristics obeyed.the usual
relation B a i® with n edual.to 1.5 at 295 and 1.8 at 85 K. The bright-
ness of 0.6 Ft-L at 295 K, and 40 Ft-L at 85 K correspond tc power

conversion efficiencies of 3 x 10—6% and 6 x 10 % respectively.

(b) Spectral Distribution

Thg spectral distribution of the FEL and PL'emissions measured
at 295 and 85 K ffom a ZnSe:Mn,Cl diode No.246E, are shown in Figure 7.2.
The FEL emission contained a single broad band (see Table 7.1) peaking

at 2.11 ev (5880 ) at 85 K and 2.08 eV (5950 £) at 300 K. This FEL
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emission, in a manganese doped diode had ité maximum at a slightly
higher.enetgy than that of thé FEL emission observed in chlorine dopéd
diodes (see Table 6.3). .

The maximum of thg PL emissisn (excited by UV radiation) was found
at 2.05 eV (6050 B) at 295 K and at 2.06 eV (6010 &) at 85 K. At 295 X
the PL.excit@tion spee¢trum of the orange band showed a broad band pe%king'
at about 2.38 eV (5200 R) (see figure 7.3). At 85 K the excitation
spectrum contained two distinct bands at'2.45 eV (5065 X) and 2.6 eV
(4770 2), see Figure 7.3. The excitation band at 2.45 eV was compara-
tively narrow and was not observed in any of our diodes which did not
contain manganese. However the hiQher eﬁergy excitation band at 2.6 eV
was observed in chlorine doped diodes (see Figﬁre 6.18) and is attributed
to the excitation of S.A. centres.

The PL excitation spectra, measured on some éf our ZnSe;Mﬁ,Cl,Zn
diodes qontaining low concentrations of manganese, did not show the peak
centred at 2.45 eV after heat £reatment in molten zinc. The excitation
spectra of these samples were similar to those of samples containing

chlorine only.

7.2.2 Reverse bias Electroluminescence
(a) Brightness/current-voltage characteristics

The reﬁersé B/I-V characteristics, at 295 and 85 K from a
ZnSe:Mn,Cl,Zn diode prepared on a cleaved surface, are illustrated in
cufves (a) and (b), Figure 7.4 (295 K) and in curves (e) and (f) in
Figure 7.4 (at 85 K) respectively. The reverse B/IfV characteristics of
a sécond ZnSe:Mn,Cl,Zn diode (No.246B) preéared on é cleaveé surface which
was.subsequently chemically etched are shown in curves (¢) and (d) in

Figure 7.4. In the preparation of diode No.246B, the gold layer was
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removed from the cleaved surface-of the first diode, No.246A, and the chip
was chehically etched prior to the.redeposition of the gold contact.

With the cleaved diode (246Ai, the diode current increased rapidly
at voltagés below 8 V and then varied more or less exponentiélly with
applied bias over threg orders of magnitude of curreﬁt. Similar behaviour
was observed with the éhemically cleaned diodes in which the leakage
currents at low applied biases were more pronounced'(not shown in Figure
7.4). With biases exceeding 15-16 V the current began éo increase more
rapidly than exponentially as an evalanche process developed. The B-V
éharacteriétics were almost parallel to I-V characteristics, at least at
voltages higher tﬁan 8 V. The brightnes; inqréased more.rapidly at low
voltages, and it is meaningful to define a thréshold for light emission
which was usually found in the range 3.5-6 V. The light output increased

1.2

with current according to the relation B o i . When the current density .

exceeded 5 x 10-2 A mm“2 the brightness began fo decrease. This was
thought to be due to local Joule heating. A maximum brightness of 200 Ft-L
was measured for the cleaved diode No.246A, at 295 K, under which con-

ditions the power conversion efficiency was 6 x 10-4%, At 85 K 100 Ft-L

was obtained with a slightly lower power efficiency of 10_4%. This was

mainly due to the increased diode current at a given bias. The light

- output was much higher in diodes prepared'on chemically cleaned surfaces.

This is thought to be due to the formation of largexr built in potential

at ;he chemidally cleaned surfaces (see Chapter 6.7). For example, maximum '
brightnesses of some 500 Ft-L were obtained for diode No.246$, and

800 Ft-L for diode No.246B leading to power conversion efficiencies of

1.9 x 10-3§ and 4 x'10—3% respectively.

(b) Spectral distribution . _
The spectral distribution in REL was studied in large numbers of

ZnSe diodes containing manganese. The emission consisted of a yellow band



yroq xo xaddoo

I0 sseuebuen ButuTeluoD SSPOTP BSUZ WOIF SUOTSSTE® THY pue Ig ‘TEa

- POATDSqO mﬁuwuom JUBTAY ITey 3® YIpTM pueq oy3 pue uotiTsod Kbisus syg, 17°L oIqes,
! 08l | vi ¢ R “ ; : . P
_m 0059 9e-71 | €20 | buoxas: 00€9 96°1 esM| 00%9 €6°1T |S8 Ty +uz
£°0 buoxis| 00¥9 | €671 | Lz°0 | buoms; 00¥9 | €671 . | S6Z  fo'npfuy | 67
. (uouoyd! (uouoyd
- 01-¢) ! 01~£) _
I9PTNOUS! 09L% |S519°2 | desM| 09LF | S19°¢C
AQOGOQQW (uouoyd
01-2) 01-2) _
uTPSW{ S§89% | ¥9°g xopTnOYsS| Sg9v v9 ¢
ﬁnoqosmm. ) . (uououyd .
0T-1)} 0T-1)
_ ! Y + Uz
i buoxas! ogow Loz UNTPON; 0E9Y L9°2 s9 T - NS9T
' . _ ﬁcoqosmm (uouoyd 9
_ . i O1-018%) | O I~0x9Z) | .
08s¥ | 0L°Z ;  buoxas; 08s¥ oLz buoxis; 08Sy oL°z
ISPTNOUS| 0595 |. 61°C | ISPTNOUS: 0595 | 6T°Z IopINOYS| 0595 61°2
buorys| 00g9 | 96°1 9z°0 buoxas| oogo | 96°7 Buoxasi 00€9 | 96°1
9€°0 Buoxis! 05€9 | $6°1 v€"0 |  buoms; 0s€9 | $6°¥ 9€°0 buox3st oove | €6°1 | Séz
T
60°0 buoxis| 08L5. | »i°2C 62°0 buoa3s; 0109 90°Z L2°0 buox3s! o8ss 11°2 | S8 ,
_ O'UN | 9¥%2
€1°00 buoxis| 08LS v1°¢C 9€°0 |  buoxis! 0509 S0°¢ PE°0 buozisi 0565 80°2Z | G562 1
(a3) (¥) (A9) (AS) (¥) (A9) | (as) _ (®) (A°) (1)
UIPTH | yzbusrls |yzbust UIOTM | y3busxas | yabusT UAPTA | y3busays |yabuet "ON
-pueg | sAT3eTey -oaeM (Abrsug | -pueg |sATieToy —-oseM (Abxsug | ~pueg | saTjeTey | —oaem | XbBrougm | dueg juedog BpoTq
exjoeds TEy . exyoeds g _ ex3oeds TEad .




o e Attt ke < e, e e S s e

- 149 - )

with a_maximum in the range 2.14 ev (5780 2) - 2.1 ev (5900 R). Some
diodes emitted a peak at the low energy end of the above range, but theée_
did not contain an additional band (at 2.45 eV) in their PL éxcitation )
spectra. It is considered therefore that they contained a low concentra-
tion of manganese. In cpntrést one of our diodes {(No.246E), prepareax
from_a boule-containin% 1% manganese, gxhibited a room temperature REL
emission band peaking at 2.14 ev (5780 g)'with a width at half height of
0.13 eV (350 R). This width was much.narrower than that of the FEL and

PL. emission bands obsexrved in the same diode, (see Table 7.1). .The REL
emission was measured over thé range 18 -290 K at a constant reverse current

3

of 3x10 ° A mmnz. The REL emission bands at 290 and 85 X are shown in

Figure 7.2. The energy of the emission maximum remained virtually unchanged

when the temperature was reduced to 18 K (see curve (a), Figﬁre 7.5), but

- the band narrowed to a half width of 0.09 ev (240 R) as the temperature was

reduced to 100 K; and thereafter remained constant. A narrow band and the'
/ -

independence of its maximum with temperature are characteristic.of the

"emission associated with transitions in localized manganese centres (see

| Chapter 2.3.4). To test whether the width of the emission band follows

the relation ‘given by equation 2.3.4 derived from the configurational co-
ordinate model, (see for example Klick and Schulman, 1957), the-#quare of
the width of the bénd, W2(T), was plotted as a function of temperature T (X)
According to equation 2.3.4, W(T) ~ W(o) and is independent of'témperature

at low temperatures. At high temperatures W(T) should be proportional to
1/2

T . The results plotted in curve (a), Figure 7.5 show that these con-

ditions were obeyed. The slope of the straight line portion of the curves
taken in conjunction with the value of W(o) of 0.09 eV leads to a vaiue

of the phonon enefgy of 28 meV.
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7.2.3 Light output as a junction of temperature
In this section more detailed results for the temperature depend-

ence of the light output from ZnSe:Mn,Cl,Zn diodes are giVen. The curvés-

in Figure 7.6a show the variation of the light output with temperature

for fixed current, in the cleaved diode (No.2463), and thé.éhemically
cieaned diode (No.246é), The variation of thé applied bias required to
suétain the fixed current is shown in Figure 7.6b. For ﬁemperatures
béiow 260 K, the voltage at a fixed current qhanges almost linearly with
témperature at a rate BV/3T|i of 1.6 x 10“2 VK._1 for the cleaved diode
and 1.0 x 10.-2 VK_1 for the chemically cleaned diode. At temperatures
above 260 K, increasing voltage at fixed current'leads to the aValanche |
region and av/aT/i is very small. Clearly, the reéion where the light
output increases with temperature in Figure 7.6a corresponds to the region
where the voltage reaches the avalanching region in Figure 7.6b. This
is further proof that iﬁpact excitation luminescence emission occurs in
the localized manganese centres and that this process is strongly field
deéendent, but is température independent.

The temperature dependence (in fact a quenching) of the orange band

in FEL an§ PL in this same diode was similar to that obtainéd from the

~ diode (No.242) doped with chlorine only (see Figure 6.23). This result

suggests that the FEL emission was substantially identical with S.A.

emission.

7.2.4 BAgeing of the light output in REL of ZnSe:Mn,Cl,Zn diodes

The effects of ageing on the electrical properties of some -

~ ZnSe:Mn,Cl,Zn diodes during prolonged d.c. operation were described in

Chapter 5.9. In this section the effects of ageing in the reverse
BV characteristics and on the light output as a function of time will be

described for diodes No.246A, 246B and 246C.
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current (solid lines represent cleaved diode No.246A

and broken lines represent chemically cleamed diode No.2465



constant current density of 1.5 x 10°

The first diode examined was the cleaved one; The initial B-V
characteristics were foﬁnd to shift slightly to highe: voltages, at least
at biases greater than.9 V; after 350 and 1000 hours of operation at a
2-A mm—2, see éurves (2)'and (3) in
Figure 7.7. The_initial brightness of 210 Ft-L increaced steadily to
350 Ft-L after 1000-h5hrs, see curve.ﬁa) in Figure 7.10. During this
period the operating voltage rose from 16.06 V to 16.8 V, see curve (b)

in Figure 7.10. The power conversion efficiency had almost doubled by

the end of the ageing procedure. This behaviour 1s reminiscent of a slow

fbrming process. The effect of ageing'on some of the electrical para-

meters for fhis diode are listed in_Table 5.3.

| The B-V characteristics 6f the second diode'(No.246B) which had
been chemically etched, changed'in_an essentially similar way during 1000 -
hours operation. The B-V curve shifted almost parallel ﬁo themselves to

higher'applied_biases during the ageing period, (see Figure 7.8). The

* initial brightness of 780 Ft-L increased to 860 Ft~L during 200 hours of

operation at constant current (1.5 x 10'-2 A mm_z), see curve {c) in
Figure 7.10. 1In this fime the operating voltage rose from 14.5 V t;
18.3 V. After this the brightness fell to 200 Ft-L after 1000 hours
total operatioﬁ in which the operating voltage increased further to
21.5 V (see curve (d), Figure 7.10). The power conversion efficiency

3% to 7.4 x 10—4% after the

decreased from an initial value of 4.3 x 10
total ageing time of 1000 hours. The cﬂanges in some of the device
parameters during ageing are_ﬁabulated in Table 5.4. The effects of
ageing on the B~V characteristics of the third diode (No.246S) are shown
in Figure 7.9 and are similar to those of the other two diodes. The

initial brightness of 280 thh (see curve (c), Figure 7.10), increased

to 500 Ft-L during the first 100 hours of constant current operation,
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- vwhile the operating voltage increased from 16 V to 17.3 V, see curve (f)

in Figure 7.10. Subsequently the brightness fell slowly to 340 Ft—L
after 500 hours. The operating voltage,.hoWever, continued to increase , -
to 20.1 V. The changes in the device parameters of this diode are tab-
ulated in Table 5.5. Finally it should te mentioned that the fixed

2

current densities of 1.5 x 10_ A mmz-at which the'diodes_were aged

engured'that avalanching was -occurring in all three diodes.

‘7.3 THE EFFECTS OF ADDING ALUMINIUM TO ZnSe:Mn,Cl DIODES

Recently, Allen et al_(1972} 1973) reported a.yellow electro-
luminescence from reverse biased Schottky diodes in ZnSe containing
manganese and aluminium. They observed an emission band peaking at

2.10 eV (5900 X) at room temperature which shifted slightly to 2.12 eV

(5860 &) at 100 K. In order to compare our results a little more closely

with those of Allen et al, we have taken some of our crystals contaiping
manganese and heated them for 7 days at 850°% in a molten mixture of zinc

pPlus 20% aluminium. The resultant crystals were good semiconductors and

. the slopes of the C--2 - V plots indicated that the uncompensated donor

concentration was about 2-3 times higher than that obtained when similar

crystals were heated in molten zinc only. Schottky diodes prepared from

such crystais had properties similar to those described above, extept that
the highest luminances which could be achieved in reverse bias were

slightly lower, of the order of 150 Ft~L, with power conversion
4

efficiencies of 3 x 10  %.

The other major difference was in the spectral distribution of
the emission. The REL émission,lat 300 K, consisted of a broad band at
2.07 eV (6000 2) with a half width of 0.42 eV, see curve (1), Figure 7.11.

There was a distinct shoulder in the red. 'The spectral distribution of
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(Arbitrary units)

Intensity

1.6 1.89 - 2.0, 2.2 2.4 2.6
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Figure 7.11: Spectral distribution of the REL in Au-ZnSe:Mn,Cl,Zn-FAl

diode, just after heating in molten zinc plus aluminium,
(1) at 295 K, (4) at 85 K: After removing a 10 um layer
from the surface {2) at 295 K, (5) at 85 K: After
removing further 10 pum layer (3) at 295 K, (47_at 85 K.
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the REL emission was still broad (0.34 eV) at 85 K, with no change in
the peak position (see curve (4), Figure 7.11). The FEL and PL emission

bands, observed in this diode, both exhibited broad bands (0.35 eV) .

'peaking at 2.066 eV (6000 &) in FEL and 1.98 eV (6250 &) in PL emission.

To determine whether the changed behaviour was attributable to
diffused-in aluminiumf the contects were remeved from this diode, and i£
was mechanically polished to remove approx1mately 10 um from the surface
to receive the gold electrode. The contacts were then remade in the
usual way. The REL consisted of a comparatively narrow (0.23 eV) band
peaking at 2.08 ev (5950 X) at 295 K, sce curve (2), Figure'7.11.. The
whole polishing and re—fabrication process was.then repeated once more
after which the REL spectral distribution was found to have narrowed
further to 0.2 eV with a modified band maximum at 2.12 eV (5850 X) at
295 K, see curve (3) in Figure 7.11. Curﬁes 4, 5 and 6 in Figure 7.11
were measured at 85 K and correspond to curves 1, 2 and 3.which were

measured at room temperature. The REL emission of the final diode,

peaking at 5850 2 at 295 K and 5820 R (with a band width of 0.17 eV) at

_85 K, see curves (3) and (6), is very similar, althoqgh still somewhat

broadef, to that shown in Figﬁre 7.2 for a ZnSe:Mn,Cl,2n diode containing

~ no aluminium. These results indicate that there was a concentration

gradient of aluminium extending 20-40 um into the original crystal, .
following the heat treatment in molten zinc and aluminium. The aluminium
was directly resﬁonsible for the extended emission in the red, which was

superimposed on the characteristic manganese emission.

7.4 ' ELEC‘I‘ROLiIMINESCENCE AND PHOTOLUMINESCENCE IN ZnSe CRYSTALS DOPED

WITH COPPER AND ALUMINIUM

When required, copper was introduced to zinc selenide crystals

during the crystal growth procedure. For example, crystal No.165A was
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grown with 100 p.p.m. copper seienide ih'the.charge. To obtain con-
ducting samples the crystal was heat treated in molten zinc plus 10%
aluminium. The crystal.growth parametefs and details of the heat treat-—
ment administered to this sample have been recorded in Téble 5.1. .Some
of the electrical parameters of Schottky diodes ‘e.gf diode No.165a)

prepared on such crys€éls are also discussed in Chapter 5.

7.4.1 Forward electroluminescence and photoluminesdéence

(a) ' Brighﬁnesé/current - voltage characteristics

The forward B/I-V characteristics, recorded at 85 K are illu-
strated in Figure 7.12a. Light emission was observed with é threshold
of 1.3 V. The brightness current relation could be expressgd-in-ths

1.3 '

form B a i for biases greatet than 1.4 V. This diode haa & poor power

_ conversion efficiency of about 2 x 10—5% at a brightness of about § Ft-L

at 85 K.

®) Spectral distriﬁution
The spectral distributions of the FEL and PL emissions were
measured at'295 K and 65 K and are illustrated in Figure 7.13. The
emission spectra at 65 K consisted of two parts, namely edge and deep
centie emission. The edge emissiohs observed in FEL and PL were identical.
‘An LO-pﬁonon energy of 30.4 eV was again calculated from the equal energy '
séparation of the phonon assisted bands (see Table 7.1). Assuming that
this emission is of the free to bound type, and using an enefgy of
2.706 eV (4580 &) for the zero-phonon .component, and 2.812 eV for the
band gap energy, equation (2.3.3) gives an ionization energy of 111 meV
for the acceptor involved in these transitions. |
The'deep centre emission, at 85 K, consisted of two bands with

maxima lying at 1.96 eV (6300 &) and 2.2 eV (5650 &) both in FEL and PL.
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Figure 7.13: Spectral distribution for the REL, FEL and PL emissions
from ZnSe:Cu,Zn+ Al diode No.165A
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A; 295 K, both the EEL and PL emission exhibited a single brogd band
peaking at about 1.93 ev (6400 &).

The luminescence excitationlspectra of the red band in PL emission
.'were.recorded at 295 and 85 K and they are shown in Figure 7.i4. Clearly -
the red emicssion is excited over a wide range of photon energies with a
maximum efficiency at*about 2.3 eV (5400 2) at 295 K and at 2.38 eV
(5200 X) at 85 K respectively. A distinct shoulder was also apparent in
these excitation spectra, at 2.63 ev (4700 2) at 295 and 2.75 eV'(4500 ﬁ)

at 85 K.

7.4.2 Reverse bias electroluminescence

(a) Brightness/current-voltage characteristics

The reverse B/I-V characteristics, at 295 and 85 K, are illustrated
in Figure 7.12b. Both current and brightness varied roughly exbdnentiaily.
with voltage. At biases greater than 16 Vv, avalanching began. The B-I
.variations can again be expressed as B a 11'2. Brightnesses of 100 Ft-I,

were achieved at 85 K with a power conversion efficiency of 10—4%.

(b) Spectral distribution
The.spectral‘distribution of the emission was found to be similar
to that in FEL and PL, see Figure 7.13. The green and blue emissions in
REL were found to be localized around the gold contact. Beéause of the
poor emission intenscity, the phonon side bands could not be observed iﬂ

edge emission.

7.5 ELECTROLUMINESCENCE AND PHOTOLUMINESCENCE IN ZnSe CONTAINING.

_MANGANESE, COPPER AND CHLORINE

Some crystals doubly activated with manganese and copper have also

been investigated. The manganese and copper were introduced into zinc
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Figure 7.14: The luminescence excitation band of the red band in

ZnSe;:Cu,Zn + Al diode No.165A, and in ZnSe:Mn,Cu,Cl,Zn +Al,
diode No.191 '
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selenide during the growth procedure. For exémple the boule No.191 was
grown from a capsule contéining manganese chloride in the tail and 100
P.p.m. copper in the charge. In order to increase the condﬁctivity of '
the és—grown'crystal, the slices cut from the bouie wére heated in a
molten mixture of zinc and 20% aluminium. The crystal growth parametez,
and details of thea heé% treatment administered to thése dice ‘are tab-
uléted.in Table 5.1. Thé original yellowish colour of the aice'were_
found to change to deep.red after the heat treatment. However when the
sidec of one of the chips were polished and some 50 pm of the surface
was removed, the original yellowish—-orange body colour reappeared. The
" above mentioned dice, whether.they had orange or red colours, were still
quite good semiconductoré. The Schottky barrieré formed on these dice

led to linear c"2 -V plots.

7.5.1 Forward bias electroluminescence and photoluminescence

(a) Brightness/current - voltage characteristics

.The fprward I-v charaéteristics of a ZnSe:Mn,Cu,Cl diode are
shown in Figure 7.15. The forward current at a given_bias wés found to
be almost one hundred times greater than that observed in any diode
studied in this work. For example, at 295 K, a diode-current density of

1

1x10 " A mm-2 was obtained at a bias of 1.1 V. The I~V characteristics

were exponential for biases exceeding 0.7 V. A poor light output of

2

5x 10 Ft?L was observed at 1.4 vV, at 85 K.

(b) Spectrél distribution

- No electroluminescence in forward bias was detected at room

“temperature, but at 85 K the FEL emission spectrum contained a band

peaking at about 1.93 eV (6400 X); However a permanent record could not

be made because the light output died out too quickly. The PL .emission
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consisted of a single band peaking at 1.93 eV (6400 ) ‘at 295 X and
1.96 eV (6300 &) at 85 K, see Table 7.1 and Figure 7.16.

- The lumineséenée excitation spectra.of the red band in PL were '
measured at 295 K aﬁd 85 K (see Figure 7.;4). The red band was exéited
with a largs range of photon energies with maximum efficiency'at 2.25 eV
(5500 R) at 205 K. The maximum excitation at 85 K occurred at 2.31 eV
(5350 8) with a distinct shoulder at 2.75 eV (4500 K). There was also
a weak shoulder at abéut 2.46 eV (5040'2) which is probably associated

with manganese.

7.5.2 Reverse bias electroluminescence (REL)

" (a) Brightness/current - voltage characteristics

The reverse current was found to flow at comparatively low applied -
biases in theé ZnSe:Mn,Cu,Cl,Zn + Al diodes. Current densities of

2 A mm_2 were obtained at about 5 V in as4prepared devices. The

2 x 10
initial I-V characteristics were stable with a weak light output. However,
when the reverse hias was increased steadily the diode current started to

ku%%r@mw,Mtutmsmeﬁmt&l@%o“mthuw%d&mb

ically. This forming process continued for about 20 minutes before the

B/I-V characteristics became fairly sfable. They are illustrated iﬁ
Figure 7.15.

The light emission first éppeared at a threshold of zpout 3.5 V
aﬁd.the brightness increased nearly exponentially with Applied bias over

at least three orders of magnitude. Brightnesses of 200 Ft-L at 295 K

‘and 2000 Ft-L at 85 K were achieved under which conditions the power con-—

version efficiencies corresponded to 1.5 x 10_3% and 2 x 10—2% respectively.

The brightness-current characteristics in the avalanche regions follow

the relation B « 11'1.
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Figure 7.16: Spectral distribution for the REL and PL emission
from Au—ZnSe;Mh,Cu;Cl,Zn%-Al, diode No.191
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(b) The Spectral distribution

. The spectral distribufion of the REL emission of this diode
operated at a high current density of 5 x 10--2 A mm—z, exhibited a !
single band peaking at 1.93 eV (6400 X) at 295 K and at 1.96 eV (6300 g)'

with a distinct shoulder at about 2.14 eV (5760 g)'at 85 K, see Table 7.1

: . L .
and Pigure 7.16. The visual effect was red. The spectral distribution .

of £he REL emission, at 85 K, was found t§ change in shape at different
diode current densities. When this diode was operated at lower current |
densities, the red band decreased in'intensity as the shoulder in the
yellow became more apparent (seé Eigﬁre 7.17). At a dénsity of

5 x 10-3 A mm_3, the REL emission spectrum consisted_of two distinct

bands with maxima at 1.97 eV (6270 &) and 2.12 eV (5830 £). As the diode
currént decreased further; the red band decreased in intensity and at
current density.of.l x 10'-3 A mmﬁz, the yellow band dominated the emission.
The maximum of this yellow band was locaﬁed at 2.14 ev (5780 R) with a
band width at half height of 0.01 eV (280 X) and clearly this luminescence

is almost certainly the characteristic manganese emission.

7.6 . DISCUSSION

7.6.1 Mechanism for EL

The current traﬁsport mechanisms in reverse and forward biased
ZpSe diodes doped with luminescence centres are obviously very similar
to those observed in diodes containing éubstitutional donors. It follows,
therefore, that the mechanisms of carrier injection and the excitation
of luminescence are very similar to 'those already dlscussed in Chapter 6 6.
In reverse bias, the dependence of brightness on current followed the
relation B « 11'2, suggesting strongly that hot electrons excite the

luminescence centres by impact. In forward bias, however, minority
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carrier injection is responSible for the observed lumineecence. A bright-
ness of 800 Ft-IL (10 W), at a reverse bias of 14 V and current den51ty
of 1,5 x'10f -A mm 2, was achieved in. the yellow region of the spectrum.;
from manganese doped devices. Inclusion of copper with manganesa_gave-
a red output with a brightness'of 200 Ft-L at a reveise biaS-of=7.5 V
and ‘a curx ent density*of 2 x 10 A mm—z. The magnitude of the light
output in reverse bias was enhanoed in the presence of an interfac1al
insulating layer,_which is-usually produced by the chemical etching
procedure. |

‘With one ZnSe:Mn,Cu;Ci;Zn+Al diode, No.191, the initial I-v
characteristics exhibited comparatively.high current ieuels at low applied
biases; This may be.a function of the lower barrier iight.as evidenced j
by the photoresponse measurements of Au—ZnSe diodes containing copper
(see.Figure 5;4); However these reaults are rather.difficult to explain
-and will not be pursued here.

fhe interesting feature'with-ZnSe:Mn Cu,Cl, Zn+A1 diodes was that,
"as the reverse bias was increased from 3V to 7.5 V, the Jnit al high
current density dropped quickly while the light output 1ncreased by an order_
of magnitude from 20 Et—L to 200 Ft-L. This process was irreversible and
is very sinilar to the orocess of "forming" reported in electroluminescent
thin films (Plumb, 1971) and poWdered:layers of ZnS:Mn,Cuy,Cl (Vecht, 1969) .
_ In the Present work, this forming process has only been observed in
single crystals of ZnSe containing'Mn,Cu and Cl. Tne faot that the
uncompensated donor concentration drops drastically from an initial value
of i.6 X 1017 -3 to 1 x 10 3-dur:u.ng forming, suggeste the possibil-
ity of copper ionic migration in the high field of the depletion region
affecting tne electrical compensations;

A similar, but slower forming process has also bee observed'in the'
.ZnSe diodes which contained manganese and no copper. This will be described

"in detail later.
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7.6.2 Luminescence Transitions in Diodes containing Manganese

, The optical absorption of ZnSe'crysta1S-containing manganese has
been studied by Langer and Richter (1966). They observed three absorption
bands, at 4.2 K, Wthh were due to the tetrahedrally co—ordinated Mn2+ _

_ion in ZnSe. The same bands were also ohsnrved by ‘Gones and Woods (1973)
who studxed the luminescence excitation spectra of 1nsulat1ng crystals of
ZnSe containing manganese. The absorption and luminescence excitation
bands of Mn2+ are located at 2.30 eV (5300 K), 2.45 eV (5060 g).and

2.66 eV (4650 g) at 85 K. These bands are associated with the §A""'4T

1 1’
6, —pd 6, eyl 4
Al_ T1 and A1 Tz, E transitions respectively. The character-

-istic -yellow manganese emission is associated with the 4T “*'GA trans-

1 1
ition. The_yellow emission from insulating ZnSe:Mn,Cl crystals lies at
_2.12 eV (5860 R) in PL.

Jones and Woods (1973) and Allen et al (1972,1973)-who heated
insulating ZnSe:Mn crystals in molten zinc to lower the resistivity were
unable to detect the characteristic manganese emission in PL in the semi~-
_ conducting samples produced. Since optical absorption studies at helium
temperatures (Jones and Woods, 1973) and Allen et al (1973) show that the
characteristic bands and zero-phonon lines of substitutional'Mn2+ are
unaffected by the heating in molten zinc, it was.concluded ‘that the
luminescence emission of Mn2+ would be quenched in the presence of free
electrons by an Auger process. Allen et al (1973), also suggested that
with ultrav1olet exc1tation numerous free carriers would be generated
to quench the manganese emiss1on leaving the self-activated emission
"to be observed. In contrast they suggested that in REL, the emission
originated from the depletion layer where the electron concentration is

small, so that the manganese emission would then be dominant.

\
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1

In the present work, the characteristic ﬁenganese emnission was
only detected in reverse biased zinc selenide diodes contalning high con~
centraelons of manganese ( ~ 1%), 1In. thege samples, manganese was found
to emit a narrow band at 2.14 ev (5785 R) with a width at half height of
0.13 ev (350 X) at 300 X. The position of the band maximum remained .
virtually unchanged when the temperature was reduced to 18 K, but the band
narrowed to a half width of 0,09 ev (240 &).

In some-ef the diodes containing small concentrations (o0 -

1000 p.p.m.) of manganese the characteristic emission was not often
observed; The presence of foreign donors'such as aluminium (see next’
section) can also give rise to cemplications. In general, a sllght Shlft
of the emlssion to longer wavelengths and the broadening of the emission
band, as the diode.current increased, is associated with the onset of

the excitation of self-activated emission which increases-intensity with
increasing donor content. Copper impurities lead (see Section 7.6.5) to.
similar effects.

In ZnSe:Mn,Cl,Zn diodes the;PL emission excited with uitraviolet
light consisted of comparatively broad bands, peaking at about 2.06 eV
(6010 X). The manganese emission although quenched, was not totally
quenched following the heat treatment in molten zinc. One iilustration
of this is provided by Figure 7.3, which shows the cﬁaracteristic man-
~ganese excitation band from the 6A1 ground state to the 4T2 second
excited state. The second broad peak at 2.6 eV is due to the excitation
of the S.A. centres. Irradiation by uv, therefore, would excite both the
manganese and S.A. centres together. However when the PL was excited bf
photon energies equal to the difference_in enexgy of between the ground
and second excited state of Mn2+ (i.e. by 2.43 eV photons), the resultant

emiseion band became slightly narrower and peaked at 2.1 eV (5900 X) but

was still not wholly the characteristic manganese emission.



- 162 -

’

'This is not'surprising because it has been illustrated in Chapter 5
that the illumination of a diode in the second excitation band of Mn2+ -
would give rise to auto-ionization of elevtrens to the conduction-band.'
Some of these free electrons would then recombine via S.A. or non-

intentionally added copper centres, to contribute to the observed

L]
luminescence.

In forward bilas the field'of anode is too weak for impact excita~
tion. However FEL emission peaking at 2.11 eV (5880.2) is intermediate
between that'excited in PL and REL. The fact that some contribution from
the manganese emission can be cbserved in forward bias suggests that. the
first exeited state of Mn2 lies beneath or close to the bottom of the
conductlon band, in order that the probabllity of capturing a thermaL
electron be finite. Allen et al (1973) have argued, relying largely on
the work of Braun et al (1972) on photocapacitance of ZnSe, that the
ground state of Mn2+ lies 0.6 eV above the valence band. As stated
earlier in Chapter 5, etr work suggests that the ground state of Mn2+
lies abogt 6;3 eV above the valende hand. This ;ocates the first

excited state 4T1' just below and the second excited state, 4T just

2!
in the conduction bahd.

The overall situation therefore is clear, the emissioh obsexrved
from manganese doped crystals of zinc selehide may consist of the man-
ganese or the S.A. emisgion or hoth. The relative proportions observed,
manifested in the position and the width of the resultant band depend on
the conditions of excitation. In_reverse bias the manganese emission
appears preferentially; in forward bias and in photoluminescence where-
the free carriers are plentiful and the S.A. centres are also excited;

the manganese emission is reduced to a varying extent depending on the

composition of the crystal.
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7.6.3 The Effeot of Doping ZnSe:Mn,Cl with Aluminium

When crystals doped ﬁith manganese were treated in.molten zinc
mixture of zinc and aluminium, the characteristic manganese emission was
found to have been swamped after the in-diffusion of alumlnlum. Swank

et al (1969) showed that alumlnium dlffub-s into zinc selenide accompanled

by zinc-vacancies. As aluminium diffuses in, it may encourage any copper .

: impurity joxa esent to take substitutlonal sites and become optically actlve.

Traces of about 1 p.p.m. of copper have been observed in the as—grown

ZnSe .produced in the 1aboratory'(Jones and Woods, 1974).

7.6.4 Luminescence Transitions in Copper Doped Samples

The photolumlnescence emission bands in copper doped ZnSe samples
are fairly well documented, see for example Halsted et al (1965), .
Tida (1969) and Jones and Woods (1974). 1In general copper-green, 2.34 ev

(5300 R) and copper-red, 1.95 eV (6350 &), bands are present at 77 X.

But the red band occurs alone at 300 K. The copperﬂgreen and copper~-red

bands in ZnSe are thought to be analogous to the copper-blue (4400.8)

end copper-green (5200 8) bands in ZuS. There are at least two models
to explain the oopper emission in ZnSe. The first is a Schon-Klasens
type scheme (see curve (a), Figure 2.4) in which a free electron recom-
bines with a hole trapped at 'a-Cu+ ion. The second model is based on a
rair emission scheme involving a shallower copper acceptor level of Cu2+,
and a donor level (see for.example Jones and Woods, 1974). Both models
have been tested by time resolved spectroscopy, for example.by Fujiwara
and Fukai (1966), who found a spectral shift, and Iida (1969) who did
not. More recently Bryaht and Manning (1974) found a shift in the peak
position of copper eﬁission using time resolved spectroscopy and suggested
therefore thar the copper emission is associated with the pair recom-

bination. More recently Jones and Woods, (1974) have located the
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Cu+ and Cu?+';evels_in ZnSe at 0.86 eV and-0.46 eV above the valence'
band. |

In the present work, the REL, and PL and FEL emissions from a !
copper-doped ZnSe:Cu,.Zn+Al diode contained simi%ar bands. This would
snggest'that the radiative transitions involved in all three types of
luminescence. are iden%ical. .The coppex-green and red bends peaked at .
.2.§.eV and 1.96 ev respectively. These bands seem to be displaced
s;ightly tewards one another; This is to be expected becanse these bands

-are superimposed on the S.A. emission band created by the in-diffusion

of aluminium.

7.6.5 Luminescence Transitions in ZnSe;Mn;Cu,Cl,Zn+Al Diodes

The REL emission from Au-ZnSe:Mn,Cu,Cl,2Zn+Al diodes exhibited both
the manganese and copper—red emiss1ons, but the copper-green band was
not observed. ?he copper-red emission was found to be excited in a broad_
band-éeaking at 2.25 eV (5500 R) at 300 and at 2.3%1eV (5350 2), with
pbssible shoulders at 2.45 eV (5060 X) and 2.75 eV (4500 X) at 77 K.
Now the high energy wing of the manganese emission which peaks at 2.14 eV
can be shown to overlap the low eneréy side of the luminescence excite—
tion band of the copper-red emission. It is possible therefore that ‘the
manganese emission can actually excite the copper-~red emiss1on either -
directly or by resonance energy transfer.

A resonance energy transfer process in reverse has been suggested
before to explain the excitation of menganese in ZnS:Mn,Cu,Cl phosphors.
Because of the greater band gap of ZnS,.the luminescence excitation and

emission bands for non-localized copper centres, occur at the relatively

N

-higher energies than in ZnSe. ‘Therefore the copper-blue and green

emissions in ZnS can excite the manganese ions directly or by a resonance

. transfer process.



- 165 -

In the present work; the possibility of radiative eneréy.transfer '
between the manganese and coéper centres in-ZnSe:Mn,Cﬁ was stimulated
by the REL-work.' In reverse bias both the copper red and manganesé
émissions are expectéd to.be excited by the impact_of_hot electrons in
the depleﬁion region. The REL emission spectra at 85 K (see Figure 7.17)
.'show that the mangane;e centres were excited more éfficiently at low
diode currénts. At highe: currents, however, thé copper-red emission
‘increased at the expense of the manganese emission. One possibility
is that the manganese emissipn is reabsorbed to:enhance the copper-red
emission. The 6bserved brightness—current variation of B « 11'1, at

high current levels, would again suggest that impact excitation was the

mechanism for the observed luminescence.

7.6.6 Ageing Effect in ZnSe:Mn,Cl,Zn Diodes

The maintenance of the light output of some of the reverse biased
ZnSe:Mn,Cl,Zn diodes prepared on cieaved and chemically cleaned surfaces
was investigated. The results, of course, have to be considered.in con-
Jjunction with the effects of ageing on the élect?ical propertiés of the
devices which were described in Chapter 5.9. |

In generél,.the light outéut from.cleaved diodes did not decrease
but increased slowly during extended operatipg periods. This is in fact
the result of a slow acting forming process. Similar forming processes
were also observed in. chemically cleaned diodes, but these occurred in
a shért period of a few hundred hours of constant current operation,
after which time the light output fell drastically. The cdrresponding
changes in.the electrical characteristics and the device pa¥ameteré (see
Chapter 5.9), indicated that the thicknesses of the ihterfacial 1ayefs
in both the cleaved and chemicallf cleaned diodes increésed during

prolonged operation. Another apparent change was the slight decrease
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\ S
in the uncompensated donor concentration N The rate of degradation

3
of the electrical characteristics and the device parameters was faster
in chemically cleaned diodes. : '
The changes in the device parameters during ageing were directly
responsible for the observed changes in the light output. The changes
in the device parametérs were thought to have resulted from two effecte

in'series, namely a change in the electrical properties of the depletion

region, and changes in the electrical and physical properties of the

“interfacial layers. Here the apparent change in the depietion region

manifested itself as a decrease in the uncompensated donor concentration.
This ie either due to ionic drift of the impurity ions in the high field
depletiun region, or to the production of ccmpensating vacancies ny hot
electrons. A decrease in the unccmpensated donor concentration without
a considerable change in the barrier height at the junction, would
increase the width of the depletion layer. Then the active region of
the semiconductor, where the impact excitation of manganese centres occur,
beccmes wider. This in fact may explain-the increasing light output
observed in cleaved sample No.246A. |

The situation in chemically cleaned diodes is slightly different.
The ccmparatively high light output observed from these diodes is a
result of higher built in fields. The built-in field at the Schottky
junction of zZnSe diodes depends strongly on the surface preparation
technique (see Chapter 5). In these diodes the uncompensated donor con-
centration decreases together with the barrier height, as deduced from
measured C-V plots, so that no easy conclusion can be reached. However'

the decrease in the light output may be attributed to the decrease in

the barrier'height and the increase in the width of the interfacial layer.

These all decrease the average field and the width of the active region

in the semiconductor. The changes in the electrical properties of the

interfacial layers are Lhought to be field induced
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CHAPTER 8

ELECTROLUMINESCENCE IN SOLID SOLUTIONS OF %n(S,Se) CRYSTALS

8.1 INTRODUCTION : : ' - :

It is possible'to vary the photon energy of the luminescence -
emission by alloying phosphors. In the present work zinc selenide'and
zinc sulphide were ailoyed togethef in an attempt to produce red, yellow,
gfeen and blue light emitting diodes. In this chapte;, the EL and PL
emiésioﬁ from mixed crystals of zinc sulpho-selenide diodes, will be
described. The mixed crystals.studied were either nominally pure crystais
or crYstals doped with donors (e.g. iodine or alumihium.or botﬁ) to
stimﬁlate the S.A. emiésion. The PL excitation spectra Were.élso_in;
vestigated. In the electioluminescent aevices'produced with mixed

crystals, light was emitted for both directions of the applied bias.

8.2 SOME ELECTRICAL PROPERTIES OF Zn(S,Se) ELECTROLUMINESCENT DEVICES

8.2.1 Preparation of Schottky Barriers

Single crystals of ZnSxSe x-(where X represents the molar

1=~

fraction of sulphur in the solid solution) were sucéessfully grown in

this laboratory using vapour phase or iodine transport methods (see

Chapter 3). These mixed crystals were then annealed in molten zinc or

in a molten mixture of zinc and 10% aluminium. Such treatment reduced
the apparent resistivity as measured between two indium contacts, ic the
range 10-—104 Qcm. The details of the heat treatment administered to

the various mixed crystals are tabulated in Table 8.1.

1-x

mixed crystals requires, among other things, the formation of satisfac-

The successful preparation of'Schottky barriers on'ZnSxSe

tory ohmic contacts, and indium metal was again used for this purpose.

To obtain reasonable, ohmiq contacts, on mixed crystals with sulphur



Molar Growh-in Heat Treatment - __
Crz(s)i.:al Compo:ition Impurities Ebf:;::i: 5 Tempe(:g;;tfre (EZI:;S).
225 ZnSO.6 Seo_.4 - Zn 1000 430
249 ZnSo_._2 ' ..SeO .8 - Zn + AL 850 240
241 Zns, o Se, , - Zn+Al 900 260
944 Zns, . Sey , I Zn 850 170
951- Z'nSQ.6 Seo.4 I,Mn .Zn +Al | _ 950 240
973 | zns I,Mn Zn + Al 900 © 200
932 | 2ZnSe I Zn +Al 850 240
940 | zns)  Se; o I Zn +Al 850 170
94;3 ZnSO.2 SeO'.'S I g Zn + Al 850 290
947 ZnSO_ 35Se0 65 I . .Zn +Al 850 1'92
952 | znS, j.Se; o I Zn +Al 850 290
954 | 2nS, 57Se6. 43 I Zn +al 900 170
956 ZnSO.67Se0 .33 I Zn +Al 900 240
958 ZnSO. BOSeO 20 I Zn +Al 900 240
961 ZnSO.QZSeO_08 I Zn +.Al 900 240
962 ZnSO.QBSeO.OZ I Zn + Al 1000 240
S2 Zns I Zn+Al -1000 200
| Table 8.1: The heat treatment conditions administered to
ZprSe 1 -;x crystals (x is the molar percent_age

of sulphur in the solid mixture).
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conténts up to at least 80% molar, it was necessary to increase the

temperature of the indium in-diffusion process from 280°C in ZnSe to

400°% in ZnS0 8Seb 9° However it became increasingly difficult to .

‘pPrepare ohmic contacts on mixed crystals as the sulphur contentlincreased

beypnd.SO%. The I-V characteristics of some of the mixed crystals with
symmetric indium confacts are illustrated in Figure 8.1. ‘The character-
iétics were essentially the saﬁe when the bias was reﬁersed. The |
characteristics were linear for ZnSe and remained linear fbr mixed ;
dryétals with sulphur contents at least up to 30%. With some of the
mixed crystals with sulphur concentrations between 40-80%, the qharacter;
istics were reminiscen£ of those expected for single carrier, space-
chargé-li