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ABSTRACT

Donor and acceptor type defect and impurity centres in CdSe single
crystals have been investigated using photoconductivity and space-charge
capacitance techniques, such as photocapacitance (PHCAP), infrared
quenching of PHCAP, PHCAP transients, deep level transient spectroscopy
(DLTS) and optical DLTS. Highly resistive ( p> 106 . £ cm)
photoconductive samples and medium resistivity (1 - 1000) o cm material
for Schottky barrier formation have been prepared from the very
conducting ( ~ 10_2- Q cm) as-grown crystals, either by annealing in
selenium vapour or by copper doping.

Samples annealed in selenium vapour had an acceptor level 0.62-
0.64eV above the valence band, with a hole capture cross—section of
1.10°1% cu? which indicated that it is the main sensitising centre for
photoconductivity in CdSe. There was also a well defined donor level
n 0.12eV below the conduction band and an acceptor level a0.22eV above
the valence band. Similar measurements on CdSe crystals intentionally
doped with copper revealed that the copper centre lies -~,1.0eV above the

valence band and has capture cross—-sections of 4.10"'12 cm? and

7.10—18 cm® for holes and electrons respectively, clearly demonmstrating
that copper behaves as a sensitising centre in CdSe, as it does in most
of the II-VI compounds.

Oxygen played an important role in controlling the electrical
characteristics of the Schottky devices associated with the convérsion
of the surface structure of CdSe from a hexagonal to cubic phase. This
phenomenon can be reproduced by mechanically polishing a hexagonal
crystal, The cubic surface layers produced in this way have much higher
resistivities than the hnderlying hexagbnal base material and they give
rise to photoconductive effects. Measurements on such surfacesrevealed
an additional acceptor level + 0,.38eV above the valence band.

The barrier height of the CdSe-Au Schottky contact has proved to be
dependent on the work function of the metal, the thickness and nature
of interfacial layers,and the amount of charge stored in the interface

states.
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CHAPTER 1

PROPERTIES OF CdSe

1.1 INTRODUCTION

CdSe is a semiconductive material which belongs to the group known
as II-VI compounds, together with other materials such as CdS, ZnSe,
etc. The compounds formed from Zn or Cd, and S, Se or Te crystallise
either in the wurtzite (hexagonal) or the zincblende (cubic) form, both
of which are characterised by tetrahedral Jlattice sites. II-VI
compounds have been studied fairly extensively over the last 40 years
mainly because of their interesting luminescent and photoconductive
properties, CdSe has many potential applications in a wide range of

(12) (3)

fields such as thin film transistors » 1image intensifiers .

infrared and Y-ray detectots(h). solar ce118(5’6’7)

and ultrasonic
amplification(s) but nevertheless less attention has been paid to this
material than to most other II-VI compounds. This is attributable to a
variety of factors :(a) the fundamental absorption edge lies beyond the
visible region, (b) the difficulty of growing good stoichiometric single
crystals, (c) the difficulty of obtaining ﬁéderate resistivity for
device making, and (d) the more sensitive surface behaviour of CdSe.
However, the growth of reasonable quality single crﬁstals has been
reported and some of their structural, optical and electrical properties

d(9’1°’11). In this chapter a brief summary of

have been investigate
these properties and the scope of the present investigation will be

veviewed.
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1.2 Structural Aspects

Although CdSe generally crystalliges in the wurtzite form, the
zincblende structure has also been reported in the literature(lz’n).
The wurtzite structure (Figure 1l.1) consists of two interpenetrating
hexagonal lattices displaced with respect to one other by a distance of
3 c/8 .a_long the c-axis. 'i'he nearest neighbour distance, with ideal
tetrahedral sites, is 3 c¢/8 or v3/8a where a = 4.29858% and c = 7.0150%

(14) of the hexagonal CdSe crystal. The

are the lattice parameters
zincblende structure is derived from the diamond structure and 1is
composed of two interpenetrating face-centred cubic lattices translated
with respect to each other by 1/4 of the body diagonal of the unit cell
(Figu're- 1.2). In this case the nearest neighbour distance is V3l4 a

(13)

where a = 6.058 1s the lattice parameter of the cubic CdSe.

In fact there is also a close relationship between the wurtzite and
zincblénde structures. The lattice parameters of the hexagonal unit
cell are almost exactly related to the cubic parameter of the same
and ¢ = 2/3 /3 A, A useful

compound by & = ¥7/2 A b

description for the structural relations 1is based on the stacking

cub

sequence along the lowest indices for polar directions i.e. <111> and
<111I>. For zincblende structures the sequence along ttieae directions is
of the form

A aB BC vy A a BB C v A a (1.1)

vhere A, B, C and a, B , Y represent i.,e. cadmium and selenium layers

respectively. Using the same notation, the stacking of atomic layers in

‘the wurtzite structure is of the form

A o By Ag B g Aaq B A " (1,2)

The stacking sequence of the close-packed planes in wurtzite 1is.



Zincblende structure

FIGURE 1,2



. different from that in zincblende in that the positions of the atoms are
repeated after every second double atomic layer instead of every third.

A trgnsformation between cubic and hexagonal structures is also
possible at some characteristic temperature. This involves the shearing
of close-packed atomic planes in such a way as to change the stacking
sequence from A o B B A o B f ===—=— 1in hexagonal to A o BB
Cy A aB gCy -—— incubtc®.

The type of bonding in CdSe is a mixture of ionic and covalent.
The ionic contribution is 19% (following Pauling's criterion) and the
electronegativity difference is 0.9 in Pauling's units(g).

Perfect single crystals of CdSe have not yet been grown and
as-grown crystals usually contain native defects such as cadmium
interstitials. Because of 1its importance the crystal growth process
used is described in chapter 4 while native defects are reviewed in

chapter 3.

1.3 Optical Properties

The interaction of optical photons with a semiconductor is
determined by its electronic structure. Since CdSe has a direct bandgap

(10)

of about 1.84eV at 90K » the optical absorption coefficient varies as

the square of the incident photon energy, and has a very large magnitude

6 cm_l) for photon energies greater than the energy gap. The

¢ 10
energy band structures of wurtzite and zincblende are given in figure
1.3 a, b. The energy values separating these bands, whiéh are indicated
on the same diag:ams,were derived by Wheeler and Dimmock(16) from a
study of absorption and reflection spectra, and the Zeeman splitting of
free excition lines. They also eobtained values of the effeétive masses
of electrons (:ﬁé */ o= 0.13 both parallel and perpendicular to the

_ O
c-axis) and holes (ﬁb [m =  0.45 perpendicular and > 1 parallel to the

c-axis).

oy s e o o o TEE o e P e R it .
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The temperature dependence of the bandgap derived from measurements
of the photosensitivity as a function of wavelength revealed that Eg
decreases linearly at the rate of dEgldT = -4.6.10-4eV/K(17).
Extrapolation to 300K gives Eg = 1.74eV, in rather good agreement with
the values obtained using other'experimental techniques(lo). The other
optical properties of CdSe,such as the dielectric constant and the
refractive index,are included in table 1.1 which summarizes a variety of

the more important parameters of the compound.

1.4 Electrical Properties

The electrical properties of semiconductors are limited by their
electronic band structure and lattice dynamics. These determine the
intrinsic carrier concentration (ni) of the material and the values of
electron and hole mobility. (For mobilities of CdSe see table 1.1).
The intrinsic carrier concentration of a semiconductor is determined by
its energy bandgap Eg, and the effective masses of electromns and holes.

When the room temperature values of the bandgap " 1.74eV and of the

effective density of states in the conduction band Nl.14.1018 cmf3 are
used, the intrinsic carrier concentration should be of the order of 103
cm-a. Since the as-grown crystals of CdSe have a free carrier

concentration of (0,3-1) 1018 cm-a. they obviously contain shallew

donore and must be considered as extrinsic semiconductors, The shallow
donors are undoubtedly associated with a non-stoichiometric excess of
cadmium.

Earlier investigations of CdSe and other II-VI compounds have shown
that native crystalline imperfections probably flay a substantial role
in determining the electrical properties of these materials. The high
electrical conduction in as-grown CdSe may be due to the presence of
Cd-interstitials (or Se-vacancies). This implies that the CdSe crystals
obtained from a melt of stoichiometric composition contain an excess of

cadmium. This is in agrcement with the suggestion that chalcogenide
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Parameters CdSe Reference
‘Relative density 5.66 g fcm® 10
Molecular Weight 191.36 10
Lattice parameters Wurtzite Cubic 14, 13

a=4.29858 6.058
c = 7.01508
Direct bandgap (Eg) 1.84eV at 90K 10
Temperature dependence of E - 4.6.107% ev/K 17
Effective mass, of electrons -0.13 16
()
Effective mass,of holes
(m ) 0,45 16
P
Thermal conductivity at 300K 0.043 W.K—l curl 10
Dielectric constant elle 9.25 9
' glec 8.75
Refractive index 2.55 (O = 0.86um) 9
Electron mobility ~650 cm2v 1 "1 11
Hole mobility V50 cmiv 1g7! 11
Electron affinity 4,95ev 20
Melting point 1239°C 10

Table 1.1

Some Properties of CdSe
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compounds will contain an excess of the element with the higher boiling
point. It is assumed that the excess cadmium is present in interstitial
positions as neutral atoms which can act as donors by giving up their
outer electrons.

It is well known that the electrical and transport properties of
semiconductors can be altered by various heat treatments. For example,
heating CdSe in an atmosphere of Cd or Se is a widely used method for
varying the resistivity by many orders of magnitude. Hung et 31(18)
have shown that the resistivity of Se~treated CdSe specimens may be as

9 to 1012,

high as 10 ; cm, With decreasing Se vapour pressdre the
resistivity decreases slowly at first, then dramatically to <1 Qcm then
more slowly again -(see figure 1.4). However heating in the vapour of
the non-metallic component does not produce p-type conductivity. The
ratio of cation radius (rc) to anion (ra) radiuse has been invoked to
explain the experimentally observed limitations. If (rc/ra) > 1, then
n~type conductivity occurs and if rclra < 1 p-type conductivity arises.
It was realigsed long ago that it was difficult to obtain both n- and
p~type conduction in wide bandgap semiconductors even when large amounts
of impurities are introduced. This is attributed to self compensation
vhich 18 common to all wide gap materials, and has been extensively
studied in the highly ionic alkali halides ana in the partly covalent
II-VI compounds. Most of the current understanding derives from work

(19) and co-workers in which the basic assumption is

initiated by Krliger
that intrinsic defects play a major role in the electronic doping of
these materials.

1.5 8cope of the Present Study

During the past three decades wide bandgap 11-VI compound -

semiconductors have received a great deal of attention, because of thelr
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potential in various fields, but as yet this potential has not been
fully realised. CdSe shows particular promise as a material for solar
cells and infrared detectors, since it possesses an appropriate bandgap
for such applications. Since the electrical properties of these
materials are strongly affected by crystallirne 1mperfection§, it is
important to characterise the native defect and impurity centres, before
reliable devices can be prepared. Therefore tﬁe work presented in this
thesis was concentrated mainly on the identification and
characte;isation of such centres. In order to avoid the complications
inherent in thin film structures (i.e. intergranular boundaries etc.),
the present work was carried out entirely on single crystal CdSe.

The experimental methods for the characterisation of defect centres
fall into two groups depending whether the bulk or space-charge regioms
are explored. The highly photoconductive crystals used to investigate
bulk properties were prepared either by annealing CdSe crystals in
Se~vapour or by doping with copper impurity. For the investigation of
space charge regions Schottky devices were chosen because of- their

relatively simple structure. However, it proved to be very difficult to

obtain the moderate resistivity (1-1000) 9 cm CdSe required for the

preparation of satisfactory Schottky devices. Details of the
experimental solution of this problem are givem in chapter 4.4. The
electrical characteristics of the Schottky devices, prepared on both
Se-annealed and intentionally Cu-doped substrates were measured with

emphasis on transient capacitance techniques. Drastic changes 1in the

electrical characteristics of these devices occurred on ageing and this.

led to an extensive investigation of the surface properties of CdSe
crystals. Finally a wide range of space-charge techniques were applied
in order to obtain more quantitative results for the defect and impurity

centres in this material.

& We O e R
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The background theory of photoconductivity and the analysis of
experimental data are described in chapters 2 and 5 respectively.
‘Because of the importance of the topic chapter 6 is entirely devoted to
the characterisation of the Schottky devices prepared on different
surfaces. The results of the analysis using the space-charge techniques
are given in chapter 7. The underlying theory of Schottky diodes and of
the space-charge methods for the analysis of defect centres are reviewed

in chapter 3. A summary of all the results is presented in chapter 8

together with some suggestions for the future work.
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CHAPTER 2

PHOTOCONDUCTIVITY AND RELATED SUBJECTS

2.1 INTRODUCTION

Measurements of photoconductivity provide powerful methods for
investigating impurity and defect levels in semiconductors. With highly
photosensitive materials such as CdSe, the importance of photoconductive
measurements becomes even more significant. It is also well known that,
evaluating the quality of semiconductors and 'improving the
characteristics of devices based on them depends strongly on an accurate
knovledge of defects and impurities in these materials. This thesis is
concerned with the study of defects in CdSe and some part will be
devoted to photoconductivity measurements as a means of determining the
bulk properties of the material. As background therefore, the following
sections are concerned with a review of theoretical aspects of

photoconductivity.

2.2. PHOTOCONDUCTIVITY

The increase in conductivity of a material under illumination is
known as photoconductivity and was first obsérveq by W. Smith in
1873(1). The theory of photo?onductivity has been developed over a
(2-5)

century by many authors

The dark conductivity of a semiconductor is generally defined as:
0 -
nau, tray (2.1)

wvhere n and p are the densities of the free electrons and holes, and L

and "p are their mobilities, q is the electronic charge. 1In CdSe the
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free electron lifetime is (10 =@ - 10-2) s usually several orders of

7 _ 10_8) 5 . Hence

magnitude larger than the free hole lifetime (10
the conductivity 1s controlled by.one type of carrier -only, namely the

electrons, so that equation 2.1 reduces to
G =mnqup (2.2)
Under illumination the change in conductivity will be given by
Ao = A. A
nqu +nqiy (2.3)

Eqn. 2.3 shows that the photoconductivity also depends on the change in
mosility (M) of the free carrlers following illumination. The posaih]e
processes under which the mobility can be a function of photoexcitation
are (a) excitation of carriers from a low mobility band to a high
mobility band. In this particular case it is possible to produce
photoconductivity even though An=0, (b) change in scattering of free
carriers by a modification of the cross sections of impurity states.

The ch#nge in carrier density 1is depeﬁdent on both the rate of
excitation of electrons f, and free electron 1lifetime Ty* The

fundamental relationship between these parameters can be expressed as:

An = f. 1t (2.4)

A change in An can also be written in terms of changes in both

parameters.

§A T ¢ ) :
n = n f + £ Tn (2.5)
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If T is considered constant then the lifetime is independent of £, and
photoconductivity varies linearly with £. 1If L is not constant and
related to changes in f, the relationship between An and f will be °

either sublinear or superlinear according to:

T, ® £a (0<a<l) (2.6a)
or
T £2 (a >1) (2.6b)

respectively. These relations will be discussed later, along with the
kinetics of photoconductivity.

Substitution of eqn. 2.4 in eqn. 2.3 gives
oo = £t qu + naqlp 2.7

Since the first term on the right hand side of eq. 2.7 almost always
dominates, the magnitude of the photoconductivity for a given excitation
intensity will be proportional to the product L u;l.

2.3 PHOTOCONPUCTIVE GAIN

The gain of a photoconductor is defined as the. number of free

charge carriers passing between the electrodes per photon absarbed.

¢ == (2.8)

where I 1is the photocurrent generated and P 1is the total number of
photons absorbed per second producing electron-hole pairs. The gain can
also be expressed in a more microscopic way as the ratio of the froee

carrier lifetime to transit time between c¢leclrodes.
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tr ' (2.9)

If L 18 the separation of the electrodes and V {8 the applied

potential, the transit time is given by;

t . 12 (2.10)
uv .

Substituting eq. 2.10 in eq. 2.9.

¢ = Tn¥n (2.11)

L2

Equation 2.11 shows that the gain factor depends on the applied voltage

and the separation between electrodes as well as on the By product,

Tn
High values of gain can be achieved by decreasing the .spacing between
the electrodes and increasing the voltage applied to the photocondﬁctor.
But the avallable gain is limited to some maximum value by the
requirement of a minimum thickness of the wmaterial for optical
absorptibn and by the fact that as the bias is increased, space charge
limited current begins to flow. For some level of bias this current
will become cémparable to the photocurrent. When this happens the
transit time will be equal to the dielectric relaxation time (tr = Tr)'

Using this identity in eq. 2.9 the maximum value of gain can be

expressed ae:

c = In (2.12)
T
r
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2.4 IMPERFECTION CENTRES

Ideally a perfect crystalline material has no energy levels in its
forbidden gap. But in a real semiconductor there are always some
imperfections associated with impurities or native crystallographic
defects. In general the exact nature of these centres is not well known
and it is usual to classify these imperfections in terms of their
observed behaviour i.e. as donor or acceptor levels, recombination and
sensitising centres, majority or minority traps, etc. However, the
important parameters of any centre are the capture cross sections and
activation energies.

ﬁevels are usually described as shallow or deep within the
forbidden gap. (Although there is no very distinct difference between
the levels, shallow ones are considered to be hydrogenic because they
are well described by a simple hydrogenic model). Deep levels cannot be
characterised in this simple way and models of these levels will be
described in secgions 3.2.3 and 3.2.4.

Deep centres in a semiconductor material can act either as traps or
recombination centres and consequently influence the properties of the
material. In general shallow centres act only as traps but play an
important part in the characterisation of a semiconductor. If there are
N empty centres per unit volume, then the rate of capture of free

carriers (i.e electrons) 1is

Capture rate = N Snvn (2.13)
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Where Sn is the capture cross section of a centre for electrons and Yy
is the thermal velocity of electrons. Under these conditions the

electron lifetime can be defined as:
T (@S v)? (2.14)
n n n ' ¢

If the centres lie at a depth Et below the conduction band edge, then

the probability of a captured electron being thermally released is

P = vex (- Et/k'].‘). (2.15)

Where v d1s the attempt-to—escape frequency and T is the absolute
temperature. On the other hand by making use of the simple Fermi level

(2)

analysis of conductivity, it can be shown that:

v= N . v, s (2.16)

Here Nc is the effective density of states in the conduction band.
Equation 2.16 . indicates that at a given temperature the
attempt-to-escape frequency from a particular centre 1s directly
proportional to the cross section for capture by that centre. This
statement is generally valid and does not depend on any particular
model. |

2.5 RESPONSE TIME

The response time of a photoconductor 1is usually defined as the
time for the photocurrent to decay to 1Ié of 1ts initial steady state

value after the removal of the exciting illumination. 1In the absence
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of traps the response time is equal to the free carrier lifetime, which
is the time an excited electron spends in the conduction band. In the
presence of traps the response time is much longer than the free carrier
lifetime. This is because the density of trapped electrons usually
exceeds the density of free electrons (nt >> n) so that the decay of the
photocurrent is limited by the thermal release of electrons from the
traps. Only at high intensities where (n >> nt) does the response time
approach the free carrier lifetime.

If there are a2 considerable number of traps in a material, the free
carrier lifetime has to be replaced by the response time Ty and the

maximum gain becomes:
¢ = 2 (2.17)

In the presence of deep levels only‘the maximum gain is reached for
applied voltages below that required to give space-charge- limited
currents. Although in many cases the observed response cannot exceed
the rélaxation time and this limits the gain (eq. 2.17) to unity, there
are some exceptions such as the incorporation of impurities as
sensitising centres. Under these circumstances eq. 2.17 can be modified
as follows:

G - .9 y (2.18)

" Where M is the ratio of traps filled by the field to those filled by the

light(z).
Experimentally the values of M can be as large as several hundred.

2.6 DEMARCATION LEVELS

In order to distinguish a trapping centre from a recombination

centre the concept of the demarcation level is very helpful. 1In fact
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the distinction between the centres is not rigid. For different
conditions of temperature and illumination a trapping centre may act as
a recombination centre. If the probability for an electron being
thermally freed from a centre to the conduction band 1s greater than
that of recombining with a hole, the centre is considered to be an
electron trap. If the recombination probability i1s greater than that of
the electron being thermally freed than the 1levels are recombination
centres. Similar definitions can be made for hole traps.

The demarcation level 1is defined as the level at which the
probability of a trapped electron being thermally released is equal to
that of its recombining with a hole. The demarcation levels for
electrons Edn and holes Edp are shown together with the steady state
Fermi levels (Efn and Efp) in fig. 2.1 for an insulating semiconductor
such as CdSe.
1f n, is the density of such electron-occupied levels lying Et below the
conduction band, and if the electron demarcation level coincides with

these levels then by definition:

n, Cn exp (- EankT) = n. P Cp (2.19)

Where p 418 the density of holes. The product of the capture
cross-section and the thermal velocity of the free carriers is called

the capture coefficient, so that Cn = Snvn and C_ = Sp.vp are capture

P
coefficients for electrons and holes respectively. The demarcation

levels are related to the steady state Fermi levels in the following

vay.
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Edn - Efn + kT 1n (Nn/Np) (2.20a)
Edp = Epf - kT 1n (Nn/Np) (2.20b)

Where Nn and Np are the available densities for holes (i.e. the density
of aelectron-occupied centres) and electrons (i.e. the density of hole
occupied centres) respectively. As indicated in fig. 2.1 the bandgap of
such a material can be divided into four regiona with the help of
demarcation levels in order to distinguish the traps ffom recombination
centres. Centres located in region I act as electron traps while those
in region IV act as hole traps. Although the centres in region II are
above the electron demarcation level they are below the electron Fermi
level so they will have a high degree of electron occupancy and will
take part in recombination with free holes. Finally, centres located in
region III act as recombination centres. The positions of the
demarcation: 1levels change with temperature and intensity of
1llumination. A decrease in temperature or an increase in the Jight
intensity result in both demarcation levels moving towards their
respective band edges.

2.7 SENSITISING CENTRES

Recombination centres defined in the previous section, can also be
clagsified into two groups as class I and class II centres., Class 1

centres have a large capture cross section for both electrons and holes

15 o

( ~10° "7 ¢m® or greater), while class II centres have a small capture

20 cw?). The ratio of electron and

cross section for electrons ( V10~
hole capture cross sections for class II centres may be several orders

of magnitude, in which case the electron lHfetime will be much longer
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than for holes and the photosensitivity will be increased. Pure
crystala' usually have class 1 centres only and are of very low
sensitivity, but they can be made more sensitive photoconducters by the
incorporation of appropriate impurities as class II or sensitising
centres. In an n-type semiconductor, sensitising centres are formed by
the introduction of compensated acceptor centres which can be either
impurities or native defects. The process of sensitisation is shown in
fig. 2.2 (a, b and c).

Figure 2.2a 1illustrates an unsensitised material with class I
centres only. If class II centres are present as shown in fig. 2.2b,
but lie below the hole demarcation level, they will act as hole traps
and will not make any contribution to the sensitivity of the material.
If the sensitising centres lie above the hole demarcation level as
illustrated in fig. 2.2c they will increase the sensitivity. Because
holes captured by class II centres have a longer 1life before
recombination than holes captured by class I centres, class II centres
become m#inly occupied by holes and class I centres by electrons. Since
free electrons can now only recombine with holes at centres whose cross
sections for electrons are much smaller than the class I centre the free
@lectron lifetime will be increased thus enhanc#ng the photosensitivity.

These processes become important if the concentration of class I and II

centres 18 much greater than the density of free carriers.

Recombination centres which have small cross-sections for both electrons
and holes can be described as photoconductivity centres since the direct
excitation of electrons from these to the conduction band would
confribute to the photocurrent.

It can also be seen from fig. 2.2 that if the hole demarcation
level is lowered through the class II levels by increasing the intensity

\,
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of 1llumination at comstant temperature then the sensitivity increases
with light intensity and the measured photocurrent varies superlinearly
with the intensity of light. On the other hand if the hole demarcation
level is raised through class II levels by increasing temperature at
fixed illumination the sensitivity decreases with temperature. This
process is called thermal quenching of photosensitivity. When the hole
demarcation level is below the level of the sensitising centres, a
second light source can excite electrons optically from the valence band
to the hole~occupied sensitising centres, releasing holes to be captured
by the élass I centres. This process will result in a decrease in
photoconductivity and 1s called optical (infra-red) quenching. The
explafation of superlinearity, thermal and optical quenching will be
discussed in more detail in chapter 3 on experimental methods.

2.8 KINETICS OF PHOTOCONDUCTIVITY

With intrinsic semiconductors electrons are thermally excited from
the valence band to the conduction band and when thermal equilibrium is

reached, without illuminatibn;
g = 0, P, Sv (2.21)

vhere g 1is thermal excitation rate, S is the capture cross section
for free electron-hole recombination, v is thermal velocity of electrons
and n and P, are the thermal equilibrium density of electrons and holes
respectively. If £ is the photoexcitation rate of electron-hole pairs
per unit volume per second, the total steady state generation rate under

1llumination is

g+f = (o + An) (p, + Ap) ¢ (2.22)
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Where C is the recombination coefficient and is given by the product

Sv. Because of the requirements of charge neutrality n,=p, and An = Ap.

eq. 2.22 becomes;
f = 26nn C + An® C ' (2.23)

If An K n s vhich 18 wusually the case in rather insensitive

photoconductors, then from eq. 2.23

f

n = (2.24)
2n C
o
Substituting eq. 2.4 in eq. 2.24
t =@n ¢! (2.25)
n o *

In this case the lifetime is constant and depends only on the density of
electrons in thermal equilibrium in the dark and as shown before, the
photoconductivity varies linearly with f. The second case is for

An » n, and this occurs in highly seqsitive insulator-1ike

photoconductors, Eq. 2.23 can be rewritten as
tn = (£/0)
. (2.26)

and now the lifetime is

T = (/e (2.27)
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Using the relationship 2,6a, it can be seen that the lifetime varies
inversely as the square root of the excitation intensity and the

proportionality factor i1s the inverse square root of the capture

- coefficient. This corresponds to the sublinear relationship between

photoconductivity and light intensity. The existence of impurities and
other imperfections may cause the lifetime to depart from the relation
2.27. But '.lf. the excitation intensity is high enough eq. 2.27 1is again
valid when the recombination of free electrons and holes begins to
dominate the situation.

2.9 SIMPLE RECOMBINATION KINETICS

In the one-centre trap free model, recombination centres
sufficiently close to the permi level will be partly occupied by
electrons or holes. When both the densities of occupied (n_R) and
unoccupied (NR - nR) recombination centres are much greater than the

free carrier density, there will be no significant change in the

‘occupancy of these centres under illumination. The corresponding

electron and hole lifetimes are then independent but not equél.

1 . .
- = | (2.28)
e (N -n) '
n R 'R '
1
Tp = (2.29)

Can

Where NR is the total number of recombination centres. If the density
of free carriers is much greater than n, or (HR - nR) then because of
charge neutrality T, = Tp. This situation occurs with high excitation

: ' *
intensities. Under these conditions if N, Tepresents the density of
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. %
electron-occupied imperfections and (NR - nR) empty centres eqs. 2.28

and 2,29 become

1 | 1
= . % (2.30)
Co (g = mp)* % ™=
or
n” c_ (2.31)
NR (!n + Cp

Then the lifetime of electrons and holes is :

T - T = : (2.32)

If ¢ <« cp eq. 2.32 reduces to IINRCn and 1f Cp << € it becomes
1IN-ch. Thie means that the rate of recombination 1s limited by the
snallest capture coefficient.

Although certain features of photoconductivity can be explained by
the simple one-centre model, more compiex phenomena such as imperfection
sensitisation, superlinearity, thermal and optical quenching of
photo-sensitivity cannot. These phenomena can only be explained in
terms of the interaction of at least two centres, as was implicity
assumed in the earlier discussion of sensitising centres in sec. 2.7.
Detailed mathematical analysis of these phenomena is beyon_d the scope of

the present study, but it can be found in the 11't-erature(6).



B

.

T —

a8 T T

BN L At

24

As mentioned at the beginning of this chapter, photoconductivity
measurements can be used to reveal the presence of impurity levels such
as sensitising centres. A measurement of the photoconductive response
as a function of photon energy gives direct information ibout the
presence of deep level centres from various thresholds observed in the
spectrum. In practice the interpretation of this data is usually very
difficult for several reasons. For example | the photoexcited
non-equilibrium carrier density is a complicated non-linear function of
the op;ical emission and capture rates of the energy levels in the

bandgap.
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CHAPTER 3

SPACE CHARGE METHODS AND RELATED PHENOMENA

3.1 INTRODUCTION

The study of defect and impurity levels in CdSe is the major
concern of this theeis. In addition to ihe photoconductivity methods
described in Chapter 2, the investigation of these levels has also been
carried out using the space-charge region of a junction device. Because
of their relatively simple structure Schottky diodes have been employed
for thié purpose.

The background theory of imperfections and their detection by space
charge capacitance methods are revived in this chapter, together with
the Schottky barrier devices.

3.2 Defect and Impurity Centres

3.2.1 Introduction. When the periodicity of the perfect crystal

potential is interrupted by a native defect or an impurity atom, new
energy levels become possible in a localised region of the crystal near
the disturbance. These levels usually 11e-w£thin the forbidden gap of a
semiconductor and they have important effects on crystal properties., In
semiconductor terminology many different names, such as, electron or
hole traps, recombination centres, optical absorption centres, donor or
acceptor centres etc., have been assigned to these locaiised energy
states. These names do not correspond to different physical species but
reflect the behaviour of the energy levels in differing circumstances
(e.g. the behaviour of a trap as a recombination centre depending on the

location of the demarcation level) (see chapter 2.6).
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In fact; in order to give a complete description for an energy
level, several parameters, such as the ionisation energy, the density,
thermal and optical capture and emission constants for electrons and
holes have to be determined. However, the characterisation of defect
and impurity levels by all these parameters is not easily realised and
hence a certain degree of classification 4s usually requirgd. For
example, one very commonly used method is to clagsify the energy levels
as either shallow or deep states according to tl_xeir ionisation energies.

3.2.2 Shallow levels. The impurity or defect levels located aear

to the allowed Sands, with an ionisation energy comparable to kT, are
considered to be shallow centres. These centres can be classified as
either donors (positively charged when ionised) or acceptors (negatively
charged when ionised). Since these levels are usually ionised at room
temperature they play the dominant role in the determination of the
conductivity type (n or p) of the semiconductor.

" The simple hydrogen atom model can be used for the calculation of
these small ionisation energies with appropriate correction for the
dielectric constant of the crystal and the effective mass of the
carrier. This theory, known as the effective mass theory, was first

(1)

and was successfully applied to many
(2,3,4)

introduced by Kohn (1957)
semiconductors for the calculation of shallow 1levels
According to this model a hydrogenic system 1is embedded within the
dielectric medium of a crystal, and the coulombic potential V of the
ionised atom is considered to be a self-consistent one-electron
potential, Because of the small effective mass (of the order of 0.1
mo) and the relatively large dielectric constants of II-VI compounds,
the binding energy between the ionised atom and the bound electron is

much less than in the free hydrogen atom. This indicates that the bound
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electron is in a’ large orbi‘t- and the wave functi&n describing the

. electrom is spread out over many lattice atoms and thus only the long

r;nge- coulombic interactions are effective.

'3 2.3 Deep Levels. The 'energy levels which 1lie further into the

_forb:ldden gap cannot .be described by the hydrogenic model and are

classified as: deep levels. . Deep centres are present in all

- sei_n:tcanducl;-ors and even 1n sma:ll concentrations have a very important

role in controlling the carrier lifet:lue(s) . Other undesirable effects

.of- Eﬁ'eée .céntr’ea arc_i trapping and" non-iadiat:lve recombination processes

which - can affect the efficlency of such devices as light-emitting
diodes. On the othe-f hand these effects are sometimes desirable, as
with .t_h'e- fast tecoﬁbination required in silicon switching_ devices,
achieved by the incorporation of dee.p gold centres.

Deep impﬁrity levels may be 1ntrodu¢.:ed into semiconductors by
several different means, i.e. transition metal impurities (e.g. copper) .,
vhﬁanchs and by sul.:sit-ution of elements from columms of the periodic
table adjacént to those of the host lattice. It is well known that

nitive defects in II-VI compounds always seem to exist independently of

'uiy impurities added intentionally. With particular reference to CdSe,

tila native de-féeta are cddmium interatitiaie or selenium v-acanci-e; which

act as donora. and cadm:l.um vacancies or selenium interstitials which act

N __';’-as acuptora.‘ These defects can be neutral, singly or- doubly charged

states. The hiérodﬁct:loﬁ of any electrically active defect into a

. ._c:ystal latt,ice :lmpliea that some form of compensation must ococur in

| 'Iorder to mainta:ln the charge neutrality. A8 an example of this procese

consider the case where iodine (I) from group 7 of the periodic table is
an impurity in CdSe. When the I is substitutionally introduced in place

of Se, because of the different charge states of Se and I, there will be
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a weakly bound electron in the vicinity of this 1impurity. This
electron can easily be ionised at sufficiently high temperatures leaving
behind a positively charged donor ion. When an acceptor-like native
defect such as a cadmium vacancy exists simultaneously in the material
then the ionised electron may compensate the vacancy. Alternatively if
l;he energy difference for am electron to be transferred between the
impurity donor level and cadmium vacancy acceptor level, is larger than
the energy required for cadmium vacancy formation, a self-compensation
mechanism may occur., This process leads to formation of cadmium
vacancies to compensate the incorporated 1 donors“). This requires
that:

25e¢° + €d° + 21 » 217 + v::";l

+ 2Se + Cd (3.1)
in order to maintain the charge neutrality in the crystal, From a
practical standpoint the formation of cadmium vacancies can either be
encouraged by performing the impurity incorporation wunder high
Se-pressure or prevented by performing the process in a Cd ambient.

3.2.4 Theoretical Models As the ;loni-sa-t:lon energies of deep

centres are relatively large, there 1is a resulting strong potential
wvhich gives rise to the localisation of the carrier wave function near
the site of the defect. Under these circumstances the short-range -
potentials will be mo-re effective than the long-range ones and hence
significant deviations from the hydrogenic model are expected and
observed. The development of more appropriate ﬁodels has proved to be

very difficult(7)

and, 1t ip still not possible to calculate the exact
binding energy of a deep level impurity imn a semiconductor.
Consequently most of the understanding in this field depends heavily on

empirical ideas. Nevertheless, several models have been deveoped for
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the characterisation of these levels and some of them have shown

(8:9,10) ' pnong these the Lucovsky

reasonable agreement with experiment
model(ll), for the energy dependence of the photoionisation
cross-section, has been one of the more successful. According to this
model the optical cross-section 1is defived from the Fermi golden rule(z)
by inserting the solution of the ground state wave func&ion. at a given
" ionisation energy Ei’ for the delta-function potential well, The

expression for the photoionisation cross-section (dp). then becomes

e\ 2 1omeln (aE,®)¥ (hv-ar,)3/?

0 21 eff i i
o (h\)) = ; 3 .
L Eo 3m*c (hv) (3.2)

where:
n = the index of refraction for the material
Eeff/Eo = the effective field ratio for the radiation inducing the
transition
c = velocity of light
*
m = effective mass

The normalised cross-section ( o Lo) for a state at Ei is shown

together with the calculated ((JB?) curve for the hydrogenic formula in

figﬁre 3.1. As can be seen from this figure, auo has a sharp peak at

hy = 2A Eio. whereas oLo shows tlle maximum to be at about hy - 27 Eio
and falls off approximately as ™2 for hv > AE{%
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(12,13) have been devéloped to

Following Lucovsky, several models
improve the agreement between theory and experiment. More recently

Grimmeiss et al(u) have modified eq. 3.2 as

-1
§° a (hv -AEi°)3/2 hv [hv + oE,° (m—: - 1)]2
_ " (3.3)
and have successfully applied it to 02 doped GaP and GaAs. This
modified version of the Lucovsky model has also been used in the present
study to determine the threshold values of the ionisation energies by

curve fitting techniques.

3.2.5 Lattice relaxation

All the above models have been derived
in the absence of electron—phonon( coupling. However, one of the
consequences of the short-range potential would be the modification of
the electron wave function in the vicinity of the deep lying centre.
This implies that when the localisation of the bound particle increases
so does the coupling to phonons. In such a strongly coupled system,
when the charge distribution of the defect atom changes, (i.e. its
electron is excited into the conduction band), - the bonding with the
nearest neighbours in the lattice will be affected. The equilibrium
configuration of neighbouring ions becomes unstable, and since the
motion of the fon cores is much slower than that of the electrons the
new equilibrium will not be achieved immediately. This process {is
called‘ lattice relaxation and it gives rise to different emission and
absorption spectra. Part of the excitation energy is transferred to the
lattice and thus the electron recombination energy will' be less than the
excitation energy. This also implies that the optical ionisation
energies may be different from the thermal ones. The difference between

the optical and thermal ionisation energies 1is characterised by the
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(7,15) shift, whereas the difference between the optical

(7,16)

Franck-Condgn
emission and absorption spectra is described as phonon broadening
The concept of configuration coordinates i1s usually employed to
illustrate this state of affairs., Figure 3.2 shows the configurational
diagram for these processes,

it 1is clear tha-i: such a strongly coupled system would exhibit a
high degree of dependence on temperature, resulting 1in optical
broadening with increasing temperature. In addition to this, the strong
'cm;pl:l.ng also increases the probability of a "“multiphonon" capture
meehan:lsm(u) . This is a process of phonen-aided recombination in which

it can be shown that the capture cross-section (o ) is thermally

activated.

o an(w) exp (-EBIkT) (3.4)

where EB 18 defined in fig. 3.2.Henry and Lang(r’) have demonstrated
that with T + w0 * g (=) which is of the order of '\.10-15 em?.  Such large
n

cross—-sections which increase exponentially are commonly observed in
(18)

3.3 Metal-Semiconductor Junctions

3.3.1 Schottky-Mott Theory If'_ an intimate contact is made

between a metal and n-type semiconductor for which the work function of
the metal (’in ) is greater than that of the semiconductor (OS), transfe_r
of electrons from the semiconductor to the metal occurs until the Fermi -
levels are in equilibrium. In consequence the emergy bands in the bulk
semiconductor are lowered by ¢, ~ & and a potential barrier is formed
at the surface. The height of this barrier on the semiconductor side isg

thus qV is the potential in the interior of the

aif = Oy ~ 053 vhere V

dif
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semiconductor, with respect to the metal surface and ig known as the

diffusion potential. The height of the barrier on the metal side is

given by

on © (Qn -8+ (.q’s R Xg (3.5)

or

%n = Vaig * (B, - Bp)

where Xg is the electron affinity of the semiconductor. The band
diagram of an ideal metal-semiconductor (MS) structure 1is shown in
figure 3.3. Since the ionised impurity donors are immobile the positive
space charge is distributed over a volume extending a distﬁnce W from
the M8 junction, and 1is known as the space-charge region or depletion
region.

The first understanding of the nature of the electrostatic
potential barrier and the rectifying mechanism was described by Schottky
and independently by Mott in 1938, The main difference between the
models is in the shape of the potential bari':l_er. According to Schottky
the density of charged impurities is constant in the barrier region.. 80
that the electric field 1ncr¢ases linearly and the potential
quadratically as the metal 1is approached. The resulting parabolic
shaped band bending is known as the Schottky barrier. On the other hand
in the model proposed by Mott, the barrier region contains no
jmpurities, so ttllat the electric field i1s constant and the potential
varies linearly. This type of barrier is known as the Mott barrier and
is rarely encountered in practice. The early studies of MS contacts

have been extensively reviewed by Henisch (19'57)(19).
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3.3.2 Schottky Barriers on Etched (Real) Surfaces. Since real
surfaces are usually prepared by mechanical polishing followed by
chemical etching, such a surface inevitably is covered by chemiadsorbed
material, generdny'an oxide. As a result many Schottky barriers built
on these surfaces are not. ideal MS contacts but are 1na£ead
metal-interfacial layer-semiconductor (MIS) structures. Schottky
barriers built on clean (i.e. cleaved in ultra-high~vacuum) surfaces are
not practical devices and are generally used only for research purposes.
Furthermore, they have been found to be more difficult to analyse than
Schottky barriers on real surfaces because of various interdiffusion
effeets(zo).

The detailed energy band diagram of a metal n-type semiconductor
contact with a thin interfacial layer (of the order of lattice

parameters) is given in figure 3.4.

Here the symbols have the following meanings:

®1n barrier height of MS barrier
QBO asymptoticvalue of &, at zero electric field
Vo the energy level at the surface
vdif built-in potential
AD s; image force barrier lowering
A the potential across the interfacial layer
€g permittivity of the s'emicopductor
€4 permittivity of the interfacial layer
) thickness of the-interfacial layer
Qd space-charge density in the semiconductor
st surface state demsity on the semiconductor
Qm surface charge density on the metgl

According to the Schottky-Mott approximation (o'm = O’m - Qs)_ the

barrier height 1is 1linearly dépendent on the metal work function.
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However, in practice it is found that the barrier height can be nearly
independent of the work function of the metal. This led Bardeen(zn to
propose a model in which surface states, located in the semiconductor

energy gap, played the key role.

3.3.3 Surface states and the Bardeen Model One of the most

"obvious interruptions of the perfect periodicity of the crystalline

solid occurs because of the surface, and as a result of this
discontinuity there would be, in principle, broken bonds at the surface.
The unsaturated valence electrons of the surface (“dangling bonds") can
easily bind foreign atoms and are the cause of the strong adsorption of
impurities on initially pure surfaces. The occurrence of discrete
states arising from the surface boundary of a crystal was first shown by
Tam(zz). and later the theory was expanded by Shockley(23).

The corresponding ionisation energies of these states lie in the
forbidden gap and are localised at the surface. Those states which are
entirely associated with the dangling bonds of the perfect crystal
surfaces gre called Tamm states. The density of these states is of the
same order as the density of the surface atoms ( '\a1014 cmz) .

The. binding of impurity atoms to the crystal surface also gives
rise to surface states, whose properties may differ from Tamm states.
These are called extrinsic surface states. Since the extrinsic surface
states can act either in donor or acceptor-like whys , the carrier
concentrations near the surface may be affected and become position
dependent. The surface will then have a positive or negative charge
vhich is compensated by an equal, but opposite space-charge near the
surface. As a result, in thermal equilibrium the energy bands bend

gither downwards (donor-1like surface states in n-type), or upwards

(acceptor-like surface states in n-type).
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In fact in a metal semiconductor contact, according to Bardeen, if
the density of these states is sufficiently high, the band bending may
be dominated by the charge localised in the interface rather than the
metal work function. Bardeen also introduced the concept of a neutral
level, Voo for these states, defined as a demarcation level below which
the states must be filled in order to achieve an electrically neutral
surface. In the absence of surface states the negative charge QIII on the
surface of the metal must be equal to the positive space-charge in the

semiconductor (Qd)' This neutrality condition will certainly be

affected by the existence of surface states and the condition becomes Qm i

= - (st + Qd) vhere st is the charge in the surface states.

Since the occupancy of the surface states is also determined by the
Fermi level of the semiconductor, states are assumed to be filled up to
the Fermi level and empty above it (absolute-zero approximation). Now,
if the neutral level 1} happens to be above the Fermi level, according
to this approximation, states between the neutrality and Fermi level
will remain empty. This gives rise to & net positive charge and in
5rder to maintain the charge neutrality, Qd therefore will be smaller
than if the neutrality level coincided with the Fermi level, or surface
states were absent altogether. This indicates that the width of the
depletion (space-charge) region will be correspondingly reduced, and the
amount of the band bending will also be decreased. On the other hand i1if
the neutrality level y lies below the Fermi level, the net'negative
charge associated with the filled states between the neutrality and

Fermi levels gives rise to an increase in band bending. This negative

charge would result in a degree of band bending even if the

petal~gemiconductor contact were not formed.

When the density of surface states 1s sufficiently high the charge
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assoclated with the electric field developed across the
metal-semiconductor interface can be accommodated by these states
without significantly altering the position of the Fermi level. -The
height of the MS barrier is then determined mainly by the occupancy of
the surface states rather than the metal work function and the ?emi
level is said to be pinned by the hig’h density 6f surface states. This
extreme case is called the Bardeen limit and the barrier height is 'g:lven

by
%, " Eg- Vo (3.5)a

where Eg is the energy gap of the semiconductor.
However, in general, the barrier height ig usually a function of
both the charge in the interface states and the metal work function.

(24)

This has been demonstrated by Cowley and Sze in a more general

expression for the barrier height at zero bias which is given by
bpn = B, - xg) + - B) (B - (3.6)
where

% (3.7)

8
ei + qu

Ds is the density of surface states, €q and 6§ are the permittivity and
thickness of the interfacial layer respectively. 1If Bs + 0, it can
eaeily be shown that equation 3.6 reduces to the Schottky-Mott thebry

given in equation 3.5. However if the density of surface states is not
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~ constant, but strongly peaked about an average Ve vhich differs from the

neutral level ¥, equation 3.6 can be given by (20)

by = B8O - - k) v - pE -y G

€,
1

wvhere Qt is the charge in the surface states when they are filled up to
%+ In the Bardeen limit (D, + = ). the barrier height will be pinned
to the value (Eg = ) and the Fermi level will be close to the peak in
the surface state distribution.

3.3.4 Schottky Effect

The Schottky effect can be described as the lowering of the
potential barrier by an amount A% due to the image forces between an
electron and its induced positive charge on the metal surface. The
barrier lowering is due to a combination of the electric field in the
depletion region and the potential arising from the iwmage force.. This

force is given by
F =-qg%/16 €q x2 _ (3.9)

vhere € is the permittivity of the semiconduct':or and x is the distance
between the electron and its induced positive charge. The potential
energy due to the image force 1is represented by the dashed line in
figure 3.5, and this superimposed on the potential energy due to the

Schottky barrier gives the resulting potential barrier as shown. The
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FIGURE 3.5

Image force lowering in a Schottky barrier.
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potential energy ¢ (x) of an electron at a distance x from the metal

surface 1is

v(x) = - q*/16nex (3.10)
when an external field E 18 applied the potential energy of the
electr;n-becomes

b = - g¥l6vex - i (3.11)
which has a maximum value

at X = X oo . (3.12)

This maximum value is less than that of the initial potentizl maximum

without the field (see fig.25)and the difference is given by

(3.13)

By = &y T Oy T 1 Emax/awe

Now, assuming that the charge density rises abruptly from zero to
the value qﬂd at the edge of the depletion region, (depletion
approximation), and Nd (donor density) is constant, the electric field

strength will increase linearly with distance from the edge of this
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region in accordance with Gauss's theorem. In this_ case the field

strength at the surface will be given by

Boax = W,We ' (3.14)
vhere W 18 the width of the depletion region. The difference in
potential across the depletion region (diffusion potential) will be
equal to the product of the average field strength ()% Emax) and the
depletion width. When an external bias is applied, equation 3.5 can be
written as |

v

aif = 9

oo - ¥ - (B - Ep) | (3.15)

and hence

- k4 - - - ) (3.16)
By = QaN/e) (8, -V - (E, - E) - kT/q)
Substituting equation 3.16 in eq. 3.13, the image force barrier lowering
1a given by '

Ad. = o3N,/87%¢ 3 [ -V-(E -E) - kT/Q%. (3.17)
bn d 8 %n c EF ’

Although the magnitude of the image force lowering is usually small
(n 0,03 eV) it can have a significant effect on the Schottky properties,
particularly in the current transport mechanism since the current

depends exponentially on L e
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3.3.5 Current Transport Mechanisms

(a) Porward Bias

In Schottky barrier diodes there are several current transport
processes when an external bias is applied. These are: (a) Thermionic
emission of electrons over fhe top of the barrier, [b) quantum
mechanical tunnelling through the barrier, (c) recombination in the
depletion region, (d) minority carrier injection. These are illustrated
in figure 3.6 for an n-type semiconductér-metal junction in which the
nietal electrode is positively biased (forward bias). In most cases the
major contribution to the current transport is provided by the first
process. The processes (b), (c) and (d) usually arise from non-ideal
behaviour.

For the thermionic process, electrons must be transported first
thfopgh the depletion region of the semiconductor. This occurs bj the
normal processes of diffusion and drift which take place in this region.

(25) proposed that the current flow is limited by

(26) proposed that thermionic emission

diffusion processes, whereas Bethe
was the limiting mechanism, In fact, it has been shown that, in many
cases, the current-voltage (I-V) characteristics are best described by
the latter.

If the width of the space-charge region is less than the diffusion

length of the electrons, according to thermien{c @mission theory, the

forward biased current demsity can be expressed by

JF = Js . [ exp (qv[kT) - 1] (3.18)
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FIGURE 3.6 Current transport processes in a forward-biassed Schottky
barrier.
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where Js is the reverse saturation current density

(3.19)

J = R* T2 ex
8 P (-obn/kT)

* * * _
Here R = 4 ymq k3/h® =« 120 m /n, amp/cm®.K? 1s the modified
corresponding to the electron effective mass

Richardson constant
*
15.6 amp/om®.K* for CdSe since m /mo = 0,13) (27).

* *
(m )-'(i-e. R =
. Conversely, if the space-charge region 18 greater than the

the forward current is limited by the diffusion

diffusion length,
mechanism, and the current-voltage relationship hecomes

(3,20)

Jpg=aN Em. exp ( -qq’_bn [exp(qV/kT) - 1]
s kT

i8 the maximum electric field at the junction, He the

Here E
max
electron mobility and Nc is the effective density of states in the

conduction band which is given by

N, =202 nm*lefn’)slz (3.21)

In the most general case » the I-V relationship is usually given by
a combination of these two mechanisms. Such a combination has been
derived by Crowell and Sze(zs) in wvhich the current density is given by

the expression

(3.22)

v
Jp = (@N_ v /1+ ;%) exp (- q & /kT) [exp (q V/kT) - 1]

where A is an effective recombination velocity at the potential enér'g'y
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maximum, and A\ is an effective diffusion velocity for the transport of
electrons from the edge of the deplefion region to the potential energy
maximum.

However, Schottky barriers prepared on etched surfaces inevitébly
deviate from the ideal behaviour and in particular, plots of 1lnJ versus
V do not exhibit the predicted slope of q/kT. In this case the J-V
relationship according to thermionic emission theory, can be described

by the relation(zg)

Jr = Js exp (qV/nkT) (3.23)

for bias voltages V 3 3kT/q. The parameter "n" is known as the ideality
(quality) factor and 1is normally greater than unity. This 1is usually
3 attributed to the bias dependence of the barrier height which results
from norn-ideal interface conditions. This will be discussed more fully
in sec 3.3.8. However, even with an ideal junction, the barrier height

would be slightly bias-dependent because of the Schottky effect, which

itself depends on the applied bias,

(b) Reverse bias

The reverse bias saturation current will also be affected by any
dependence of the barriér height on appliéd blas., According to eqﬁation
3.16 when Emax increases with reverse bias (VR s O decreases with
increasing V_, and the reverse current JR does not saturate but

increases due to the image force barrier lowering.

Jg = I, exp (q po /KT) (3.24)

Since L, is proportional to V% (see eq. 3.17), for large values of VR,'




T T P 0T e

a plot of 1nJ against vk should give a straight line the intercept of
which on the 1lnJ axis gives Ja’ In practice, the field dependence of
the barrier height is usually greater than that predicted by the image
force and the difference 18 very often due to the existence of an
interfacial layer (see sec. 3.3.8).

Quantum mechanical tunnelling through the barrier, generation of
electrqn-—hole pairs in the depletion region, and transient effects are
all mchaniﬁ which may prevent the reverse current from saturating.
Tunnelling becomes particularly important near the edges of the metal
contact because of the increasing density of electric fileld lines. The
increased field near the contact edges would give rise to greater image
force lowering in any case. Tunnelling becomes much more pronounced 1if
the surface of the semiconductor is accumulated due to the presence of
positive surface charges which makes the barrier at the edge even
thinner(ao). In consequence reverse bias characteristics often deviate
considerabley from simple theory and this in turn results in relatively
high reverse leakage currents.

3.3.6 The Capacitance of a Schottky Barrier The capacitance of a

Schottky barrier arises from the charge due to ionised donors in the
depletion regioti of the semiconductor, and an equal but opposite charge
on the metal surface. The differential capacitance (C = dQ /dv) of this
system is usually measured by superimposing a small alternating voltage
onto the D.C. bias. An increase iIn reverse bias repels the electrons
in the conduction band of the semiconductor giving rise to a wider
depletion width and reducing the capacitance. When the deplefion
approximation is employed and the effect of ininority carriers (holes) 1is
neglected the charge due to the uncompensated donors in the depletion

region, Q,, is given by Gauss's law as
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Q=€ E__=(2c qN)% eV, +V -Kkr/q)? (3.25)

d 8 max s 374 dif R q ‘
Substituting Qd in the differential capacitance C = an and solving
. ' Wit
gives

- X "
c (q €q Nd/2) (Vdif +-VR - kT/q) (3.26)
1702y = 9

or d(1/c*) 2/q & Nd . d(Vn) (3.27)

The graph of (2-2 as a function of VR should give a straight line with a

slope of 2/q €g Nd and an intercept —VI on the VR axis equal to -vdif +
kI/q. In practice the capacitance of Schottky diodes 1s usually
affected by the existence of interfacial layers and deep traps due to

native defects or impurities.

3.3.7 Measurement of Barrier Heights The barrier height of a

Schottky barrier can be measured by various methods, including primarily
J-V, -photoelectric, and capacitance measurements.

(a) Current-Voltage Measurements

The forward bias current density-voltage charaqteristic of a mnear
ideal Schottky diode is given by equation 3.23. As a result, a plot of
InJ against V can be used to determine both the ideality factor and the
Schottky barrier height. The app£;pr1ate relations derived from

equation 3.23, for these calculations are given below

1

-1
(1deality factor) n = dilgvﬂl E%ﬁ L (3.28)
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from the slope and
kT R"‘T2
®bn q In 3 _ ( )

from the intercept.

The value of Js determined from the intercept, can only be accur;-te
1f the ideality f.actor is equal to unity. From a practical point of
view ‘the condition n § 1.5 is often taken as the requirement for a
reasonably accurate calculation of Oyn®

The barrier height may all;o be determined from reverse bias
measurements using the saturation current demsity Js. as predicted by
the thermiomic emission theory. In this case ‘bbn can be calculated
using Js. vhich may be deduced from the intercept of the plot of 1lnJ
against V and then substituting this in equation 3.24. However, since
the saturation of the reverse current is usually affected by one of the
mechanisms discussed in section 3.3.5(b), the use of this technique is
very. limited.

(b) The Photoelectric Method

When sufficiently energetic monochromatic 1light 1is incident upon
the metal surface, soﬁe of the electrons e*cited from the Fermi level of
the metal may cross into the semiconductor and contribute to the short
circuit photocurrent. Fovlet(al) has shown that the photocurrent per

absorbed photon, R, 1is given by
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for x 20 ; where x =h (- v ) / kT (3.31)

The term hvo represents the Schottky barrier height, ¢ b’ and Es is
equal to the sum of $n and the Fermi energy (measured from the bottom

of the metal conduction band). Provided Es > hy J(a condition which is

generally valid) and hv- h Yo %> 3kT, then to a good approximation

equation 3.30 reduces to

R = c(hv - hy)? (3.32)

vhere ¢ 1s a constant. Thus a plot of R;! against h v i8 1linear over
a certain range of energy and the intersection of this linear region
with the energy axis gives a direct measurement of the reduced (by image
force lowering) barrier height. The photoelectric method is the most
acarate and direct method for the determination of barrier height and it

is generally regarded as the definitive measurement.

(c) Capacitance-Voltage Measurements

The differential capacitance associated with the depletion region

of the Schottky barrier is given by equation 3.26. Thus, if N, 1is

d
constant in the depletion region, a plot of c2 against V. should be
linear with an intercept VI = vd:lf - kT/q, on the voltage axis. The
barrier heigﬁt is then given by '

Py = vd + (E EF) (3.33)

where B - E, = kT/q In (N_/N,) . (3.34)
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The barrier heights deduced from C-V measurements do not include the
effect of Schottky barrier lowering. (On the other hand, since J-V and
photoelectric techniques involve processes in which the electrons
actually surmount the barrier they do include the effect of lowering).

3.3.8 The Effect of an Interfacial Layer. The inclusion of an

insulating layer on a semiconductor has an appreciable effect on the
electrical properties of Schottky barriers. Then the
metal-semiconductor approximates to a metal-insulator-semiconductor
(MIS) structure and the "I" layer gives rise to a significant additional
barrier for carrier transport. The band diagrams for an MIS diode (a)
in equilibrium and (b) under forward bias are shown in figure 3.7 a & b.

(a) Effect on I-V Characteristics

The effect of such an Interfacial layer on the I-V characteristics
has been extensively studied by Card and Rhoderick(aa) + They divided
the interface states into two groups such that states in equilibrium
with the metil formed one group (D“). vhile those in equilibrium with
the semiconductor (n’b) formed the second. Under certain assumptions

] ‘they were able to show that the ideality factor of a diode is given
-by(”)

1 (G/Ei) (E‘s/W +q Da‘ib) : | |
1+ (85/e,) qD 3.35)
i’ 9 Yga

where ¢ 1 and & are the permittivity and the th:lc_kneas of the

insulating layer respectively. For very thin insulating layers

D > D_.: and hence equation 3.35 reduces to
sa sb

8
n o= 14+ ‘e . (3.36)

wle, + 4q Dsa)
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Conversely, for thicker insulating layers Ds'b > Dsa’ and n is given by

n = 1+ 6/51 [&:BIW + qub] (3.37)

When the density of surface states of either group is very low then

equation 3.35 becomes

n =1 - 8¢ " (3.38)

(b) Effect on C-V characteristics

The effect of the interfacial layer is particularly important in
C-V characteristics since the capacitance of this layer is effectively
in series with the capacitance of the depletion region. Studies by

(34)

Cowley and Goodman(as) have shown that if an interfacial layer is

present, the barrier height deduced from C~V measurements wusually

exceeds that measured by I-V or photoelectric methods.

(34) the effects of the insulator

In the extensive study of Cowley
and the bias—-dependent interface states were included. When an MIS
structure is considered first without the interface states then $pn MY

be defined in terms of energies (shown in -figure 3.7a)

q’bn = 0m - Xg + (Ec - EF) (3.39)

i.e. O vdif"" A (o) . (3.40)

Uaing Gauss's law to relate the charge in the depletion region, Q 3° to

the potential, A(o), yitelds (according te the depletion approximation). .
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FIGURE 3.7 . Energy band diagram of an MIS structure

(a) .in equilibrium (b) under forward bias
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Me) = (8/e) (24 e W, V. )%

or Afo) = vl;5 vdu" (3.41)

- 2/, 2
where V1 2q €y Nd 8 /51 (3.42)
Under the application of a reverse bias, A(V) replaces ,(o) and Va' 1f

replaces V aif’ There equations 3.40 and 3.41 can be written as

[ ]
fn * V = Vgt aW

ky'h
and A(V) = V1 vd:lf

Eliminating A(V) from these equations yields

' BV, 4
On + V = Vg + V7 dif (3.43)

- The semiconductor space-charge is given by Gauss's law as
Q q° (2q esﬂ d v d':lf)!i and hence the differential capacitance is given by

v X
P P [ dif ] (3.4

The quadratic equation 3.43 can be solved and substituted into equation

‘ 3.44 to give



s I ot

51

cC = (2/q € N d);‘ )-[«1»bu +V+ _11:]
- v
if.e. C 2 = (2/q €g Nd) (Vv + vdif'+ _% +-V1% vdifg) (3.45)

Thus a graph of (:-2 against V i8 linear with a slope equal to that in
the simple Schottky barrier case, but with an intercept which 1is
significantly larger.

If the effect of interface stﬁtes is included, the analysis is ﬁore
complicated. Assuming that both type Dsa and D, States are uniformly
distributed, then the change in the interface state charge under the

application of a bias is

A =gq Doy V-qD, AV, -~ qD AV, (3.46)

88 i sa

Also A(o) and A(V) are now given by the modified expressions
ey M,
Al@) = V. %V, e + 8ley Q, (0)

and  A(V) = VPV, %48/, q (V)

1 Vais
. b
Le. AV = V" (g = Vaue) + 95 A0, (3.47)
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Substituting equation 3.46 into 3.47, solving for V&;f% and using 1in

3.44 yields

- ¥ %
¢2 - 2o ta) | ViVye S B/ TT I
qge, Ng(1+a) ] 4@ +a +a)(l+a) 1+ a
V... (1 +a, +a,)
dif 12, (3.48)
1+ al)
) == 6 ( [ >
. where @ =q Dsa I€1 and 02 q Dsb 6/§1
(36)

Very recently the more rigorous analysis of Fonash on the basis
of Cowley's study has revealed some discrepancies in the above
calculations. His analysis concerns the use of equation 3.47 in the
equation 3.44. If the charge in the interface states cannot respond to
the high frequency measuring signal, then the quasistatic expression for
véif’ obtained from equation 3.44, does not accurately describe the
variation of V&;f ;n response to this signal. Fonash(?s) hés used the
correct (a.c.) variation of vd"if to analys.se the various cases. The
results of both Cowley's and Fonash's analyses aré summarized below for
some specific cases which are relevant to this study.

Case A & < 30A s the occupation of the interface states is mainly
det:'e-m;tned by the Fermi 1level of the metal (Dab =0, D“' ¥ 0 and

interface states cannot follow an a.c. signal. In this case the

interface states will be emptied or filled by the tumnelling of the
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electrons from the metal, and according to Cowley the slope of C

2

against VR will be the same as in the ideal case (i.e. eqn. 3.27). The

intercept V

4 om the voltage axis is given by

v
V= Vet — V! b ———

1+ “1 dif 4(1 + Gl)

Fonash's analysis for the same case ylelds

(1 + al)(cd + CI) 2

The slope d (1/02)

dv Cy + 1+ al) C; e, 4 Ny

and the intercept

v
4

1

a v X Y 1l-a
Vo " Vare (= )1 Vae * 1)
1+(11 1 +a1

Here CI is the capacitance of the insulating layer.

(3.49)

(3.50)

(3.51)

Case B. § > 303 . The interface states are mainly in equilibrium

with the semiconductor (Dsaeo. Debf 0) and interface states can not

s

follow the a.c. signal, Cowiey‘s,predictions are

d(l/c2) 2
— & a. (14+a) —
dv 2 q €, Nd
R Y ¥
Vi Vl vdif + (1+ uz) Vdif + Vl |
4 (1 + a,)

2

vhile Fonash's analysis gives

(3.52)

(3.53)
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d(l/cz) ) Cy *+ C; | 2
dav Cy + (1+ az) o q e, Ny (3,54)
v =viv. Me Q4a) V. +Q-a) N (3.55)
1 "1 Yaif 27 Yaif ] A .

In general the two approaches do not give radically different estimates
for the diode parameters.

3.3.9 The Effect of Deep Levels The capacitance of a Schottky

barrier will also be affected by the presence of deep traps in the
semiconductor. This can be illustrated in figure 3.8 .here the Schottky
barrier contains a single type of deep trap with an activation energy
ET. In the absence of any external bias the traps lying below the Fermi
level remain occupied by electrons, and those lying above the Fermi
level- will be empty. In general the occupation of the traps 1is
determined by Shockley-Read-Hall statistics and the probability of a
trap being occupied by an electron is given by

6 nv+e
£ = 2 J (3.56)

+e +0 ;+e
n Pp P

Q
=
41

Hexe L °p and en, ep are thé capture cross-sections and emission
rates of the traps for electrons and holes respectively, and v s the
average thermal velocity for both carriers. According to the principle

of detailed balance e and ep are related to g and “p by

e =o <v, >n exp [q (B -E) /KD] (3.57)
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FIGURE 3.8 Energy band diagram of a Schottky barrier containing
donor-like deep traps.
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and

e, =, < vp) n, exp [q (E, - Ep) ]/ k1)1 (3.58)

vhere m, and E, are the intrinsic carrier concentration and Fermi

i i

level. It can easily be shown that for a case where e, > > ep and

a . o} e _
2™ "o p equation 3.56 reduces to
6 nv
£ = DI - (3.59)
g nv +e
P n

On the other hand as mentioned earlier tﬁe capacitance of a diode
is normally measured at some fixed voltage AV by superimposing a small
oscillating voltage Avosc on the applied bias. Figure 3.9 shows the
effect of reverse bias on deep levels which are present in the depletion
region. As seen from this figure A Vo‘c will uncover charge at both x
and y. Free carriers are swept away from the point x while at y
electtgns are emitted from the traps (E,r) to the conduction band. If
the frequency (ms) of the oscillating voitage 1_,3 low, then the tréps at
y can follow the votage variations by emisaion and capture processes.

This condition is given by

e > u . (3.60)

" The emission rate of electrons (equation 3.57) is the limiting process

.since it 18 always slower than the capture process (when the Fermi level

is above the trap level).
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The general expression for the capacitance of the Schottky barrier,

in the presence of deep traps, is given by(39)
2
' + 1 e
C = A ts d Nd 1 + & n (3.61)
9 (v ' - 2 2
2 (Vdif + V) | noe "t

vhere A i1s the area of the diode and N, 1is the density of the deep

T
levels, and N&+ is the total ionised donor demsity. It can easily be

shown that when 6l > e equation 3.6]1 reduces to the normal Schottky
capacitance (i.e. eqn. 3.26). The effects of deep traps on the junction

capacitance (including response to both a.c. test signal and variations

in D.C. bias) have been more fully discussed by Roberts and Crowell(ao),

(41) (42) (43)

Zohta » Kimmerling » and more recently by Noras

3.4 Space-Charge Capacitance Methods for the Detection of Deep

Levels

3.4.1 Introduction. Space-charge techniques have become a

poverful tool for the characterisation of deep levels in semiconductors
especially in the last decade(ka’&a). The main reason for this interest
18 the recognition that space-charge methods provide sensitive and
quantitative information about the electronic parameters of deep levels
(i.e. capture and emission rates). Moreover, the detection of
non-radiative centres has also become possible by junction capacitance
methods.

However, there are some deficiencies of these metﬁods, such as the
requirement of a reliable junction device and the presence of a high
electric field in the space charge region(kg). Considering that every

method will have some limitations, it is always desirable to employ
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several of these'techniques simultaneously in order to provide a more
comprehensive and reliable description of the deep levels. The
background theory of the space-charge methods used in this study are
briefly reviewed below.

3.4.2 Steady State Methods

(a) Photocapacitance

When the charge state of a deep level in the depletion region of a

" junection deﬁ;ge 1s changed by the absorption of photons the capacitance
bf.thé junction is also changed. The steady state photocapacitance

(PHCAP) technique entails the recording of the variation in the junction

capacitance with wavelength. Although this method has been successfnlly

(52) (i.e. they have high emission rates)

applied to more shallow levels
and their photoionisation threshold energies are easily determined,
applications to deep levels has proved more difficult because of the
longer'time constants associated with these levels. Nevertheless, some
of these problems can be overcome either by scanning the wavelength
extremely slowly, or alternatively by recording the data manually point
by point. The existence of several energy levels in the bandgap of a
material also gives rise to complications in the analysis.

The capacitance of the depletion region of a Schottky barrier is

given by (i.e. eq.3.26)

CAEE Al &
¢= |- b B (3.62)
2 (Vdif + VR)

Where Nd+ and Na— are the ionised doﬁor and acceptor ion concentrations.

With the application of a constant reverse bias the change in

photocapacitance ( AC) will be dependent only on (N d+ - Na-). The
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interpretation of photocapacitance (PHCAP) spectra can be summarized as
follows:
Cagse A A donor level E,rr in the upper half of the bandgap and h y <
Eg/2. - '
When h v> Ec - ET1 electrons will be excited from the level into the
conduction band leaving behind positively charged domor atoms (N d+) .
Thus the change in capacitance, AC, will be positive.
Case B An acéeptor level E‘l-“z in the lower half of the bandgap and
h v < Eg/2. |
When hv > ET2 - Ev holes will be excited from the level into the
valence band leaving behind negatively charged acceptor (“a-) . Thus AC
will be negative.

In the case where both levels (l‘:‘..rl and BTz) exist simultaneous]y
and Ec - ETI = E‘Tz - Ev then the processes are in competition and the
interpretation will be complicated.

Case C Both ETI and E'l?z are present simultaneously but Ec - E,rlaﬁ E,l; Ev
- 2

and v > Eg/2.

In this situation Case A and Case B transitions will always occur.
However, there will, in gen_er.al. be other competing transitions which
may be dominant (depending on o and hv).

(1) ETlo- Ev-> hy > Ec - BTZ, electfons from the ETz acceptbr
level will be excited to the conduction band. The resulting decrease in
H‘. will tend to make AC posif;h_re-.

(11) Ec - E,r'z >hv >E_ ~E ¥ the ionised domors will be filled by

Ty
electrons excited from the valgnce band and this tends to reduce the N d+

concentration and hence AC will be negative,

(111) hy > E -F.Tz mull:.Ll -—-nvanqnc-x,rj&rl-zv_
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In this case both (i) and (1i) will occur and the sign of ,C
uniquely identifies which is the dominant level.
Cagse D. Two or more donor levels in the upper half and similarly
several acceptor levels in the lower half of the bandgap. The situation
can be treated as witi\ Case C unless the activation energies of the
individual donors and acceptors are very close to each other. 1In
principle the different levels can be resolved.
Case E. A donor like level in the lower héif and an acceptor like level
in the upper half. This situation becomes quite complex because of the
competition between filling and emptying processes. In these
circumstances additional information from other measurements (such as
infrared quenching and DLTS) would certainly be helpful in the analysis.

(b) Infrared Quenching of Photocapacitance (IRQ-PHCAP)

This 1is an analogous technique to the infrared quenching of
photoconductivity which was described in the previous chapter (see
Chapter 2.7). When a constant primary light of sub bandgap energy is
employed, there would be a change in steady state AC. If the device is
simultaneously illuminated by a secondary light source of variable
wavelength (usually hy & Eg/2, in the infrared region), then the change
in PHCAP (AC) may be quenched. Varying the wavelength of the secondary
lighf will produce a quenching spectrum. The reduction in xC arises
because of the filling of the acceptor like levels from the valence
band. |

3.4.3 Transient Methods

(a) Photocapacitance Transient (PHCAP-TR)

Although the steady state methods provide valuable qualitative
characteristics, quantitative values can only be realised by using

transient methods. The spectral dependence of the cross-section for
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photoionisation of electrons, ono from a deep level to the conduction
band can be determined by this technique.
The rate equation for the electron occupancy of an energy level in

the bandgap of a semiconductor can be written as

N

where e = eno +etande = represent the total of both the

e°.

n P P +%
thermal and optical emission rates of electrons and holes, sinilarly'cn
and C denote the total capture constants for radiative and
non-radiative recombination processes, oy and Pp are the concentration

of occupied and empty centres respectively. The total number of centres

(N,) is given by

In the space-charge region of a reverse biased Schottky barrier the
free carrier concentration is generally negligible so within the region
(w- wo) n and p can be omitted (see figure 3.8). Furthermore if the

experiment is performed at sufficiently low temperature (ent = ept = 0)

the rate equation reduces to

d

dt p (N - ny) - en° n, ‘ (3.65)

The solution of the above equation is given by

R o o]
e e
- P afl — P -
np (¢) 5, .o Ny °, o O Ny - ny (0] exp
e e e o

[} (en°.+ epo) t ] : (3.66)
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Here "?TIL_T; NT can be denoted by n, ( ») , because in the steady
e te
1

' o o
state.equation 3.65 yields ep (NT - nT) =e fp. T e
n P

1s defined as the time constant of the transient.

Equation 3.66 at t = 0 and t > O can be used for two different
In the first

initial conditions, either with the level filled or empty.

case (with the level filled)
(a)

t=0 n, (0) = NT
: (3.67)
e ® e ®
t>0 n_T(t) -...__P__KT.+___“__ Ny exp (-t/t ) (b)
e Q+epo en°+ep°

In the second case (with the level empty)

t =0 n,(0) =0 (a)
Lo | (3.68)
t >0 ng(0) = —B— N [1- expl-t/r)] (b)
e +e
n p .

On the other hand the -capacitance of a reverse-biased Schottky

barrier is expressed as

_ 2% q €y % :
C= — N (3.69)
: 2 (Vg + V)
vhere N, is the total concentration of the ionised impurity and/or
transition region. If these 1levels are

defect levels in the

acceptor-like then NI can be written.’
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NI = Nd - n,r(t) (3.70)

Using equations 3.66 and 3.70 in -3.69 the time dependence of the

junction capacitance becomes

Az 1 €g -t/ T
C*() = —— [, - n. (2 = [0y(0) - np(=)]e "] (3.71)
2(vd' +V)
- : dif
[i . . Az qe
£ ' Substituting . [N a - n,r(p)] = C2(o) in equation 3.71 yields
2(vd. +V)
if
(3.72)

In [C*(a) - C*(t] = 1n [0 (0) - mp(=)] - /7

thus if In [c2(«) - C2(t)] 1is plotted against time, the sum of the
optical emission rates is obtained from the slope. The absolute values
of ono cannot ' be obtained from these measurements unless NT is
determined by some other means, and the photon flux, $, is known. This

is simply because of the involvement of both eno and epo in transient

(emptying process) measurements.
(b) Infrared Quenching of the photocapacitance transient

(IRQ-PHCAP-TR)
Initially emptying the levels with pr:lﬁary 11lumination with
o
—F— N

e
e 0 + e....o T
n P

hy > Ec - E‘I will set the initial condition n.l.(o)' =

since both eno and e ° are operative in the process. Now, illuminating

the diode with a secondary irradiation with photon energy
' Ec - ET > hvy s > ET - Ev some time after switching off the primary
souree, will also give rise to a transient change in PHCAP with a time

constant 1/ t =ep° since this time eno * 0. Thus the absolute values of
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Upo can be directly obtained by plotting lmF’(ab - C2(t)] against time.

The slope of the plot will be

) o o
/x L q ¢ _ ( )
I1f the photon flux, ¢ is known the spectral distribution of the absolute
values of photoionisation cross-section obo can be determined.

(c) Deep Level Transient Spectroscopy (DLTS)

DLTS can be described as a capacitance transient, thermal scanning
methdda"lt was first introduced by Lang(so) (1974). The technique has
been proved to be very useful, particularly for the characterisation of
;elatively deep non-radiative centres in semiconductors.

The technique is based on the capacitance transient concept, vhere
the time constant of the transient (a decay following an initial
disturbance) is measured as a function of temperature. The activation
energy'of the level can then be obtained. The most important practical
feature of the DLTS technique is the introduction of the concept of the
emission rate window. In this way it is possible to detect only those
transients within the range of the rate window as the emission rate
varies due to the change in temperature. In conQequenceA when the
repetitive capacitance tfansient is observed through the rate window
and the sample temperature is slowly scanned (which changeé the
thermgl emission rate and hence the capacitance decay rate) a peak
appears in the plot of capacitance change versus temperature. This peak
identifies the temperature at which the emission rate happens to be the
same as the rate window. Therefore replotting the spectrumifor 8 number
of different rate windows enables the depeﬁdence of the emission r#te on

temperature to be determined. The emission rates are thermally

g
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activated giving according to the principle of detailed balance

ent = ( ont <wv > N.) exp (- pAE/KT) for electrons (i.e. eq. 3.57
section 3.3.9). A standard means of characterising the depth of an
energy level is to comstruct a plot of 1n ent against 1/T and to report
the slope of the resulting straight line as the activation energy of
the trap. Since the pre-exponential terms in equation 3.57 such as <v>
- may also bé temperature dependent, special care has to be taken in
attributing this slope to the activation energy.

With this technique a dual-gated signal averager (double boxcar)
has been introduced in order to determine- the emission rate window
accurately. It also provides a signal averaging capability to enhance
the signal-to-noise ratio. Figure 3.10 shows how the double box-car is
used to select the rate window. The left hand side of this figure
represents the capacitance transients at various temperatures, which the
right hand side shows the corresponding DLTS signal from the double
boxcar. This signal is the difference between the éapkcitance at time
€ and at time t, as a function of temperature. It can easily be seen
from this figure that, C(tl) - C(tz). goes through a maximum when the
inverse of the transient rate constant (v), is equal to the rate window.

The normalised DLTS signal, S(T), shown in figure 3.10 can be

defined as:
5() = [C(e;) ~ C(t,)1/(0) - (3.74)

vhere AC(0) is the capacitance change due to the pulse at t = 0, For

the exponential transients S(T) will be given by

8(T) = exp (- t;/7) [1 - exp(-at/+]) . , (3.75)
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where g = £, -t and the temperature dependence of T 18 given by
T = 1/:. |

When a particular trap is considered, Tmax will be defined as the
value of 1 at the maximum of the c(tl) - C(tz) versus T spectrum,

The relationship between 1 nax and t and t, is given by

The emission rate corresponding to the peak observed in a DLTS thermal
scan is a precisely defined quantity. The time constant for electron
emission for example can also be written in the form of

T = '(Nc < vy > Un ) -1 exp ( AI;{kT). Where the pre-exponential

n
coefficient (in SI units) is given by 2.8 x 10-56 : . Thus by
*
m T2 o
e n

measuring the temperatures at the maxima of the DLTS signals and
calculating Tnax from eq. 3.76 should give a straight line for the plot
of In (T t?) against 1.060-/'1'. The 1line yields the ionisation energy,
AE’I’ of the trap from the slope and the capture cross-section at infinite
temperature o, (*) from the intercept on the 1n(1T?) axis.

DLTS is a highly versatile and useful technique for detecting fast
non-radiative recombination centres which caﬁnot be easily identified by
other methods. This can be done by simply biasing the specimen in
favour of such fast i:aptur:l-n_g traps while suppressing the signal. from
the slower traps by using very short i)ulsea. These pulses will be able
to fill a fast trap but will be unable to fill slower traps
pufficiently. ;rhua varying the pulse width is a very effective way of

discriminating against signals from less interesting traps.
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(d) Optical Deep Level Transient Spectroscopy (ODLTS)

If electric pulses are replaced by optical ones, the DLTS technique
is referred to as optical DLTS (ODLTS)(SI). This mode of operation is
very useful in the analysis of minority carrier traps in Schottky
barriers or MIS devices. Since most of the II-VI compounds cannot be
made p-type, minority carrier injection 18 not possible. Therefore
reéourse to ODPLTS on MS structures is the only alternative for the
characterisation of hole traps in these materials.

The principles of operation reviewed above for DLTS are valid for
ODLTS. The details of the measuring techniques for both DLTS and ODLTS

are described in Chapter 4.7.
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CHAPTER 4

EXPERIMENTAL METHODS

4,1 INTRODUCTION

As explained earlier because CdSe is considerably less well
researched than most II-VI compounds, a wide range of experimental
methods have been employed here to obtain a broad characterisation. -The
present chapter describes the major experimental techniques used
together with the methods of preparing photoconductive samples. The
procedures ' for the preparation of the substrate materials for the
fabrication of Schottky diodes are given in their respective sections.

4.2 CRYSTAL GROWIH

CdSe crystals used during the course of the present study were
grown in this laboratory wusing a vapour phase teéhn:lque originally

S(l). The technique is based on the sublimation

developed here for Cd
method devised by Piper and Pol:lch(z) which utilises a self-sealing
technique <o -eﬁsure that congruent evaporation is achieved. Starting
material of polycrystalline CdSe powder was first sublimed in a stream
éf argon and then allowed to recrystallise as needles, rods and
platelets. These were lightly ground and lo;ded directly into the
_spec‘:l.ally -cons,tructed gilica growth tubes, which were evacuated and
sealed. In order to obtain good matter transport it was necessary to
maintain the total pressure in the growth tube close to the Pm:ln
cond':l-tion(a). Consequently the growth tubes were conneci:ed to a small,
independently heated reservoir containing either selenium or cadmium.

The required Pmin condition was then simply fulfilled by controlling the

temperature of the reservoir as appropriate. The growth tube was
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inserted into the furnace such that the charge was initially in a flat
portion of the temperature profile (Fig. 4.1). The tube was then
gradually withdrawn at a rate of between 0.5 and 1.5 mm/hour along the
temperature gradient. Nucleation and growth proceeded from the cooler
tip, producing after about 10 days, a cylindrical single crystal boule
of CdSe about 1 gm in diameter and 3cm in length. The boules were
oriented using the Laue back-reflection technique and were then cut into
dice with dimensions of 4 x 4 x 1 mm3 so that the large area faces lay

parallel with the (0001) basal plane.

4.3 X-RAY POWDER PHOTOGRAPHY

It was found that the hexagonal (wurtzite) structure of an as-grown
CdSe crystal could be transformed to the cubic (sphalerite) phase by
mechanical polishing and heat treatment. X-ray powder photography was
used to investigate the phase transformation of CdSe. While powder
produced from crushed single crystal material exhibited fhe hexagonal
structure, ball-milled powder from the  same single crystal boule
displayed the cubic structure. Mechanical polishing of single crystals
also led to work-damaged surface layers with tﬁe cubic structure. The
lattice parameters of such layers were measured using reflection
high energy electron diffraction (RHEED) with the electron beam in a
JEOL JEM 120 electron microscope incident at grazing angle .on the
polished crystal surfaces. The X-ray and RHEED results are compared and
described in Chapter 5.
4.4 RESISTIVITY CONTROL TECHNIQUES

Because the resistivities of the as-grown CdSe crystals were very

2

low, of the order of ( 10 ° Q cm), the material was not suitable either

for fabrication into barrier layer devices, or for bulk photoconductors.
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Consequently, several methods have been employed to increase the
resistivity to an appropriate value. The techniques used are summarised
below.

4.4.1 Annealing in Selenium Vapour

Annealing in selenium vapour was carried out in silica tubes
divided into two parts by a small constriction. The dice were placed in
one half and selenium in the other. After evacuation and sealing, the
tube was placed im a two zone furnace which provided independent control
of the selenium temperature and hence the Se-partial pressure over the
dice (Fig. 4.2). To obtain moderate resistivity, (1-1000 @ cm)
substrate material for device making samples were heated at about 550°C

3A. Higher temperatures and

in a partial pressure of selenium of 6x10
partial pressures of selenium were used to produce high resistivity
crystals ( p > 106 Qcm) for photoconductors. The annealing period was
also varied from 3 days to several months.
4.4.2 Copper Doping

-Since copper acts as an acceptor impurity in CdSe, the low
resistivity of the as-grown crystals could be increased by introducing

copper into the material., After a layer containing copper had been

deposited by some method, i.e. by evaporation of the metal or by the

- production of CuZSe by chemical exchange, the samples were held at 650°C

for several hours in sealed silica tube filled with argon. Experiments
showed that the diffusion of copper into CdSe was quite rapid; 1i.e.
copper could be driven into a 1 mm thick CdSe crystal in about 2 hrs.
On the other hand the different methods used to deposit the copper éould
give different results, presunab}y'aCcording to the different valence

states of the copper. A summary of these methods 1s given below.
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(a) Copper Evaporation

Metallic copper was evaporated onto the polished and concentrat;d
BC1 etched CdSe dice in a vacuum of 107> torr. The amount of copper
for the'evaporatipn was calculated according to the required resistivity
of the samples. To obtain moderate resistivity (1-1000 Q cm) the mass

of copper required was usually in the range of (~5) mg.

(b) Plating Solution

The dice which were mounted ontoc a glass substrate with Lacomite,

were dipped into an aqueous solution containing 1 g of cuprous chloride
for about 20 s. This solution is comprised of 75ui of deionised water,
12m1 of concentrated HCl and 7ml of hydrazine hydrate. The resistivity
of the CdSe crystals could be increased to the very high values

(o > 106

Qcm) after the diffusion process and the resultant samples were
used as photoconductors.

(c) Dilute Plating Solutions

Dilute plating solutions were prepared by dissolving 100 mg of CuCl
in 25cc concentrated HCl and diluting & very small quantity of this
solution with water. Dilute solutions of 1,10 ° g/ce to 2%10™2 glec
were used to obtain moderate resistivity samples. Although the quantiﬁy
of copper in the dilute solutions was reduced by some 106 times compared
with the normal prepared plating solution, highly resistive (104-105)9cm
samples were still sometimes obtained. These samples are referred to as
low copper doped crystals in this thesis. In fact the results obtained
from atomic absorption spectroscopy clearly identified the differences
in the quantity of copper in the samples which were immersed in
different strength plating solutions.

(d) Copper-Sulphate Bath

Some samples were dipped into an aqueous solution of Cu 804 at 80°C

and then were also found to be very highly resistive but less
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L

photoconductive after the diffusion treatment. The electrical and
optical characteristics of these samples were quite unstable.

4.4.3 Annealing in Cadmium Vapour

f In an attempt to control the resistivity, some highly resistive

- Cu~doped samples were re-annealed in Cd-vapour to reduce their
resistivity. This was done in similar silica tubes to those used for
selenium amnealing (Sec. 4.4.1), with the selenium charge replaced by
cadmium and the temperature increased to 650°C.

L 4.5 SAMPLE PREPARATION AS PHOTOCONDUCTORS

The dice cut from the single crystal boule were first mechanically
polished with alumina powder to remove the saw marks and damage produced
by the diamond wheel. After polishing, the samples were etched in

concentrated HC1 for a few minutes and then washed in methanol. The

dice were then subjected to their respective annealing or doping
treatments as described in sec. 4.4 to raise the resistivity. The heat
treéted dice were again polished, etched and washed to provide clean,
smooth surfaces on which to make ohmic contacts.

4.5.1 Ohmic Contacts

Ohmic contacts were made on freshly etched and cleaned surfaces of
CdSe crystals using pure metallic indium wire applied twn different
ways. In the firast method a short length of indium wire was liphtly
pressed on the surface of the dice which was then heated in argon at
240°C for a few minutes. After the indium had melted the samples were
cooled to room temperature while still in the argon ambient. In the
second method indium wire was applied to the samples simply with a
special soldering iron to complete the contacts. Ohmic contacts made by

these methods were found to be very similar and satisfactory.

T Y T
o €A%e Y 0 .
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4.6 REFLECTION HIGH ENERCY ELECTRON DIFFRACTION (RHEED)

A JEM 120 transmission electron microscope has been used in the
reflection high emnergy electron diffraction (RHEED) mode to investigate
the structure of the crystal surface and to follow the changes occurring
in it during ageing, after mechanical polishing and after the growth of
layers of Cu,Se on it. The RHEED technique utilises Bragg's law of

2
diffraction.

A= 24, sin ¢ (4.1)

where ) 1s the wavelength of the electroms, dhkl is the interplanar

spacing and 0 1s the Bragg angle between the electron beam and the
diffracting atomic planes. In this work the accelerating voltage
Qmployed was 100 keV in all cases and the corresponding electron
wavelength is 0.037A. This, taken in conjunction with the fact that
dhkl is of the order of 2A for most materials, leads to Bragg anples of
less than 2°, 1In consequence only those crystal planes that are
inclined at less than a few degrees to the surface of a specimen will
give rise to electron diffraction. The conditions necessary to produce
an electron diffraction pattern are illustrated in fig.: 4.3. When the
:ln.cident _i:eau strikes the crystal plane (hki) at the Bragg angle 6,
then it is diffracted to form a diffraction spot at p on the fluorescent
screen (or photographic film) at a distance L from the sample. Each
plane (hkl) in real space produces a reciprocal lattice point which lies
on a line perpendicular to the real space planes. In three dimensions
the Bragg reflection condition can be determined using a geometrical
model known as the Ewald sphere construction and this is illustrated in

fig. 4.4. . In this graphical representation of Bragg's law of
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diffraction, constructive interference occurs only when the reflection
sphere intersects points in the reciprocal lattice. Since the radius of
the sphere is 1/ , it is very large in comparison with the reciprocal
lattice distances of 1_/dhkl for the diffraction of a beam of high energy
electrons. In fact, at high energies, such as 100keV, the reflection
sphere één be approximated to a plane section through the reciprocal
lattice, and:the RHEED pattern corresbonds to this plane section lying
perpendicular to the direction of the incident beam.

The advantages of the RHEED technique over other techniquea such as
X~ray diffraction éan be summarised as follovs(s):
~ (a) The technique 1s easy to apply and the observations are

straight forward to interpret.

(b) It is a non-destructive technique which requires minimal
specimen preparation.

(c) It 1s particularly useful in the investigation of tﬂin
surface layers of the order of several microns or less
whereas X-rays are not applicable.

(d) Changes in the complete diffraction pattern may be clearly
observed on a fluorescent screen as the crystal orientation
and diffraction conditions are changed. Again no such
facility is possible with X-ray diffraction.

(e) The exposure time required for the photographic recording
of the diffraction pattern is of the order of seconds, while
it is tens of minutes or even hours for XQrays.

(f) The examination of materials with interplanar spacings larger
than 10& can be made possible by varying the effective camera
length L, which is done by adjustiﬁg the strength of the

inte;nadiafe lens.
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(g) The transformation from real to reciprocal space is easier to
visualise than it is with X-ray diffraction because the
necessary condition for crystal planes to diffract high energy
electrons is that they should lie approximately parallel to
fhe incident beam.

(h) As the angle for Bragg diffraction of electroms by typical
crystal planes is less than 2 degrees, a diffraction pattern
_cavering a large number of reflections in reciprocal space can
be recorded on a flat photographic plate. With X-ray
diffraction or LEED a large angular spread of the patteins has
to be covered.

4.7 ELECTRICAL AND OPTICAL MEASUREMENTS

‘In general, two types of cryostat systems were used for the
electrical and optical measurements. The simpler first type, shown in
figure 4.5, was used mainly for the ﬁeasutement of spectral response of
photoconductivity, infrared quenching of photoconductivity etc. at
liquid nitrogen temperature. The second type, shown in figure 4.6, is a
g#s exchange type cryostat. It was used in those experiments which
required intermediate values of temperatures between liquid niﬁrogen and
room temperature. The cryostat consists of a copper specimen block,
fitted with a heater, and connected via the gas exchange vessel to a
liquid nitrogen reservoir. The tenperaﬁure of the specimen- can be
controlled with the heater and by varying the pressure and hence'the
thermal conductivity of the gas in the exchange vessel between the
1liquid nitrogen container and the heat exchanger block.

- In both types of cryostat system, the temperatures were measured

using coppe@hconstantanfthermocouples.



N, o oot

Jeasolas a8ueyoxa~sey 9°'y ANOII

MOGNIM <u_.=m¢m X018 NINWID3JIS

H3LV3IH ﬁ rm_
30vdS
11— SVO 39NVHIX3

—| il

o L4 anon
n wonovA ~— |- _
— _g Lusnowuovn
N2oouLIN ainorn — .df
svo JoNvioa —J

je1s04£1d u.oun.E PTOD . Sy IND1A

9 mopuTA

V sopuiy

£x230y 0

e m e e e e =
- - e oo e v e s Tee oo




78

4.7.1 Curremnt-Voltage Measurements

The current-voltage characteristics of the CdSe photoconductors and
other devices were measured using Farnell (Type DM131l) or Bradley (type
173B) voltmeters #nd low impedance Hewlett-Packard (type 3465B) or
Keithley 602 electrqmeters. An automatic system consisting of a power
supply, and Bryans model 21001 X-Y recorder was also used in the initial
tests to monitor the change in characteristics with heat treatment or
ageing.

A solar simulator of AM1 intensity with a 1.5KW quartz-halogen
strip lamp was employed for the current-voltage characteristics recorded
under illumination. A standard silicon PIN diode (type 10DF) was used
in the calibration of the solar simulator by adjusting the distance of
the sample platform from the soﬁrce to provide 100 mW/¢m® constant
illumination. A 2 cm deep tragy of flowing water was placed between the
gource and the sample platform to simulate atmospheric water vapour
absorption.

4.7.2 Capacitance-Voltage Measurements

The capacitance of Schottky, MIS and heterojunction devices was
measured as a _fuﬁction of blas voltage and frequency using an
Ortec-Brookdeal Ortholoc model 9502 in the two-phase mode. The
frequency in the range 5-240 KHz was monitored with a aigital frequency
meter Marconi TF 2430, The amplitude of the small A.C. signal voltage
(usually 20-60mV peak-to-peak) was varied by an attenuator and was
calibrated with an oscilloscope (telequipment type D1010). The biock
diagram of the capacitance-voltage measuring system for the high
frequencies is shown in figure 4.7. The variable bias applied to the
daviceq in this arrangement was provided by an dintegrated circuit

voltage ranﬁ. with an adjustable scan rate of 1 sec/volt to. 1000
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sec/volt. The ramp voltage was fed directly tol the X input of a
Hewlett-Packard X-Y-T recorder model 7041A., The Y input of this
recorder was connected either to the in-phase or quadrature outputs of
the Ortholoc, so that C-V or G~V characteristics could be plotted
automatically, Standard silver-mica capacitors were used to calibrate
the system before every measurement. Absolute values of device
capacitance were determined by replacing it with a standard capacitor of
a similar value to that estimated for the device. The other necessary
condition to measure the correct values of capacitance and conductance
with the circuit shown in fig. 4,7 is that Ydev:l.ce <L YT, where:Y'T is
the total admittance of the circuit. Variable resistances in the range
10£L to 1.5K provided the different ranges of device impedances.

In some experiments a Boonton model capacitance meter was used
together with the automatic system instead of the Ortholoc.
4.7.3 The Spectral Response of Photoconductivity and Infra-Red

Quenching

For the measurements of spectral response of photoconductivity and

infra-red quenching, a Barr and Stroud double monochromator tipe VL2
with spectrosil "A" quality prisms was employed. A 250w, 24v
quartz-halogen lamp with a variable power supply provided the light
source at the input slit of the monochromator. The energy distribution
of this light source together with the VL2 monochromator is shown in
figure 4.8 This was measured using a Hilger and Watts thermopile FT
16301. The light source was chopped at 8Hz and the resulting thermopile
output signal was recovered using a Brookdeal lock-in amplifier type 401
and a Brookdeal nanovolt preamplifier type 431,

Almost all of the spectral measurements were taken over the

wavelength range from 0.6pm to 2um, The experimental arrangement for
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measurements of photoconductivity and infra-red quenching is shown in
figure 4. 9 With infra-red quenching of photoconductivity the samples
were exposed continuously to an additional constant light source through
a combination of appropriate filters, while the samples were being
scannea with monochromatic light from the monochromator. |
The bias voltage applied across the sample was provided by a
Farnell LT 30-1 power supply while the current was measured with a
Keithley 602 electrometer and recorded on a Honeywell electronik 196

chart recorder.

4.7.4 Steady State and Transient Photocapacitance; Infra-red Quenching

of Photocapacitance

Measurements of steady state and transient photocapacitance and
infra-red quenching of photocapacitance were made using a combination of
the experimental arrangements employed for the photoconductivity and
capacitance work, see figure 4.10 Sometimes the QOrtholoc was replaced
with the Boonton capacitance meter, whicﬁ operates at IMHz, to verify
the results and to eliminate any cemplication that might arise from the
'200KHz maximum upper limit of the Ortholoc. These measurements were
carried out in the gas exchange cryostat, since transient measurements
were made normally and r;quired a constant temperature to be maintained
for relatively long periods of time. Comprehensive details about these

(6)

photocapacitance techniques havebeen given by Sah et al' ‘. v

4,8 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS)

The block diagram of the DLTS system used 1is shown in fig. 4.11
The basic principles of the DLTS hoxcar method have heen established by
Lang(7). The main features of our system which differ from the boxcar
method are; (1) computer control of the system, (2) data storage

facility for offline analysis and (3) sampling DPVM enabling many points

on a gimple transient to be sampled.
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FIGURE 4.11

The block diagram of the DLTS svstem
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The sample is mounted in the cryostat (Oxford Instrument DN704),
which is then cooled down to liquid nitrogen ;empersture and left to
stablise for at least ) hour. Relevant information about each run (e.g.
sample type, temperature range, heating rate, min/max gate delay, pulse
repetition period, bias, Boonton Bcale etc.) is stored on a floppy disc
during th‘e stal_:iliaation period. When the system is running the
tempera-tu.te controller ramps the temperature which is continually being
monitored by the computer., When a set temperature has been reached, the
DVM samples the transient at two fixed rates - 16 samples at 4.1l4 m
sec/reading and 16 samples at 41.4 m sec/reading. This gives
information about the traps with slow and fast time constants. The .ma:ln
limitation is the sampling rate of the DVM, with the fastest 'ava:llable .
being 4.14 m sec/reading so that traps with fast time constants (small
ionisation energy/capture cross-section) cannot be studied. The data is
subsequently sent to the computer which stores the collected information
on the disc. A spectrum with a known time constant is plotted during
the run to monitor the system as the run proceeds. Once the run has

been completed, offline analysis of the data 1s carried out, and DLTS

spectra and Arrenhlus plots are made.
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CHAPER 5

EXPERIMENTAL RESULTS ON PHOTOCONDUCTIVITY AND

INFRA-RED QUENCHING SPECTRAL RESPONSE

5.1 INTRODUCTION

Since CdSe is among tﬁg- most sensitive of photoconductors its
properties were investigated much earlier than those of moest other
photoconductive ma-te-rials'(l) « In g'enefal the study of photoconductivity
in pure and intentionally doped CdSe has revealed energy -l'evels
assoéiat-ed w:lth. impurities and native defects which play very important
roles in determining device characteristics. In contrast with the
rather simple experimental arrangements used to investigate
photoconductivity phenomena, the interpretation of the results is found
to be very complex. This allows only a semiquantitative ananlysis of the
localised energy levels within the bandgap to be made. More informatien
about these 1localised energy levels can be obtained by wusing
space-charge techniques which are discussed later together with junction
device properties.

In this cl_tapt'er . four types of photoconductive samples are
described. These are (1) flow run platelets (2) crystals heated in
selenium vapour (3) crystals doped with copi)er and (4) cryaials with
mechanically polished surfaces. Copper inco-rboration in CdSe .is of
particular importance because it leads to a Thighly sensitive
photoconductor and because of its .role in CuZSe/Cdee heterojunction
golar cells, Consequently three types of copper doping were
investigated; high and low concentrations of copper were intreduced by

. diffusion after plating Cu,Se on to the surfaces of a crystal; low

2
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concentrations were also obtained by heating crystals on to which a
layer of metallic copper had been put down by vacuum deposition.

The basic theory and the experimental arrangements used for
photoconductivity measurements have already been described in chapters 2
and 4. The spectral dependence of photoconductivity and infra-red
quenching were measured at room temperature and 1liquid nitrogen
temperature over a range of photonenergiesfrom 0.5%eV (2.08um) to 1.95eV
(0.64um) and 0.54eV (2.28um) to 1.2eV (1.02uym) respectively.

5.2 FLOW RUN PLATELETS

Platelets obtained at the first stage of the crystal growth process
(chapter 4.2) were found to be more stoichiometric than the final single
crystal boule grown from them. The resistivities of these platelets
varied from 1 to 1010 Qcm, whereas the single crystal material had a
very low resistivity in. the range 10-3 to 102 g cm. Indium contacts
were made on selected high resistivity platelets using a special
soldering iron. Some difficulty was often encountered because-af the
very brittle nature of the material. A linear I-V relationship was
generally found for either polarity of applied bias indicating that the
contacts were ohmic.

The spectral dependence of the photoconductivity of platelets
measured at room and liquid nitrogen temperatures is shown in fig. 5.2.1
together with the lamp response curve. Threshold .values (sudden
increases in photocurrents as the wavelength is reduced) at 1.15, 1.31
and 1.48eV at room temperature suggested the presence of deep acceptor
levels at 0.59, 0.43 and 0.26eV above the valence band edge. At liquid
nitrogen temperature a single threshold at 1.22eV was observed

corresponding to a level 0.62eV above the valence band. The peak at
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about 1.74eV at room temperature and 1.84eV at 1liquid nitrogen
temperature is due to intrinsic photoconductivity i.e. band to band
transitions. The ratio of intrinsic photoconductivity to extrinsic

photoconductivity is small at liquid nitrogen temperature compared to

-that at room temperature.

Infra-réd quenching of the photoconductivity of these samples was
reéorded at liquid nitrogen temperature by filtering the constant bias
1llumination with a combination of sn infra-red absorption filter and a
O0.7ym long pess filter. Fig. 5.2.2 shows the quenching spectrum of as
grown CdSé platelets plotted as quenching percentages of the primary
photocurrent. The well defined threshold at 0.64eV clearly locates the
position of the main sensitising centre. The dip at about 0.9m is
attributable to the lamp response. Quenching did not occur at room

temperature.

5.3 ‘DISCUSSION

The photoconductivity of pure CdSe crystals has been extensively

studied by Bube(z). Kindleysides and Hoods(3) and Manfredotti et n](a).

(5) of photoconductivity, a large

According to the four-centre model
increase in photoconductive sensitivity occurs when the so called class
II centres lie above their hole demarcation level. An approximate
calculation of the hole demarcation level associated with these centres
showed it to be about 0.8eV above the valence band edge at room
temperature. (A value of ~107 for the ratio of the capture cross
sections for these centres was taken from the literature). Under these
circumstances the centres lie below the demarcation level and their
occupancy would be determined by thermal exchange with the valence band

(2)

rather than by recombination kinetica . 'Howevér. lowering the hole

demarcation level, Edp < 0.35eV by decreasing the tempersture at the
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same light intensity would change the behaviour of these centres from
hole traps to recombination centres, thus increasing the majority
carrier ,Iifetm and hence the photoconductivity. This explains the
relatively large extrinsic photoconductivity response observed at liquid
nitrogen temperature. The nature of the sensitising centres has been

(6.7.8)

well established as doubly ionised cadmium vacancies The

cross-section ratios of these coulomb repuls_:lve typé centres é.s large as
Sp/Sn = ].-0-8 have been reported(g) . The infres-red quenching measurements
not only conﬂm the existence of these centres but also provide a
better estimate of their ionisation energy namely 0.64eV. This is in
good agreement with the current 1literature describing the main
sensitising centre in CdSe(m' 11).

Similar calculations for the demarcation levels associated with

0.26 and 0.43 centres indicated that these centres lie below their

demarcation levels at room temperature and behave as hole traps. At
liquid ﬁ,itrogen temperature their calculated demarcation levels would
fall below the activation energies for both levels unless the 0.26eV
level has a capture cross-section ratio greater than sp/sn = 105 » (such

(12,13)

8 level in CdSe has been reported 1in several studies and

attributed to a singly ionised vacancy wiﬁh a capture cross section

- ratio of Sp/Sn "'103 “)). The disappearance of the 0.26 and 0.43eV

levels in photocurrent spectra taken at liquid nitrogen temperature
could be explained in one of two ways. They are either (a) singly

ionised sensitising centres with small capture cross-section ratios

-splsn < 102 and in small densities or (b) class I centres which have

opposing effects to the 0.64eV class II centres. In both cases the 0.26

and 0.43eV levels remain. undetectable because of the large number of the
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cadmium component was first reported by Heinz and Banks
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principal sensitising centres which dominate the photoconductive

behaviour of the CdSe crystals.

5.4 SAMPLES ANNEALED IN SELENIUM

The non:-stéich-:lometric growth of CdSe containing an excess of the
(14). As

result nearly degenerate CdSe crystals were produced i.e., they were very
conduct:lve_ and not photosensitive, It has been suggested that the
shallow aonoyi responsible for this behaviour are either selenium

(15) (16)

vacancieés or cadmium interstitials « One well known method of

obcéiniﬁg photosensitive material is to anneal the highly conducting

a6, 1) .

samples in selenium -vapour to compensate these donors
experimental procedure used to prepare fhotoconductive samples by
annealing in selenium vapour was described in chapter 4.1.

..The spectral dependence of photocurrent at 300K and 90K for an
annealed crystal is shown in figure 5.4.1. Threshold values at photon
energies 6-f 0.87 and 1.55eV at 300K indicated the existence of a level
ne;r the middle of the bandgap and another some 0.19eV above the valence
band edée. However at 90K threshold values of 1.03, 1.30 and 1.50eV
vere observed correséond:l;ng to energies 0.8], 0.54 and 0.34eV with
respect to the top of the valence band. The ratio of the 1nti:1nsic. to

extrinsic photo response was found to be larger at 90K in contrast to

the behaviour of the platelets. Measurements of the infra-red quenching

of photocurrent were also made at liquid nitrogen temperature. A

typical quenching spectrum of a selenium annealed sample is shown in

figure 5.4.2 1indicating possibly two different sensitising centres

‘between 0.54 and 0.59 above the valence band.
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5.5 DISCUSSION

In comparison with the as-grown platelets the photosensitivity of
the aniealed samples was reduced by at least two orders of magnitude and
the 0.64eV sensitising centre was not clearly observed (compare for
example the two quenching curves in fugur;ea 5.2.2 and 5.l_o.2). This

would imply that treatment in selenfum vapour supresses the formation of

‘doubly ionised cadmium vacancy (V;S responsible for the 0.64eV

1eve1(4'9)' Initially the existence of numerous uncompensated cadmium

interstitials (selenium vacancies) was responsible for the low

resistivity. The ionisation of electrons to the conduction band can bhe

repiesented either as V° - V'H' + 2¢” or as €d° o CdH +2 . In
- se se 1 1

any event such shallow donors will provide many charge carriers for the

conduction band. Annealing an insensitive crystal in vacuum has been

(7,16) by promoting the formation of

(18)

shown to produce sensitive crystals

cadmium vacancy. acceptors through a self compensation mechanism

‘This can. probably be represented as Cd° + Se® , Cd + Ve + Set -+ Cd°

+ VT 427 4+ VT +cd + v (19) In the case of selenium
se €d se
annealing the removal of the selenium from lattice sites will be

supressed by the partial pressure of selenium and this may he expressed

as ¢cd° + v:; + 2e .._ﬁ-z—) Cd°® + Se®. This implies that annealing in
seleq:hm should dincrease the resistivity of the crystal, but not
necessarily increase the photosensitivity. However a certain degree of
sensitivity as observed in our' experiments may be attributed fo some
singly ionised defect centres or complexes which could ha-ve been created
during the annéal:l;ng process,

Robinson and Bube(m) have reported several centres lying between

0.1 to 0.95eV above the valence band edge in CdSe crystals annealed at

comparatively high temperatures in selenium. The results ohtained from
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:he present study are in gobd agreement with their reported values (see
Table 5.4.1). " Similar deep 1levels have also been identified by
Kindleysides and Wooda(s) in annealed crystals. The level found in the

| ‘ middle of the bandgap ( 0.9eV) was attributed to either class 1(3) or

photoconductivity centres(lo).

The shallower level of 0.19eV was
described as an opfical absorptipn centre ( 0.2eV) by the same authors.
The several scattered threshold values of the spectral response of
phbtocbnductivity.at liquid nitrogen.temperature (fig. 5.4.1) could be
interpreted as 1ndica;ing the presence of several diffused levels within
the bamdgap. In fact this behaviour might well be expected in the
absence 5f the main sensitising centre ' (0.64eV) which no longer

dominates the spectral response. Calculation shows that the 0.19%V

level remains below its demarcation level at low temperature and

therefore cannot be resolved clearly.

These results will be discussed further in conjunction with the
more quantitative data obtained from measurements of photocapacitance of
Schottky devices (see Chapter 7).

5.6 CRYSTALS WITH MECHANICALLY POLISHED SURFACES

RHEED studies of mechanically polished CdSe crystals exhibited a
polycrystalline sphalerite cubic layer at the surface, which was more

resiﬁtive and- photoconductive than the underlying hexagonal single

(20)

crystal structure These investigations revealed a close

relationship between the adsorption of oxygen and mechanical polishing

d(21). Separate investigations of

(25)

which has not been previously reporte

(22,23,24)

oxygen adsorption and of the cubic phase of CdSe have been

made but have not been correlated. Generally oxygen has very important
effects on all gsemiconductors and with CdSe in particular it gives rise

(26)

to acceptor-like levels . Since the mechanical polishing prdmoted
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the chemiadsorption of oxygen, a study of such polished photoconductive
surfaces should give some information about the effects of oxygen in
CdSe. Polished surface samples were prepared on dice cut from highly
conducting single crystal boules as described in chapter 4.5. For this
purpose alumina powder with lym particle size was used in the final
stages of polishing. To avoid the formation of short circuit paths to
the underlying conducting hexagonal substrate, speciai care was taken
when making indiuin contacts to 'theae very thin layers of cubic phase
ﬁterigl. .

The spectral response of the photoconductivity of a polished
sphalerite surface layer at 300 and 90K is shown in figure 5.6.1. At
300K thr.eshold values occurred at 1.16, 1.36 and 1.46eV corresponding to
" deep acceptor levels at 0.58, 0.38 and 0.28eV respectively. At 90K a
single threshold at about 1.47eV was observed corresponding to a.~ level
0.37eV above the valence band edge. Despite the well defined intrinsic
photoconductivity peak observed at 90K there was only a small shoulder
- for the corresponding peak at 300K qnd no infra-red quenching was
detected at either temperture.
| 5.7 DISCUSSION

'lfite difference between the intrinsic photoconductivity peaks at 300
aﬁd 90K was very pronounced. To :I;ni:erpret this behaviour one must take
into consideration that the observed darker resistivity of these cubic
surface layers was several orders of magnitude less than is usual in
CdSe photoconductors. | This ﬁans that a larger number of electrons were
present in the conduction band which could probably verge upon the
dene-it:y of ionised donors at 300K. When the density of free carriers
exceeds -(i.e. by photoexcitation) the density of donors the

pho-tocon;luétivity .mechanism may well be altered to another regime with
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proportionately less photosensitivity. Assuming that the dominant donor
levelsare located ﬁt about 0.15eV below the conduction band (for which
strong evidence was found from space-charge measurements(27)) then the
calculation shows that their occupancy at 90K would be markedly changed
and hence affect the photoconductivity. The acceptor levels at 0.58 and
0.28eV are thought to be intrinsic to CdSe since they have also been

(4’6’7). However, the level

detected in pure crystals by other authors
at 0.38eV could be associated with the adsorption of oxygen. Extensive
studies of the surface properties of single crystal CdSe, particularly
in connection with oxygen adsorption phenomena have been carried out by
Brillson(27). These have shown very similar results to those of the
present study particularly for surfaces.expoéed to air or to oxygen.
More recently Haak and Tench(za) have also reported similar results
using electrochemical photocapacitance spectroscopy (EPS) with CdSe in
aqueous polutions.

The non-appearance of the 0.28eV level at 90K might be explained by
the influence of 0.38eV level but there is no simple explanation for the
failure to observe the 0.58eV level at this-tempera;ure. Since the 0.28
and 0.3§ev levels were beyond the experimental Ilimitations of “the
infra-red quenching measurement, the absence of the 0.58eV level at 90K

could also account for the quenching effect not being observed.

5.8 SAMPLES HEAVILY DOPED WITH COPPER

The alternative method of preparing high resistivity photosensitive
sauples of n-type CdSe is to counter—dope the crystal with copper(zg).
Copper 1s known to act as a deep acceptor and to compensate the selenium
vacanciés (Cd interstitials) which are responsible for the high
eonductivity. In fact the diffusion ef copper, even at low temperature,

into CdSe leadms to conaiderable changes 1n device charactoriatics. The
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main reason for 1nvestigatin§ the role of copper, introduced initially
as a layer of CuZSe by the chemiplating method (wet method), is simply
that this involves the same process by which CuZSeICdSe heterojunctien
solar cells can be made. The details of the experimental techniques for
the preparation of heavily doped samples has already been given in
Chapter 4.2,

fhe spectral dependence of photocurrent at room and liquid nitrogen
temperatures for a typical heavily copper doped crystal is shown in
fisure 5.8.1. Long wavelength threshold values of 0.74eV at room
temperature and 0,80eV at liquid nitrogen temperature were observed
which correspond to levels of 1.0 and 1.04eV above the valence band
respectively.

A typical infra-red quenching spectrum for these samples at liquid
nitrogen temperature is shown in figure 5.8.2 indicating a relatively
smaller quenching effect and a sensitising level some 0.68eV above the
valence band edge.

5.9 DISCUSSION

The steep increase of photocurrent at the 1long wave-length
threshold of.the spectral response can be attributed to copper-centres
located about 1.0eV above the valence band. It 1is quite clear that the
apparent second threshold (very close to the first onme) coinciaes with
the dip in the lamp response which is also shown on the same figure, and
does not therefore indicate the presence of a second level. The sharp
decrease in photocurrent at shorter wavelengths may also be partly
associated with the corresponding decrease in the lamp response, but
this would not have been sufficient, on its own to account for the
observed behaviour. There are several other mechanisms which may

contribute to the observed decrease and these fall into three groups:



2“)-—
2201~ ..,A
2001 A J
I\
|
| :
180} I\ 300K -
’ v T 90K ~ :
o : \ e sooee Lamp resmnse
‘GK)F- = \ ' ' -
o~ [ ) \ :
w (
[= I :
5 wo | -
0 1 '
_ 120 2
Z | :
T) |
&
> 100 .
O , g
= |
Q l
a 80 =
6o
m— .. oy
2of j N i
1. | : .\.'0000000001.. ~
\\ / ®*0000, ~~ :
0 : I 1 L \i'"/ %oeecene

) |
‘08 10 1.2 14 16 18 20 22
hv (eV)

FIGURE 5.8.1 Spectral dependence of photocurrent at 90 and 300 K for .
. heavily Cu-doped samples. '




I oA O - fa
H . .

E!p.}rs.;. -

0Z-1

<. runga1dues padop-ny -

A11AaEaY 103 Y 06 3B Iuazandojoyd 3o Buryouanb pazeiyuj | N.w.w FHOI

(A9)

&y

6Z-1
T

|

Gl Ol SO-L 00l S60 060 S80 080 SLO OLO S3-0 09-0 SS:
T T T T T T T T T T =1 T 1

3suodsas dwe] eeeccese

L
8 <
ALIALLONANOJOLOHd 40 ONIHIN3NO °h

1
3




TR A

93

1. The very high density of copper impurity in the material could

2.

3.

cause a substantial fraction of the light to be absorbed by
these impurity centres thus effectively reducing the ;ole of
native defects in the spectral response. A similar effect has
been reported by Bube and Young(ao):fot CdS:I:Cu crystals with
different concentrations of copper impurity. Our results imply
(as it will be shown below) that native defects may also
coexist with the copper-centres in the crystal. This was in
fact demonstrated in several measurements on heavily and
lightly copper doped saﬁplee. In a further experiment the
copper~diffused surface of the highly doped samples was removed
mechanically and chemically. Assuming that some copper profile
exigsted, this would have reduced the average level of doping.
Repeating the photoconductivity measurements then revealed an
increased response from the levels thought to be related to
native defects. This is more fully discussed below.

A decrease in the photoionisation cross-section of the deep
copper centres with increasing photon energy could also account
for the fall in the photocurrent in figure 5.8.1. According to

(31 the delta function associated with the

3/2

Lucovsky
photoionisation cross-section falls as hy for photon
energies larger than the ionisation energy of the impurity
level.

The presence of fast recombination centres close to the middle

of the bandgap would also result in a decrease of photocurrent

.under certain conditions especially 1f they are present in high

concentration, and/or theilr cross-sections for both electrons

and holes are large.
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The apparent lack of response in the IRQ spectra attributable to
the 1.0eV Cu level is at first sight surprising. However, it should be
noted that the expected position of the Cu-centre response in the
quenching spectrum would coincide with the dip in the lamp response.
More 1mpor£ant1y the IRQ method is only really applicable to levels

lying in the lower half of the bandgap and is thus not suited to the

observation of a level lying 1.0eV above the valence band in CdSe. The

nature and role of the Cu-related centre will be more fully discussed in
Chapter 7 in the light of the space-charge region measurements reported
there.

The threshold value of 0.68eV found in the quenching spectrum is
almost certainly associated with the usual (V;; ) sensitising centre in
the material. This provides further evidence for the co-existence of
both native defect and copper impurity levels.

5.10 SAMPLES LIGHTLY DOPED WITH COPPER

Attempts to obtain moderate resistivity (1-1000) { cm CdSe crystals
suitable for Schottky diode fabrication led to the investigation of
lightly copper doped samples. These were several orders of magnitude
less resistive .than the heavily doped crystals, dark resistivities
achieved were in the range 10‘ - 106 0 cm. which was in fact still too
high for Schottky diodes, but the photoconductive properties of these
lightly doped samples turned out to be particularly interesting and
informative. The. details for the sample preparation and experimental
arrangements have already been described in Chapter 4.

The spectral dependence of photocurrent is shown in figure 5.10.1
at three different temperatures to illustrate the chQnge in behaviour as

the temperature was reduced from room to liquid nitrogen temperature.

At 300K threshold values were found at 0.74 -and 1.46eV corresponding to
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energies o-f- 1,0 and 0.28eV with respect to the valence band edge. At
90K two threshold values at 0.83 and 1.31leV were observed corresponding
to levels at 1.01 and 0.53eV respectively. At around 195K threshold
values of 0.76, 1.24 and 1.43eV suggested there were three acceptor
lweis at 1.01, 0.53 and 0.33eV above the valence band. In spite of the
fact that samples containing different concentrations of copper gave
rise to a considerable variety of shapes in the photoconductivity
spectra, the main threshold values remained the same. Figure 5.10.2 and
5.10.3 show tl;e ‘gpectral dependence of the photocurrent for samples with
different copper concentrations and present the extreme c¢ases which
reflect this behaviour. This is further evidence that native defects
are still important in copper doped crystals,

The infra-red quenching spectra of these samples were usually very
similar to that in Figure 5.10.4 which 1s for a lightly doped sample
held at 1liquid nitrogen temperature. The threshold value of 0,65eV
again reveals the main sensitising centre.

5.11 DISCUSSION

The appearance of the 0.28 and 0.53eV levels together with the
1.0eV level may be interpreted in the same way as that discussed in
‘section 5.9. According to this argument the light energy is partially
absorbed by copper centres and partially by the native defects. As a
conseq;xence of this the response from the native defects will also be
evident in the overall spectra. Under these circumstances the fact that
the 0.64eV level did not appear explicitly in the photoconductivity
spectra could indicate these centres have a low optical absorption
coefficient relative to the copper centres. In summary 1t is probable
_that the deep acceptor level 1.0eV above the valence band can be

#ssoc:lated with copper impurity centres. The dominant role of the 0.53eV
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level at lower temperatures might either be interpreted to suggest that
it acts as:

(1) a second sensitising centre (probably singly ionised) which is
thermally quenched at room temperature and does not therefore
make an& significant contribution to the spectral response, or

(2) more likely as a photoconductivity centre.
In fact both interpretations have been offered by Robinson and Bube(lo)

for a level near 0.5eV, but without further evidence it is not clear

which suggestion is correct.

5.12 COPPER DOPING BY DIFFUSION FROM SURFACE LAYERS OF METAL
A.small.amount of pure metallic copper was introduced into CdSe
single crystals by diffusion following vacuum deposition for similar
re‘asm'xs to those mentioned in section 5.10. This time a low dark
resistivity ( p < 103 cm) was obtained and Schottky devices were
successfully fabricated on these crystals. The one great advantage in
examining the photoconductive properties of these crystals was that the
capacitative techniques could also be applied, because of reduced

resistivity, so that a comparison could be made between the results

obtained from the different methods (see Chapter 7).

The spectral dependence of the photocurrent at a variety' of
temperatures for a sample doped with copper metal is shown in figure
5.12.1. The observed photoconductive threshold and their associated
energies are “collected together in Table 5.14.1. At 300K threshold
values occurred at 0.98 and 1.59eV corresponding to .]ev.e]'a at 0.76 and
0.15eV with res pect to the valence band edge. At 90K threshold values
of 1.16, 1.55 and 1.68eV were observed corresponding to energies of

0.68, 0.29 and 0.16eV above the valence band. At the intermediate
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temperature of 168K the corresponding energies for the acceptor levels
were 0,64, 0.31 and 0.10eV.

The infra-red quenching spéctrum shown in fig. 5.12.2 demonstrates
that fhe percentage quenching was high and reveals the 0.65eV single
threshold of the well known sensitising centre associated with cadmium
vacancies.

5.13 DISCUSSION

With these lightly doped crystals the non-appearance of the 1.0eV
level previously associated with copper makes thg comparison between the
spectral responses of the 1lightly copper doped samples difficult.
Nevertheless it has been shown that heat treatment similar to that used
during the copper diffusion process does not produce a sensitive CdSe
crystal in thé absence of copper dimpurity. This implies that the
presence of a small quantity of copper impurity promotes the thermal
‘'generation of Cd-vacancies to increase the resistivity and sensitivity.
On the other hand there must be a certain minimum copper content in the
material in order for it to be detected.

Although a level at 0.76eV has also been reported as a sensitising

(10)’ there 18 insufficient experimental evidence at this stage to

centre
confirm this. The levels at 0.68 and 0.29eV have already been discussed

and are thought to be related to nativé defects, doubly and singly

ionised acceptors respectively. The photoconductive peak corresponding _

to the 0.29eV level was thermally quenched at about240K (see fig.

(10) that

5.13.1). There has also been a suggestion by Robinson and Bube
a third sensitising centre exists at about 0.leV above the valence band
but this is beyond the experimental scope of one infra-~red quenching

measurement .
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5.14 GENERAL DISCUSSION OF PHOTOCONDUCTIVITY MEASUREMENTS

A list of the observed thresholds for photoconductivity and
infra-red quenching in platelets, selenium annealed and all three types
of copper doped samples 1s given in table 5.14.1 together with the
values available from the current literature.

It must be pointed out that the relationship between the
photocurrent and the light intensity was in general non-linear so that
it was difficult to correct the photoconductivity spectra for the lamp
response. | It was decided tﬁerefore to present uncorrected curves
together with the lamp correction curve when necessary.

éhemical analysis by atomic absorption spectroscopy was useful in
d@mtrating that the level of possible contamination of the undoped
crystals with copper was less than 0.5 ppm. It also provided a
valuable means of comparing the concentrations in the various copper
doped specimens. The quantitative values obtained from . these
measurements are given on the related figures and in table 5.14.1.
Although in the lightly copper doped samples the initial quantity of
copper put down was around 105 times less than with the wet plated
samples for heavy doping (see Chapter 4.2), the measured copper
. concentration in the lightly doped samples was only two orders of
magnitude smaller. This 1is attributed to 1nteract16ns between the
impurity and other defects which result in higher diffusion rates at

(23)

lower impurity concentrations. Extensive studies by Clarke s Szeto

and Smtja1(33), Woodbury(al'). and Sullivan (35)

on the diffusion
particularly of Cu and Ag into II-VI compounds have generally shown very
" high diffusion constants for these impurities. With low impurity

concentrations they have found even faster processes and much larger

diffusion coefficients, suggesting different diffusion mechanisms at
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different impurity concentrations., The diffusion and solubility. of
coppef cannot be investigated in 1isolation since the copper diffusion
always requireé an annealing process. This in turn gives rise to some
self-diffusion and thermal generation effects in the crystal which makes
the problem more complicated.

All infra-red quenching measurements were made at liquid nitrogen
temperature since class II centres do not contain holes at ;oom
temperature, i.e. the photoconductivity is thermally quenched at room
temperature and no optical quenching 'effect could be detected as a
résult. Although infra-red quenching measurements are known to be more
decisive and are easier to interpret than photoconductivity spectrs,
there are some limitations restricting the usefulness of the technique.
For example, if thé energy of the incident light is larger than half the
bandgap energy, there will be simultaneous filling and emptying
processes for the levels lying half-way between the conduction. and

valence bands. This makes it very difficult to detect levels near the

.middle of the bandgap (i.e. ~ 1.0eV level above the valence band).

Conversely, levels below 0.5eV could not be observed in quenching due to
the lack of a suitable low energy light source and the low temperature
limit of liquid nitrogen.

Finally it is reassuring that many of the energy values reported in
the present study are in good agreement with the current literature.
The small discrepancies which do exist are not unexpected, given the

differences 1in crystal growth processes and sample preparation

techniques employed.
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CHAPTER 6

CHARACTERISATION OF CdSe SCHOTTKY BARRIERS

6.1 - INTRODUCTION

In this chapter the properties of Schottky devices on:
differently prepared surfaces of CdSe single crystals are described.
These devices were ma:lnly. fabrica-ted. so that space-charge techniques
could "be applied as an altemai:ive to photoconductivity measurements
for the characterisation of defc;ce and impurity levels,

Although Schot‘tky barriers were chosen for these applications
because of their relatively simple structures compared to other
junction devices such as Guzse/CdSe heterojunctions, the variations
in the electrical characteristics of the Schottky diodes with time
required further investigation. These variations were found to be
very much related to oxygen adsorption and associated surface

structural transfomtiona(l). Therefore RHEED studies were also

included in the analysis of these devices in order to provide a

better understanding.

Since the diodes were made either on etched or mechanically
polished surfaces of CdSe, they can be considered to be
metal-interfacial layer—-semiconductor (MIS) rather than

metal-semiconductor (MS) structures. An attempt was made to deduce

the parsmeters (i.e. thickness and surface state density) of the

(2)

interfacial layers involved using the analyses of both Cowley and
Eon-ash(3) and to present a somewhat more conclusive ‘energy band

scheme for these devices.
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6.2 SCHOTTKY BARRIERS ON SAMPLES ANNEALED IN SELENIUM FOR 3-DAYS

‘ 6.2.1 Introduction

As mentioned in Chapter 4.4, our as-grown CdSe usually had a
veﬁ high conductivity and it was not possible to form rectifying
contacts on these samples. The details of the annealing process in
" selenium vapour to obta:lﬁ moderate resistivity crystals and
subsequent aanple- preparation have been- described in chapter 4.4.1
and 4.5. In this section the electrical characteristics of the
S‘é:hoctky' dioles on substrates heated in Se vapour for 3 days are
discussed. The changes in the electrical characteristics which occur
on ageing in air are attributed to changes in surface properties
largely related to oxygen adsorptiom. |

Following the annealing process the dice were mechanically
. polished with alumina powder down to a grit size of luym, and etched
first in 271 bromine methanol for 3 minutes, then in concentrated HC1
for a further 2 minutes. 'In order to complete the Schottky diode
structure a. 2 mm diameter gold dot was evaporated onto one of the
large area faces with the indium _cc;nthct on the opposite face.

6.2.2 Electrical Characteristics

The current-voltage (I-V) chsaracteristics of Schottky devices
measured imed;ate_ly after fabrication showed little rectification
and a large reverse bias leakage current. I-V measurements of the
same device taken after storage for 48 h and 2 months in the open
laboratéry at room temperature led to a considerable improvement in
the characteristics (see Fig. 6.2.1). The same degree of improvement
as that produced by the 2 months of ageing could also be achieved by

heating in air at 100°C for 16h.
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The corresponding capacitance-voltage (C-V) characteristics
measured at 1 MHz for the same device and at the same time intervals
as in the previous figure are shown in figure 6.2.2, in the form of
(:-'2 against V. From these plots values of the diffusion potential at
zero bias vdo (1.e. vdo = vdif + kT/q) and effective donor density
(N d) can be calculated using simple Schottky-Mott theory“) » 1f the
effects of surface states and the interfacial layer are ignored.
(The_se factors will be fully discussed later). Accordingly values of
v do’ N a’ Fermi emnergy (Ec - EF) » barrier height (anc_v) and the
depletion layer width (Wc_v) have been obtained and recorded in table
6.2.1) using equations d(llcz)ld(de - kT/q + vr) = 2/q Es“d (3.12),
(E_-Ep) = kT/q 1n N_/N, 3.7,Pm,_ = v, + (€ -E) (2.14) and

W

ey = [2 (Vg + ¥ )e /aB,17 (3.16).

6.2.3 Barrier Height Measurements

~ (a) Photoelectric

The théory concerned with the determination of barrier heights
by't;he' photoelectric method was reviewed in Chepter 3.3.7. Because
of the very small short-circuit current of the as-mgde Schottky
diodes barrier heights could not be determined for these devices by
this met;hod. However, Schottky diodes which had be‘;.n "aged for long
perio'ds of time, did produce detectable short-circuit currents and
barrier heights cquld then be determined. F:l_gure 6.2.3 shows a
Fowler plot of Iph!! versus hyv for an aged Schottky diode, indicating
a value of Qb“ph = 0.64eV for thebarrier height from the :lntetc-e_pt.-
This 18 in & reasonably good agreement with the value of 0.69%eV
determined from the C-V measurements. A more detailed discussion of

‘the photoelectric method for determining barrrier height will be

given in sect 6.2.5.
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(b) Forward (I-V) Characteristics

The barrier height of a Schottky diode can also be determined
from the forward bias I-V characteristics by using equation (3.18),
- J = Js exp (qV/nkT) based on. thermionic emission theory (see chap._
3.3.5). The saturation current density Js’ found from the intercept
of InJ "againa.t V (which is usﬁally a straight line of slope greater
than 3k'1'7q) is the key p.araneter in equation (3.185 .
J, = R*T’ exp (-q@lmlk'f)._ Since the ideality factors for the
Schottky devices were generally larger than unity 1.8 { n¢ 3.5,
est'imates of barrier height using this procedure would not be very
accurate. In order to cverc_one' this difficulty an attemﬁt was made
to det;mine the saturation current density "from the reverse bias
characteristics. | The -re've-rae biss characteristics of the aged
Schoi:tky devices ve.re found to be most sppropriate for this purpose
since tﬁey vere in a reasonable agreement with the simple image force
barrier lowering effect (see Chap. 3.3.4).

The forward characteristic of an aged Schottky device is shown
in figure 6.2.4. (while the reverse bias characteristic of the same
dev:l-ce, plotted on axes of 1nJ against J" is shown in figure 6-.2‘.5.

&4

Saturation current densities of J . 1.65 10 ° Amp/cm® and g,

R
3.75 107 Amp/cm® were derived from figures 6.2.4 and 6.2.5
respectively. These values were in fact very eimilar and gave a
difference of only 0.02 eV in the barrier height calculations. Since
the equation 3.18 is not very sensitive to the choice of R**. the
substitution. of the effective Ricitatd_son constant R* for R*:* R

is a reasonable approxinat:lon('s). with 8" = 15.6 Amp em? K2 for

CdSe (see Chap. 3.3.5) equation 3.18 yielded the barrier height of
anl_v = 0.58eV for the saturation current obtained from the forward

‘characteristics.
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6.2.4 RHEED Studies

In general the methods used in surface studies can be divided
into two groups; (a) the chemistry and lattice structure of the
surface, (b) electrical phenomena taking place at and near the
surface. Although many studies have been reported in each of these
groups and considerable progress has been achieved, very few attemp‘t;s ,
have been made to correlate the two types of measurement. The aim of
the work reported here was to investigate the effects that the

adsorption of oxygen has on CdSe surfaces both structurally and

. electrically. It is worth recording that wet or dry nitrogen, carbon

dioxide,or argon do not have similar effects to oxygen.

The REEED pattern obtained from the (0001) basal plane of a
freshly etched CdSe single crystal with the 100KeV beam lying
parallel to the (1010) direction is shown in figure 6.2.6. All
Schottky devices fabricated on etched surfaces were formed on
substrates which gave rise to diffraction pstterns such as this.
When a Schottky device was heated in air at 100°C for 16h, or
alternatively was left in room conditions for about 2 months,
re-examination of the same surface in RHEED yielded the d:l_ffract:lon?
pattern a.hmm in figure 6.2.7. The three most intense diffraction
rings in this pattern correspond to interplanar spacinge of 3.49,
2,10 and 1.81 % and can be indexed as arising from the sphalerite
structure with a lattice parameter of about 6.008. The ageing effect
was independent of crystal orientationm.

6.2.5 Surface E‘f fects

It 48 a well known fact that Schottky devices built on real
(e;cl'!ed) surfaces of semiconductors are not ideal MS diodes but are

metal-;thin insulator-semiconductor (MIS) sfructures instead. This is






107 -

usually due to a so-called 'oxide' layer formed by reaction with the
etchant or by exposure to the .atmoaphere. In this parti-cg_xlar study
of CdBe, it is evident from the shifts in the plots of .0-2 against V
that the surface (interface) states and interfacial layer ﬁave a
suba-tmtiél_ effect on the C-V curves. Since the photoelec.,tric
technique 18 generally regarded as giving a more definitive
measurement of the barrier height(7) , (as long ss the Fowler plot
gives a good straight line), the thickness of the insulating layer
and the density of the interfacial states can be estimated by u'a-in,é
the difference in barrier heights measured by the C-V and
photoelectric techniques. The value of the photoelectric barrier
height Q‘mph’ can be calculated by using equ-ation(a'?’z) ’
anph -an' +A§bn. In figure 6.2.3 an' * 0,64eV 18 the ini:erc‘ept
of the Fowler plot and ADbn = 0.027ev 1s the Schottky barrier
lowvering at zero bias. A value of 0.667eV then results for anph.
The value of the barrier height from C~V measurements is bgiven

? .
bben C-v -anc_v + kT/q and was found to be 0.70leV. When an

L
insulating layer and associated surface states are present Qbu

(4);

c-v

can also be written as

Ovo, , =V, + (B - B +
(3.35)
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' The first two terms on the _rigint hand side eorresp_bnd to the barrier

measured by the photoelectric method an

oh* Therefore subsituting

anph for these gives;

(P’ -anph') -4 - %1_ + ot vd“!’ (6.4)
where ¥ -y q Ny/e, - : (6.45)
and ysbe fe, + q 8D, : (6.4b)
Equation 6.4 may be re-arranged as

' 2
v -8(Ad +2v, ) v +1688, = o (6.5)
3

end solving for y, gives a value of ~ 1.9 10~ eV.

Now under the sssumptions thatj (a) the surface states were too
slow to follow the ac (nﬂ:) signal used in the C-V measurements, (b)
the ‘donor denaity_ in the bulk did not change much as a result. of
ageing, (c) the insulating interfacial layers in as prepared devices
wet.'e thinner than 308 so that the surface states were in equilibrium
with the metal (4) » (d) the interfacial layers in aged devices were
more ;:han 308 thick so that surface states were then mostly in
equilibrium with the semiconductor, (e) the permittivity (')f the
interfacial layer was the same as that of the semiconductor

2 could be applied. This

(91 = g and Eq '=10€o), Cowley's anslysia
analysia shows that, if assumptions (a), end (c) are valid for the
as-made devices the slope of d(1/C?)/av will be given by the same

equation as for an d{dentical MS diode. éonversely » 1f the
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assumptions of (a), (b), (d)_ anq (e) are applicable to the aged

deviceb the élope becomes
= (a(1/c*)/aV) = (1 + o)) 2/q€ N, | (6.6)
uhere.az is defined as @, =q [ bab/ei (6.7)

Here § 1s the thickﬁess of the interfacial layer, and Ds the

b
- number of surface states which were in' equilibrium with the

semiconductor. The ratio of the corresponding slopes for the aged

(2-months) and as-made devices taken from figure 6.2.2 18 then just
the term (1‘+02) which wvas ~+1.86. From equation 6.7 the thickness
of the interfacial layer can now be written in terms of the surface

state density (Dsb)’

.6 = (0.86 'ei) / (LI | (6.8)

Substituting for § in equations 6.4.b and 6.4.a together with the
previously calculated value for ¥ =1.9 10—3eV gives a surface state

density of D, = 3.84.1012 2 evt and hence § =~ 124A°

A similar analysis using the more rigorous theory of anash(a)
was also applie& to the sbove results. The slopes for the as-made

and aged devices then become

1+ ul) (Cw + CI)_I(@ 1+ al) : (6.9)

w0 T ETTTE Y kT S RSO s T s e - o o -t LT . o S TR ST AR R T
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and cw' + cI'lcw' + (1 +'u2) cI' (6.10)

' ' _
Where c“, (!w and CI, CI are the capacitances of the depletion
regions and the interfacial layers for the as-made and aged devices

respectively. Here,

ay = q8D /¢ " (6.11)

represents the- density of surface states - (D”) in equilibrium' !.vith
the metal., Following the same assumptions used above and inserting
the values for the capacitances (except for CI'). it can be shown
that the prediction obtained by applying Cowley's snalysis to the
as-made diode is in fact a reasonably good approximation. The ratio

of slopes can then be written in terms of a, which was

I

@, = 3.06 10 18

2 ‘(6.1.2)'

+ 0.86 C;/1.86 c
The capacitance of the implied interfacial layer for the aged devices
' (CI') could not be estimated easily since there was no saturation of
the C-V curves in the high accumulation region. However, when CI'
was caicuiated for different thicknesses of surface layers rangi-ng.
from 30 to 2002,,.012 wa; found to vary by only 61 between the minimum
and the naximum thicknesses. Inserting a representative value of
1008 for the th:l-ckn-esa » O, vas then found to be 0.45. Then a density
of surface states of D, = 2.15.1012 'm-z eVl vas estimated from

eqha-t.ions 6.7.
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Alternatively, if it can be assumed that ideality factors of
n > 1 indicate the existence of san interfacial layer then the
density of surface states may be estimated using the analysis of Card
and Rhoderick(6). This gives the ideality factor in texms of the

density of surface states and the thickness of the interfacial layer:

(8/e) [(gs/") *q D_gb]

1+ (sqD_/e,)

n = 1+

(i.e. eq.3.35)

With aged devices, since the thickness of the interfacial layer

exceeded SOR’moe-t of the states were considered to be in equilibrium

with the semiconductor rather than with the 'metal(l') . Following the

above analysis (eq. 3.35) using this assumption, and the predicted

value of 1248 the surface state density for the aged devices was

12 -2

estimated to be l)s =6.7 100" cm ev-]' from the observed ideality

b
factor of n = 2,54,

6.2,6 Energy Band Scheme

“According to the simple Schottky-Mott theory (eq. 3.5) the
barrier height for the Au:n (CdSe) system should be®bn = 0.15ev
@ = 5.1eV) and X =4.95e0) @,

The values of Qm and Qs given in last reference were obtained
under UHV conditions. However such conditions did not prevail in
these expefime‘nts where barrier heights ranging from 0.29 to o.7oév

1(9), the Schottky barrier

have been messured. In the Bardeen mode
he:l:jht is determined By the charge localised at the semiconductor
surface in the interface states. The surface state charge density

] - § .B
can be obtained from an = B(qn - Xg - __g;;_)+ a-p8) (El;--'i":)(3 )
where = t;l/(g1 + 6§ an) (which refers to h dintribution of wsurince
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states with a maximum at y, ., where Q, is then the charge,istored in

the surface statesvhen they filled up to y ).

€. . - .
;B_l [an-- (1L-9p (Eg- %) - B@m- )Q)]- Q (6.12)

Brillaon(lo) has reported observing a set of su?face state levels
located ™ 0.4eV below the conduction band. Assuming this to be the.
appropriate value for (Ii'..g - wt), application of equation 6.12 to both -
the aged and the as-made devices, using previously calculated values
of the surface state density, allowed estimates of Q.t to be made.
These are given in Table 6.2.2.

The relatively smaller negative value of the surface charge in
as-made devices (Table 6.2.2) would be expected to produce s degree
of band bending at the surface. This could be responsible for the
observed barrier height which was larger than the conventional value
predicted by the Schottky-Mott limit Gi; - Xs) . This argument could
also be extended to the aged devices where a larger negative value of
surface charge was calculated indicating even more band bending and
hence a much larger value for the barrier height. The apparent
increase in the magnitude of the surface charge in aged devices would
indicate a shift in the neutrality 1level (wo) (see chap. 3.3.3)
towards the valence band edge. ' ‘

The resultant band diagrams for (non-ideal) as-made and aged
diodes of Au:n(CdSe) are shown in figure 6.2.8 a, b.

6.2.7 Discussion '

The poor rectification, and particularly the very large reverse
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bias leaﬁage current of as-made diodes could be interpreted in terms
of a highly conductive surface layer and physically adsorbed oxygen.
Heinz and Banks(ll) (1957) have réported that, in as-grown CdSe
single crystals; there 18 an excess of Cd and that this excess is
more pronounced at the surface. The surfaces are therefore more

conductive than the bulk., Detailed studies by Bube(lz) (1957) have

shown that oxygen is adsorbed on these surfaces and that the adsorbed
oxygen produces acceptor-like states thereby reducing surface
conductivity. Somorjai(la) has also made extensive studies of the
interaction of oxygen with highly conducting thin film CdSe surfaces.
He found that the oxygen gave rise to both donor and acceptor-like
surface states, in which the latter were important because of their
permanencé and quantity. A change in the surface layer, from
accumulation into depletion has also been reported by other workers

(14,15,16) (17,18) (4se. The

both on single crystals and thin film
behaviour of a Schottky diode on such highly conducting (accumulated)
surfaces has already been reported by Yu and Snow(lg) (1968),
 sbannon ) (1976) and Popovic®V) (1978).

When first made, the Schottky barrier; used in the present study
would have had physically a@sorbed oxygen beneath the gold contact,
and this would have contributed to the poor diode behaviour.  This
thin layer would reduce the effective barrier height thereby allowing
a tunnelling current to flow(47). bThe improvement 1in the
rectification of the diode and particularly the drastic reduction of
the reverse bias leakage current which occurs after ageing in air 1s
attributed to a change in the role'of'the adeorbed layer of oxygen.

With time, initially physi-adsorbed oxygen will diffuse into the

surface region giving rise to acceptor-like.aurfaée states. First
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the surface will become progressively less conductive and will
eventually act as a guard-ring around the gold contact. Similar

(22) with

behaviour to tﬁis has been repofted by Lepsetter and Sze
devices prepared on silicon wit.h a diffused p-type guard-ring to
eliminate the surface accumulation effect. Secondly, adsorption
evidently aieb occurs beneath the gold contact both by the
chemi-adsorption of oxygen which was trapped at the surface before

the deposition of the evaporated gold and by the diffusion of oxygen

through and around the gold layer. Consequently, after ageing ,the
structﬁ-te of these devices may be conaidered to bhe MIS rather than
MS. The change in the region beneath the surface caused by the
diffusion of oxygen was accompenied by the -structural modification
showvn by RHEED patterns (Fig. 6.2.6, 6.2.7) coinciding with the
variations in the electrical characteristics. Further evidence to
support this conclusion will be given in sec. 6.4 by noting the
similarity between the characteristics of the devices prepared on
mechanically po]_.ished surfaces and those of diodes which were formed
on etched surfaces and measured after 2-months of ageing in air.

In order to provide a better understanding of the effect of.
o.x_yg_en on the Au:n(CdSe) structures a semi-quantitative analysis of
surface s-.tates was attempted making several 1nevi,tab1e. assumptions,
Among these, the barrier height determined by the photoelectric
methc;d was considered to be the best estimate and it was the;:efore
used as a reference value in these calculations. Now it has been
shown that the direct measurement of MS barrier heights can be
affected by the presence of non-linearities in the Fowler plots due
to (1) the photoexcitation of carriers from interface sta.teg(zs"zl’)

and (2) the presence of a thick insulating layer which givegrise to a
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differeht 'slofe -corresponding to the metal-insulator barrier.
Bbwever,.the latter was clearly not the case since there was no
evidence for a thick oxide layer (J ox 308) from ﬁhe RHEED
investigations. Instead, in the aged'deviceé there was an 1ﬁterna1
layer of polycrystalline, sphalerite CdSe which was more resistive so
that there would be no discontinuity in the energy bands at the
interface between the bulk and this interfacial layer. (See fig.
6.2.8b)., Secondly the Fowler plots were linear implying that the
contribution from the photoexcitation of carriers in surface states
vas negligible., By invoking an interfacial iayer as shown in fig.
6.2.8(b), the semiconductor permittivity could also be used as the
permittivity of the interfacial layer so that assumption (e) in Sec.
6.2.5 would be a good approximation.

The role of oxygen as an acceptor impurity in CdSe has already

(12’13). If there was a lérge amount of diffused oxygen

been reported
in the bulk semiconductor, the net donor density (N a = N d+ - Na-)
might have been reduced snd the concentration gradient of the oxygen
acceptors would cause a non-linearity in C"2 -V curves. Since there
was no significant deviation from linearity in the curves presented
~in fig. 6.2.2 it follows that assumption (b) was also reasonable.
' The remaining assumptions (a), (c) and (d) were in fact very éood
approximations and have already been implicitly discussed earlier in
this chapter.

As the results in table 6.2.2 show, the barrier heights were
evidently less dependent on the work function of the metal contact,
particularly in aged devices. Barrier heights which were nearly
independent of the work function. of the metal used, have been

(25)

reporteﬂ by Mead and later by Consigny et a1(26’27) for CdSe



R N

study by Brillson

Rl e e i bk i el ]

116

single crystals. For this to occur the density of surface states

13 2 (9) .

should be of the order of 10 The surface state

densities of (3-7) 101! cm? observed by Consign}zn and co-workers

vere far too low to cause pinning the Fermi level. The detailed

(10) of CdSe surfaces also revealed that the surface

state densities never-. exceed 1012cm-2. However, in the present
work equation 6.12 and table 6.2.2 demonstrated that the barrier
height was a combination of several parameters such as the thickness
of the interfacial layer, the occupancy of the surface states and the
difference (% - xs) between the woﬂt function of the metal and the
electron affinity of the semiconductor, particularly at the as-ma;l-e
stage. It has to be pointed out that recent studies by Frese(za)
have shown that the lower values of electron affinity of 4.leV
reported by Shay and Spieer(z” for some CdSe surfaces could be
significant. Equation 6.12 shows that a small incresse (i.e. >
0.12eV) in the (qn - )S) term would give rise to a positive charge
stored in interface states, suggesting that the surface was
accumulated. An important implication of this situation would be the
requirement of a smaller number of surface states to pin the Fermi
level. In fact some preliminary experiments with (SN)x Schottky
barriers on CdSe did show a dependence on the 'metal' work functionm
vith a barrier height of > leV for these dwigés and thus providing

additional support for the above discussion.

6.3 SCHOTTKY BARRIERS ON SAMPLES ANNEALED IN SELENIUM FOR ONE-MONTH

6.3.1 Introduction

Large reversible changes in the resistivity of CdSe crystals on

annealing in a partial pressure of one of the components have been

(30,31,32)

reported by several workers Since the diffusion of
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selenium would have been very slow at the low annealing temperatures
used to obtain moderate fesistivity samples it was unlikely that a
uniform bulk resistivity wes obtained after 3-days treatment. As a
result subsequent steps of mechanical polishing and etching necessary
for the device fabrication could easily remove the moderate resistive
layers. This was in fact demonstrated in the resistivity control
experiments. To overcome this problem and to produce more homogenous
substrate material longer periods of annealing in Se-vapour at 550°C
(one nopth) vere employed.

6.3.2 Electrical Characteristics

Schottky devices similar to those described in sec. 6.2 were
formed on these substrates and the electrical characteristice were
recorded immediately after fabrication and after ageing in air at
100°C for 16h. The I-V characteristics of a typical Schottky device
in the as-made and aged conditions are shown in fig. 6.3.1. The
leakage current of the as-made diode was much less than from as-made
diodes on 3-day annealed material. After accelerated ageing in air
at 100°C for 16h the I-V characteristics were very similar to the
3-day annealed devices treated in the same way.

The C-V characteristics measured in the same way as described in
sec. 6.2 are shown in figure 6.3.2 and the diode parameters, Nd’
\ aif , (Ec-EF). Q‘bnc__v and Voy (from Schottky-Mott theory) are
tabulated in table 6.3.1. The longer treatment in selenium vapour
gave rise as expected to a lower uncompensated donor demsity for

these devices.

6.3.3 Measurements of Barrier Height

(a) Photoelectric

A Povwler plot derived from the spectral response of the
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short—-circuit current of a typical aged Schottky device prepared on
one-month Se-annealed CdSe substrate is shown in figﬁre 6.3.3. A
value of anph ~ 0.63eV was obtained from the intercept of this
plot.

(b) PForward I-V Characteristics

The plot of InJ against V for the forward I-V characteristic for
the same device 1is shown in fig. 6.3.4. Similar calculations to
those described in sections 6.2.3 yielded a value of i%n = 0,57eV
for the barrier height.

6.3.4 RHEED Studies

RHEED examination on the aged devices which were formed on
one-month Se-annealed material gave almost 1identical diffraction
patterns to that previously shown in fig. 6.2.7.

6.3.5 Surface Effects

Similar calculations to those described in section 6.2.5 for the

interfacial layer and surface states following the theories of

'Cowley(z)‘ Fonash(3) and Card and Rhoderick(6) (see sec. 6.25),

yiélded values of & =858, DS 3.5 x 1012 a2 evl;
Dsb =2.0 » 1012 'cm-2 ev-l; and Dsb = 6,5X% 1012 (:m_2 e\f—1

respectively. These in turn lead to the values of B , surface
charges and the number of filled surface states listed in Table 6.3.2.
The band diagram in figure 6.2.8 a and b is slso appropriate for the

devices on one-month annealed materisl.

6.3.6 Discussion |
The apparent Iimprovement in the I-V characteristics of the

ag-made diodes compared to those prepared on 3-day amnealed material
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may be interpreted in terms of the compensation of the surface
accumulation layer by the introduction of selenium. This would lead

(31) which would act as

to the formation eof cadmium vacancies
acceptors in an analogoﬁs way to the oxygen introduced during this
ageing process. The lower net donor concentration in devices on
one-month annealed material is supporting evidence for this
mechanism.

According to referemces (13), (15) and (16) dealing with Cd-rich
surfaces of CdSe, the adsorption ofoxygen is strongly related to the
number of available donor states at the surface. This implies that
the occurrence of the polycrystalline cubic phase of CdSe which 1is
associated with oxygen adsorption would be less pronounced if the
surface were more resistive (i.e. less Cd-rich). However, after
ageing no appreciable difference in the RHEED patterns of 3-day and
one-month Se~snnealed material was observed, probably because of the
actual change in the resistivity was relatively very small, It is
worth noting that RHEED investigations on highly resistive crystals
displayed either no polycrystalline ring pattern or else a very weak
one after they were heat treated in air at 100°C for even longer
periods than 16h,

In other respects the one-month annealed material resembled to
the 3-day annealed CdSe and much of the discussion in sec. 6.2.7
therefore applies.

6.4 SCHOTTKY BARRIERS FORMED ON POLISHED CUBIC (SPHALERITE) LAYERS

6.4.1 Introduction

As mentioned briefly in chapter 5.3 the polycrystalline cubic
layers produced on single crystal CdSe by ﬁephanical polishing had »

higher resistivity then the underlying hexagonal base and displayed
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photoconductive effects. Schottky devices have been prepared on
these cubic layers and their properties investigated. The detsils of
the preparation of the sphalerite layers were given in chapters 4 and
5. |

6.4.2 Electrical Characteristics

The I-V characteristics of a Schottky device made on such a
polished layer showed a smaller reverse bias leakage current than of
any aged device on etched surfaces and did not change with ageing
(see Fig. 6.4.1). The structure of these devices could more
realistically be regarded as MIS even in the as-made stage because of
the insulating property of the cubic layer.

The C-V characteristic for the same device is shown in Fig.
6.4.2 and the calculated parameters are summarised in Table 6.4.1.
The higher value of donor concentration for these devices_ was
entirely due to the use of a more conducting CdSe crystal which had
not been heat treated in Se-vapour. As the values in Table 6.4.1
show, the barrier height was slightly larger than that of the device
prepared on the etched surface which had been sged for 2 months.
This is consistent with the similarity of the I-V characteristics of
the two devices;

6.4.3 Measurements of Barrier Height

(a) Photoelectric

Since the short-circuit current of these devices was very small,
a reliasble measurement of the barrier height by the photoelectric
method could not be made.

(b) Forward (1-V) Characteristics

The plot of LnJ against V for a typical device prepared on a

mechanically polished surface 18 shown in Fig. 6.4.3. The
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calculations for the barrier height using the intercept of this plot

I-V. = 0.56eV compared to that of 0.8eV

obtained from C-V measurements. This is probably due to the even

gave a smaller value of an

larger values of n 3 5 1deality factors of these devices.

6.4.4 RHEED Studies

When a single crystal of CdSe was polished using alumina powder

wvith a particle size of 1lym or 1less, the resulting surface,

regardless of the orientation of the underlying crystal always gave

(33) in Fig. 6.4.4. The diffraction

rise to the RHEED pattern shown
rings in this pattern indicated that the surface layer on this sample
was entirely polycrystalline. The radii of the first three rings
increased in the sequence V3, V8, /11 and were consequently indexed
as the (111), (220) and (311) reflections of the cubic sphalerite
phase of CdSe.

The nature of the interface between the single crystal hexagonal
substrate and the polycrystalline cubic polished layer was studied by
successively etching the crystal in concentrated HC1 and re-examining
it in RHEED as the damaged layer was progressively removed. The
RHEED pattern in 6.4.5 represents the polished CdSe crystal after
being etched for 158s. Etching for longer than this gave rise to the
same diffraction pattern as shown in Fig. 6.2.6. The pattern in
figure 6.4.5 contains features from hoth the polycrystalline layer
and the underlying single crystal. In addition, there were arcs of
intensity passing through many of the diffraction spots of the
hexagonal structure.

When a CdSe crystal was ground to a powder in an agate mortar
until the mean particle size was of the order of 20;;1!1. X-ray powder

photography studies showed that the grains were still hexagonal.
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However, after ball-milling which reduced the particle size to less
than 2ym the grains were predominantly cubic. Here, Fig. 6.4.6 and

6.4.7 vepresent the powder photographs of hexagonal and cubic

-structures corresponding to samples with 20ym and 1/2um particle

sizes respectively.

6.4.5 Surface Effects

The method followed in sec. 6.2.5 for the calculations of the
interfacial layer and surface states could not be aﬁplied to these
devices. Even if the barrier height had been deduced by the photo-
electric technique the measurements would certainly be affected by
the deliberate introduction of the insulating layer hetween the metal
and the semiconductor. With this type of device the capacitance
value of C = 7.4.10“8F'/cm2 in the near accumulated region of the C-V
characteristic was assumed to be due primar:lli to the interfacial
layer. The thickness of this layer could then be estimated from
(CI =p’;/ 61) as § i = 1200R. Using the.' assumptions (a) (d) and (e)

(3)

(see sec. 6.2.5) Fonash's analysis was applied. According to this
the extrapolated voltage intercept (Vi) can be written in terms of
the diffusion potential (vdif)’ the thickness (61). and the surface

state density (Dsb) of the insulating layer.

B l. i " :
Vi ' v'd—if . Vl + (1 +a2) vdif + Q - a.z) Vl/a (6.13)

Where a, q 61 Dablsi f.e. eq. 3.48 and V1 2q l& 8 Iei, f.e.
eq. 3.42 Fonash's analysis also gives the slope as
2

- a(1/cv = (1 +a,) 2N, (i.e. eq. 3.52)

If the value of the donor density of (lb: « 1,125 1017 cm—s),
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independently calculated from the resistivity measurement of the

as-grown CdSe substrate, was substituted in eq. 3.42 and eq. 3.52

then velues of &, =2.42, D = 1.3 1012 ca? evl, v, = 5.8 V

were obtained. Inserting those values and \71 = 0.7 V from figure

6.4.2 into eq, 6.12 yielded the value V, . .= 0.38 V for the diffusion

aif
potential of the MIS structure.

6.4.6 Energy Band Scheme

When the equation an = B(Qn - Xg ~8&/¢ Q) + A B) (E'S"'d‘)
i.e. 6,12, was applied to these devices in the same way in which 1t
was used in sec. 6.2.6, the stored charge in surface states and the

corresponding number of filled states were found to be

7 11 -2 -1

Q = - 1.17 107 Coul. cu > and D = 7.33 10" em’ ev
respectively. (for this, values of B=0.26, Qm - X = 045eV,
(Bg - ¥, ) = 0.4eV, (E; - E;) = 0.05eV and an = 0.75eV
were employed.)

The proposed band diagram for the MIS devices fabricated on
polished surfaces of CdSe is shown in Fig. 6.4.8.

6.4.7 Discussion

The strong similarity between the electrical characteristics of
‘the devices made on polighed surfaces and those of the aged devices
prepared on etched surfaces suggested a relationship between oxygen
adsorption and mechanical polishing. The introduction of acceptor-
type surface states by mechanical polishing has also been shown to
have an effect similar to oxygen adsorption on Germsnium (Clarke,

1953(34). More conclusive support for this relationship came from

RHEED studies of both 'types of surface which have shown identical

diffraction patterns (i.e. diffraction rings corresponding to the

sphalerite phase of CdSe with the same lattice comstant of ~6.004).
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The sphalerite phase of CdSe has previously been produced under a .

(35,36) (37)

wide range of conditions » but Daveritz has pointed out

that with 1I-VI compounds in general, there is a strong dependence of
the phase formed on the stoichiometry. He concluded that a high Cd
excess should favour the hexagonal pﬁaae. Since the observation of
very low resistivity surfaces is believed to be due to excess Cd,
then it was surprising that the surfaces of aged crystals were cubic.
In fact it was only after prolonged exposure in 02 ambient that the
cubic phase was observed. It may therefore be concluded that the
presence of cubic surface layers 1is associated with 02 adsorption.

The reflective nature of the polished surfaces would not permit
an estimate of the thickness of the interfacial layer from RHEED
observations, but the value of 12008 obtained from C-V measurements
was probably fairlf accurate given the particle size of 1/4 ym used
for polishing. Since the electron besm penetration depth on these
surfaces would be much less than that with etched surfaces because of
the surface asperities produced by etching, RHEED would be more
sensitive to any additional surface layer. The observation of only
the rings due to the sphalerite phase of CdSe in RHEED patterns
clearly indicated that such a layer, if present, was negligibly thin.
In this case the permiffivity of the semiconductor could also be used
for the interfacial layer and the calculations became less
complicated.

The smaller reverse bias leakage current of the devices made on
etched surfaces can be attributed to a higher degree of wsurface
conversion from accumulation to depletion. This conversion would be
more pronounced because highly conducting (< 0.1 gem) as-grown CdSe

vas employed for the substrate material in the preparation of devices

et
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on polished surfaces, The larger potential barrier of these devices
can also be attributed to the higher degree of surface conversion,
and this would have been less dependent on the metal work function.
Following similar arguments in Sec. 6.2.7 and 6.3.6, it may be
concluded that the initial higher density of donor like states would
accommodate more oxygen and therefore would have given rise to a more
resistive and thicker interfacial layer with a correspondingly larger
potential barrier.

The fact that oxygen and adsorption appeared to be much enhanced
on the polished surfaces provided a convenient way of studying the
deép levels associated with oxygen. This was done using space-charge

techniques on devices prepared on polished surfaces of CdSe and from

the subject matter of the following chapter.

6.5 SCHOTTKY BARRIERS FORMED ON COPPER DOPED SAMPLES

6.5.1 Introduction

The important role of copper as an acceptor impurity in CdSe has

'already been discussed, and the probable energy levels were obtained

from the photoconductivity measurements described in Chap. 5. The

main object in preparing Schottky devices on. Cu-~doped samples was to

derive more quantitative information about the parameters of the

copper associated centres in CdSe crystals ﬁy usiﬁg space-éharge

techniques,

‘The introduction of copper impurity by several methods, and the
bamplg preparation techniques for Schottky devices have been

described in Chap.4. Achievement of moderate resistivity (1-1000)

‘ncm material by copper doping was found to be even more difficult

than by annealing in selenium. Reeistivities messured after

diffusing in the plated copper impurity were either very high (1-06 -
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107) qcm or very low (p< 10_1 Q cm). Of all the methods tried,

vacuum deposition of metallic copper gave the most control in
obtaining medium resistivity crystals. Because of this difficulty
experiments on Schottky diodes could only be carried out on a very

limited number (5) of devices.

6.5.2 Electrical Characteristics

The I-V characteristics of a typical copper doped Schottky
device in the as-made and aged conditions are given in figure 6.5.1.
The relatively small leakage current of the device at the aé-made
stage was very similar to the sample annealed for one month in Se.
After sageing the characteristic improved following the usual pattern
found in all the devices made on etched surfaces of CdSe.

The c'z-v plots for Cu-doped CdSe Schottky diode are shown in
figure 6.5.2 and the parameters calculated in the usual way are
summarized in table 6.5.1.

6.5.3 Measurements of Barrier Height

(a) Photoelectric

Although there was a detectable short-circuit current the
barrier height could not be determined because of the non-linear

behaviour of the qulér plots.

(b) Forwerd I-V Characteristics

The plot of 1nJ against V for a typical Cu-doped Schottky
barrier is shown in fig. 6.5.3. The calculation of the barrier
height using the intercept of the linear section of this plot yielded
a value of anl_v = 0,56eV for an aged device.

6.5.4 RHEED Studies

RHEED examination of an aged device formed on a Cu-doped CdSe

crystal gave a diffraction pattern similar to that shown in fig.
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6.5.4., The only observable difference from the pattern for
Se-annealed devices was s slight decrease in the intemsities of the
polycrystalline cubic rings and the appearance of an additional weak
hexagonal polycrystalline ring corresponding to the (1013) reflection
of the wurtzite structure indicated by the arrow in fig. 6.5.4.

6.5.5 Surface Effects

Unfortunately neither of the calculations used for the surface
state densities in sec. 6.2.5 and 6.4.5 could be applied because of
the non-linearity in the Fowler plot and an absence of saturation in
the C-V curves so that CI could not be estimated. Nevertheless
apparent . similarities in the electrical characteristics and RHEED
observations with those of the Se~-annealed devices would be accepted
as evidence of the validity of the proposed models on etched
surfaces.

6.5.6 Discussion

The reduced net donor concentration in these devices at the
as-made stage, is attributed to the copper which acts as an acceptor
impurity. The experiment described in chapter 4.4.2 showed that the
annealing conditions (650°C 2h) were sufficient to ensure that the
copper had diffused uniformly, so that the compensatién of the
Se-vacancies by copper acceptors would also have been uniform. This
was consistent with the linear behaviour of the C >~V curves.

On the other hand the non-linearities in the Fowler plots méy
have been due to an increase in the photbexcitation of free carriers
from additional Interfacial states presumably introduced by copper.

The electrical characteristics of the Cu~doped Schottky dioden
vere qlmost identical to those of diodes prepared as CdSe annealed

for one month in selenium. This suggests that the copper doped
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diodes can be treated qualitatively in the same way as discussed in
seCC 6.2.5.

6.6 SUMMARY AND CONCLUSIONS

The common feature of all the Schottky devices was the reduction
of reverse bias leakage current with time (i.e. ageing). This is
believed to be due to oxygen adsorption and diffusion. This
suggestion is supported by parallel RHEED observations.

The adsorptionof oxygen was found to be responsible for the phase
transformation of CdSe surfaces from hexagonal to sphalerite cubic
structure. This sufface phase was less conductive than the bulk and
behaved as a resistive interfacial layer. Mechanical polishing
produced an identical, but thicker cubic structure with similar
electrical characteristics,

Estimates of the surface state density and the thickness of the
interfacial layer were made from the C-V and photoelectric
measurements. These allowed a semi-quantitative analysis to be made
which implied a dependence of the barrier height on the parameters of
the interfacial layer as well as the metal work function. It can be
concluded that oxygen plays a crucial role in controlling the
electrical characteristics of Schottky devices, both as a consequence
of surface re-construction and of the introduction of associated

surface and bulk acceptor-like states.

NI Ry
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CHAPTER 7

DEFECT AND IMPURITY LEVELS MEASURED RY

SPACE-CHARGE TECHNIQUES

7.1 INTRODUCTION

This chapter concerns the investigation of defect and impurity
levels in single. crystal CdSe using ‘vatioua kinds of space-charge
techniques, namely steady-state photocapacitance (PHCAP), steady-stite
infrared quenching of photocapacitance (IRQ-PHCAP), transient
photocapacitance (PHCAP-TR), transient 1infrared quenching of
photocapacitance (IRQ-PHCAP-TR), deep 1level transient spectroscopy
(DLTS) and optical DLTS (ODLTS). These junction capacitance and other
space-charge methods have been successfully applied to many of the

(1-9) and their advantages are well known. However, the

(10,11)

II-VI compounds
use of such techniques with CdSe has been very limited » probably
for the reasons described in the introductoery chapter of this thesis.
The above mentioned junction capacitéance methods were carried out
on Schottky barriers on crystals annealed in Se-vapour, on crystals,
doped with copper or on mechanically polished surfaces of single
crystals. The general description of the experiment.al arrangements and
some of the details of these measurements have already been given in
Chapter 4. Because of the drastic effect of copper in CdSe, atomic
absorption measurements were undertaken to establish copper
concentrations in the various types of Schottky device. The results
indicsted that there was no detectable level of copper impurity in the
ag-grown crystals or any of the selenium  treated samples. The

concentration of copper In Intentfonally doped samples (used tor device

fabrication) lay in the range of (5-15) ppm.
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The steady state measurements were usually made with a very slow
monochromator scan rate or occasionally manually (point by point) to
ensure correct readings where the time constants associated with the
deep levels were very long. The transient measurements were also
recorded manually., . The intensities of the photon flux used in

photo-ionisation cross—section measurements were in the range from 1012

13 1

- 107" photons cm-zs— .

7.2 MEASUREMENTS ON SCHOTTKY DEVICES PREPARED ON SE-ANNEALED SAMPLES

7.2.1 Introduction.

The electrical characteristics of Schottky devices prepared on both
3-day and l-month Se-annealed crystals have been described in the
previous chapter. Although the electrical characteristics of the two
materials vere almost identical (i.e. following the artificial ageing
process described in section 6.4.2), space-~charge measurements revealed
a qualitative difference.

In order to present a more comprehensive discussion of deep levels
in Se annealed CdSe, a parallel study was made using the space-charge
techniques in addition to the photoconductivity measurements (which are
concerned with bulk properties) previously described. Therefore more
effort was devoted to the l-month Se-annesled devices, simply because
of the stronger similarity in the preparational methods of such devices
and the photoconductive samples.

7.2.2 Steady state photocapacitance

The experimental details of the spectral dependence of PHCAP
measurements were given in Chapter 4.7.4, Figure 7.2.1 shows PHCAP
spectra of a typical Schottky device prepared on a 3-day Se-annealed

crystal measured at 90 and 300K, together with the lamp response. In
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the room temperature spectrum the principal threshold occurred at a
photon energy of 1.14 eV which indicated that there was an
acceptor-like state 0.6eV above the valence band. This assumes that
the bandgap was 1.74eV at room temperature. Other positive-going steps
were observed in the same spectrum at photon energies of 1.23, 1.32 and
1.46 eV implying that t-'he_re were three possible acceptor levels at
energies of 0.51, 0.42 and 0.28 eV above the valence band edge. The
sudden decrease in PHCAP at 1.63 eV suggests the presence of a

donor-like level at 0.12 eV below the conduction band.

In the low temperature spectrum the principal threshold was
observed at 1.21 eV corresponding to a value of 0.63 eV for the
position of the level relative to the valence band. The bandgap has
been taken to be 1.84 eV at 90K. Similarly in the room temperature
spectrum the decrease in PHCAP at 90K occurred at a photon energy of
1,72 eV, giving a value of 0.11 eV below the conduction band for the
donor level. There was an additional, but small threshold at 1.1 eV,
indicating, possibly, another acceptor-like level 0.73 eV above the
valence band edge. On the other hand the absence of the 0.51, 0.42,
and 0.28 eV levels in the low-temperature spectrum was unexpected
because normally such detail should be enhanced at lower temperatres,
due to the reduction in thermal quenching. Photocapacitance is
thermally quenched when the thermal capture and emission rates exceed
the optical rates, so that the optical excitation cannot sufficiently
'alter.the steady-state trap occupancy to produce any measurable change
in capacitance. However, the disappearance of such detail from the 90K
apectrum was probably an artifact of the experimental téchnique.

During the setting up procedure many of these levels wonld have been
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emptied and would have remained so at liquid nitrogen temperatures.
Consequently these features would not have been observed during the
actual spectral scanning.

PHCAP spectra for a Schottky device prepared on a sample annealed
in Se for 1 month are shown in figure 7.2.2. The threshold of the
PHCAP spectrum at room temperature occurred at 1.03 eV indicating a
level 0.71 eV above the valence band. The additional feature at 1.51eV
in the spectrum clearly indicated the existence of a level ~0,23 eV
sbove the valence band. This level also was rot well-resolved at low-
temperature for the same reasons indicated above.

At 90K the threéshold occurred at 1.16eV corresponding to an
ionisation.energy of 0.68eV of the acceptor level. The magnitude of
photocapacitance started to decrease when the photon energy of the
incident light was increased above 1.7leV suggesting the presence of a
shallow donor level below the conduction bamd. The absence of a
similar decrease in the room temperature spectrum could possibly be due
to the thermal quenching.

7.2.3. Steady-State Infrared Quenching of Photocapacitance.

The saﬁe experimental system with an additional light source

(1.7¢V < hy < 1.9eV) to provide the constant illumination was used
to measure the infrared quenching of photocapacitance. The spectra
of IRQ-PHCAP for both types of device are shown in figure 7.2.3. For
devices on 3-day annealed CdSe two thresholds were observed at
secqndary 11lumination energies of 0.58 and 0.71leV, suggesting the
presence of two acceptor-like levels at these energies above the
valence band. This 1s in reasonable agreement with the PHCAP spectra
which also indicated that there were two closely spaced levels at

energies of 0.63 and 0.73eV.
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For devices on one-month annealed CdSe there was only one
quenching threshold st 0.62eV with respect to the valence band edge.
This is also in good agreement with the PHCAP measurements.

7.2,4 Transient Photocapacitance measurements

The method and the adventages of the transient technique have already
been described in Chapter 3.4.3. Here the experimental determinations
of the photionisation cross-sections for holes and electrons of the
main sensitising centre will be presented, together with the necessary
experimental details.

(a) Photoionisation Cross-section of Holes (9 01

In this particular experiment (IRQ-PHCAP-TR) the reverse bhiascd
Schottky diode was first i1lluminated with a primary light with photon

energy hv, = 1.62eV (Ec = By < hvy < Eg) for about 2 minutes at 90K.

1
This would be expected to empty a substantial proportion of the centres
as indicated by a rise in photocapacitance. The radiation was then
switched off and the new steady state was achieved. Since the thermal
emission rates can be neglected at temperatures below freeze out , the
change in the occupancy of tﬁese centres would be very small after the
removal of the primary light. The concentration of the empty centres
is

PT @)= -————— N

e®4+e0 T - (see Chap. 3.4.3)

n P

and PT (0) wes considered to represeﬁt the initial condition for the
transient measurements. Because the defect level investigated was in
the lower half of the bandgap, the final state could be considered as
completely filled (nT(w) = NT) when illuminated by the secondary light

of

. (¢]
E. - E,>hv >E -E (e”=0)
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According to these boundary conditions equation 3.21 can be written as;

[o]
1n [C2(t) - C2(«)] =In K __;_n____u —e®t” (7.1)
+

The decay curves arising from the photoexcitation of holes to the
valence band or in other werds refilling these centres with electrons
were recorded for different wavelengths of secondary illumination in
the energy range 0.6eV < h Vg £ 1.0eV. When the photocapacitance
transients were plotted on a semilog scale (i:e. In (C2(t) - C2(«)
versus time), straight lines were obtained (see Fig. 7.2.4). The
slopes of these lines gave the inverse of the time constants, (T_l) and
since .ep°‘= q: ¢ (i.e. eq. 3.73) and epo =’f-1, the sbsolute values
of photionisation cross-section for holes, (opo) were found. Figure
7.2.5 shows a spectrum of the photoionisation cross-section of holes at
90K for devices on CdSe annealed for 1 month. Here; the experimentol

12 using a non-linear

points have been fitted to the Lucovsky model
least squares curve fitting program. The resulting c¢urve is shown in
figufe 7.2.5 as the solid line. " The thresﬁold energy of 0,.615eV
obtained from this curve fitting exercise is in good agreement with the

steady state measurements.

(b) Photoionisation Cross-Section of Electrons (qﬁ?)

For the photionisation cross-section of electrons (ono), the diode
wag first illuminated with a primary light with photon energies of
Eg/2 > h Vl' 2 ET - FV (i.e.lav]' > 0.6eV) for about 3 minutes at
liquid nitrogen temperatﬁre. Since eno = 0 . for this excitation, the
centres could be coﬁsidered as completely filled, and this time the

initial condition would be nT(O) =N Again by neglecting the thermal

Tl
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emission rates these centres would have remained filled after the
iluminatien was removed.

When the increases in PHCAP for excitation with light energies in
the range E8 > _hvs' > Ec - E‘T were plotted against time, in the same

way as decribed in section (a), the slopes of the resulting straight

lines gave the time constants of the transients o( 1. eno + epo). If
’ e
itial ~ 3T ¢ oy P . _
the initial (nT(O) NT) and final (nT( ) &~ o o NT.) states of
en ep
the transients were used in equation 3.71 the rela-tionship
0
In[C? 2 - InK B ___ N e®+e®
was obtained. Since T_l = eno + epo. the intercepts of these lincs
(see Fig. 7.2.4) can be written as
2 0 4 |
A €€ d LI ¢TNT (7.3)
7.(Vd + VR)

As the total concentration of the defect centres was not known, the
absolute values of ono could not be determined. Nevertheless the
spectrum of Gno could be obtained in relative units, T.hiﬂ is shown as
a function of hvsl in figure 7.2.6 together with the bhest-fit Lucoveky
curve (solid li;le). When the threshold energy of 1.l4eV was
" substracted from the bandgap value, the position of the defect ievel
was found to be ET = 0.695eV above the valence band. This was slightly
higher ( ~0.08eV) than the -value -obtained from the measurements of

(op°).
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7.2.5 DLTS and ODLTS Measurements

" DLTS and ODLTS measurements were carried out using the double boxcar
technique described in Ch. 4.8. The theory of these measurements was
reviewed in Chapter 3.4.3. Here, the results on both typesof device
are presented. |

(a) DLTS Measurements for Electron Traps

It is well known that DLTS measurements on Schottky barriers can
only provide information on majority carrier traps (electrons in the
case of CdSe); The DLTS spectra shown in figur; 7.2.7 obtained from
the two types.of device revealed three electron traps, labelled El’ E2
and E3 for devices on CdSe annealed for 1 month, curve (a) with peaks
at temperatures near 135, 250 and 385K respectively, but only the two
trapé E1 and E3 in the CdSe annealed for three days, Curve (b). The

time constant for electron emission is given by the expression

T = (Nc < Vg > on)-l exp ( AE/KT) (see Chap., 3.4.3.c)

L ' %
2gm* KT 3 far \*
vhere N = 2{ — S ) and <YV > = {--3 ) + When ln (T%)
h m,

was plotted against 103/T , straight lines (Arrhenius plots) were

obtained. Figure 7.2.8 shows the three Arrhenius plots associated with

these electron traps El’ E2 and E3. Ionisation
energies of 0,16, 0.46 and 0.94eV and corresponding apparent cross-—
18 16 -13

section (g («)) of 2.4 x 107", 2.6 x 10 ~ and 2.0 10 ~ em® at
infinite temperature were calculated from the slopes and intercepts of
these Arrhenius plots.

(b) ODLTS Measurements for Hole Traps -

In this optical variation of the DLTS technique, pulses of sub

bandgap light, obtained by filtering (2 > 0.78ym) and chopping the

E
1
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FIGURE 7.2.8 Arrhenius plots for the electron traps (from DLTS)
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light from a tungsten filasment lamp were used to empty the traps,
especially in the lower half of the bandgap. Subsequent refilliné
produced a characteristic capacitance transient which could be analysed
in the same manner as DLTS.

In contrast to the DLTS spectra, the ODLTS spectra of the two
types of device were considerably differemt. Figure 7.2.9 shows
typical ODLTS spectra obtained from both types of CdSe sample. The
principal feature in the spectra from 3-day annesled material was the
double minimum ceﬁtred around 270K (curve a). Although this feature
céuld not be satisfactorily resolved, it was assumed, on the basis of
the PHéAP and IRQ-PHCAP results that it corresponded to two relatively
closely spaced hole traps. One of the 3~day Se—annealed devices also
exhibited another minimum near 100K indicating (See Fig. 7.2.9) a hole

trap H, with an ionisation energy of ~ 0.2eV and capture cross—section

1
op( @) =5 x 10-17 cm®. The ODLTS spectra obtained with l-month

annealed CdSe showed a single well defined minimum near 280K

corresponding to 8 hole-trap with an lonisation energy of 0.6heV and

14

capture cross-section of 1 x 100" cm®. The Arrhenfus plots for both

Hy 2

effect#ve mass of 0.45 m

and H, are shown in figure 7.2.10 and were evalusted assuming a hole

(13)
7.3 DISCUSSION

The advantages of employing a variety of space-charge techniqués
for the detection of deep levels may be summarized as follows: (a) The
1limits associated with any particular method or instrumentation, ({i.e.
temperature, long wavelength threshold of the monochromator etc.) can
be extended, (b) more information can he obtained and (c) resulta from
" different techniques can be compared and verified.
As an aid to discussion the results in the previous éections have

been collected into the form of 1inferred energy 1level diagrams.

e

T T
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Figures 7.3.1 and 7.3.2 show the energy levels for 3-day and l-month
annealed material. Energy levels marked (VB) and (CB) are referred to
the valence or conduction bands respectively.

The two electron traps which the DLTS measurements showed to be at
0.46 and 0.90eV below the conduction band were not observed in the
PHCAP spectra., With the first level a sharp increase might have been
expected in the PHCAP spectrum at around O0.46eV and a decrease at
1.3eV,As indicated earlier 0.46eV was beyond the limit of the long
wavelength threshold of the monochromator and the first expected
increase could not therefore have been observed. The absence of the
second expected change at 1,3eV would probably have been masked by the
intense electron emission from the main sensitizing centre (« 0.64eV
above valence band) to the conduction band. It is well known that the
energy levels in the middle of the bandgap, such as that at 0.9eV, are
always difficult to detect in PHCAP because of the competition between

(14). Nevertheless the DLTS

the emptying and filling processes
measurements did indicate a high value of capture cross-section (¢ n(“§
2 x 10-1Ssz) for this 0.90eV electron trap. Such a large
cross-section implies that the level in the middle of the bandgap
should act as a recombination centre and would therefore exercise an
important influence on carrier lifetime.

The electron trap level at about 0.13eV below the conduction band
was observed both in DLTS and PHCAP measurements. The slightly higher
energy value ( n0.16eV) obtained from DLTS measurements can perhaps be
attributed to lattice relaxation. In general the distribution of
electron traps in both types of device was very similar except for the
absence of the 0.46eV level in the devices on 3-day annéaled material,

This may be a consequence of the self-compensation mechanisms and

cannot be readily explained.
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It can be seen from figures 7.3.1 and 7.3.2 that the results for
the hole-traps pbtained from PHCAP, IRQ-PHCAP, ODLTS, PHCAP-TR and
IRQ-PHCAP-TR measurements are in reasonably good agreement but unlike
the electron traps their distribution was markedly different in the two
types of device. The two hole traps observed at (0.51-0.58) and
(0.71~0.73)eV above the valence band in 3-day annealed materials were
apparently absent from l-month annealed CdSe. Instead there was a well
defined acceptor level (0.62-0.64)eV and only a slight indication of
the 0.23eV level above the valence band in the latter, This result is
particularly important since the 0.64eV level has long been thought to

be the main sensitising centre in CdSe(15’16’17).

(18) found a similar difference in the

Robinson and Bube
distribution of acceptor levels between material annealed in selenium
and material heated 1n vacuum after the selenium trcatment. They found
several acceptor levels in the range 0.1 to 0.75eV above the valence
band after annealing in selenium., However heating in vacuum for 6 h at
500°C, substantially reduced the density of these acceptor levels
relative to the concentration of sensitising centres. Robinson and
Bube concluded that the introduction of the sensitising centre was a
two-stage process involving annealing first in selenium then in vacuum
at low temperature, or else by annealing for a long time at room
temperature. It would appear that the two-stage process was combined
into one 1in the preparation of Se-annealed devices iIn the work
described in this thesis, 1.e. ]owering the Se-annealing temperature (
| SSOOC) and extending the duration of the process had the same net
effect. The implication is that the formation of sensitising centresis
primarily dependent on the temperature and therefore probably involves

the creation of defect complexes by thermally driven processes of
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migration and association. Nevertheless it is not simply 2 matter of
temperature and time alone.

The measurements of the ionisation energy of the sensitising
centre fall into two groups, involving either electron emission (PHCAP,
PHCAP-TR) or hole emission (IRQ-PHCAP, ODLTS, IRQ-PHCAP-TR). While
there was very good agreement within each group, the results obtained
from the first group were slightly higher ( 10.07) than for the second.
This small but consistent difference might be attributed to phonon

(19)

broadening of this level.

It is well known that sensitlsing centres are characterised by
large capture cross~sections for holes and small capture cross—sections

for electrons. They thus have large hole to electron cross-section

ratios op/qn. Therefore the large value of op(“9 for holes 1 x 10—14

cm? for the O0.64eV level in l-month annealed CdSe is strong evidence
that the level behaves as a2 sensitising centre. The 0.64eV centre was

not observed in DLTS and this places an upper limit on the

_]6 2

cross—section for electron capture of (h(ab =5 %x 10 cm® and hence a

lower 1limit on the cross=—=section ratio np/ il of about 200, This s

entirely consistent with the notion that the level s behaving as a

(20)

sensitising centre. Bube reported a ratio of 2 x 107 for a level

at 0.67eV above the valence band. If this were the same level, as the

0.64eV centre then the electron capture cross-section would be

on(m) =’10—21 em?. Such a small electron capture cross-section would

be consistent with Bube's suggestion that the centre is doubly negative

charged.

Another hole-trap around (0.20 - 0.28)eV above the valence band

; . 1
with a smaller hole capture crosn-section of UP("Q “% % 10 / cn? wan

apparently intrinslc to all (CdSe crystals and may be associated with
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the singly ionised cadmium vacancy centre(17’21'22). The absence of
this centre in the ODLTS spectra of l-month annealed CdSe may be due
to a reduction 1in 1its concentration compared with that in 3-day
annealed material. This level was also not well resolved in the PHCAP
spectra for l-month annealed material either, being observed (not
conclusively) only in the 300K spectrum.

7.4 SCHOTTKY DEVICES PREPARED ON CU-DOPED SAMPLES

7.4.1 1Introduction

Although the importance of copper in all II-VI compounds is well
known, its role and physical characterisation has not yet been fully
established in CdSe. This section concerns the investigation of native
defects and copper related impurity centres in particular in Schottky
barrier devices,-prepared on intentionally Cu-doped samples, using the
space charge capacitance techniques. Details of the copper doping
process and the electrical characterisation of this type of Schottky
diodes can be found in chapters 4 aﬁd 6.

7.4.2 Steady-State PHCAP Measurements

The steady-state PHCAP measurements of a typical Cu-doped Schottky
diode at 300 and 90K are shown in figure 7.4.1., The sudden increase in
the 300K spectrum at a photon energy of about 0.74eV can be aésociated
with an electron emission _process from a level 0.74e‘f= below the
conduction band. A sharp decrease in the same spectruﬁ at about 1.26eV
may be attributed to a deep donor level 1lying O0.48eV below the
- conduction band edge, The 300K PHCAP spectra oalso revealed a
relatively shallow  acceptor lével 0.22eV above the valence band and a
shallow donor 0.12eV below the conduction band, corresponding to photen
energies of 1.52 and 1.62eV respectively.

In the low tempersture PHCAP spectrum the thresholds were observed

at incident photon energies of 0.86 and 1l.6leV. Electron emission
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processes involve transitions to the conduction baﬁd and therefore the
change in threshold energy from 0.74 to 0.86eV implies that this level
is pinned to the valence band i.e. the centre is located at ~1.0eV
above the valence band edge. This conclusion is supported by
subsequent experiments as shown below. Similarly thée 1.6leV level
corresponds to the acceptor level 0.25ev above the valence band. In

addition to these two centres, the 90K spectrum indicated another

acceptor level at about 0.80eV above the valence band, and two donor
levels ~ 0.54eV and ~0.08eV below the conduction band. Although the
activation energy of the deep donor (n0.54eV) level was slightly higher
than the 0.48eV observed in the 300K spectrum the 0.12eV level appeared
to be shallower (" 0.08eV) in the low-temperature PHCAP spectra.

When an acceptor-like level (high hole cross-section) lies in the
upper half of thé bandgap, the measurements are complicated by the
competition between the emptying and filling processes. Moreover, as
already mentioned in the previous section some levels would have
remained comparatively empty below the freeze out temperature and hence
could not have been aetected. In order to overcome some of these
difficulties, and to enable additional information to be obtained,
PHCAP measurements at 90K were also carried out following illumination .
with primary light of n1.62eV for about -30 mins. This would have
ensured that all levels were initially empty. Fig. 7.4.2- shows the
PHCAP spectra obtained from this type of measurement. The initial
reduction of PHCAP for the low-energy vélues of incident photon energies
clearly demonstrated the refilling process of acceptor centres in the lower
half of the bandgap. This spectrum also indicated another acceptor
level at about 0.60eV above the valence band which was not observed in

the straightforward PHCAP measurcments,
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7.4.3 Steady State IRQ-PHCAP Measurements

The details of the spectral dependence of the TRQ-PHCAP
measurements have already been given in Chapter 4.7.2, and 7.2.3. The
IRQ-PHCAP spectrum for a typical Cu-doped Schottky diode is shown in
figure - 7.4.3. together with the lamp response. The long wavelength
threshold of 0.67eV suggests an acceptor level at this energy above the
valence band. More importantly the indication of an additional feature
at sbout 0.99eV provides further evidence for the existence of the
1.0eV acceptor level in the upper half of the bandgap. This level was
only observed in intentionally Cu-doped photoconductive CdSe crystals
and may therefore be related to the copper centre.

7.4.4 PHCAP and IRQ-PHCAP Transient Measurements

Since the details of these experiments have already been
described in a previous section (7.2.4 a and b), only the results will

be presented here:

(a) Photoionisation Cross-Sections of Holes (qvo).

The existence of four possible acceptor levels gave rise to some
complications as expé;ted and made the interpretation of transient
measurements rather difficult. When the PHCAP transients were plotted
semi-logariitmically against time, good straight lines with single slope
were obéerved at low energy values of the secondary light(fig. 7.4.£a).
From these plots the photoionisation cross-sections were calculated
(See Sec. 7.2.4(a)) and plotted against photon energy as in fig. 7.4.5.
When the photon energy of the secondary i1llumination was above

0.74eV, the semi-log plot developed onto two straight lines and this
inevitably led to uncertainty and scattering revealed 1in fig. 7.4.4 C

& d end 7.4.6.
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Because more than.two levels with different electron and hole
ionisation energies were involved, the individual cross-section spectra
could not be resolved too well, However, the application of a
non-linear -least squares curve fitting programme for the well defined
first five points produced a good fit to the Luicovsky model with a
threshold value of 0,.63eV whieh is indeed in good agreement with the
other measurements.

(b) Photoionisation Cross-Section of Electroms (o o)

Because of similar difficulties to thoee described in the previous
section transient experiments for the photoionisation cross-section of
electrons were carried out over a limited range of wavelengths only to

avoid further complications. Figure 7.4.7 shows a typical spectrum for
o 0 in relative units as a function of photon energy, together with the
n

best fit Lucovsky curve (solid line). The threshold energy of 1.12eV
(CB) obtained from this figure indicates the presence of a deep

acceptor level 0.72eV above the valence band.

7.4.5 DLTS and ODLTS Measurements

DLTS and ODLTS measurements on Cu-doped Schottky devices were
carried out using a computerised system (See Chap. 4.8). The advantage
of this was that the whole transient was recorded, whereas with the
double boxcar method, only a single rate-window for each run was used.

In the ODLTS mesurements generally a high intensity "sweet spot"

.LED with peak output at 820mm was used in conjunction with the 799.5 mm

interference filter. In some runs the interference filter was removed
in order to detect levels closer to the valence band edge. Light
chopping was achieved by simply pulsing the LED which had a respomnse

time of 150ns.
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Electron Trap Activation Energy
(CB) AE(eV)

Apparent Capture Cross-Section
at infinite temperature

On(a{) Cm?
E, 0.47 1.47 x 10715 cp2
n; | 0.69 7.9 x 108 cm?
l!'.:'_3 0.90 2.4 x 10710 cp?

TABLE 7.4.1 (DLTS data). Activation energy and apparent capture

cross—section at infinite temperature

of electron traps in Cu-doped CdSe
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(a) DLTS Measurements

DLTS messurements on Cu-doped Schottky devices revealed three main

L\
electron traps El ’ E2 and E3 with peaks at about 250, 415, and 450K
(figure 7.4.8). The Arrhenius plots for these traps are shown in
figure 7.4.9. The corresponding ionisation energies and capture

cross—-sections are summarised in table 7.4.1.

(b) ODLTS Measurements

The hole traps obtained from the ODLTS measurements.led to peaks
in the vicinity of 100, 315, 335 and 350K. The ODLTS spectra and the
corresponding Arrhenius plots are shown in figures 7.4.10 and 7.4.11
respectively. The ionisation energies and capture cross-sections
calculated from these figures are given in table 7.4.2.

7.5 DISCUSSION

The experimental data obtained from the various space-charge
techniques applied to the Cu-doped devices generally showed good
agreement. The results are summarised in a diagram (Figure 7.5.1)
similar to that used in the previous section. As can be séen from this
diagram the (0.94 - 1.0)eV acceptor level was the only one which could
be conclusively related to the copper impurity centre. This conclusion
is supported by the photoconductivity measurem;nts made on Cufdopéd
samples (see chap. 5.8), and it is also in reasonably good sgréement
with the 1.05eV (VB) level for copper suggested by Robinson and
Bube(ls). The other levels, with the exception of that 0.2eV above the
valence band were unambiguously present in unintentionally doped
material and are therefore very likely to have been associated with

(23.24).

native defects The ~0.2eV (VB) 1level appeared to be more

complicated and will be discussed later.
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Hole Trap Activation Energy (VB) Apparent Cross-section at
AE(eV) infinite temperature .
¢ (<) cm?
P
' o 2
By 0.22 5.5 x 10713 °®
] . -
B, 0.67 1 x 107 cn?
L -
H, 0.78 8 x 10714 cm?
'. -
H, 0.94 4.3 x 10712 cp?

TABLE 7.4.2 (ODLTS data)
Activation energy and gpparent capture cross-section at infinite
temperature qf hole traps in Cu~doped CdSe
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The electron trap 0.6%9eV from the conduction band, observed in the
DLTS measurements was detected only in intentionally Cu-doped CdSe
crystals. A level 0.69eV below the conduction band at about 420K is
about 0.97eV above the valence band. If this level is essumed to be
pinned to the valence band then it almost exactly coincides with the
0.94eV (VB) level observed in ODLTS measurements. If this were the
case, the capture cross-section ratio (cb/oh) for the level would be
NIDS. "Thus, this Cu-related centre was evidently behaving as a
sensitising centre. This result is particularly interesting as it
demonstrates the power of space-charge techniques in characterising and
understanding the role of defects or Iimpurity centres in
semiconductors. That copper should be related to a sensitising centre
in CdSe is not greatly surprising as 1its role in the promotion

of sensitizing centres in other 1I-VI compounds is well known(zs) and

documented. Although Robinson and Bube(la) came to a contrary
conclusion, they were not in fact able to measure the cross-section
ratio, and their conclusion was based on observations 1in- crystals
"dominated by the action of the 0.64eV sensitising centre. Of course
the transient capacitance methods used here permit greater
discrimination between levels, than do bulk or‘steady—state techniques.

A (0.20-0.23)eV hole trap f;und in the Cu-doped devicga was also
obgserved in Se-annealed crystals and has been attributed to a native
defect. However, the relative response assoclated with the ~ 0.2eV
level was considerably larger in the Cu-doped ssmples. Moreover, the
level was also found to be responsible for a small but continuous
decrease during the low-temperature PHCAP measurements (apparently due
to the thermal release of holes to the valence band). This decrease
was reflected in the PHCAP-TR measurements as.a continous temperature

related drift in the dark capacitance following primary illumination,
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1freépect1ve of the wavelength of secondary illumination. " This
indicates that the drift was entirely related to thermal effects and .
suggests that the ~0.2eV level was not completely frozem out at liquid
.'nitrogen_temperature. Analysis of the ODLTS minimum at about 95K gave

a value for the capture cross-section qb(m) of 5.5 x 10
related time constants for the transient capacitance decay of less than
-1 second. However, the dark capaeitan;e drift observed in the PHCAP
transient measurements (see fig. 7.4.4) had a time constant, at 90K, of
2000 seconds, suggesting the possibility of two quite distinct levels®
at about 0.2eV. Careful anslysis of the ODLTS transients confirmed
this statement. At about 120K the transient time constants were of the
order of 200 m sec. corresponding to a cross-section of

-7 10-18) cm?, This was close to the value obtained for level

(10
with similar energy in the Se-annealed crystal, although no dark
capacitance drift was observed during PHCAP transient measurements at
-90K. w;lth this material, This might have been due to 2 reduced
concentration of these centres in the Se-annealed material. The
picture that emerges, therefore is one in which two levels exist at
similar energies of about 0.2 - 0.25eV in Cu-doped CdSe. One of these

17

levels is characterised by a smaller cross-section of 10 =  €m?, and

is also present in Se-annealed CdSe, and is probably a native defect,

possibly a singly ionised cadmium vacnncy(17)

13

. The other level, with

the much larger cross-section of 10 - cm?, which was only observed in

Cu-doped material, is most probably, therefore, copper related
(26)
”

presumably, either as an excited state of Cu, by anology with CdS

or as .some sort of coﬁplex. In this context it may be noted that a

' defect complex of the form-(Cui'+ + VE; )"~ has been predicted by Varvas

and ¥irk??) and Opik VarvasZ®),
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The occurrence of a highly effective acceptor-like impurity centre
(n1.0 eV(VB)) in the upper half of the bandgap would cause séme
complications in the correct detection of other levels, especially
ascceptor-like ones in the lower half of the bandgap. The slightly
higher value of 0.54eV (CB) as measured by normal PHCAP at 90K for the
electron trap is likely to have been a consequence of the competing
processes of filling and emptying of levels. In fact the value
"0.43eV (CB) for this 1level obtained under the more controlled
conditions in which pre-illumination with sub bandgap 1light was
employed provided more consistent agreement with the DLTS measurements.

In the mid bandgap region there was also one electron 0.9eV (an
and ome hole-:t.ra-p 0.78eV (VB) with almost the same magnitudes of
capture cross-sections. It 1s tempting, therefore, to make a similar
argument for these levels to that which was used from the copper
sensitising centre. If>the 0.9eV (CB) level 1is assumed to have been
pinmed to the conduction band, then the 0.78eV (VB) hole trap obtained
from the ODLTS measurements at about 335K would coincide almost exactly
with the 0,9eV eleétron—trap. This suggests that these two traps are
probably the same level and becsuse the capture cress-section ratio 1s
close to unity it would have been expected to behave as ‘a recombination
centre, or so called Class 1 centre. ‘

The level at about 0,.64eV above the valence band is well
established, and 1s usually attributed to a doubly ionised cadmium
vacancy(15’17). For this particular centre figure 7.5.1 demonatrates 
thet while the results of ODLTS, IRQ-PHCAP and IRQ-PHCAP-TR
measurements were in a very good agreement PHCAP measurements were less
80, For example this level was undetected in PHCAP spectra at 300K,

This may bhe attributed to the shadowing eflect of the at,0eV (VB)
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level. On the other hand the 0.8eV (VB) acceptor-like level obtained
from the ordinary 90K PHCAP spectrum (see fig. 7.4.1) céuld not be
easily associated with the main sensitising centre. Instead it could
be interpreted in two different ways; (a) it might have been ahadéwed
by the ~1.0eV (VB) level so that the observed threshold energy of 0.8eV
did not reflect the true value or, (b) it might be related to the
0.78eV acceptor-like level which was observed in ODLTS measurements,
aﬁd tsken to be a recombination centre togethef with the 0.9eV (CB)

level. The evidence from the pre-illuminated PHCAP measurements at 90i

(see fig. 7.4.2) is in the favour of the second interpretation.

Furthermore the 90K spectrum also revealed two closely spaced
acceptor-like states which were also seen in the IRQ-PHCAP-TR and
PHCAP-TR measurements. Although the level at 0.62 eV(VB) was clearly
the main gensitising centre, the assignment of the other level( 0.72eV)
was less certain. It may have been related to the 0.78eV level seen 1n
ODLTS, or it may have been a different centre altogether. However, the
situation was reminiscent of that found with the material annealed in
Se for 3 days where a similar spread in energy values was observed.
Studies of copper diffusion in CdS and CdSe have shown that copper
can act both as an acceptor and as a donor depending on whether it
occupies substitutional or interstitial sites in tﬁe lattice(26'28).
The acceptor dominant behaviour of Cu arises when the number of copper

atoms on cadmium substitutional sites is larger than the number:of

atome in interstitial positions, The factors which determine the

diffusion of copper and hence the self compensation mechanisme due to

the different charge states of the doubly ionised cadmium vacancy and
fho gingly ionised copper are not well understood. However, it i1s
likely that the process would involve either defeqt complexes and/or
thermal regeneration of cadmium vacancies. This would be entirely.

consistent with the results presented and discussed here.
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7.6 SCHOTTKY DEVICES ON MECHANICALLY POLISHED SURFACES

7.6.1 Introduction

The properties of the surface layer produced on CdSe crystais by
mechanical polishing have been described in Chapter 5.7, whate Schottky
devices prepared on such layers have been discussed in Chapter 6.5. It
was shown that mechanical polishing has an effect very similar to
oxygen adsorption in introducing acceptor type surface states. The
particularly striking resemblance between the RHEED patterns obtained
from polished surfaces and aged samples which had originslly be;n
annealed in selenium vapour for 1l-month, together with the strong
similarities between the electrical characteristics of the Schottky
devices on these two differently prepared surfaces provided further
supportive evidence for the above statement.

The steady-state IRQ-PHCAP spectra were almost identical with

those for the l-month annealed material in which the principal level

was the 0.64eV sensitising centre (see Sec 7.2.3). Therefore only

steady~state PHCAP measurements which showed some dissimilarities will
be presented in this section.

7.6.2 Steady-State PHCAP Measurements

The-spectralvdependenqe of PHCAP for a typical Schottky device
made on a mechanically polished surface of a CdSe crystal is shown in

figure 7.6.1. In the 300K spectrum the threshold values occurred at

.1.16, 1.36, 1.46 andl.6leV implying that there were three acceptor-like

levels some 0.6, 0.38, 0.28eV above the valence band, and a donor level
at about 0.13eV below the conduction band.

All the energy levels observed in the 300K spectrum were also
obgerved in the 90K spectrum except for that at 0.28eV (VB). This
level was evidently phadowed by the 0,30V (VB) centre in the low

temperature measurements. The (0,36 ~ 0.3H)eV acccptor—iike centre
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observed in PHCAP was only detected with the mechanically polished
(sphalerite phase) CdSe samples which suggests that this centre may .be
related to oxygen because of the very strong simflarities between the
oxygen adsorbed and mechanically polished samples., This level was also
observed in photoconductivity measurements on mechanically polished
samples.

7.7 DISCUSSION

The suggested relation between the (0.36-0.38)eV acceptor level
and oxygen is mainly based on the very strong similarity between the
oxygen adsorbed and mechanically polished layers. Brillson(zg) has.
reported a level at about exactly this energy in oxygen adsorbed
surfaces. Nevertheless, the relationship between mechanical polishing
and or adsorption 18 not fully understood. .1t would have certainly
been very interesting to investigate this relationship by other methods
' such as Auger spectroscopy, X~ray photoelectric spectroscopy etc. but
-this was beyond the scope of the present study. Although there is a
lack of information in this particular connection, two possible
explanations may be offered.

(a) Mechani-cal polishing may introduce some new defect ce'n-t;.re_‘s.
coincidently, very similar to those introduced h_y oxygen, However,
electro-chemical pho-tocapacit;ance spectroscopy (EPS) studies hy
Hask et al(ll) on CdSe single crystals in squeous solutions have shown
that the polishing did not introduce any new states bt_n_t instead
enhanced the existing energy levels in the bandgap.

(b) Mechanical polishing may enhance oxygen adsorption v:_la_
surface defects. Krdger et 81(30.) have pointed out that 0, adsorption
would be £acil‘1tated by the presence of selenium vacancies., The - A

balénce of evidence seems to favour the latter interpretation. The
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conclusion th-ﬁt polishing enhances 02 adsorption and that the ~0,36eV
level is 02 related, was also drawn by Haak and Tenc '_(31) recently. It
is interesting to note that they obtained a nearly identical

distribution of energy levels.

7.8 SUMMARY AND CONCLUSIONS

: It has been shown that the application of the various space-charge
techniques clearly provided a better picture of the distribution of
defect and impurity levels in CdSe crystals. It has 8lso been
concluded that the appearance of the photoconductivity sensitising
centre 0.64eV sbove the valence band was attributable as much to the
low temperature used in the Se-annealing process as to the introduction
.of the excess selenium itself. The large value of hole capture
cross-section for this centre is further evidence for describing it as
a sensitising centre.

Goppér impurity was found to introduce an acceptor level 1.0eV
above the valence band. The capture cross-section for both holes and
elections vas measured and the ta-t:lo(los) provided strong evidence that
"this level was also behaving as a sensitising centre. There appeared
to be a second copper related centre ~0,2eV above the valence band_.
although the presence of a 'na-l_:ive defect at the -same energy po.si_.t.:l_on-
complicated the situation. However, the large dispa.rity in the
measured hole capture cross-sections did imply the existence of two
.distinct levels. The native defect was probably a singly ionised

cadmium vacancy with a emall cross-section (10"'17

cm’)‘ whereas the
larger cross-section was possibly associated with a copper-defect

complex or with an excited state of copper.
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CHAPTER 8

CONCLUSIONS

8.1 SUMMARY OF RESULTS

8.1.1 Material Preparation

In an attempt to characterise the native defect and impurity
centres in CdSe the main emphasis in this work has been placed on
aﬁace-charge capacitance techniques which yield more quantitative
information, and which had not previously been extensively applied to
CdSe. This required the use of Schottky barriers as the junction
devices for the application of these techniques. The devices therefore
had first to be fabricated and then investigated in order to establish
their electrical characteriat;é;. Although”- Figh resiativity
photoconductive CdSe samples could easily be.obtained from the very low

resistive as-grown material, using different annealing and impurity

" doping processes, the optimum resistivity required for Schottky' diode

fabrication proved difficult to achieve. However, it appeared that
annealing CdSe crystals in a very low vapour pressure of selenium (
6.10-3kh4at 550°C for long periods of time (several weeks) was one of
the possible ways of achieving the appropriate reaistivit; for devices.

Another satisfactory solution involved the incorporation of Cu-impurity

- by evaporating a very small amount of metallic copper onto the surface

of the material then heating at 650°C for few hours to diffuse it in
uniformly.

8.1.2 Schottky Barriers -

The electrical characteristics of Schottky barriers preﬁared using

either of these optimum resistivity substrate materials changed
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dramatically during ageing in sir. This was attributed to a change in
the role of the ever present oxygen layer following its transition from
being initially physically adsorbed to chemically adsorbed with time.
Using measurements of I-V and C-V characteristics ﬁoth before snd after
' n (2

ageing, and utilising the theoretical work of Cowley(l) ,» Fonas

Crowell and S'ze(a), and Card and R_hod-erick(a), it has been shown that
the Schottky barrier height is determined by a combination of the
thickness of the interfacial layer, the occupancy of surface states and
the metal work function. The barrier height in CdSe Schottky diodes has

frequently been reported to be independent of the metal work function

'(Mead(s) and Consigny et al) (6). They suggested that the minimum

required number of surface states to explain such an obaervat_'ioh should
be > 1013 cm'3 ev-l. This density of surface states had not been
obtained in the studies of Cons:l.'gny et a1(6)' and B_»rillson(” to provide
evidence for the metal work function independent Schottky barrier
height. This difficulty i1s resolved by the model proposed in the
present work where an increase in bandbending occurs with the diffusion
of increasing amounts of oxygen introducing acéeptor like surface
states. It has been clearly demonstrated that the calculatéed number of
(2-6) 1012 c_m"2 eV-l surface states is entirely adequate to explain the

situation we have found in which the barrier height is not completely

independent of the metal work function.

(8) 9

As Somorjai and other workers have shown the
non~-stoichiometric behaviour of CdSe crystal becomes even ﬁore
p‘ronouncéd at the surface. Hence more oxygen may be adsorbed when the
surface concentration of Se-vacancies -:ls high. In fact the RHEED
investigation of the surface s.truct'ure showed conclusively that there

was a phase transformation from hexagonal to a polycrystalline
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sphalerite cubic 1layer at the surface as a consequence of the
oxygen adsorption. Control experiments in different ambients such as
dry or wet nitrogen, carbon dioxide or argon indicated that a cubic
layer could only be produced in an ambient containing oxygen. When the
extremely sensitive nature of the CdSe surface is considered this
behaviour does not seem unusual. Mark and Creightonflo) have reported
that changes in several surface parameters of representative
semiconductors exposed to oxygen scale logarithmically with the Pauling
electronegativity difference of the semiconductor cénstituents.
Application of this scaling curve to the Pauling electronegativity
difference for CdSe and for CdS for example, revealed that the bonding of

oxygen on CdSe is more than 5 times as strong as it is on CdS. On the

other hand extensive studies on thin films of CdSe, have shown that the

hexagonal phase is favoured when the metallic component is in excess'ahd;

the cubic phase when the non-metallic component is in excess. An
investigation of the transformation mechanism i1s beyond the scope of the
present work but by drawing an amalogy between Se-interstitials and
oxygen (both of which introduce acceptor-like levels), it 1s not
unreasonable that an excess of oxygen should give rise to the cubic

phase. -

It has also been ghown that mechanical polishing of the CdSe
crystal with alumina powder with a particle size less than 3 ym promotes
. an identical phase transformation. Such polished layers had much higher
resistivities than the underlying hexagonal base material, and they give
rise to photoconductive effects, The parallel behaviour between the
mechanical polished and oxygen adsorbed surfaces was atriking, as
indicated by:

(1) identical RHEED patternéhfrom both aged (oxygen adsorbed) and

mechanically polished surfaces.
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(11) almost identical electrical characteristics for devices made
on either mechanically polished surfaces or etched surfaces
measured after ageing.

(111) very stroﬂg.resblance in PHCAP spectra of Schottky diodes on
_ the two substrates.

Similar studies by Haak and Tench(u) have led to the conclusion
that the polishing does not introduce new levels, but enhances existing
ones. Furthermore, according to Kroger et a_1(12) » Oxygen adsorption
would be facilitated by the preesence of surface defects such as
Se-vacancies and hence the mechanical polishing would promote adsorption
via the resulting incresse in surface defects.

The application of space-charge capacitance techniques to Schottky
diodes prepared on mechanically polished surfaces of CdSe, aﬁd the
photoconductivity me#surements’ on the same surfaces indicated an
acceptor level (0.36-0.38)eV above the valence band. In view of the
similar effects of oxygen adsorption and mechanical polishing, it is
-sug‘gesfed that this level 1s related to oxygen. This suggestion is
strongly supported by the extensive studies of B-rillso-n(7) on CdSe
surfaces exposed to air, and the more recent study of Haak and Tench(}:”
on mechanically polished surfaces of CdSe. These have demonstrated the
existence of the same energy level (in excellent agreement with the
present study) and it 1s notable that .they reached the same conclusion
that i':!li's level is related to oxygen.

8.1.3 Deep Levels

Tﬁe studies of deep levels both by photoconductivity (the bulk
method) and with space-charge techniques on almost all the cry.s-tala
available have sliown conclusively that a level of (0.61-0.65)eV above

the valence band is the major acceptor level in CdSe. The large hole
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capture cross-section of 1.10_14 sz for this level and the

measurements of the IRQ-photoconductivity, provide strong evidence that
this level acts as a photoconductivity sensitising centre. This

conclusion is in very good agreement with the work of Robinson and

Bube(ll'). and Manfredotti et al(ls).

cross—-section ratio of '\'107 for a similar level, the electron capture

cross~-section would be of the order of '\'10_21 sz. Such a smsll

Using the reported capture

cross-section would be consistent with Bube's suggestion that the centre
is a doubly ionised cadmium vacancy.
Another acceptor level with an ionisation energy of 0.20-0.22eV was

also invarisbly present which suggests that this is also a native

17

defect. The smaller hole cross-section of ~5.10 c'm2 for this centre

implied that it is probably a singly ionised Cd vacancy as suggested by

Bube('ls), Manfredotti et al(ls). and Balenki:l‘et al(”).

A relatively shallow electron trap (0.11-0.16)eV level below the

con_dﬁction band with an electron capture cross-section of '\:2.10"18 sz

was also found to be intrinsic to CdSe and can probably he attributed to

singly ionised Se-vacancy donors. This would be also in good agreement

with the suggestions of Bube and Barton(m) and Kindleysides and

Woods(lg), Apart from these important and well established levels,

evidence was also found in other less well defined levels, and these
have been discussed in the relevant parts of this thesis.

More :hnportantly, measurements on Cu-doped CdSe revealed that an

A

A

acceptor level v 1.0eV sbove the valence band edge was associated with

this impurity. The corresponding hole capture cross-section of 4.1(")-12

2

(.} and the relatively small electron capture cross-section (7.10_18

c,mz) clearly demonstrated that, with a capture cross-section ratio for

105. this particular Iwmpurity ncta as o sensitining centre.  Although
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this conclusion is in good agreement with the role of copper impurity in

(14) vere Iin fact unable

most of the II-VI compounds, Robinson and Bube
to confirm that Cu acts as a sensitising centre in CdSe. Nevertheless,
their estimate of 1.05eV for the activation energy of the centre is in

excellent agreement with our measurements.

8.2 SUGGESTIONS FOR FUTURE WORK

Because CdSe is a less well researched member of the family of the
II-VI compounds, many interesting projects which go well beyond the
scope of this thesis could be proposed. Seve?al possible sreas for
future work following on from_the present work are:

(a) It would be interesting to introduce a fundamental changé in

the method of crystal growth in an attempt to: produce more

stoichiometric CdSe single crystals.ﬁ_ﬁp.:iﬁ EQ: - =}u”

(b) Photoconductivity studies should be carried out using the
constant photocurrent technique because 6f its easier
interpretation and better resolution. Similarly, the same
technique could be applied to infrared quenching measurements,
ﬁy using an infrared source together with different filtefa
particularly in the far infrared region.

" (¢) In view of the success of the DLTS and ODLTS measurements it
wouldibé interestipg to extend the study of similar devices to .
investigation by the deep level optical spectrocopy (DLOS)
technique. 'This would ensble ﬁrap levels to be determined
with a higher degree of accuracy.

(d) Since CdSe has been found to be a promising material in the
fabfication of MIS and CuZSeICdSe heterojunction type of solar

cells, the device characterisation described in this thesis

could be extended to these devices.
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(e) Solar cells might be fabricated with thin films of this

material to provide large area devices at lower cost.
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