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Abstract..

This thesis presents the resuits of am
investigation into the hole mobility and its temperature
dependence in single crystal specimens of the layer
compound PbI, in a direction parallel to the c-axis.

Thin specimensybetween 20 and YO}kms thickswere cleaved
from a larger boule crystal and fitted with evaporated
metal electrodes. The temperature dependence of the
electrical conductivity along this axis has also heen
studied,as well as the photoconductive response at 290°K.

The hole drift mobility was investigated by
the use of fast electron beam techniques. A 30keV
excitation pulse of 10nsec duration was focussed on to’
the specimen and generated free carriers near the top
electrode. A measurement of the transit time in é pulsed
applied field led to a value for the hole drift mobility
P

At room,temperature)u‘was found to lie
between 1.8 and 5cmlvolt~lsec™?. For most specimens
the temperature dependence of mobility sbove about 250°K
can be represented by an equation of the form)‘kccexpe /RT,
where € represents an energy that varies between 0.025
to. 0e150eV for the crystals investigated. At a particular

temperature,it is found that the low mobility specimens



iy
correspond to the highest values of € . On the basis of
the results it is concluded that the hole transport takes
place in a narrow band and that the mobility is determined
by 6ptical mode scattering. At temperatures below 250°K,
however,specimens with high & show the presence of |
another transport mechanism in which M becomes essentially
temperature independent,

Attempts have been made to fit the mobility
results to two transport theories: Holstein®s small polaron
theory and the model developed by Fivaz and Mooser for
transport in layer structures. Possible reasons for the
range of observed optical phonon energies are discussed.

Measurements of the temperature dependence
of the dark conductiviby revealed a trapping level 0.55eV
below the bottom of the conduction band,which hitherto
had not been detected. In addition a defect trapping level
0.26eV above the valence band was found in agreement with
previous workers. At temperatures greater than LOO®°K
to L50°K,the electrical properties are determined by
an ionic conduction mechanism with an activation energy
of 1.3eV. This appears to be connected with the creation
and movement of Pb2+ interstitials.

The room temperature photoconductive
response shows the absorption edge to be located at

about 2.4eV. On the basis of the present results and



11§
those of other workers,an energy level scheme for Pb12
is proposed which can account for the majority of the

observed features.
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CHAPTER 1

Introduction.

The intentions at the outset of the present
investigation were to compare and contrast the charge
transport in a number of layer compounds in a direction
perpenmdicular to the layers. To this'end,Cadmium.Iodide,
Lead Di-iodide,a mixed crystal of Cadmium Lead Iodide
and three types of Gallium Selenide samples (transport
reacted,vapour phase and melt grown) have been investigated.
All crystals,with the exception of PbIs.,showed such limited
.lifetime signals that drift mobility measurements were not
possible. In fact,of the two PbI, boules available,ohly
one was useful for such measurements and eventually even
pPlatelets cleaved from this boule showed only lifetime
limited hole transits. Consequently,it was not possible
to pursue this particular aspect of the investigation as
far as it had originally been hoped.

This thesis will present the charge transport
results,together with dark conductivity measurements as
a function of temperature and the photoconductive response
at room temperature. However,these results will be preceeded
by a number of chapters which are intended to familiarize
the reader with the PbI, structure and the known properties

of layer compounds and also to provide a basis for the
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ihterpretation of the resultse.

Chapter 2 will deal with the structure of
the layer compounds,that of Pbl, being givenzin greater
detail together with the methods by whic'h.Pb)I2 may be
prepared. The properties of the gallium monochalcogenides
i.e. GaS,GaSe and GaTe,will be described in the opening
sections of Chapter 3. This has been included because these
are the layer compounds which have received most experimental
and theoretical attention. The remainder of that chapter
will be devoted to Pbl,.

Chapter 4 will give,in qualitative fashion,
the theories which would be expected to describe charge
transport in a layer compound perpendicular to the layers,
and for the most part will be occupied with the small polaron
theory due to Holstein. The experimental apparatus and
procedure is described in Chapter 5,whilst the following
chapter will present the experimental results. These will
be discussed and interpreted in the final chapter and on
this basis an amended energy level diasgram (at k=0) will
be suggested.



3
CHAPTER 2

General Properties and the Preparation of Layer Compounds.

Intfoduction.

There appear to be no review articles
concerned solely with layer compounds. Because one such
compound is the subject of the present investigation,it
would seem desirable to present in this chapter a brief
survey of the properties of these materials and of important
work in thie field.. The gallium monochalcogenides (i.e.
GaSe,GaS and GaTe) together with PbI, will then be treated

more fully in Chapter 3.

21 The Structure of Layer Compounds.

Many types of layer compound have beeny
described in the literature.. Their common feéture is the
van der Waals forces which bind the layers together,
although this is sometimes reinforced by a small ionic
contribution.. |

The prototype of all layer structures is
graphite,consisting of sheets pf carbon atoms. The atoms
within each sheet are held together ﬂy covalent bcuds;the
same applies to boron nitride,a layer compound closely
"resembling the graphite structﬁre. The layer structure

of BizTe3 is shared by Bi,Teo S, Bizse3,,Bi2Te28e and SbQTeB.
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The structure of Bi2TeZS,for example,is best visualised
as a series of atomic layers along the c—-axis following one
another in the succession characteristic of cubic close-
packing. The order is: S-Bi-Te-Te-Bi-S-Bi-Te-Te-Bi-.
MoSz_and.WSez are examples of hexagonal
layer compounds with elongated bimolecular unmits. In
MoS, »fer example,the S-5 distance between double layers,
3.66K,is_approximately the radial sum for ionic sulphur,
in contrast to the other S-8 separations,which are much
less than thise. The unusual compound calcium monochloride,
CaCl,is tetragonal and composed of double Ca layers
alternating with double layers of Cl. Another layered
tetragonal structure is lead fluorochloride,FbFCl,the
structure of which is shared by sbout fifty other substances.
The simplest and most familiar of all layer
structures,excepting graphite,is the original Cd12 or
Gd(OH)2 grouping,with the C6 structure. It is hexagonal with
a single molecule per unit cell. A typical atomic arrangement,
in the case of CdIz,consists of layers of Cd- or I- atoms
perpendicular to the c-axis. The sequence is illustrated in
fige 2.1+ At least seventy representatives of this structure
have been identified,and incluﬁe di-chalcogenides,di-halides,
some hydroxides and halo=-hydroxides of many metals. Lead
di-iodide,PbI,»is one of the crystals showing this

arrangement.
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In the typical example of CdIz,the cd-I
and I-I separations are about equal to the sums of the
ionic radii. Thus,it is permissible to view the structure
as é hexagonal close-packing of iodine ions with the smaller
cadmium ions nesting Between alternate layers of iodine.
In some crystals with this stucture,however,the anion-
anion separations are not all alike and some are greater than
the sums of the ionic radii.

Ba¢h;Pb12 and CdI, have been shown to be
polytypic: i.e. the basic anion and cation layers may
differ in the way they are repeated along the c-axis.
More than forty polytypes of‘C,:dI2 have so far been identified,
whilst at least four polytypes of PbI2 are knowne The
simplest form of PbI,,the C6 structureshas a monomolecular
unit of dimensions, ag=l.557& and cy=6.9794,whilst the
polytypes have the same value of aj but simple integer
values of cge H

Another class of layer compounds is formed
by the gallium and indium monochalcogenides,with the
exception of InTe. The atomic arrangement within each
layer for the gallium monochalcogenides is the same,
and is shown in fige. 2.2. It is seen to consist of four
sub=~layers,containing two. close-packed gallium layers and
two: close—packed anion layers in the sequence anion-gallium-

gallium—-anion. Within each of these multiple layers,the
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atoms are covalently bonded,so that each cation is tetra-
hedrally surrounded.b& three anions and one other catione.
The arrangement of the layers in respect of one another
varies between compoundssbut in each one,the bonding
between adjacent,multiple layers is of the van der Waals
type'with possibly a small ionic: contribution. GaSe and
GaS crystals show extremely easy cleavage éharacteristics)
aldng the layers. This is a consequence of the nature of
the bonds and also of the large separétion betweeq the
layers,which is similar in magnitudé t0 the thickness of a
layer. However,the layer separations in GaTe have been
shown to be much smaller. In conclusion,GaSeslike CAdI,
anlebI2 also exists in polytypes. |
2.2 General properties of Layer Cormpounds.

Hulliger (41960) has concluded from theoretical
bonding arguments. that those layer compounds having the
Gd12 structure may occur as insulators,semiconductors,.
semimetallic éompounds and evén superconductors. Experimental
evidence has indeed accumulated in support. Sns2 and
Cd12 itself have been demonstrated to be semiinsulaﬁing
(Greenaway and Nitsche,,1965),,,ZrS2 and HfSe, to be typical
semiconductors (McTaggart,1958); Greenaway and Nitsche
- (1965) concluded that TiTe, is'probably a semimetal and
Dudkin and Vaidanich (1961) suggested that it had metallic



properties.

Exciton effects have been observed in the
partially ionic compounds Pbié and CdI2~ The latter is more
ionic and gives rise to two pronounced exciton peaks,
separated by an antiresonance,at photon energies ahove the
fundamental absorption edge (Greenaway and Nitsche,1965).
The existence of this pronounced excitonic structure deep
in the fundamental absorption region camn be explained
qualitatively in terms of the lower dielectric co;stant
and the correspondingly increased Coulomb interaction in

ionic crystals. PbI, has been demonstrated by many workers

2
to give rise to exciton effects at photon energies both
below and above the absorption edge. The excitons observed
at energies above the edge arejas with CdIZ,due to transit-
ions to parsbolic,metastahle exciton states,degenerate
with a quasi-continuum of band states. It will be seen in
the next chaptef that there is much uncertainty about the
nature of' the exciton at photon energies below the fund-
amental edge.

The covalent IViVIZ chalcogenides do. not
give rise to excitonic effects. From a thorough investigation.
and correlation of their reflectivity spectra,Greenaway
and Nitsche (1965)were convinced that interactions perpen-
dicular to the layers are important in determining the

band structure. A similar conclusion has been reached by
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Greenaway and Harbeke (1965) for the layer structure of
bismuth telluride,and also by Brebner and Mooser (1967)
for GaSe polytypes. |

‘ The optical and electrical properties of
GaSe,GaS and GaTe have been the subject of much researche.
- GaS has been found to be an indirect band gap material of
Gg=2.5eV but GaSe has a direct gap of sbout 2.0eéV. They
are all good photoconductors. This,together with other
optical and electrical properties,will be discussed in the

following chapter.

2.3 Methods of Preparation of Layer Compounds.
Layer compounds in single crystal form

have been prepared using some of the techniques applied
generally to single crystal growth. These will,for the most
part,be mentioned in this section,whilst chemical transport
reactions will be dealt with in more detail. This method
has been found to be extremely valuable for many layer
compounds e

| Single crystal platelets of bot.h.P‘qI2 and
Gd12 crystallize from saturated aqueous solutions. Whereas
Cd12 crystals up to 500Mms. in thickness may be obtained,
the PbIz_crystals rarely exceed a few microns. Much thicker
single crystals of PbIé can be grown from a melt of

zone-refined material by the Bridgman method. This technique,
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however,is liable to involve large constraining forces
and leads to a high concentration of defectse. These forces
may be eliminated by the use of a new method of crystal
groﬁth in silica gel (Henischs,Dennis and Hanoka,1965),
for the latter yieldé mechanically to the growing crystale
PbI2 crystals of relatively high purity and a high degree
of periection have been prepared by this technique,(Dennia
and Henisch,1967).

The gallium monochalcogenides and group
IV-VI, chalcogenides have both been grown from the melt
and also by simple sublimation or by vapour transport.

They may also. be prepared under less extreme conditions

by means of chemical transport. This technigue was introduced
by Schaefer (1962)” and has proved a very useful method for
growing crystals from the vapour phasee.

Chemical transport reactions are based on
the fact that a-transport of matter can occur in a chemical
system consisting of one solid and n gaseous components
in equilibrium,if the equilibrium constant is made to vary
locally. This can be achieved by imposing a temperature
gradient along the vessel conpaining the system. The simplest
arrangement is a closed tube with a polycrystalline solid,
(e.g+ SnSen)yat a temperature T, at one end (Zone 1),and
T, at the other end (Zone 2). in the absence of any other
component in the tﬁbe,the system reduces tb n=1. At high
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enough temperatures and T1> sznormal sublimation of SnSe,
will occur. .
, If,however,a substance such as iodine,
which forms a volatile compound with SnSe,,is introduced, NS

an equilibrium will be established:

SnSez2 + J:2<___?Sn]:2 + 25e. |
Deposition of SnS,e2 in Zone 2 will occur because of the
different equilibrium conditions in the two halves of the
tube. Single crystals can only be obtained by adjusting the
experimental parameters in such a manner that,once a
certain number of seeds are formed in Zone 2,the amount of

material arriving in this zZone per second corresponds to

the &elocity of growth of the seeds.
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CHAPTER 3

A Survey of Previous Work.

Bl Introduction.

In this chapter,a brief review will first
be given of the optical and electrical properties of the
gallium monochalcogenides. Of ail the layer compounds,
these have been the subject of the most thorough
experimental and theoretical investigations. A more
detailed survey off the properties of'Pb)I2 will follow
and will include decompositionmyconductivity and optical
studies. The latter has provided valuable information
on the band structure and led to interesting excitonic
effects both at the fundamental gbsorption edge and at
higher energies. These effects will be compared and
contrasted with similar ones observed in GdIZ, No electrical

transport data for PbI, could be found in the literatuie,

2
so that the work described in the following chapters of

this thesis provides the only information on this aspect.

5e2e1 Electrical Transport in the Gallium Monochélcogenides.
It must first be noted that the work in

this section refers to electrical conduction perpendicular

to the e¢~axis. There is no information available in the

‘literature concerned with transport along this axis.
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Fischer and Brebner (1962a)have investigated
resistivity and Hall coefficients for single crystal
samples of GaTe and GaSe. The p-type materiais yielded
hole mobilities of 4O cm?volt~Tsee™! and 30 cm2volt~Tsec~?
respectively at 20°Q and a temperature dependence of
=1+8 and T~1+6 (fig. 3.1). Electron mobilities of similar
magnitude and temperature dependence were reported earlier
by Fielding,Fischer and Mooser for GaTe (1959). These
latter galvanomagnetic measurements indicated an intrinsic
region atove 600°K,with an activation energy corresponding
to the band gap of 1.65eVe.

The work. of Fischer and Brebner (1962a)
further revealed that cold-worked GaTe crystals showed an
increase in both resistivity and Hall coefficient as
large as 30%. To account for this,they proposed a model
in which the dislocations introduced by mechanical working
were associated with dangling bonds,which correspond to
energy states close to the conduction and valence bands.

More recently, Fivaz and Mooser (196L)
have carried out further hole mobility measurements on
GaSe. Their results,shown in fige 3.2,led to mobility
values an order of magnitude greater than those previously
reported by Fischer and Brebner. This has been ascribed to
the superior quality of transport reacted samples as

compared with crystals grown from the melt. However,they
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also found a very staeong tenperature dependence,)*L-T-a’z.
This was interpreted in terms of a proposed new electron-—
phonon interaction characteristic of layer compounds,
and is described in more detail in Chapter L.. It can
aceount for the rapid decrease of mobility with increasing
temperature and is supported by the fact that the results
vield a vibrational energy (%« ) between 50 and 100meV.
This is consistent with the values deduced from force

constants normally met in covalent crystalse.

3e2e2 Optical Properties of the Gallium Monochalcogenidese.
The optical absorption edge of Gale was
studied by Brebner,Fischer and Mooser (1962) and determined
to lie at 1.78 eV (L4O°K) and 1.65eV (300°K). This is in
close agreement with similar observations reported earlier
by Pielding,Fischer and Mooser (1959)j,and also with the
photoconductive fesponse measurements of Ryvkin and
Khansevarav (1956). In addition,Brebner et al observed
a pronounced line structure near the absorption edge,strongly
temperature dependent,the strength of which could be
increased by subjecting samples to mechanical work (c.f.
Fischer and Brebner,1962a) and decreased by annealing.
These observations led to the conclusion that the structure
was not of an excitonic nature,but rather associated with

the degree of crystalline imperfection of the samples.
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Bassani,Greenaway and Fischer (196M)
have extended earlier absorption measurements on GaSe and
GaS ynotably those of Brebner and Fischer (1962h),to shorter
waveiengths. The absorption curves,shown in figs. %e3%a and b,
bear a marked similaritysand both materials show the
presence of excitons at energies just below the band edge.
They are interpreted in terms of current exciton theory
and their binding energy has been determined from a formula
derived by Elliott (1957). The first two lines reported in.
GaSe give a binding energy of 0.037eV and a band gap of
2.139eV at 77°K. Aﬁ energies greater than the fundamental
edge both GaSe and GaS are characterised by three main
reflectivity peaks,the corresponding transitions in Gs&aS
oceuring at higher energies. It is interesting to note
that ,whereas the lowest energy peak of each material was
attributed to the same transition,the optical work of
Gasanova,Akhondoﬁ and. Nizametdinmova (1966) on
Gas.xs.e1_x single crystals indicated that the corresponding
middle peaks were caused by different transitions.

It has been previously mentioned (Chapter 2)
that interactions in the c~direction play a rcle in deter-
mining the band structure. Evidence for this in GsaSe

has been furnished by Brebner and Mooser (1967) ny
comparing the exciton series in polytypes of this compounde.

They recorded that the series,and hence the band gap,
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was displaced to higher energies by up to 0.049eV in
different GaSe modificationse. This was due to adjacent
layer arréngements being different,so as to lead to an
alighment of cations and anions such that an ionie contrib-
ution resulted to the weak interlayer bonding. The excitom
series itself does not fit the idealizedj,two-dimensional,
hydrogenic: series investigated by Ralpk (1965).
Furthermore;&rémner‘aoncluded that the exciton in its
grbund state extends over abhout five layer packets in the
c-direction (i.e. about LOR) ,even though the hole mass in
this direction is extraordinarily large (Kamimira and
Nakao 31966) ..

3.2»3 Band Structure Calculations for GaSe and GaS.
Calculations,of a limited natureyhave been
attempted by Fischer (1963) on the basis of a two—-dimensional
free electron model and also by Bassani,Greenaway and
Fischer (1964) using the tight binding approach. Both failed
to give any real picture of the valence and conduction
bands. The best computation to date is that performed by
Bassani and Pastori (1967). They have utilised a semi-
- empirical approach to the tight binding method in the two-
dimensional approximation,thus neglecting interactions
between layerse. This model has been justified by Kamimura

and Nakao (1966),who proved with a three-dimensional
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calculation in the tight binding approximation that the
effective masses in the K, direction are extremely large.
The results of Bassani and Pastori are reproduced in figse.
B.ua.and b. It is seen that GaSe has a direct optical gap:
V' = T3%  yut GaS an indirect one,the transition
concerned being from the I?f—-E%+ states. It is stressed
that these differences are mainly due to different lattice
parameters,and the atomic value of the p=-valence state
of Se being shifted to higher energy values with respect
to that of S. The band structure of Bassani and Pastori
» successfully explains many of the experimentally observed

optical properties.

3+3e1 The Decomposition of PbhI, Induced hy Electron
Bombardment.

The alkaii halides,metallic dihalides and
hydroxides form a group of materials that can be struct-—
urally altered when bombarded with radiation that is not
sufficiently energetic to cause direct atomic collision
displacement. Forty (1960), wishing to gain more insight
into the procecsses occuring,studied the structural changes
and chemical decomposition in very thin platelets of P‘bJI2
under the beam of an electron microscqpe. He observed an

initial rearrangement of dislocations and formation of

new isolated loops,followed by the appearance of mobile
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cavities. It was these that provided the sites for the
precipitation of lead,the final stage in the decomposition.
A mechanism to account for these observations
was later proposed by Forty (1964 )+ It can be conveniently
summarised by the following equations:
ionisation by

(1) I~ s = I +e
incident electron

(I~ = iodide ion in lattice)

recoil or
(ii) I - I interstitial + I~ vacancy
thermal energy

5 repulsive force
(i1i)Pt = pb?* interstitial + Pb®+ vacamncy
from 1~ vacancy

(iv) Ph°* + 2¢ —=Ph

3342 Conductivity in PbI, along the Layers.

The photoconductivity in thin single plate-
lets of PhlIp, perpendicular to the c—axisyhas been
measured by Forty and Dawood (1962). It was shown to
consist of three separate regions betweem room temperature
and 300°C (fige 3.5)e Up. to about 180°C the measurements
revealed a photoconductive region of activation energy
Q.23eVywhich was interpreted in terms of the release of
charge carriers from traps. However,at 180°C,the conduc—~
tivity abruptly decreased over-a range of LO®°C (see section

3¢3¢3)e Thereafter,it rase agédn to. show predominantly



18

ionic conductivity,proceeding by two distinct mechanisms.
The fir-st region,from 230°C to 275°C.displayed an activ-
attion energy of O.LZ2eV whilst ebove this temperature
an activation energy of 1.3eV was in.evidence. Both the
latter results are in good agreement with Seith (1929) on
compréssed powders of Pblz. These were interpreted by
Mott and Gurney (194Q) as due to extrinsic and intrinsic
ionic conduction respectivelysand the present authors
Place a similar interpretation on their results. From
various considerations they conclude that the extrinsic
conductivity is due mainly to the movement of anion
defectsywhilst the intrinsic region is connected
predominantly with the creation and movement of Phl+ ions.

Henisch and Srinivasagopalan (1966) have
performed photoconductive decay measurements with high
background light intensity.,and claim that under these
conditions rec.ombination was the dominant process. The
estimated lifetime in their p~type PbI, grown in silica gel
was 600fxsec. Its field depemdence led them to an estimated
hole mobility of fcm?volt™Tsee™! along the layers. However,
in view of the results to be presented in this thesis
for hole transport parallel to the c-axis,this would seem
to be far too low.

Dark conductivity measurements on gel grown

PhEZ by Duganm and Hemﬂsch.(196%a%over the temperature
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range 200K to LOQ°K,revealed an activation energy of
0.26eV. This was in good agreement with their infra red
absorption measurements up to 15}Lms,fon-an;abaorptiom
band was seem.ét A.kams»(O.ZEeV), and attributed to
absorbing centres of concenmratiom.5.1014cmf5. The
activation energy of 0.26eV should be compared with that
of 0.23eV obtained by Farty and Dawood (1962).

3e%e% Photodecomposition in:PbI2.

Light was shed on the cause of the anomalous
fall in photoconductivity between 180°C and 220°C (see fig.
3.5) observed by Forty and Dawood (section 3.3.2) when
they established that it coincided withi the precipitation
of particles of metallic lead. Both only occur in illum=-
inated specimens and at temperatures exceeding 170°C.

The decrease in photoconductivitiy can then be accounted
for by a sudden. increase in the rate of trapping of
photo=~electroms or =holes at ion defects. The critical
temperature of around 180°C was presumed to imply that at
this temperature defectis are formed frequently enough
and have sufficient mobility to form sfable traps,
allowing the aggregation of the lead precipitate.

Further investigation by Dawood,Forty and
Tubbs; (1965) disclosed more informatiom on the nature of

photodecompositione They showed that decomposition is
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only caused by wavelengths that are strongly absorbed in
Phl,« As shown in fig. 3.6a,Tubbs (1964) recorded at 100°K
a strong absorption peak at 2.52eV (u930§} preceding a
continuous gbsorption spectrum,with a further absorption
peak at 3.2eV (57503}. A definite correlation was noticed
between these peaks and others observed in the spectral
response curves for photoeconduciivity (fig. 3.6b) and for
photodecompositione. Since the sghsorption peaks correspond
to exciton transitions (admittedlysat the time the peak
at 3.2eV was 1interpreted by Tubbs as a band to band trans—
ition),it would seem justifiable to assume that excitons
play an important role in decomposition. Quantitative
measurements by Dawood,Forty and Tubbs revealed that the
amount of photodecomposition varied as the square of the
intensitys,as found by Jacobs and Tompkins (1952) in the
metallic azidessand as the square root of the time. This
suggests a bimolecular processysand the following model
has been suggested by Dawood et al.

Visible light of wavelength smaller than
about. 52OOX produces mobile excitons,mostly in the surface
regions. At higher temperatures,if two such excitons.
become trapped at the same site,most likely a surface
imperfection,it is energetically possiblé for them to
interact. The products of such a reaction would be an

iodine molecule,two anion vacancies and two electrons
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adjacent to the original vacanciese. The precipitation of
lead then ensuesgyeither by the aggregation of F—-centres
(the two electrons are trapped at the iodide ion vacancies
produced) »or by the trapping of electrons by Fbe+ions.
The latter is quite feasible foryafter the excitons react,
a P+ iom is left with only one nearest neighbour I~ ion
and can thus readily trap the two electrons to form a
lead atom.

Dawood  Forty and Tubbs also demonstrate the
practical applications of photodecnmposition in the field
of image recording photography. Single crystals show rather
poor resolutionsas the precipitates form preferentially
at surface imperfections and reach a considerable size
before they scatter light. This is in contrast to evaporated
films,which are claimed to have at least as good a
resolution as the best photographic emulsions,since the
suiface imperfections are so numerous and the crystallite

size 80 smalle.

3e3.4 The Fundamental Absorption Edge of FbI,.

The absorption spectrum of Pbl, at room
temperature was first measured by Hilsch and Pohl (1928)
and then by Fesefeld (1930). Imai (196%),using evaporated
films,has performed a similar investigation but over a

wider wavelength region and also at low temperatures.
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His results,shown in figs. 3.7a and b,agree with the
earlier ones on the positioning of the fundamental edge
at around SOOOK,although.a shoulder was now revealed
supérimposed upon the edge. This shoulder narrowed into
a very prominent peak at low temperatures and was attributed
to an exciton transition,but no fine structure was observed.

The temperature dependence of the edge
was measured by Imai and the absorption coefficient
found to obey Urbach's rule. The fact that this rule holds
would appear to support the ionic character claimed by
some authors for Phls.:

The above work was underteken in an attempt
to observe the hydrogenic-like exciton series at the
fundamental edge which had earlier been reported by
Nikitine (1955) yand more recently observed by him with
other collaborators on differént occasions. The most recent
results (Nikitine,Schmitt-Burkel,RBiellmam and Ringeissen,
196l.) show the strong exciton absorption line at L9LOA
(. 77°K) to be resolved into several absorption lines at
L.2°K (see fig. 3.7B for 'Nikitine's Series®). The lines
fit a hydrogenic-type formula,gxcept the first one, and
Haken (1957) has shown that good agreement would not be
expected for n=1. The first line is by far the most intense
and thus the series would seem'to fit that class of

Mott-Wannierj,or delocalised,excitons which result from
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transitions in which the wave vector k=0.

The difference in the results of Imai and
Nikitine,outlined above,is indicative of a much wider
diségreement which persisted on the question of the
exciton lines observed at the fundamental edge. Many such
lines have been reported,but there is little agreement
as to their wavelengths,numberj,half-widths and absorpticn
coefficients. This may be partly accounted for by the
fact that,for instance,the peak wavelength is sensitive
to small changes in the lattice parameter. However,the work
of Forty and Tubbs (1965) would appear to provide a
consistent explanation fqr the many differing results
published on the exciton spectra in PbIz.

This work was performed at 4.2°K and
measurements disclosed the absorption peak to depend upon
the film thicknéss,as shown im fige 3.8. For films of
thickness less than MOQK,a single absorption peak was
observed at u9Q5X. This revealed a shoulder on the short
wavelength side for thicker specimens,the strength: of
which increased with film thickness. Eventually,with a
film thickness of about 25003,the two peaks were of
equal prominence,the second peak being located at 48903.
An explanation . of this effect was forthcoming when
electron diffraction results showed thin films to consist

off an aggregate of crystallites oriented with their c-axes
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normal to the substrate,whilst thicker films alsc contained
crystallites with their c—axes parallel to the substrate.
The authors justifiably claim this work to throw open to
queétion the issue of Nikitine's hydrogenic series. The
third line,which was not always observed,may be simply
structure sensitive,for the present work shows that the
exciton spectra of anisotropic crystals are very sensitive
to specimen structure and orientation.

The effect of polarisation on the absorption
spectrum and photoconductive respomsé,particularly around
the edge,has been studied by Dugan and Henisch (1967a)
and is closely related to the above work. The peak response
in the photoconductivity,for the electrié vector of the
incident radiation respectively parallel and ﬁérpendicular
to the c-axis,was located at 5015% and 5065i. This corresp-
onds to an energy difference of 0.025eV. The difference
in the ebsorption coefficients at the edge indicated a

dichroism of 0.048eV.

3+3+.5 Exciton Effects in PbI, at Energies above the
Pundamental Edge,
Imaﬁwih the work previously referred to
(1961) sobserved two temperature~dependent peaks at energies
above the edgesat 3.2eV and 4.5eV (fig. 3.7a). These 3

agree well with the later transmission measurements at



25
100°K.(fig. 3.6a) taken by Tubbs (1964),who also identified
a peak at u.01ev. The factors which suggested to Tubbs
that these peaks correspond to excitons were the high
absdrption coefficient in this region (about 5,402 cn™1),
and thelr sharpening at lower temperatures,

Excitonic structure above the fundamental
edge in PbIz,and also in the very similar layer compound
GdlI,,has been reported by Greenaway and Nitsche (1965)
and then by Brahms (1965). A similarity in the lower energy
spectral range of the two compounds was noted by Brahms,
from which he concluded that the upper valence bands.are
probably associated with iodine wave functions and are
p-like. However,the energy band shape at the f_i(ooo)
symmetry point would seem to be different in the two
compounds,since the exciton occuring at the band edge
(2.513eV) in PbI, was not present in CAIo.

A more thorough investigation of metastable
excitons in both Pb)I2 and C4dI, has been performed by
Greenaway and Harbeke (1966). The reflectivity spectrum
of PbI, (fig. 3.9a) consists of broad,temperature~indepen-
dent maxima,corresponding to band-band transitions.
Superimposed upon these is a line structure,which sharpens
considerably at lower temperatures and for this reason
was attributed to exciton effe&ts. Three pronounced linesa

gbove the edge were recorded at 3.26eV,4.45eV,and 5.71eV
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(the first two agree with those of Imai and Tubbs) and
are interpreted as due to metastable exciton states
associated with van Hove critical points.

A most important result of this investigation
was that,for PbIz,the exciton states were only present
for the electric vector of the incident radiation parallel
to the layers. Fige 3.9b shows that all states,including
that at the edge,disappear for the electric vector parallel
to the c—axis. This seems to prove that these excitons
are of a two-dimensional nature,with the electron and hole
confined to the same layer so that the dipole moment
of the exciton is parallel to the electric ve¢tor¢

The reflectivity of CdI, at low temperatures
was showm by Greenaway and Hafbeke to consist of.two very
strong peaksg,each subject to fine structure. However,the
exciton structure was present for both polarisations,and
the lines could be fitted to a normal three-dimensional
hydrogenic model. It is thus seen that these two compounds,
with the same structure and nearly equal atomic distances,

have entirely different excitonic properties.

3.3.6 Other Properties..
The photoconductive response of PtmI2
crystals grown from a silica gel has been reported by

Dugan and Henisch (1968),and is given in fig. 3.10a. It
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reveals features at 1.99, 2.16, 2.471 and 3.06eV. The three
lower energy features coincide with peaks in their photo-
luninescence spectrum,fig. 3.10W, the latter also showing
peaks at 2.31eV and 1.85eV. The photoluminescence peaks
at 2.16eV and 1.99eV each have two shoulders associated
with them,suggesting the existence of 0.03eV optical
phonons. These results,together with a defect level at
0.46eV gbove the top of the valence band and obtained by
Dugan and Henisch from an analysis of temperature quenching
of the photocurrent,will be used in the following section
to build a plausible band structure for Pbl,ye

The dielectric constani of PbI, has beem
measured by several workers on different types of sample
and at various frequencies to give results differing by
over an order of magnitude. Dugan and Henisch (1967b),
using single crystals,have repeated these measurements
in the frequency range 102—105cps and at temperatures
between 110°K and L450%°K. They found the dielectric constamt
to be frequency independent below 210%°K,but above this
temperature to decrease with increasing frequency until
a constant average value of 6.21 was reached at about,10ubps.
They also demonstrated the capacitange of specimens to
be photosensitivé at the lower measurement freguencies.
These findings?thus provide an explanatioh for the wide

range of dielectric constant values previously reported.
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A comparisoﬁ of n? (=6.25)swhere n is the
long wavelength refractive index obtained experimentally
by Dugan and Henisch (1967b),with the constamt value of the
dielectfic constant (=6.21),is very informstive. It shows
that the dielectric constant arises almost entirely from
the electronic polarisation of the crystal,and P‘bI2

would seem therefore less ionic than was previously thoughte.

3«37 Band Structure Model for Pblo.

On the basis of the optical and photo-
conductive data,Tubbs (196L4) suggested the schematic
energy band model shown in fige 3e11. It involves a split
valence band,due to spin~orbit interaction,and excitonic
states both above and below the conduction band minimum.

It should be noted that the value of the band gap is set

at 3.1eV. Tubbs concluded this from a number of observations,
sucli as a temperature-independent shoulder in the absorption
spectrum and the second peak seen in the photoconductive
response (fige 3.6b) at this energy.

The above band scheme model has been extended
by Tubbs and Forty (1965) to take into account the two
exciton lines observed by them around 4900% (fig. 3.8)
for diffeerent polarisations of the incident radiation.

They envisage the upper branch of the valence band to be

split,due to the crystal field,by about 0.01eV,in similar
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gualitative fashion to the valence band models proposed
by Birman for CdS (1959) and Parsons,Wardzynski and Yoffe
(1961) for CdSe. The two exciton lines are then interpreted
as transitions from the two upper branches of the valence
band to a localised exciton level below the conduction
band.

The above valence band scheme has been
utilised by Dugan and Henisch (1967a) to interpret their
results of fundamental absorption and photoconductivity
described in previous sections. Their suggested energy hand
model is shown in fige 3.12. From their polarisation
experiments,the energy interval betweem the two upper
branches of the v;lence band is more definitely assigned
at 0.048eV. The modelsjyhowever,differ on the following
points,for Dugan and Henisch have incorporated the results
of other workers,notably Nikitine et al (196L4) and Imai
and Ishiguro (1959). The former conecluded from studies of
exciton spectra that a band transition occurs at 2.568eV in
" Phl, and that the rirst exciton level lies 0.033eV helow
the conduction band. Imai and Ishiguro attributed a peak
in the absorption spectrum at 3.07eV to a transition to
an exciton state,whereas Tubbs (196L4) interpreted a shoulder
in his absorption spectrum at this energy as indicating
the onset of band-band transitions. The interpretation of

Dugan and Henisch was that the peak corresponded to a
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transition from the bottom valence sub=-band to the first
exciton level. Consequently,an energy difference of
0.54eV was assigned betweem the lower and upper edges of
the valence band.

The above model of Dugan and Henisch was
later rectified by them (1968) to take account of their
photoconductive response (fig. 3.10a),photoluminescence
spectra (fig, 3.710D) and photocurrent temperature quenching
results,described in the previous section. The amended
energy level diagram is shown in fige. 3.13. The transitions
revealed by these experiments can be accounted for by this
scheme,but note the arbitrary introduction of a level
O+1eV below the conduction band to account for the 2.31 and
1.85eV transitions. The latter feature in the photolumin-
escence spectra would then be achieved by a radiative
transition from the 0.1eV level to that level 0,46eV
above the valence band. It is pointed out that this
transition would not then be apparent in the photoconductive
response. That this is the case supports the 0.1eV level.
However,one may'then ask why the 2.31eV feature was not
then in evidence? This model will again be the subject of

discussion in Chapter 7.
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CHAPTER L
Theoretical Basis of Transport

in Low Mobility Materials.

L.1 Introductione.

A layer compound such as PbI, is characterised
by strong covalent,and even partially ionic, bonds within
the layers,but by very much weaker van der Waals forces
between layers. The interatomic orbisal overlaps between
adjacent layers may well be quite small relative to those
within a layer. Conseqguently,one would expect a pronounced
anisotropy in the electrical transport properties in the two
directions. Conduction perpendicular to the c-exis (i.e.
along the layers) should be associated with carrier
mobilities of the order of 100cmZsec~1volt~1 at room
temperature,which have in fact been measured in the
case of GaSe and'MoS2 (section 3.2.1). Here the conventional
semiconductor theory should be applicable. However,the trans-—
port along the c=axis,in the weakly overlapping direction,
may well proceed by a fundamentally different mechanisme
As this case is of particular interest in the present
work, it is relevant first to examine the limits of validity
of the band picture and then to discuss the transport

theories which might be applicable.
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4.2 Limits of Validity of Band Picture..

The requirements of Heisenberg's uncertainty
principle are of fundamental importance'in connection
with transport within a narrow band. One criterion for the
band approach to be a good one is that the uncertainty
in the energy of a carrier after a scattering event
should not exceed the bandwidth,W.

Thus, \V >JR/LC (Let)

where T is the scattering relaxation time. This enables
a lower limit to be set on mobility for the band theory
of conduction to apply..

Since, M :(Eﬂ“*yff (L4e2).
inequality 4.1 yields

e® . .
/“"“7/0“tW (4a3)

The Bloch tight binding approach,applied to

a simple cubic lattice of period a,leads to the following
relation between the energy, E(k), .of a carrier and its
propagation vector k;

E(k) = C—ZJ(coskka + coskya + cosk,a) (Loly)
where C is a constant,J is the exchange energy between
an atom and.one of its nearest neighbours, and kx,ky,kz,
are the components of k along the principal axes of the
crystal (see,e;g;'Dekker,p.ZGO), The zone limits are given
by kyskyiky = +71/a and the Eandwidth is simply

W= 127 - (4e5)
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On the same model,the carrier effective
mass at the band edge is given by
j

R - 2 Ja?
wET R TORY T 2 | (L&)
1 _ a2 |

m* W -Gﬁz

inequality (Le3) obtain

We can then write and by substitution into

M g8
For a = L.53 (the spacing between iodine atoms in adjacent
layers,c.f. fige 2.1),this leads to mobilities in the region
of 1em?volt™Tsec™ as a lower 1imit for the band approach
to apply.

An alternative formulation by Frohlich and
Sawell (1959),takes into account the requirement that
the electron within the band must have a mean kinetic'
energy which is larger than the uncertainty in energy
resulting from the scattering process. This approach leads
to room temperature mobilities in the region of O.dcm2volf !

-1

sec: ' as the lower limit for which the band approach is

-applicable.

L.3 The Small Polaron.

When the bandwidth is small,the charge
carrier may remain in the region of a lattice site‘for a
time long compared with the period of the lattice vibrations.

As a result of the polarisation,the surrounding lattice
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particles will be displaced to new equilibrium positions
corresponding: to a reduction of the total energy of the
system. The induced lattice distortion will thus produce
a pdtential well for the carrier,which will be essentially
'self-trapped’ with a binding energy E,. The carrier with
its region of lattice distortion is known as a polaron.
The term 'small polaron' is used for less polar media
where the lattice distortion is fairly localised.

The main condition for the formation of
a small polaron is.Eb5> Jewhere J is the overlap energy
between neighbouring electron states. The transpost of
the small polaron has been investigated theoretically
by Holstein (1959) and by others. The general results of
these theories indicate that essentially two mechanisms
can occur,which will now be discussed on the basis of the
predicted M v. 1/T given in fig.liele.

(a) At temperatures below T, (the transition:
temperature between the twa,mechanisms),the transport of the
small polaron between the neighbouring lattice sites
oceurs without absorption or the emission of phonons
i.e. the polaron quantum nunber remains unchanged during
the transition. In this case the polaron will move as a
whole and one describes its transport in terms of Bloch
funetions. It can be seen from fig. L.% that in the low

temperature region the mobility decreases with increasing
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temperature,consistent with transport in a band. With
increasing temperature,scattering becomes more intense
and the scattering relaxation time T will decrease.
Tc is the temperature for which the polaron bandwidth
W ==¥\/<: (equation L4e4). This means that the uncertainty
in energy after a scattering event will be equal to the
polaron bandwidth and the band description bresks down.

(») For T>T, »the transition of the polaron
between sites will be accompanied by absorption and
emission of phonons and the polaron will "break up'. -
The transport is then a random diffusion process by a
series of uncorrelatedj,phonon~assisted site Jjumps and
referred to as hopping transport.

A somewhat different approach,by Toyozawa
(1962) ytook into account the interaction of carriers
with acoustic: modes. The model considered was that of an
elastic continuum in which the deformation extended
over only a few unit cells. This contrasts with theories
of the large polaron,applicable to ionic crystals,where
the deformation is largely coulombic and extends over many
lattice spacings.. Toyozawa used fhe result of Bardeen and
Shockley that the perturbing potentizl for the carrier
due to the dilation is given by the local change in energy
at the bottom of a band,V(r) = Eg.Ax,where Nx is the

dilation and E3 the deformation constant. He showed that



36
if the electron-lattice coupling is large,localised states
below the conduction band edge would arise. Three types of
transport,distinguished as hopping,drift and band motion,
were discussed.
Fige L4e2 shows the relative positions

of the available electron states plotted as a function of
g=1,where g denotes the electron-lattice coupling constant.

For a simple cubic crystal of lattice period a,g is given

by,

A 6 ca’
where C is the compressibility of the crystal. In fig. L.2

E{ and Ey denote the ground state and first excited state
of the polaron respectively.

For large values of g,(g > 1.49)i.ec.
strong coupling,the excited self-trapping state (Ej)
also lies below the conduction band. On the other hand,
for small values of g,(g< 0.903),the normal band picture
applies and self-trapping becomes unimportant. Two types
of cérrier motion in which self-trapping plays a significant
role were distinguished.

< (a) In the range g > 1.49,the electron

makes transitions to neighbouring sites via the excited
self-trapping state. In this region the process would be
essentially adiabatic and the hopping activation energy

would be equal to the excitation energy of the self-trapping
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state. In the case of strong coupling,the hopping activation
‘energy is given by

0.184 E§ (€ %25 ES
Ms< Mse ¢

where M is the mass of a unit cell and s is the velocity
of sound.
(b) In the range 1.49 2 g .» 0.903,the electron

moves by a transition into the band where it is free to
move until again self-trapped in a localized state.
This is known as arift motioni In this intermediate
coupling rangesythe drift mobility activasion energy is
given by

O » ¢ ¢ 0.184 E3

"Ms2

Both (a) and (b) imply an activated mobility ie.e..
A< exp(~ €/KT) o

L.4, The Electron-Phonon Interaction of Fivaz and Mooser.
A new model describing the mobilities of

charge carriers in layer structures has recently been

propounded by Fivaz and Mooser (1964). They showed that

the marked anisotropy of such compounds results in a

short range interaction between excess charge carriers and

optical lattice vibrations. It is claimed that this model

bears a general similarity to the electron-phanon model
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of Toyozawa described above.. -

On examination of the effective potential
in which the charge carriers in a layer lattice move,
insight is gained into the mechanism of the interaction.
In its simplest form the layer structure can be envisaged
as a series of atomic layers stacked one upon the other.
Consequently,tne carriers may be said to move in a
series of parallel potential wells,for there is a high
and fairly wide potential barrier between the layers but
a low and slowly varying potential within each layer. The
interaction may therefore be described by means of a
deformation potential,

€ d = a(dé&i/da) (Le7)
where &1 is the energy of the local level within a potential
well and a is the width of the well. If the potential
within one layer is approximated by a deep square well,
one obtains,
€\ = n2'1‘€2"\2/2ma2
and hence €a = =265, (L.8)

For layer compounds a is of the order of
a few angstroms,so that even for the lowest level the
defaormation potential may be és high as several electron
volts. Thus,the importance of this interaction on the
transport properties of charge carriers in layer compounds

is clearly’apparent.
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The detailed theory of Fivaz and Mooser
distinguishes between two regionss,characterized by strong
or weak carrier-lattice coupling. The transition between
the two regions is discontinuous. When the carrier-lattice
coupling is weak the carriers behave essentially as free

quasi-particles and the diagonal components of the

‘engoc
mobilitykin the weak coupling limit are calculated to be,
Mxx = e 1. e“w%tq (14.9)
2Zigw " G gl T+ ww/ 2K sy
~%
(DRY ‘X:\
and Mzz = pMxx, .( W N (L4e10)
RTTERY 2mdt 2RT

M-xx andMzz refer to the mobilities
parallel and perpendicular to the layers respectively,
I, is the overlap energy between adjoining cells in
ad jacent layers and 4, is the interlayer distance.
The dimensionless carrier-lattice coupling constant g

(daifferent from that of Toyozawa) is given by,
‘ - Ges)
(4!\?’ ) aRw (Le11)

where N = number of unit cells per unit area within a

layer and M = reduced mass of unit cell!(assumed liere to
be composed of two identical atoms). All other symbols
in the above equations have their usual meaning.

M 7z ,0f interest in the present work,

can be written in the weak coupling limit (i.e. g2<¢< 1) ast
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2. D R (RT
. 2z = 3elsd e -1)
fProm = delgtam, ¢ : (Le12)

On the other hand,if‘g2:>ﬁ the strong coupling condition
applies in the Fivaz and lMooser treatment and self-trapping

'will predominate.
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CHAPTER 5

Experimental Method.
5.1 Introduction.

The experimental method used for the
drift velocity measurements is based on fast pulse
techniques which have been developed in this laboratory
for the study of charge transporit and related problems
~in insulating solids (e.g. Spear (1960),Spear and Mort
(1963)). In this section,the general features of the
method will be considered in relation to the present work,
and the following sections will deal with a more detailed
description of the various parts of the experimental
arrangement.

A block diagram of the experimentall
arrangement is shown in fige 5e¢1. In a drift mobility
experiment,the specimen S is prepared in the form of a
platelet of known thickness d,and electrodes are evapor-
ated on to the top and bottom faces,T and B. A very short
duration excitation from the electron gun is focussed
on to one side of the specimen. This is absorbed within
a few microns and generates free electron-hole pairs. The
application of an electric field E draws carriers of one
sign out of the excited region. The transit time t¢ is
- obtained by a charge integratién technique. This will
lead to the drift velocity vy and the drift mobility Mg



from the relations,

a - Va
ve =%, and Mg = _2 .

5.2 Electron Pulse Excitatione.

The electron gun and the associated fest
pulse techniques have been described in detail previously
(Spear,1960;Spear,Lanyon and Mort,1962),and only a
brief description will be given here.

As shown in fig. 5.1,a tetrode electron
gun with a directly heated tungsten filament was used.
Sliding "O" ring seals were incorporated into the filament
assenbly,making horizontal and vertical adjustment poss~
ible under running conditions. The electron gun and its
associated‘components were raised to a negative potential
of about 25KeV,and the second anode A, held at earth
potential.

The gun was biased off by the potential
Vg (~ 22 volts) applied between the cathode and the gun
housing. A fast rising positive voltage pulse was applied
from the mercury wetted contact relay (M) to the 75 ohm
terminating resistor (RT) between the grid and the gun
housihg,to switch on the gun for the duration of the
pulse. The connecting line (CL) between the relay and the

grid was terminated inside the gun housing to provide
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a good match. The length of the excitation pulse could be

varied between 2 and 300 nsecs by switching in different
lengths of delay line (DL),by means of the coaxial switch
(Csi;typical pulse lengths used in the present experiments
ranged from 5 = 30 nsecs. The beam current was controlled
by the charging potential applied to the delay line.

The relay was triggered by a generator
to which it was optically coupled by a GsAs lamp (GL).
The generator was run at 50c.p.s. and incorporated a
phase shift network,which allowed the phase of the trigger
pulse to be varied. ‘

The first anode (A,) held at a fixed
voltage (V,4) of 300v. with respect to the negative
accelerating potential,ensured that the beam current was
largely independent of the accelerating potential.

The beam was focussed on to the specimen by the magnetic
lens (L).

The specimen holder (described in section
5.5) contained é small Faraday cup for collecting and
measuring the incident beam. By turning a switch (not
shown in fig. 5.1),a steady potential could be applied
to the biasing circuit to give a steady beam current.
This was necessary in order to position the incident beam

“either on to the specimen or iﬁto the Faraday cupe.

The advantages of electron excitation lie
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in the ease with which the pulse length and intensity
mayr be varied. It is also possible to vary,within certain
limits,the depth of penetration of the bean into the

specimen by adjustment of the accelerating potential.

5.3 Electronics = Generale.

It has been found in drift velocity exper—
iments that the magnitude of any space charge field
resulting from the trapping of the injecfed carriers
may be considerably reduced by pulsing the applied field.
The main problem lies then in the synchronisation of the
electron pulses with the field pulses..

A Schmitt trigger was used to derive
synchronisation pulses (2) from the mains (1),(fig. 5.2).
Field pulse synchronisation was achieved by dividing the
synchronisation pulses (2) by 1,2,4,8 or 16,as desired,
and then generating a relay drive pplse for each of the
resultant pulses. The field relay thus. closed 50,5Q/2,
50/4,50/8 or 50/16 times each second,and the width of
the pulses coudd be varied from 10 to 30 ms. by varying
the width of the relay drive pulses. In fig. 5.2sthe field

relay is shown closing 50/L times per second (%h)-

It has previously been mentioned that
the problem of triggering the electron pulses from ground

to the gun potential was overcome by means of optical



L5
coupling. The triggering and synchronisation were achieved
by using a GaAs lamp (Plessey GALI),which produced 10ms
pulses of neat infra-red light ((&) in fige 5+2). These
were detected by am OCP71 phototransistor,and used to
synchronise the electron pulses (7) with a variable delay
of up to 20ms. to allow for positioning of the electron

pulse with respect to the field pulse.

5.4 Determination of the Transit Time.

For the measurement of transit times,
& charge integration method was employed,the principle of
which is illustrated in fig. 5.3+ The excitation pulse,
absorbed in a depth @plg d,generates Ng~e1ectron-hole
pairs close to the top electrode (T). Due to the rapid
recombination that will oceﬁr in this region,only a
number N of one type will be drawn into the bulk of the
specimen under the action of the applied field. These
will induce a charge on the bottom electrode B proportional
both to their number and to the distance moved. The integ—-
rated charge q(t) at a time t will gi#e rise to a potential
difference AV(t) across the resistance R. If C is the
total capacity across R,this is given by,

AV(t) = Nex(t) = Ne MyEtL
" cda cd

(542)

It is assumed that the value of RC is much greater than
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the time during which the drift takes place,and that no
carriers are lost during transite.

The value of AV(t) expected under ideal
conditions is shown in fig. 5.4(a). The linear increase
in AV terminateé sharply at t = ty. By measuring the
transit time at various fields,the drift mobility is
obtained from the gradient of a graphk of %ﬁ against E
using equation (5¢1).

From equation (5.2),it is seen that the
potential difference across the resistance (R) is inversely
proportional to the total capacity C across R. To reduce
this capacity to a minimum,a cathode follower (fige 5.5)
was used before the signal was detected. The signals were
displayed. on a Tektronix 581 oscilloscope filted with a
type 86 vertical plug-in unit. The maximum charge sensitivity
of the system was such that a vertical deflection of 1cme.
on the oscilloscope corresponded to the transit of aboutb
5.105 electrons.

In order to observe a well-defined transit
of carriers,the following conditions have to be satisfied:

a) The drift of the generated carriers across the
specimen is a perturbation from space charge neutrality.
If this is not to be neutralised,the dielectric relaxation
time of the crystal must be longer tham the transit time.

This is satisfied by the low conductivity specimens
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used in these experiments.

B) The transit time must be appreciably longer than
the rise time of the measuring equipmente.

¢) The thickness of the drifting sheet of charge
should be nuch less than the specimen thickness. This
can be satisfied by making the excitation pulse duration
much shorter than tt and by ensuring that the depth of
penetration of the excitation pulse is much less than d.

d) Above a certain carrier density the space charge
effects of the moving carriers become important and
modify the field distribution. Experience has shown that, .
to avoid this effect,it is necessary to limit the number
of electrons in the excitation pulse to about (102)
electrons,leading to less than 107 electrons drifting
across the specimen.

e) The carrier lifetime with respect to deep traps
must be greater than ti. If this condition is not satisfied,
there will be a loss of carriers to such traps during the
transit. These trapped charges will alter the field
distribution and may affect it appreciably if present
in sufficient quantity.

Even if all the above conditions are

satisfiedsthere will still be some broadening of the
charge cloud,due to diffusion and the statistical nature

of shallow trapping,which may make the transit too
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diffuse for accurate measurements.

If the transit time is of the order of the
lifetime with respect to a spatially uniform distribution
of deep traps,then'the charge integration observed will
be of the shape shown in fige Hh.Ub. If t' is defined by
the intersection of the tangent at & = O and t"i>tt,

then Spear and Mort (1963) have shown that,
- -~ .
1o=1 11 - exnlts) (5+3)
v < C

The value of t' extrapolated to zero field will give <

as indiéated in fige 5.6.0ver the range of E generally
usedythe mobility obtained from the gradient of a graph
of %]‘against E is only a few percent different from that
obtained by plotting-l- against E. At a given value of B

t
however ,equation (5,3)tmust be used to obtain the true
drift velocity %%,if required,from the measured quantity %l.
55 Specimen Holder.

The specimen holder used in all drift
velocity and conductivity measurements is shown in fig.
5.7a.

The specimen (S) was mounted on a thin
mica base M (fige. 5.7b) with a little silicone grease to
ensure good thermal contact. The ﬁrass plate (H)} was alsoa
smeared with silicone grease and the mica base'affixed

to it by means of two screws. Electrical screening of the
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specimen and its leads was provided by the box (H) and
the 1id (L}). It was possible to vary the temperature of
the specimen by cooling or heating the copper rod (C).
Low temperatures were obtained using as coolants dry ice
in alcohol and liquid nitrogen,whilst an electrically
heated ceramic Jacket allowedAtemperatures of up to
500°K to be attained. The rod (C) was connected to the
brass plate (A) by the thin walled stainless steel tube (D).
The tube D and the evacuated gap between C and D provided
excellent thermal insulation between C and A. The plate
A was clamped underneath the electron bomberdment gear
against a neoprene 'O' ring seal,and the complete specimen
housing above A and the electron gun was then evacuated
to a pressure of 10‘utorr.

The incident electrons could be focussed
through the 1lid (L) either on to the specimen or,if the
incident pulse itself was to be measured or observed,
on to the Faraday cup (F) mounted on an insulator.
Electrical connection was made to the specimen electrodes
thropgh the glass metal seals T and B in the plate A.

The Chromel - Alumel thermocouple leads (TC)j,which
r.easured the temperature of the specimen,passed through the

remaining seal in the platee.

5.6 Specimens and their Preparation.
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The crystals used in the present investig=-
ation were obtained from-boules several mms. thick
supplied by Dre Merz of R.C.AesyZurich. Most of the results
weré obtained from two boules,which will in the
following be referred to as 'Boule A' and 'Boule B'.

The thin platelets required for the drift velocity
measurements were cleaved fron the thicker crystals by
means of the following technigue. A section of the face
was placed into contact with double-sided tape adhering
to a microscope slide. The crystal was then gently
removedj,resulting in a flake being parfed from the main
body. A soft brimsh was now inserted beneath the flake
and gently pushed along the layers to complete the
partition process. Platelets ranging in thickness from 20
to YO}Lms. were produced in this manner,but only those
with a large enough surface area for the application of
electrodes were used..

The next step was to evaporate_metal
electrodes on to the opposite faces of the crystal at
pressures below 5 x 10™2torr. The electrodes weré usually
goldy although indium was used to investigate effects
due to changes in contact barrier. All the specimens
used in the photoconductivity experiments were each
prepared with a split,semi-transparent,top electrode,

the separation being 1mm. This was obtained by using a
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shadow mask technique in the evaporation processe.

In order to determine the drift velocity
and mobility of the carriers,it is necessary to know
accﬁrately the specimen thicknesse. This was measured by
means of a ministure,optical,lever gauge having a mag-
nification of about 102 (Spear,Adams and Henderson,1963).
The main advantage of this method lies in there being
small chance of damaging the fragile specimens. The Pbl,
crystals,however,tended to be somewhat ‘'wavy' and this
introduced some difficulty in the thickness measurement.
Variations of 40% were observed;this represents the
combined effect of genulne thickness variation and errors

introduced by the 'wavy' nature of the specimense.

he7 Dark Conductivity Measurementse.

| To clarify further the conduction mechanism,,
the dark conductivity of thin platelets of PbI, was
measured parallel to the c—axis as a function of temperature.
At each tempsrature,the crystal was allowed an hour to
reach a state of thermal equilibrium before the
application of a steady field. The current was then measured
with a Hewlett Packerd d.c. microvolt ammeter,model L425A.
It was assumed to have reached an equilibrium value when
it changed by less than 1% over a twenty minute periode.

Measurements were taken for both increasing and decreasing
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temperature.

5.8 The Photoconductive Response of Pbls.

‘ Photoconductivity measurements were
performed at room temperature for the incident radiation
parallel to the c-axis and,also,for the direction of
current flow both perpendicular and parallel to this
axise. An Optica grating monochromator,with a spectral
halfwidth of 164 per mm. slit width,was employed in
conjunction with a tungsten source. The dark=- and photo-
conductivity were determined by the use of a pulsed field
of 600 msec. duration and a repetition period of 1e5s€CSe
The photocurrent was measured by observing the pulsed
voltage appearing across the 106;ﬁ.resistor in the input
of a Tektronix 581 oscilloscope incorporating the type
1A7 low noise,high sensitivity,plug-in unit. The field
was pulsed for a considerable time to allow a state of
equilibrium to be reached.befope the final reading was
taken. An alternative d.c., method was also employed,
using the Hewlett Packard instrument. Once again,the dark-
and photocurrents were allowed to reach equilibrium,
and the reading was taken when the current had changed

by less than 1% over a twenty minute period.
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CHAPTER 6
Experimental Results.

6.1 Room Temperature Hole Drift Mobilities and Lifetime
lieasurements «

Approximately twenty crystals,ranging in
thicknzss from 20 to 70}kms and all cleaved from the same
boule Aj,have been inVestigated. When fitted with gold-gold
electrodes the dark conductivity of the specimens along
the c-axis was of the order of 10~12( nLcm)™!,but varied
from specimen to specimen. The -esfeotdwe conductivity
within the drifting charge layer may be estimated from
the number and velocity of the drifting charges,and
the duration of the incidént electron beam. This leads to
the conductivity within this region,which was of the
order 10~9(nem)~1.

It must be emphasised that the results
presented in this chapter refer only to holes. Although
electron signals were observed,it was not possible to
determine the transit time from these as the lifetime
was considerably less than 100 nsecs. A typical curve
of 1/t' against E for hole transport is given in fig. 6.1
At low applied fields the observed pulse had the shape
-shown in fig. 5.4b. With largef fields,the rising edge

of the pulse became practically linear,as in fige S.bae.
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As previously mentioned in section 5.4,the intersections
of the tangents at t = O and t > tt defined tf,which was
measured as a function of the applied field E. It is seen
from fig. 6.1 that the curves have a linear portion at the
higher field values which,when extrapolated,does not
pass through the origin of co-ordinated. Furthermore,at
low fieldsy,the experimental points do not lie on the
extrapolated straight line but tend to a constant 1/tf
valﬁe of 1/C,where C is the free hole lifetime with respect
to deep traps. Lifetimes found in the present boule A
ranged over an order of magnitude,from O.5Ms to LMs,
and the room temperature hole mobilities lay between
4.8 and Scm?volt™ 1sec™!, Platelets cleaved from the
sedond boule B showed such limited hole lifetimes,of the
order of 150nsecs,that drift velocity measurements Wére
not possible. In table 1,the room temperature hole
mobilities,lifetimes and other information have been
collected.. '

One PblI, platelet grown from silica gel,
kindly supplied by Professor H.K. Henisch,was alsq invest-
igated. Because of its method of growth,it should have
had far fewer defects than boule A,but very surprisingly
neither hole nor electron transits were observable. In
fact,the hole signal showed a rising edge equal in

duration to the incident electron beam pulse but it then
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decayed extremely rapidly. The decay time constant was
far shorter than the integrating time constant of the

input circuite.

©.2 Temperature Dependence of the Hole Drift Mobilities.

The dependence of the hole drift mobility
on the specimen temperature has been investigated for
many crystals,mostly in the region from 350°K to 200°K.
Results have been obtained on two samples up to 500°K,and
on another one down to 150°K. In these experiments
great care was necessary if consistent results were to
be obtained. Particular attention was given to allowing
the specimen time to reach the temperature indicated by
the thermocouple before a measurement was made. This was
important at the lower temperatures where a few degrees
error causes an appreciable variation in 10§/T.

A graph of mobility (}*) versus 10%/T,
plotted semi~logarthmically,is given in fige. 6.2 and coll-
ects a nunber of the higher room temperature mobility
specimens. All are seen to be linear on this scale and
show mobilities which increase with decreasing temperaturee.
This is a general characteristic of a lattice-contralled
transport. Thepresent results can be represented by an
equation of the form M o expé€ /kT,where € represents
an energy. It is interesting to note that at (103/T) = 3,
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for example,there exists a correlation between M ana € ,
in the senée that € decreases with increasing M. Fige 6.3
shows a set of results for lower room temperature mobility
specimensjthe same correlation is observed between M
and € . The onset of another transport mechanism at lower
temperatures is also indicated in fig. 6.3,where all
curves turn over sharply in the region of 250°K. Below
this temperature the mobilities are then either essential;l..y
temperature independent ory,in the case of specimen P18,
a decreasing function of temperauree. This bbanch has an
activation energy of 0.032eV and its significance,
together with information provided by the other specimens,

will be discussed in the following chapter.

©

-

Fige 6.4 shows the temperature depéndence
off one of the few exceptional specimens whose hole
mobility did not show a linear relation between logj”L
and 10°/T. Tt can be seen that at lower T the mobility
is temperature independent.

The results for the region of ‘increasing
mobility with deereasing temperature indicate that the
lower the mobility at,,say',,room- temperature,the greater
is the value of € im the relation /L exp€ /kT. Fige 6.5
shows,on a log-log plots,the mobility at T = 333%K against
€. It is seen to be linear and shows that there exists

a definite correlation between these two quantities.
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The relation between € and (M)T = 333°K on a linear
scale is given in fig. 6.6,from which it can be concluded
that,for all practical purposes,€ is tending towards a

value of between 15 and 20meVe.

6.3 The Effect of Heat Treatment on the Hole Mobility
and its Temperature Dependzncee.

It appeared of interest to determine whether
changes in the temperature dependence could be induced
by heat treatment. Specimen P37,for example,was moderately
heated in vacuo at 120°C for 4ihrs. The fesulting temp—
erature dependence,together with that before heat treatment,
is shown in fige 6.7+ The room temperature mobility is
deen to have increased from 2.4 to 2.8cm2volt~lsec™? and,
consistent with the above reiults,the value of €& has
decreased. Moreovery,the turnover point has moved to a
lower temperature. The 1/t' versus E plots also revealed
that the room temperature lifetime had increased from
13 to 2 a8,

Specimen P29 was subjected to threg succ=
esslve heat treatments,and the resulting temperature
depéndence after each stage is given in-fig, 6.8« The
first heat treatment,for 1ihrs at 150°C,realised no
change in the lifetime but the room temperature mobility

increased from L4 to 5.60m?volt'1sec71. However,the linear
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relation between log M and 10§/T was largely destroyede.
The specimen was then further baked for 8hrs at 150°C.
This time the lifetime,in similar fashion to P37,increased,
from O.85)¢s to greater than 1 ms. The room temperature
mobility was further increased,and the general shape of
the mobility-temperature dependence retained. The specimen
was finally subjected to prolonged heating for 20hrs at
175°CG,whereupon the original temperature dependence was
restored but the mobilities remained at somewhat higher
values. The room temperature lifetime had decreased
from the previous run. This final heating now produced
the other transport region at lower temperatures,the
trensition point being once again in the vicinity of 250°K.
Although the range of temperatures accessible in this
region was limited due to the diminishing lifetime,
the results indicate an activation energy of 0.0L3eV.

Fig. 6.9a shows the results of a high
temperature run on specimen P30. The noteworthy feature
of this graphybesides its non=linearity on this scale,is
the discontinuity around LOO°K. This was also apparent,
at approximately the same temperaturé,in another specimen
heated to 500°K,but the crystal had a short lifetime and
consequently transit measurements could not be taken
below ice point. These discontinuities ﬁill bé seen to be

associated with a change in the conduction mechanism,as
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observed in dark conductivity measurements. In fagct,they
are probably due to the space charge associated with the
Pt ions,for around this temperature they begin to make
a contribution to the conductivity (see section 6.6).
Specimen P30 heated to 500°K,was subsequently allowed to
cool to room temperature and a second run performed
(fige 639b). The mobility is seen to have increased at
room temperature and above,and there is now a linear
relationship between logJLL and 103/T;also the discontinuity
at 40O0°K is absent. However,the mobility below room
temperature now became temperature independent,similar
to a number of other specimens,but the transition tempera-
ture is higher in this case. It is interesting to note
that the room temperature lifetime was smaller after heat

treatment.

6.1 Effect of Steady Electron Bombardment on Mobility
and its Temperature Dependence.

Pbiz has been shown to decompose under the
action of a high energy electron beam. In view of this,
it was considered instructive,since transit measurements
are achieved by high energy elé@tron pulsesgto see the
effect of steady electron bormbardment on the mobilitye.

A specimen was bombarded with aAsteady electron current

of 15}xAcm72 at an energy of 30keV for 10 minutes,its
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mobility-temperature variation having been previously
determined. The specimen was allowed L48hrs for any defects
produced to diffuse and attain equilibrium,and then the
mobility again measured as a function of temperature.
There was virtually no changeswithin experimental error,
in either mobility or its temperature dependence.

Camigt Genetahion by

6.5 The suentum Efficiency of \Electron Bombardment.

It was noticed during the course of drift
velocity experiments that at higher fields the charge
drawn across the crystal tended to saturate. This being so,
it should then be possible to determine the efficiency of
electron bombarment in generating electron-hole pairs,
from a knowledge of the incident charge and the bombarding
voltage. Previous experiments performed in this laboratory
suggest that the primary energy required for the production
of an electron-hole pair is approximately three times
the band gape. This is supported by the theoretical wofk
of Shockley (1961) and of Klein (1968).

The currents used in these experimgnts
were of the order of Oe15 MA,with a generation time of
15nsecs. Several crystals,all from boule A,were investigated
and graplis plotted of charge drawn across the crystal
as a function of the applied field. One such curve is

given in fig.6.10,and does indeed saturate at the higher
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fields. This particular specimen yielded L42eV for the energy
required. Other similar values were obtained from all

specimens with a mean of 39.5€eV.

6.6 Temperature Dependence of Dark Conductivity.
Current-voltage characteristics were first
determined for specimens with (a) both electrodes of gold
and (b) one indium and one gold electrode,at both room
temperature and 130°C. The results are shown in figs. 6.11
and 6.12. From the former it can be concluded that
crystals with gold=-gold electrodes produce ohmic.contacts,
whilst fige 6.12 shows that an indium-gold electrode
combination can be either ohmic or injectinge. The former
prevails when holes enter the crystal through the indium
electrode and electrons through the gold,but when reversed
the combinétion becomes injecting. The difference in
magnitude should also be noted. It is proposed that
these differences arise because the indium electrode
is completely blocking for holes,and hence highly injecting
for electrons. Consequentlysthe linear characteristic is
due solely to electron conductionsand the non-linear one
due to the heavy injection of electrons through the
indium electrode.
The following conditions are necessary for

the above to apply (on the assumption that surface states
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do; not play a predominant role):

P 7 Oror, (641)
$m < Proz, (6+2)
and therefore @Au > @In - (6e3)

where ¢x = Work function of X.

N.ow,QjAu Z L4 .9eV and @Im‘l’ 3eV and the photovoltaic

measurements of Henisch and Srinivaségapalam (1966)

show that ¢Au: = @Pb)IQ,,but that @Im is considerably

less than ¢PbI2. The model is therefore strongly supported.
The dark current I as a function of temp=—

erature was determined for specimens with gold=-gold

and gold-indium electrodes. A graph of log I vs 10—7’/1‘

in the temperature region 276°K to 435°K is given in

fige. 6413 for a speciinen with botlh electrodes of gold. It

is linear and reveals an activaltion energy of 0.27¢V.

Fige 6e+14a shows a plot for a similar specimen. A linear

region,with an activation energy of 0.26eV,is again in

evidence at the lower temperatures,but a very sharp

change in gradient is apparent att T = LO3°K. This indicates

the onset of another conduction mechanism. For this specimen,

the curve has an activation energy of 1.4eV. Fig. 6.14b

shows the results obtained wheﬁ cooling from 470°K;the

transition is now less sharp and appears to have moved

to a slightly lower temperature; These two specimens are

typical of all crystals tested with both electrodes of
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gold.They showed a mean activation energy of 0.26eV‘at
lower temperatures and of 1.3eV in the high temperature
region. However,the transition temperature beﬁween the
two mechanisms varied between approximately LOO°K and U450°K.

A representative curve for one of the
specimens with indium-gold electrodes is given in fig. 6.15.
The positive potential is applied to the indium side. The
results are similar to those in fig. 6.183the gradient
in the high temperature region is once again 1.3eVybut
the low temperature region shows a mean activation'eﬁergy
of Q.55eV for this electrode combination. The transition
temperature varied between 4O0°K and L50°K,

6.7 The Photoconductive Response.

The photoconductivity as a function of
wavelength,at room temperature,has been measured on PbI,
platslets cleaved from both boules A and B. The mono—
chromator outputyin terms of photons sec‘4,is given‘in.
fige 6416 as a function of wavelength. All photocurrents
subsequently measured were standardised to the output at
505@K ieee 1012 photons sec™ ',

The results for boule B will be described
firsty,and a sample photoconductive response curve is given
in fig. 6.17. The radiation was always incident parallel

to the c-axis,and curves (a) and €b) in these diagrams
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refer,respectively,to photoconduction parallel anmd
perpendicular to this sxise It is seen that the absorptiom
edge,considered to occur at that energy at which the
photocurrent is half that at the maximum,is located
around 2.35eV at room temperature. Further,the peak
response for conduction along the c=axis occurs at slightly
higher energies than for conduction perpendicular to ite.
From this maximum the response falls exceedingly sharply
with increasing energy,the half-width of the resulting
peak being of the order of 0.05eV. For the photocurrent ;p
parallel to the c=axis the response now remains essentially
constant until 2.9eVy,at which energy it rises slowly to
exhibit a broad peak centred around 3.5eV. It was not
possible to observe this peak for conduction perpendicular
to the c—~axis,due to the diminishing lamp output with
increasing energys,and the much smaller response in this
casee. For the majority of specimens,the photoresponse
(Ip parallel to the c-axis) was sbout equal at the two.
peaks. Howevers,the results for one specimen which did not
‘conform to the general pattern are shown in fige 6.18.
A small peak can still be seen around the absorption edge,
but the photoresponse now slowly increases and the 3.3eV
peak is about three times greater than that at 2.4eVe

Heat treatment has been shown to affect the

mobility and its temperature dependence. For this reason
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one specimen was heated in vacuo for 13hrs at 130°C.
The resulting photoresponse for the photocurrent along the_
c-axis s given in fige. 6.19b and to be compared with G.19%a,
that before heat treatment. The distinctive differences
are ciearly seen to be an increase in photoresponse
(note the different scales and the fact that a smaller field
was used in the heat treated case) and the shift of the
absorption edge to higher energies after heat treatment.

A typical photoconductive response curve
for a crystal cleaved from boule A is shown in fig. 6.20a
and be It is quite different from the foregoing results
obtained from boule B. The absorption edge is shifted aboat
0.05eV towards higher energies and the sharp peak
previously observed is now absent. Instead,after the
initial absorptionsthe photoresponse falls fairly slowly
with increasing energye. It also shows no signs of a second

peak located at 3.3eV..
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CHAPTER 7
Discussion of the Experimental

Resultse.

7.1 ‘The Hols Mobility and its Temperature Dependence.

The results of section 6.%show that
measurements of M along the e-axis yielded mobilities
between 2 and 5 cm?volt~lsec™?! at room temperature. The
theoretical discussion given in section 4.2,together with
the fact that M rises with decreasing T,lead to the
somewhat unexpected conclusion that the transport takes
place in a band which may ,however,be narrow. The form of
the temperature dependence at room temperature and above
suggests that scattering by optical modes may be the
predominant mechanism.

A more detailed interpretation of the results
showm in figs. 6.2 and 6.3 and also of the close correl=-
ation between M and € (fige. 6.6)presents many problems.
In the following an attempt has been made at an

explanation in terms of each of the two transport

theories discussed in Chapter L.

7+1e1 Interpretation in terms of the Small Polaron Theory
(Holstein).

We are dealing here with transport in
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a small polaron band (section L4.3). In most applications
of this theory (e.g. to SgsAdams and Spear { 196L) and
Ni02,Austin et al (1967)) the charge carrier is treated
beiﬁg localised near an atom or molecule of the lattice
where it interacts with the vibrational modes. In
attempting to apply this theory to a layer structure we
are deviating from previous models. Here it is assumed that
the carrier is essentially confined to a two=-dimensional
IQPb—I layersand we use the concepts of the small polaron
theory to describe the transfer between successive
layers along the c—-axis. Thus the main difference lies in
the fact that the carrier has now a far more delocalised
chéracter,being associated with a layer rather than a
particular atom or molecule. Whether such an extrapolatlon
of small polaron theory is Justifiable is difficult to assess,
although it should be remembered that the theory as derived
by Holstein is based in any case only on a linear chain
model. The following interpretation is an exploratory
attempt and must therefore be regarded with some cautions

According to Holstein,the small polaron

mobility in a narrow band is given by ,

e - dewead? [Emg\\ CONENY| exp[ Y)Y Lsd\(ﬁwolzm?]
“?2-“ n )F\b.)o _| )F\()Jo

Here Rhwo is taken to represent the predominant optical

‘phonon energy and Ey, 1s the polaron binding energy. The
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dimensionless carrier-phonon interaction parameter T;J
is defined by the ratio ,

T = Bo/fwe

To investigate the fit of the theory to
the experimental curves (at temperatures above the low
temperature turnover shown for instance in fig. 6.3),
a computer was used to calculaﬂ;e)\’L for values of WW
between 0.03eV and 0.12eV in 0.01eV steps at T = LOO°K,
333°K,250°K, and 200°K. For each point  was varied
betwwen 0.2 to 8.0 in steps of 0.2.-

Representative curves are given in fig.7.1
for velues of Riwe between 0.0LeV and 0.12eV and the
Eyp values indicated. It should be noticed that all the
curves correspond to a comstant value of § = 0.8. It
can be seen that although the mobilities are of the
correct magnitude,the curves are by no means as linear
as the majority of experimental resultse. In fact,they
resémble more closely the exceptional case shown in
fige 6ulie

For the purpose of investigating the
"general fit of the experimentgl results with the computed
data,the former are compared in the following with the
gradient to the computed curves at 103/T = 3. It will
first be assumed that o 1s a-constant,charqcteristic

of all crystals. In this case the mobility and temperature
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dependence of specimen P15 can,for instance,be fairly well
represented by Rle = 0.045eV and 7?’: Ot (i.ee Ep =
0.018¢V). However,if this value of Riwois used with
different'frg to generate other curves it is found that,
although a steeper temperature dependence can be obtained
with larger'ﬁJ(e.&. for specimen P18),the corresponding
calculated mobility values are far too low. The most
satisfactory compromise is a value of Ride = 0.090eV
and fige. 7.2 shows the family of curves that can he
obtained by allowing E, to vary in order to reproduce
the range of the observed temperature dependencee. As
there is only approximate agréement between theoretical and
experimental mobilities,it is concluded that with Rwo
= constant,the small polaron band description can only
give a semi-quantitative fit to the results..

In the second approach,but still within the
context of the small polaron theory,both B, and Kwe
were assumed to vary between one specimen and another.
On the basis of the computer results those parameters
( Fwo and §7) were chosen which gave the best fit %o
the experimental results. In fig. 7.3 Koo sdetermined in
this way,is plotted against the experimental mobility
at T = 333°K. The graph is similar to that shown in fig.
6.6 and suggests am asymptotic value of e 35meV.

It may be significant to note in this context that a
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fundamental optical phonon energy of about 30meV was
inferred by Dugan and Henisch (1968) from their photo-

luminescence spectra (section 3.3.6,fig. 3.10h).

7+1+2 Interpretation in terms of the Model of Fivaz
and llooser..

Examination of the mdbilitm,Nizdﬁrived by
Fivaz and Mooser for the condition of weak carrier—lattice
coupling (section L.l), shows it capable‘of generating
the temperature dependence that was experimentally
observed i.e. logMo1/T. However,for its application in
the present context it must be assumed thathw varies
between specimens, |

Fivaz and Mooser have shown that My2
is given by equation 4.12,

Fra= 3e12d%2 1 1 (exp(tw AT)=1) -~ (Le12)

. S E g2 o TR

Now gzhgiven by eqﬁatibn 411 can be written as
g?: a2 ‘
(o )2 (741)

) )
mere o = (gn)(<)

and is therefore substantially constant.

Therefore My, = AR /R T)(exp (hw /A T)=-1) (7+2)
where A = 3edS 12-0.15I2,if My. is expressed. in
62

practical units and d; = L.54.



7%

Application of (7.2) to the experimental
results yields the values of A andtW) necessary to
describe the experimental resultd. Sample results are
given in Table 2. It is seen thatfw is required to vary
between 12LmeV for P18 (the specimen with largeste ) to
less than 1meV for P15. Specimens P17 and P8 would need.,
on this models,ever smaller NW 's.

At this point it must be borne in mind
that,although the weak-coupling region apolies for g24 %,
(7.2) is only valid if g2« 1 (section L.4). Comparing
g¢N3(=%%#) with gic (:192) »it is seen that gzlis required
to vary over at least four orders of magnitude. It is
therefore‘possible that the condition g2 1 may no
longer hold for those specimens which require a very
small Rip (say,less than 10meV). Although these specimens
may still conform to the weak-coupling region, i.e. g?( Zy
equation (7.2) is unlikely to give the correct mobility
in the extreme cases.

| An estimate of the overlap energy I
is now possible from a knowledge of A. Using the condition
that g?<1%,caléulation gives the maximum value of Iz,
listed in Table 2.They would appear to be perfectly
reasonable. An important aspect to notice in this context
is that in'this interpretation,lafge pPhonon energies

correspond to small overlap. A physical explanation of
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this point will be attempted in the following sectione.
Further examination of the calculated data
reveals the following:
(R g £ (h )y, = 6031
but (Iz)m| 2(I) 0 = T21-
One concludes that the variations in IZ required by
this theory are about an order of magnitude less than those
reguired by h0 . Once again this seems reasonable.
| A very direct check that is possible is
to predict the form of fig. 6.6. The gradient € is given
by € = 9108 | 1t is shown in Appendiz 4 that

d17~4zT
€ =RT+te+ Alhw) o
- TeT P (7+3)
In the limit,as Huy—>0, €—> LhT if.e. 57.2meV for

T = 333%K. In fige. 7.4 the solid line represénts the
calculated values of € from equation (7.3) using the hw
and M listed ip Table 2. The experimental points are

the € values given in Table 1. The agreement shows that
the Fivaz and Mooser theoryieads to a consistent inter-—
pretation of the results and is in this respéct preferable

$0 the Holstein theory.

7.1+3 Physical Interpretation.
Application of Holstein's small polaron
theory to the experimental results requires variations

in both E, and fwloe The model of Fivaz and Mooser
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requires variations inhw and A,and hence in the overlap
energy I,.
The binding energy E, will be considered

.first. It is suggested that the variations may arise from
one or more of the followinge

(i) There are many lattice defects present in the
structure,as would be expegted in a crystal grown from tlk
melt,but the density is extremely large (about 1019-
10200mf5) and likely to be different from specimen to
specimen. A hole will then find itself bound to a lattice
site with a certain binding energy in one specimen,but
in another will be surrounded by a different defect density
leading to a different binding eﬁergy. This being so,
annealing will remove lattice defects and thereby reduce
the polaron binding energy.,for Ep will be a minimum in
the perfect lattice. According to Holstein's theory,
this will increase the mobility and decrease the temperature
dependence. This is in accordance with the experimental
results on heat treated specimens (€ege P37,Lige ©e7)e

(ii) The original boules (i.e. boules A and B) were
fairly free from defects. A large defect density was
then generated hy the cleaving processe It is quite
possible that the lattice planes were displaced from their
normal equilibrium positions,but obviously to a different

degree in each platelet. The reasoning to explain the
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variations in B and M then follows (i) above.

(iii) The original boule was constructed of polytjpes,
eaclh: polytype element extending for,say,ﬁOOOK along the
c~axis. Each platelet cleaved from the boule would then
be a polytype admixture and the overall binding energy
would depend on’the proportion of each;polytype presente.
However,if this iIs the sole reason for E, variations,
then the heat treatment results require for their explan—-
ation that one polytype is transformed into another
with a lower E -

It is relevant in this context to consider
the results of Brebner and Mooser (1967) on GaSe poly-
typessdescribed in section 3.2.2. They concluded that
different polytypes lead to different ionic contributions
to the weak interlayer bonding. Hencesthe binding energy
'of the small polaron in Phl, would be expected to differ
between polytypes . N

Whether (i),(1ii),or (1ii) applies,the
binding energy E, obtained from Holstein's equation
will then be a macroscopic average of its 1'luctuations
on a microscopic scale throughout the crystal.

The variations in?mp required by both
Holstein and Fivaz and lMooser can also be explained
qualitatively by a variable,but‘1arge,defect density or

possibly by the polytype hypothesis. It is known that
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the introduction of defects undoubtedly affects the
phonon spectrum of a perfect crystal,but the theoretical
predictions to date are somewhat limited due to the extreme
complexities involved in the computation. However,it is
known that a sufficiently light impurity atom,or one
bound more tightly to the host crystal than the atoms of
the host crystal are bound to each other,gives rise to
a mode of vibration whose frequency is greater than the
maximum freguency of the unperturbed crystal. This is
known as a localiskd phonon mode. It is proposed that
such modes are responsible for thehw variations.

The defect involved is assumed to be an
Interstitial lead atom or ion,situated in the gap between
adjacent I-Pb-I layers. It is reasonable to aésume that
Pb-I2 is at least partially ionic,even though the
measurements of Dugan and Henisch (1967b)described in
section 3.3.6,indicate that it is less ionic than was
previously supposed. Therefore,in the absence of other
Bb atoms (or ions) the defect will probsbly be more
tightly bound to its nearest I atoms (or ions) and will
hence give rise to localised phonon modes. The more perfect
is the PbI, crystal,the smaller will be the effect of
this higher frequency phonon mode on the motion of the
carrier. As the impurity density increases,higher

frequency modes will become more predominant. The effective
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iwo in both Holstein's and Fivaz and Mooser's equations
will thus increase with increasing defect density.

It has already been stated (7.1e2) that
interpretation. in terms of the model of Fivaz and Mooser
leads to large phonon.energies associated with small
overlap. The latter is not inconsistent with the defect
hypothesis,because the presence of interstitial atoms
(or ions)j,or alternatively the displacement of layers
occuring in the polytybes,is mostflikely to lead to
a decrease in overlap between conducting states in

successive layerse

7+1s4 The Low Temperature Trdnsport Regione

It has not been possible to arrive at any
detaile& interpretation of the low temperature transport
region. Three tentative suggestions will be put forward:
neutral impurity scattering,a trap controlled mechanism
and a double valence band interpretation. The essentially
.temperature-iﬁdEPendent region shown in figse. 6.3,6.4 and
6.7 is at first sight suggestive of neutral impurity
scattering (Erginsoy,1950),and therefore the possibility
of its application to the presént results has been consid-
ered. However,the following two points recommend its
rejection: (i) In the region just below room temperature

where many specimens show a turnover,the vast majority
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of impurities will be ionised. Thus the only real evidence
for neutral impurity scattering would have to came at
very much lower temperatures than those used in the
experiments. (ii) The two scattering mechanisms i.e.
neutral impurity scattering and optical scattering
characterised by Mur and M respectively,would lead to a
resultant mobility of 7%71: %&14——l%‘
It is difficult to interpret the sharp turnover observed
by a combination of these two scattering mechanisms.

The second alternative,that of a trap-
controlled mechanism,is suggested by the activation energwv
of about 30 = 4O meV observed with certain specimens in
the low temperature region (notably figs. 6.3 and 6.8).
This would usually be interpreted in terms of a shallow
trap lying above the top of the valence band. But because
this energy approximates to the splitting at the top of
the valence band (section 3.,3.4) a third alternative
model is sugggsted. According to this,the low temperature
behaviour is due to the promotion of holes between the
upper two valence bands,in a similar fashion to the model
proposed by Spear and Mdrt (1963) for holes in GdS. If
n, is the density of free holes present in the upper band
and ny the density in the lower band then,provided

Maxwell-Boltzman statistics are applicable,

Qv _ Ny exp AR/RT
0y Na
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where Ny = effective density of states in'the upper band

Ny = effective density of states in the lower band
and E = energy separation of the bands.
Thié equation shows that,as the temperature is lowered,
more holes will populate the upper band than the lower
one in thermal equilibrium. Since the obéerved mobility in
this region was found to decrease with decreasing
temperature,the mobility M in the upper band must be
appreciably smallex than the mobilityypi in the lower one,
as is the case in CdS.

In the present work,however,thé region of

(ilecreasing,)\“‘L with decreasing T was only observed in a
minority of specimens (although a 'dip" was observed in
several specimens e.g. P3L,fig. 6.3). This prevents the
interband interpretation from being regarded as anything

more than a possihility at this stage.

7.2 Conductivity Measurements as a Function of Temperature.
The activation energy of 0.26eV found in

the dark conductivity measurements (fig. 6.13) is.

interpreted in terms of the release of charge carriers

from traps,and signifies a trapping level at about

0.26€eV above the valence band. The same conclusion has

been reached by Dugan and Henisch (19670) from similar

measurements (section 3e3¢2)e
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Howevery,when fitted with one indium and
one gold electrode and with the field direction from
indium to goldsan activation eﬁergy of 0.55eV was
determined. It has been proposed in the preceding chapter
that under these conditions it is possible that only
electrons are replenished through the gold electrode,
when the carriers are extracted. If this model is correct
then the activation energy measured under these conditions
refers to a fairly deep electron trap,0.55eV below the
conduction band. It will be seen in section 7.4 that the
presence of such a level is supported by the photolumines-—
cence spectra of Dugan and Henisch . (1968).

It has been found in all the measurements
that at higher temperatures the dark current is controlled
by a mechanism with an activation energy of 1.3eV. The
transition point varies betweenm 4OQ°K and L450°K,and this
alone suggests considerable differences between platelets
cleaved from the same boule. An interesting point is the
absence of an intermediate region with an activation
energy of 0.42eV,as was observed by Dawood and Forty (1962)
in a direction perpendicular to the c=axis (fige. 3.5)

It was interpreted in terms of.the movement of anion
defectse. The present results show that these defects do
not contribute to conductivity'along the c=-axis,although

they may still contribute to diffusion in this direction.
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The high temperature region can only be
interpreted in a similar fashion to Dawood and Forty (1962)
and to Mott and Gurney (1940) in terms of the creation
and movement of interstitial Ph®* ions. The fact that the
transition temperature is higher for conduction perpen-
dicular to the c-axis than parallel to it is consistent
with the much higher hole mobility to be expected along
the layerse. The conductivity due td this carrier will
therefore predominate until higher temperatures,all

other factors being equal.

7+3 The Photoconductive Response;

The peak in the photoresponse of boule B
around the absorption edge (fige. 6.17) could be explained
in terms of sﬁrface recombinatione. In contrast to this,
the peak centred around 3.3eV in this boule can only
correspond to a genuine absorption effect,and 1s probably
due to a transition from the lowest valence band. It will
be discussed further in the following sedtion. Tne effect
of heat treatment on the photoconductive response of
boule B,fig. 6.19,shows the almost complete removal of
the 2.4eV peak,an increase in pvhotosensitivity and an
apparent shift of the absorption edge to higher energies.
The first two can be explained by the'annealing process,
which removes defects and hence increases both the bulk

and surface lifetimes. However,since this is not a true
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absorption measurement the results do not provide
conclusive proof for a shift of the "absorption edge'.

The photocondictive response of boule A,
fig. 6+20,differs quite markedly from that of boule B.
The absence of the peak around the absorption edge implies
that there is little difference between the bulk and |
surface lifetimese. This may help to account for the fact
that transits were observed in boule A,but not in boule B.
No peak is observed at 3.3eV in boule Aspossibly suggesting
this transition in boule B to be associated with a defect

level.

7.4 A Band Structure Model.

A band structure model is proposed,based
on that of Dugan and Henisch (1968),fige 3.13,but with a
modification and additions. It is given in fig. 7.5a.
The lower sub=-band A is placed 0.54eV below the top of
the valence band B. The defect levels at 0.26eV (C) and
0.46eV (D) above B are retained,but not so the arﬁitrarily
introduced level 0..1eV below the conduction band. Instead,
a level E is placed.Q.55eV below the conduction band F,
in accordance with the interprétation of the conductivity
data presented earlier (7.2). The band gap is kept at
2.41eVe A new level.G,associated either with. a higher

conduction band or with defects,is suggested to lie 0.,36eV
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sbove the bottom of the first conduction band.

This model would appear to give a more
satisfactory explanation of the transitions reported by
Dugan and Henisch (1968) ,described in section 3.3.6.

The transitions are shown in fige. 7.5bswith the experimental
values of Dugan and Henisch given in parentheses. The
omissiocn of the 2.31eV peak in the photoconductive response
of Dugan and Henisch is explained by this model (a
transition between defect levels) and it is also clear

why a peak was never observed corresponding to a 2.06eV
transition,as required by the model of Duéan and Henische.
The pfesent model,however,predicts a feature in both the
photoconductive response and photoluminescence spectra

at 1.86eV,whereas Dugan and Henisch observed this transition
in only the latter. It is tentatively suggested that

the peak attributed to a 1.99eV transition in their
photoconductive response has perhaps been misinterpreted

and in fact corresponds to a 1.85eV transition. This is.
borne out by a closer examination of fige.3.10a. The 1.99eV
transition would then be absent in the photoconductive
response and this would be expected from the present model,
for it corresponds to a transifion from defect level D.

The introduction nglevel G,to account for
~the 2.31eV transition,is suppofted by the fact that

it prédicts a 3.3eV transition between G and the lowest



83
valence sub-band Ae. Since the latter transition was obsepved
only in boule B of the present investigation,it would
appear probable that it is assoclated with a defect levele.
Thislexplanation of the 2.31eV transition requires that
it is observed only in the photoluminescence spectra,
which is indeed the case. The present interpretation seems
therefore preferable to that of Dugan and Henische. It is
evident that the proposed model is consistent with a
wider range of observed features and represents therefore

a marked improvement on previously suggested band models.,

7.5 Conclusions.

(i) Hole mobilities lie between 1.8cm2volt™?

-1 -1

sec and 5cm?volt'1sec at room temperature. The results
show that,contrary to expectations,the hole transport
proceeds in a narrow band and that the mobility is deter-—
mined by optical scattering.

(11) Two possible interpretations of the
transport results in the temperature region above 250°K
have been explored and it is found that the model of
Fivaz and Mooser leads to a better agreement with the
results than the small polaron theory.

(iii) The variations in the optical phonon

energiesyoverlap energies (or polaron binding energies)

between specimens are attributed to large, but differing,
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defect densities brought about by some or a combination of
the reasons put forward in section 7e1e3.

(iv) The low temperature transport results
are not readily interpreted,but several possibilities have
been outlined. It would appear that neutral impurity
scattering is unlikely; more experimental work is necessary
before it can be decided whether the trap controlled or
interband transition mechanisms are applicable.

(w) Dark conductivity measurements have
confirmed a trapping level 0.26eV above the valence band
and indicate the presence of an electron trap 0.55eV
below the conduction band.

(vi) Using the above results and the
data of other authors,notably Dugan and Henisch (1968),
the energy level diagram shown in fige 7.5 is proposed.

It provides a more consistent explanation of many often

reported transitions in PbIZ.
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Appendix, (see p.72)

Equation 7.3 showed that the mobility
perpendicular to the layerssaccording to the theory of

Fivaz and Mooser,can be written in the form

M = ArwBlex ghon)— 1)

writing O = V&RT
Nowsthe observed gradient &€ of the exper—

imental plots of logM ve 1/T is given by

¢ = 5\\03)‘)“ = C\\C;CA)\" Y Vi l'. dAM
dUt) A ap M dp

Differentiating the above expression for )‘“l

AM _ howhblhwerphws)+ (exphwp) - RwA

ap
- Aﬂ(?\w\lﬁxp?\m&_,‘_ M
' 3
LE = L AR 1 hwl M +ARW)
AR P M
= 1. hw g ARGl
E I
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e = RTatwas . Bw o
exp\'hml&’f\“-\

ko= 0

and (lee) = JRT .
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Pig» 2»2 Structure of one of the four-fold Layers of
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d) 2900A,\vith GoiTparisen Spectrum (¢)

(after Tubbs and F orty 1965}



Figs. 3.9a
Lnd b.
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Pig. 379a Reflectivity of Pbig at 300°K and 77°K,EX G
(after GreenawQiy and Harbeke, 1966)
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Fig.- 3 .-9b ' Reflectivity of Pbig at 77°KTE//0 and EJ. 0
(after Greenaway and Karbeke”
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Figs »3*11 and 3.12

conduction band .
— J exciton level

~0-6eV
— exciton level

3-leV
2-5eV

valence band

Schematic Diagram of the Electron Energy

Bands at. Ic. = o in Pblo*
(after Tubhs® "90k)

Fig- 3..11

CONDUCTION BAND

1st EXCITON LEVEL

ACCEPTOR

LEVEL
~ 0-048 eV

VALENCE
BAND

Fig- 3*12 Schematic Optical Energy Level Diagram

of PhLg at kKL= 0»
(after Dugan and Henisch, 1967a)



Fis* 3.13

Conduction Band
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Fig- 3*13 Energy Level Diagram showing Split-Valence
Band and Defect Level Structure for
Gel-Grown Phlg Single Crystals*
(after Dugan and lienisch, 19(B)
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Fig* 4%*2

first excited.
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self-trapped
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hopping motion drift, motion hand motion

Fig* 4*2 Energies of the Self-Trapped States Relative to
that of the Free State according to Toyozawa*
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Fig. 5.2 Electron Pulse Synchromisatiomn.




. Figs 503"'
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Fige 5e3 TIllustrating the Principle of Charge
Integration for Transit Time Measurements.
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Fige 5.4b Integrated Signal of Carrier Transit in presence
of Deep Traps and/or at Low Applied Fields.
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. Fige 5.6
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—> E (arbitrary units)

Fig. 5.6 Graphs showing (a) 1/t'v. E and (b) 1/tev. E
i.es corrected for lifetime.
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Fig* 675
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Pig. 6.6
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Pig 6.6 Linear Plot of Temperature DependencelQ'V: Mobility

at T = 333*%»



Pig- 6-7

P37

(a) Before heat treatment

(b) After heat treatment,
1&hrs at 120°G-

3.0

Pig- 6-7 Effect of heat Treatment on Mobility—femperature
Dependencee
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3

Pig» 6.8 Effect of Successive Heat Treatments on
Mobility--Temperature Dependence-



Pig* 6»9a abd b

P30

(a) First Température Run*
(b) Second Temperature Run,

after having been heated to
300°K in (a)*

2.0 2.3

Fig* 6.9a and b Effect of heat Treatment on Mobility
-Temperature Dependence.



Pig» 6*10
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Pig 6-10 Charge drawn across crystal (qj as a function of
the applied field (E)»



Fis» 6.11a and b
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Fig. 6.11a and b, I-Y Characteristics for Gold-Gold
Electrodes-
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Fig.. 6..12a,byCyd. Qharacteristics for Indium-Gold Electrode
Combination*
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Fig» 6.13 Log of Dark Current as a Function of 10"/T(®K) *
(Gold-Gold Electrodes).
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Pig. 7*1

=0.12eV,Bb=0.096ev

10

=0"09eV ,,%=0,072¢eV
7
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=0.0&eV,57=:0.048¢eV
3

=0.04eVS$R =0.0"2eV
2
1

Pis* 7*1 Mobilityr Va 10*/Tfs)"according fo Holstein's

small polaron theoryor fixed. (=0*8) and various.
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Pig» 7»2 Ivlobilitjr 10~/11°kVafter Holstein”for
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Pig» 7»3a

and b.
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Pig» 7»3a» Proposed energy level diagram (at k=0)

v}

2.31
(2»31;
2.41 2.1 1.86
(2 741) (2.16) (1»85]
1.95

5
6) (1»99)

A
Pig,» 7»5b The transitions and energies (in eV)
predicted by the above model>7.5a,to
account for the transitions of Dugan and
Heniscbi (1988} ,the energies of whdch are
given in parentheses.



Specimen (}L)105/T=3
crvolt sec
P18 11 0.85pms
37 163 13
2L 1.6 ~5
3Q 148 ~L
7% 2.3 2
3L 2.l 1ot
21 3 2.5
38 3¢5 1
29 3ol 0485
15 ZeH 2
17 Lot ~3
8 o5 3

Table 1. Summary of Experimental Resultse

% eafter heat treatment

150
119
91
81
75
59
L7
37

37

35
31
2l

Table 1. .

~C )T.—-R{E € (meV) Information
on Specimen

Figo 603

63
6.3
0.9
6.7(b)
63
6.2
6.2



Specimen

P18
37
2l
3L
31
15

Table 2.

Table 2._

A - Iz(max)
(et) g 2 o)
124 11 3.4141073  13.2
9L 13 1.53.1072  21.4
62 146 1.02.10"1  3G.2
21 2l 3.27 694
2 3.0 6.1L4.10% 9045
0.5 3.5 9.8.103 320

The parameters required by the theory of
Fivaz and Mooser to describe the experimental
hole mobility results (symbols described

in text).



