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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.