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This report describes further work on the charge transport in

insulating solids. As in the earlier experiments, (F.T.R.1.), fast pulse

methods have boon used to study the drift mobility of generated carriers.

In part A of the report a number of improvements in the experimental method

are described. For measurements involving transit times of 40 nseo or

less it was found essential to shorten the duration of the excitation

pulses. Details of an electron pulse generator are given which provides

pulse length from 5 to 500 nsec with rise times of less than I nsoc. A

further improvement is the use of a compact low Capacity gating unit which

employs a polarised mercury wetted switch. Field pulses of up to 1800 V

can now be applied to the specimen without affecting the amplifier performance.

Another application of a mercury relay is the field pulse generator producing

fast rising voltage pulses of up to t 1800 V. Finally a miniature optical

lever arrangement is described which was found useful for the measurement

of crystal thiclmnes between the electrodes.

Part B deals with the investigation of carrier mobility and charge

transport in monoelinic Sc crystals which consist of a lattice of puckered

Se 8 rings. As similar oxperiments have been carried out on the vitreous

form (chain molecules) a comrparison of the charge transport in these two

structures can be made. -iionoelinie crystals wcre grown from solution by

a circulation method which is briefly described. At room temperature

the electron mobility was found to tc, 2 cm 2Vý see-'. At temporatures above

00c, o for all acecimons. With decreasing T a sharp

transition takes place from the lattice nobility to a charge transport

controlled by a level of states E 0.25 ev below the conduction band.

A comparison of experimental and calculated P vs. T. curves leads to

a density of centres of about lO14 cm- 3 . The same value of f was

found in experiments on vitreous Sc suggesting that this type of centre is

conaon to both forms. The hole mobility in monoclinic So is found to be

trap controlled threughout the teamperature ra-n-ge investigated.

In part C the recent work on CdS crystals is discussed. A series

of initial experiments have been carried cut to investigate the effect of



various electrodei materials on the response to the fast excitation pulses.

it appears that for the observation of carrier transits, the free carriers

must be generated near a blocking electrode, but the opposite electrode

should be injecting. Room temperature measurements carried out on

specimens with Au (top) and In (bottom) electrodes led to 280 oma -1 ec-1

for the electron drift mobility in good agreement with Hall mobility

values. With decreasing temperature goes through a maximum and then

decreases exponentially. Using crystals with exceptionally long hole life

times, it has been possible to measure the drift mobility of holes in CdS.

is about 0.2 om2V-sec~' at room temperature. With increasing

temperature appears to be closely proportional to
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As the principle of the experimental method used in this investigation

has beoo desoribed previously in some detailI'2 only a bricf outline

of the method will be gEven hero.

A fast pulse of electrons having energies up to 40 key enters the

topneleotrode of the specimen under investigation and generates electron-

hole pairs to within a depth of a few microns below the top electrode.

About 2 meec before the arrival of the excitation pulse a pulsed electric

field it applied across the specimen for a few milliseconds and, depending

on its polarity, either electrons or holes ame drawn out of the surface

region and drift across the specimen. The charge displaoement is

integrated and displayed on wid.j band electronic equipment.

In most of the experiments described in parts B and C the transit

time of the carriors has been m-,sured as a function of the applied floli

leading to a value for the drift mobility. This is generally studieo

as a function of temperature and has led to interesting conclusions about

the nature and mechanism of the carrier transport. In some experiments1

the number of charge carriers crossing the speoimon has boon investigated

as a function of the applied field and the number and energy of the

incident electrons. Such experiments can give information on the

recombination process in the excited volume and allow an estimate to be

made of the average energy required to generate an electron-hole part

by fast electrons.

For the interpretation of the experimental results and for the observat4.on

of well defined transit times .it is essential to prevent the grP,,I-l.

butl&-Up of an internal space charge which is likely to load to a highly

non-niftorm internal field. Such effects are most likely connoctod with

the gradual filling up of deeper trapping contres possessing thoerml

release times for longer than the time between excitation pulses.

The most effective precaution to re& -ing the efocts of deep trapping

_ consists in keeping the number of generated carriers per pulse as low as

rV
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is comatibble with the sensitivity of the wvplifying equipment. A seoond

important precaution lies in the use of a pulsed applied field.. This

appear to reduce considerably the injection of additional carriers from

the electrodes which, under stea~y Aield conditions, would lead to a far

hL~hr oooupation of the de,jp contros.

2. Design of asec Electron Pulse Generator.

The experimental determination of the carrier mobilities is based on

the assumption that the excitation pulse is of much shorter duration than

the transit time. As the work described in this report involved transit

times as low as 40 nsco a considerable improvement in the performance of

the electron pulse generator seemed essential.

Figure la shows the new unit 3 . It consists essentially of the

tetrodo electron gun G which is modulated by a fast voltage pulse generator.
The labtcr employs the well known technique in which an open ended delay

line DL is discharged by a fast switching device. For this, and the

applications described in section 4 and 5, mercury wetted contact relays4

have been found very suitable. Although their application is limited to

cases in which low repetition rates and fluctuations in the time interval

between successive operations can be tolerated, the attraction of these

relays lies in their comparative simplicity and in the case with which

extremely fast rising pulses can be obtained.

As shown in figure la the voltage pulse generator is constructed from

two pieces of brass tubing (0.375" I.D.), hard soldered together to form

a T-piece. The vertical part houses the polarisod mercury switch capsule

MS and carries at its upper end a 75 Q. type BNC sickot for connection to

the ilelay line. The horizontal tube carries tvro BaC pulse output sockets.

Selected j W composite carbon resistors (25A-) are incorporated in each

section of the inner conductor (0.110") to give the correct output impedance.

The dimensions have been chosen to provide as far as possible a 75 CC_ match

throughout the generator.

The normally open relay contact carries a small steel socket H which,

together with the permanent magnet M, provides the necessary polaristion
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In - Meroury switch capsule; DL - delay line; CL - Connecting
line; M - polarising magnet; H - stoel socket; P - potentiometer;
S - solonoid; T - terminating socket; F - hairpin filament;

G - glass tube; 0 - control grid; A - accelerating electrode;
1L - electrostatic lens; L' - magnetic lens; I - insulation.



:!(see also V.igure 2). The switohig solenoid 8 consists of •00turn Of

I/I

38 S.We zy, wire and reqres an operating ouzt of 3 - 1 m.s . Tu o

e-lay line s charged to the required potential through the 50 K 4- rasisto.r

mounted in a so•reen~ed side tube claso to the delay line socket. For the

normal type of co-axial cable with polyethylene insluation ( r = 2.3), the

duration of the voltage pulse is very nearly 10 nseo for each metre of open

ended delay line.

The inper conductor of the connecting line CL enters the demountable

electron gun through agLass-metal seal close to the control grid aperature 0.

The line is terminated at the - rturc by a 75 xccarbon resistor, The

hairpin filament P is spot welded to tungsten supports sealed into the

glass tube G. 0-ring seals allow both laternal and vertical adjustment

of the filament with respect to the grid aperture under running conditions.

The emission is biased off by a positive potential of 20-30V applied to F.

The ;i'agnitude of the beam current which flows for the duration of the

positive pulse is controlled by the potentiometer P. 2letrode A at

+ 300V makes the beam eurrent practically independent of the main accelerating

potential (5-50kv) which is applied across the electrostatic lens L.

As both the gun and the pulse generator are kept at high potential,

the relay is switched through a coupling condenser and a small amplifier.

The indicated voltage levels refer to the - H.T. line, A rectified

sinusoidal voltage is applied to the earthy' side of thc condenser, which

could be replaced with advantage by a simple poaking transformer, preferably

-with an electrostatic screen. The resulting electron pulses, displayed

on a 5001c/sec sampling ozcilloscope possess a rise time of less then 1 naeo.

The unit is normally run at a pulse repetition frequency of 50 or 100 see"•.
A number of prepared delay lines provide pulse lengths from 5 to 500 nsec.

If 'an external trigger signal is required the following simple,

but not altogether satisfactory, method has been used. A few turns of

wire are connected in series with the termination T of the second pulse

output. The signal is picked up at the loav potential end and used as a

trigger after amplifioation. However, the mismatch introduced by the

inductive component lea&s to a deterioration of the electron pulse.
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3. Spooimen Holder and Amplifing Oystem.

The modified specimen holder is shown in figure lb. The electron

boam, focunsed to a circular spot of 2.5mm diameter enters the top eleotrode

of the specimen S. The bottom electrode is connected to a cathode

follower OF mounted close to it to reduce the input capacity as far an

possible. By suitable choice of R the input time constant is made mUaIo

longer than the transit time under investigation. During this time the

potential 4crcss R is therefore proportional to the total charge displacement

of the drifting carrier cloud. The output of the cathode follower

is fed into two distributed pre-amplifiers connected in series (Hewlett-

Packard, type 460 AR, bandwidth 120Mo/seo). A Tektronir 581 oscilloscope

(bandwidth 0CMc/sec) is used to diplay the signal. The system possesses

an overall rise time of about 5 nsco and with the normal specimen capacity

lcm of vertical deflection represents the transit of anproximately 105

charge carriers. The charge sensitivity is determined b, applying a

calibration pulse to the input through the smnll standard condenser C
5
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The top eleatrode of the speoimen is ooneoted to a pulse generator

whioch provides field pulses of 4 nzoo duration at a repetition frequawfy 5

of 50 $eGo- (section 5). The phase of the field pulse with respect toA

the electron excitation pulso ian be adjusted by means of a phase shift

network.
o

During the application and removal of the applied field the gating

unit G (seotion 4) shorts out the resistor R to prevent paralysis of the

amplifying system. Phase and duration of the open gate can be adjusted

independently. Normally the gate opens I msec before the excitation pulse

and closes I meoo after it.

4. Gating Unit.

The mercury switch provides a simple and effective answer to the

problem of input gating3 . A compact jni* used wid ly in the present work

is shown in figure 2, With the relay in the 'open' position, the capacity

of the unit is about 2pf and its effect on the input oap,-aoity is normally

negligible

_.... r - i1 2 , I"

Si__

It should be noted that in this case the stoel socket H and the

polarising magnet M are placed on the side of the normally closed relay

contact. With a rectified sinusoidal potential applied to the solenoid
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the open gate ooul4 be varied between I mBoo and 5roses by ajustment of

the ourrent or the magnet position,

It was found possible to apply voltage pulses of up to t 1800V across

tho speoimen without affecting the amplifier performance. The switching

transients produced by the gate were found to be negligibly small even at

maximum sensitivity. This may be partly due to the limited lwv frequency

* response of the amplifiers and the small specimen capacity.

5, Prodluotion of field pulses.

The field pulse generator desoribed in F.T.R. I has boon replaced by

the much simpler unit shown schematically in figure 3. It employs an

unpolarised mercury switch I which is energised from the A.C. mains through

a phase shift network and a half- or full-wave rectifier R giving repetition

frequencies of 50 or i00 sec . The unit has becnr. used for pulse heights

up to t 1800V with no sign of deterioration or damage to the relay. The
voltage source has boon built up of small size 90o ad 3OOV leyer type

batteries. With a tapping point at 30V and 60V, the complete voltage

range could be covered in 30V steps by the use of 3 selector switches.

I V .

..... ...................... &

I. . •, - ..

During switching the mercury droplet adheres to the armature and shorts

out contacts I and 2 for a fraction of a mscc. Resistors RI and R2 are

therefore necessary to limit the current flovi from the voltage source.

WithRI = 0, R2 = 4.7 ' the pulse rises in a few nsoc, but the falling

edge has a time constant of about 70 * sec. Oscillations of nmall amplitude



tend to ooccr on top of the pulse near the rising edge. These are d5wJ pe

out with R1  iK which leads to a rise time of less than 15 naeo.

6. Thickness Measurement of CdS crystal Specimens.

As the mobility values calculated from the experimental data depend

on the square of the distance between the electrodes it is essential to

determine this quantity with reasonable accuracy. It was found difficult

to do this particularly with small fragile crystals which were not necessarily

plane parallel over the complete surface. The following simple method

has been found extremely useful in connection with CdS crystals and is shown

in figure 4. It consists of a miniature optical level which is easily

- 4 A

made from the well balanced moving coil system of a D.C. meter. A small

mirror M is stuck to the movIng coil, and reflects the image of a horizontal

wire on to a scale at a distance of about 5 m. The vertical part of the

lever, L, consists of a small steel needle carefully rounded off at its

lower cnd. The arrangement is screwed on to the table of a raicioOopL,

and the microscope condenser is replaced by a simlar needle L', The

crystal C rests on the slide traverwso that its position in a horizontal



cane ean be adjusted with respect to L and Lt. L is Icr ... od on to the

czystal, the coil spring of the mater movement applying a gentle pressure.

L' is moved upwards until it touches the crystal, vwtieh occurs when the

light spot begins to move from its initial position. The crystal is

renoved and the difference in reading gives the local thicImess. In this

wiT the electrode region is tested for uniformity and the average thickness

over the bombarded region can be obtained. The system is calibrated with

feeler gauges and possesses a sensitivity of about Ir per mi of scale

deflection,

B.• Carrier lfobil.it'r ro. Na-t.'g, Trano:nrt in M:-ioclinJc So Crystais.

I. IntrLoduct ion,

The stuyr of the electrical propoeutios of the So allotropcs nllowvs

a comparison between the charge transport In a chain andI a ring structure

of the same elenentt In cont-rast 'to the hexagonal and vitreous

modifications the rionoolinic fonr of Si coynists of a lattice of pickored

So8 ringsJ56) An -Y and i monocli•nic fcorn have boon distinguished

but there appears to be little structural. difference bctvoeen then()

Photoeonductivity in thes•e ciystals vas first investigated by (hudden and

PohlJ8U and recently a detailed investigation of the optical propertics

has boon carried out by 2rcoss-r(9). Virtually nothing is ]cnovr- about the

electrical properties of monoclinic Sc.

The erperimnental method described in Part A oe this report has boon

applied to a detailed investigation of the carrier nobility and the conduction

mechanism in monoclinic So cryc ealsa. Since siilar Cnc oriments have

been carried out on the vitreous for. (1'2) which consists of So chain

molecules, a conrparison of the charge transport in the two forms can be

made.

An interesting feature of the present experiment.s is the transition

from the lattice mobility to a charge transport controlled by a level of

discrete states. A Limilar behaviour has boon observed by Brovn and

0obay )ha0 in AgGI cryst * s.
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2, Specimen Preparation.

The growing of crystals of sufficient size and porfection presents

one of the main problems. The circulating method originally used by

Kyrcpoulos was tried under various experimental crnditions but the crystals

were imperfect and too small, An improved method due to Prosser(9)

which is shown in figure 5 led to far better results.

The solvent, re-distilled CS2, is boiled in a flask fitted at its

side Vrith the water-cooled circulation tube 0. The condensed vapours passes

into a Soxhlet Extractor and drips through the filter funnel 1F filled wlith

precipitated red So powder. The saturated solution rises in the tube belou,

P and eventually overflows into the flask. In this way the solvent is

gradually saturated with So and rod monoclinic crystals begin to form in

the lower part of the circulatimn tube. The advantage over the Ayropoulos

method lies in the fact that the solvent remains completely free from small

particles of Se nowdor which previousl appeared to formi nucleation centres

and led to a large mnuber of small crystals.

With this method up to 20 crystal plates 40-70 v thielce and measuring

24-3en across, could normally be obtaincd in a run lasting about 20 hours.

Various positions of the cooling jacket arotnd thu citrculation tube were

tried; the best batch of cryistals was obtained when KIjo cooling was
confined to the vertical part of the circulation tube. ALn X-ray examination

of a number of crystals led to lattice parameters in close agreement with

those of the A -monoelinie forn. According to the structure detunnined

by BurbnknW) the (101) plane coincides with the surface of the crystal

plates; the average planes containing the puckered So rings are almost

perpendicular to the surface. Mlicroscopic examiurtion showed pronounced

surface steps rnd striations on many of the ryostals. A number of specimens

with little or no surface structure were selected nao-d fitted with

evaporated gold electrodes of 1-2rn 2 axea on opposite sides of the crystal

plate. Thin connecting wires were. r'.ttaehed with silver paste. The specimen

was mounted in a vacuun chomber designed for temperature measurements.

I carried out by Dr. 1i-. Phrunberg of University College, London.
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3# bpewiMqntaj Prooodure end Results.

Figure 6 showa a typiol photograph of the oaoillosoope trace when

generated electrons are drawm across a monpolinie crystal in an applied

field of 4.5 X i0" v c•,Ei at room teimerature. 40 key excitation pulses

of 8 naeo duration have beeh used, The average depth of the exoite&

volume below the 'op electrode (about 5F ) is therefore small compared to

the specimen thickness. The linear edgo of the pulse implies a uniform

drift velocity of the carriers indicating that a) the internal field is

uniform, and b) the number of electrons per pulse leaving the recombination

region near the top olectrode remains constant during transit. The sharp

levelling off of the trace marks the arrival of the generated electrons at

the bottom electrode and defines a transit time t., in this case 60 .nrsee,

6
The pulse height oorresponflsto the transit of less than 10 carriers produced

4.
at t 0 by the incident pulse of 2,5 X 10 electrons (not resolved in figure

6).

The experimental procedure consisted in moasuring tt as a function

of the applied field E which ranged from about 5 X 103 to 7 X 104 v cm 1i.
be

The graph of i/tt against E was found to;.linenr axcopt for a small range

of values at low applied fields. As uxplainod previously( this is most

likely due to space charge build-up in thd surfaco region. A value for

the mobility /p = tt where d denotes the specimen thic1Oeoss, was

obtained form the gradient of the graph.

Tbe twelve specimens investigated wore selectucd partly from a number

of batches grown in this laboratory and partly from ory.'tals supplied by
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Dr. Prosser cf Prague University., They all showed the sBOo generalJ

beohaviour. At room temperature the electron mobilitios wore found to

lie b•tweon 1,7 and 2.3 see-oc v". On a given spociinon the values of

t wore reproducible to within a few per ceont; the a.in error in I! arose

froma the difficulty of neasuring the thickness of the fragile crystals

(the method described in Part A, section 6, had not then boon devoloped)

to a comparable accuracy. In the following the mobilities have therefore

bru.n normalised to the value Ft. at room temperature T., to facilitate

the correlation of results from different specizaens.

The experimental points in figure 7 show the tmnporaturo dependence

of )./ for three specimens typioal of the crystcls investigatod.

The continuous lines were calculated from equation (3) of section 4.

Above 000 the mobility of all the specimens was proportional to T3/2

which would be expected in a non-polar cry 'al from the interaction of

the gonerated electrons with the lattice vibrations (12). As the temperature

is l•oered, however, j:,/I ) goes through a maximum and then decreases

sharply. In figure 8 the same experimental data have boon plotted on

a semi-logarithmic graph against 1O3/T. It shows fairly convinaingly

that with decreasing temperature the mobility-tempernturc .co1cndencC goes

over into a reln+ion of the form w 'ith - 0.25ov. It

is of intorost to coroVnrt these results with the eleotron iobility in the

vitreous ±orm(� ,2). As can be soon from figure 3 this shows an exponential

dependence throughout thu tel-Tporaturo range which is associatod wiJth

practically the sawe value of f .

At temperatures in the region of the mobility 1uvximum and bolcT it

is observed that the levelling off of the pulse becones less sharp than

is shovn in figure G. The initial part of, the pulse, nowevor, retains

its lineority and the more gradual rounding off affocts at nost the final

301' of the pulse length. It appears, therefore, that tho generated

electron cloud spreads out during transit . Ac diffueion is an unlikely

explanation this straggling in the arrivel times is almost certainly

connected with trapping in a level of centres with release tines which

are short, but not negligibly so, in comparison with tt. The mechanisn
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or tray : ontrolled charge transpor rill be isoutsed further in secion 4,

in• presence of the straggling of transit times it appeared reasonable to " 1
.4W

use An average value of t, defined by the point of intersection of the

linear portion with the final horizontal level.

The charge gain, i.e. the number of electrons drawn out of the surface

region per incident electron, has been determined for a ntnmber of specimens

at H 3 X 10 4 v our' and in found to be about 40. It is about-k of that

observed for vitreous specimens under identioal conditions.

V~hen the field across the specimen is reversed a positive signal i6

observed corresponding to the drift of generated holes. This has been

investigated for a number of specimens vwith the following rczults;

a) At room temperature and below there exists a marled difference in the

height of the electron and hole signals. For exanple, at room ta. porciture

and E -'40 4 v our' the positive signal is onlJy 1/5 of t-'he electron

amplitude and increases to about ½ at maximum E. This fact, together

with the observed pulse shape, indicates that deep trapping occurs during

transit. Above 5000, however, the ratio of the amplitudes approaches unity

at the higher fields and the pulse possesses a linear edgo as in the case

of electrons. Transit time measurements could be carý,ied out in this

temperature range.

b) The measured hole mobility increases with T up to thue highost temperatures

2
0 

-1 -1used. At 105oC JýV= 1.3 am v see ; it is then ncnrl- equal to the

lattice controlled electron mobility at that temperatur;. 'ocause of the

limited temperature range that could be investigated, those results are

less conclusive than those for the electron mobility. Above 500C the

experimontal values could be fitted approximately to a relation of the

form P e / with r 0. 3 ev.

4. Discussion.

The rapid decrease of the electron mobility s>oVw in figure 7 is of

interest because it suggests a chIage in thc mooh'-n-"= .,f' charge trannPort.

Normally the decrease in carrier mobility at low teimDcrpturcs is connected

with the transition from J.ttice to impurity scattering(1). The latter
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[ varis a;proximately as T and leads to a far shallcwor mobility mai•d•ni.

i[ urity soattering on obviously not explain the rapid decrease of phfI
within a ¢va£r-atively smaUl teaperature range. The axp.orimontal

temperature dependence at lower T suggests that the observations are
I: connected with the transition from a mobility determined by lattice

Sscattering to one controlled by a fairly narrow level of states of density N

C • ev below the conduction band. With decreasing tonperature the man

free path between lattioe soattering increases, and in the region of the

' : -'J... ...-' .... •...... ...- r.H.l-k• • +hn+ bnt o it, n- "y' Anv'lq events.

This transition may be formulated in the folJwirg stimplo way if it ir,

assumed that the effective drift velocity of the electron cloud is smell

enough to allow a description in terms of the equilibrium distribution

between free and trapped carriers.

The measured mobility is given by

'here t denotes the transit time in absence of trapping; this is

determined by the lattice mobility f• a/Et'. the avcrage time

an electron remains in the level at 0 is obtained by equating the rate

of thermal release with the rate of trapping. This le;tds to +

where nt (ICNt) denotes the density of trapped electrons and 'J. the free

electron lifetime. As the average number of trapping events during transit

time s o/E i , r L, (1'/.) " If the Fermi level lies

below C by more than a few 16,

. . 0  ( . 2) i(2

The effective density of states is N._ ,5 • (/ um/vl

Equation (1) and (2) together with •. n-Ti/r) then lead tof -1
/r [ ('T /TrY e4 5

Using the value 1 = 0.25 ev obtained from figure 8, Nt
can be found from the position of the mobility maximur: A a figuru 7.

For specimens Wf+ and M5, t = 3.5 X i0o3(,'/ m >3/ oA- for 1,12



it is 4 X I j0/2 M, )3/2 Cs3 Other spooimons load to values

within thia range. It o,= be seen from figure 7 that writh these constants

equation (3) leads to a satisfactory agreement with experiment over the

complete temporaturo range.

Moss(15) has applied the deformation potential theory(12) to obtain

an estimate of the lattice mobility in Se. He finds F t))

at room temperature which leads to VA in reasonable agreement

with the value 2.5m obtained from the Faraday offect015) This may well be

fortuitous in view of the uncertainty of the data used for the estimate of

the deformation potential. With the above value of 1, the specimens

load to an average value of 1014 oc" 3 for Nt.

At a low temperature in the trap controlled rare (e.g. - 80 0C,

specimen M5) a transit time of about 300 n sec is observed at a normal

value of E. From the extent of the straggling of transit times (/,'90aseo),

tt night be estimated as 30 n sec. -j' which is gi%*:ýn by w ,ould

then be about 3. nsec. "ith N = 1014,m-3 this lca•- to a capture cross
t

section of the order of 511 3 om2 . One would expect such a comparatively

high value to be associated with charged centres which exort Coulomb

attraction on the free electrons.

It is not possible at present to decide whether the centros arise

from impurities or from structural defects. The o~ose agreement in the

value of 6: for monoolinic and vitreous So suggests that the type of

centre controlling the electron mobility is common to both forms. A

comparison of the measured mobility values indicates that ..t should be

about 10o8om-3 in the vitreous form. With a density of this order the

transition to a lattice mobility would be expected only at temnporaturos

vrell above the molting point.

It has been pointed out that the investigation of the hole mobility

was complicated by the presence of deeper trapping effects; an

interpretation of the results in terms of a single level at 0. ', 0.3ev

is therefore doubtful. As would be expected there appears to be no

connection between the hole mobility in the monoclinic a•,d the vitreous

(or hexagonal) forms. In the latter - = 0.14 cv, - vaiuc which is

characteristic of the hole transport along a Se chain.
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In view of the considerable interest shown in recent years in the properties

of 0d it is surprising to find that comparatively little systematic work

on the more fundamental aspects of the charge transport in these crystals

i is available. Kruger et al have studied the Hall Mobility of electrons

between 20 0K and 700aK by combining measurements made on pure and doped

I crystals. They concluded that in the range between 1000 K and 7000 K the

i temperature dependence of mobility is predominantly determined by lattice

Sscattering. The results were interpreted in terms cf the combined effects

j of a) non-polar scattering by acoustie modes, "C _

Sand b) polar scattering by longitudinal optical modes. A reasonable fit

to the experimental data above pbout 2000K could br obtained using values

of the Debye temperature between 250 and 300OK, of 'b' between 3.1 X 106

and 7.6 X 10 am degree3/2 volt sec., and effective mass ratios between

0.2 and 0.27.

On the other hand the results of Hall Mobility measurements obtained

more recently by Piper and Halstead(7) appear to be significantly different

from the previous work. The temperature dependence of has been

interprated here in terms of the polar interaction with the optical modes

alone using a value of 440 0K for Lhe iebye temperature Yhieh is more in

agreement with independent measurements(18). However, the fit of the

theoretical curve in the higher tomperatura range, above 300 0 K, is

unsatisfactory.

In view of these discrepancies it is of considerable Ant•oest to investigate

the electron mobility in cMs by a different and more d62ect method than that

based on a combination of Hall effect and conductivity measurements.

2. Electron Mobility Measurements.

The preliminary experiments, briefly described in F...., shoved

clearly that the study of charge transport in CdS using fast pulse methods

is complicated by secondary effects such as the injection of ,xcess carriers

from the electrodes. It was apparent that the choice o, i 3uitable



eleotrode material vas far more critical than with the other crystals

previously investigatad. In an attempt to solve this problem a series of

Sinitil experiments on the transient behaviour of several electrodes on

CM• has bean carried out.

A number of 'pure' (i.e. undopod) crystal plates (kindly supplied by

Dr. J. Franks of A.E.I. Harlow) wore fitted on both sides with evaporated

In, To and Au electrodes. Crystal thicknesses ranged between 50 and 250

In addition specimens with a blocking top electrode and an In bottom electrode

(denoted by B.3. - In~were prdarod;the blocking electrode consisted of a

thin piece of cleaved mica ("2 • thick) carrying an evaporated Au electrode.

The uncoated stt1e was gently pressed against the crystal surface.

The response to fast excitation pulses (5-i00 nsco) using 4 msoc ficld

pulses as described in Part A, may be summarisod as follvws:-

In electrodes: N~o response to the fast pulses. Strong injoction

seems to obscure the transit of volume generated carriers.

To electrodes: A fast component, followed by a slower charge displacemont

which lasts for about .paco. The rise of the fast component did not appear

to be directly connected uith the transit of cleotrons across the specimen.

Au electrodes: No detectable response. Evaporated Au electrodes

0appear to be blocking, although after hoating the crystal to about 300 C

they become permanently injecting. It is possible that with blocking electrodes

an both sides of the crystal a strong positive space charge will develop

in the excited volume near the top electrode which would tend to annul the

applied field throughout moet of the specimen.

B.•-. In (B.F. ngative): Well defined transit of generated elcctrons

is observed using 5 nsec excitation pulses.

Au - In (Au negative): The above results suggest the use of an Au

electrode instead of the mica bloe':..g electrode; this was tried and again

a well defined electron transit was observed.

To sumnarise, the following experimental conditions appear to be

essential for the study of drift mobility in CdS:

a) free carriers must be generated near a blocking electrode

b) the opposite electrode must be injecting

c) the applied field must be pulsed; no signal is observed with a steady

field.
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The oonditions seem to onsuro that when the field is switched off the

romainingpositive space charge is noutralis-d by injection through the

In electrode before the arrival of the next excitation pulse.

A number of room temperature measurements of the electron mobility have

been carried out on different crystals using both B.E.-In and Au-In electrodes.

Figure 9 shows a t~pioal graph of i/t vs. applied voltage which allows

the correlation of a number of transit time measurements over a range of

values of V. The reproducability of the points for a given specimen is

good; the mobility values obtained for several different crystala lie

between 240 and 290 Cm2 V-1 see"
1 with a mean value of 280 cm2 V iseeaI

This is in good agreement with the Hall mobility value of Piper and Halstead T17)

It compares equally well with the result of a new experiment recently carried

out by Hutson et al (21) in wh:_,*h a drift mobility of 285 e12 V- 1 sec-" has

been deduced from the interaction of the cI:'fting electron with an acoustic

wave propagated through the crystal. The lower values of quoted

proviously in Q.T.S.R. No.6. (Augu st 1961) were due to the inaccurate

measurement of local thickness. Re-.noasuring these crystals with the

optical lever device led to values within the above range.

So far a temperature run in the xomevrhat limited range from 10O0 K to

500cX has been carried out on one specimen. The results, which however

require further confirmation, :'vo shown in figure 10. Above room

temperature, the mobility decreases rapidly as a result of increasing lattice

scattering. At about 2300K the drift mobility, normalisod in figure 10

to the room temperature values, go(:- through a maximum and then decreases

exponentially. On the assumption that the model. of a trap controlled

mobility used in Part B is applicable in this casc, the values of

St O.O18 ev and Nt c- 3 X ' 17 c 3 have been derived. It is possible

that this level mey be identified with the donor states found by both

Kroger et al (16) and Piper and Halstea.7)At infinite dilution the latter

estimate a donor binding energy of 0.032 ov. However, from their

published curves of log R vs. 1o 3 /T it appears that the binding energy

is about 0.015 ev for a donar conccr.trati.on of 2 X 1017 cm-3 which lends

some support to the above interpretation.
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dependence
Figuro 10 also shows the temperature of the Hall mobility as determined

by Piper and Halstoad, for a donor concentration of 6 X '0'7 C 3 . This

is appreciably differýnt, which would be expected if the above interprotation

were correct. For a closer understanding of the mechanisms involved

it would be of considerable interest to measure both drift and Hall mobility

on the some specimen over a wider range of temperatures. A specimen holder

suitable for the study of the electron-bombardment induced [tall effect is

baing constructed at present. In addition the measurements will be ewbended

into the liquid hydrogen range,

3. Hole Mobility.

The question as to what extent holes are mobile in 0dS has been a

controversial one for somen years. Van Heerden(19) studied the primary

photocurrent in CdS crystals under ol-particle bobmardment and found that

his results were consistent with the presence of a primary hole current.

However, the results suggested that the life time of holes in those crystals

-11
T:as extremely short, 10 sec or less.

In an investigation of the 1lmiinescence in CdS, Smith observed in a

few crystals a green electreluminesconce throughout the vclumc at fields

as low as 1000 V/cm. The maximum spectral response coincided with the

absorption edge and therefore appeared to be dub to the recombination

of free electrons and holes. Smith concluded that for these electro-

lumiinescent crystals the hole life time may be as long as i0-6 see.

Under these conditions hole transits should easdly be observable with our

apparatus. We are indebted to Dr. R.W. Smith of the R.C.A. Laboratories

Princeton, N.J. for supplying us with a number of these crystals.

Freliminar" measurements on two specimens showed indeed o well

defined hole transit. The experiments are complicated by the small size

of the crystals. In accordance with the general conclusions of section 2,

the crystals were fitted -'ith an In top electrode, assumed to be blocking

for holes, and a Au bottom electrode. At room tempcrature the hole

mobilities for the two crystals were about 0.2 en 2 7-1 sec-.



I
3perimenfts on the temperature dependence of the hole nobility are

being carried out at present, The first few runs at temperatures

above room temperature show that 0, steadily decreases with increasing T

and that i very nearly. It appears therfore .that non-

polar scattering predominates in this temperature range, but more rcsulta

are neoessary before any cefinite conolusioim can be drawm.
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