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Symmary

This report describes further work on the charge transport in
insuleting solids, As in the earlier experiments, (P, T.R,1.), fast pulse
metheds have beon used +to study the drift mobility of generated onrriers,
In part A of the report a number of improvements in the experimental method
are desoribed, For measurements involving transit times of 40 nscc or
less it was found essential to shorten the duration of the exmcitation
pulses, Details of an electron pulse generator are given which provides
pulse length from 5 to 500 nscc with risc times of less than 1 nsco. A
further improvement is the usc of a compact low capacity gating unit which
employs & polarised mercury wetted switch, Field pulses of up to 1800 V
oar. now be applied to the specimen without affccting the amplifier performence.
Another application of @ 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 thickness between the clectrodes.

Part B deals with the investigation of carrier mobility and charge
tronsport in monoeclinic Se crystals which consist of a lattice of puckered
Ses rings, As similar cxperiments have beoen carried out on the vitrecus
form (chain molecules) a comparisca of the charge transport in thesc two
structures can be made, lionoclinic crystals were grown from solution by
a clirculation method which is briefly described, At room temperature

the clectron mobility was found to te 2 cm2V_1sec‘1. At temperatures above

0%, P A T - ®ia for all specimens. With decrecasing T a sharp
transition takes place from the lattice mobility to a charge transport
controlled by a level of states € = 0.25 ev below the conductiorn bond,
A comparison of cxperimental and calculated ’\va. T, curves leads to
a density of contres of about 10™en™3,  The same value of € was
found in experiments on vitreous 8¢ suggesting that this type of centre is
common to both forms. The hcle mobility in monoclinic Se is fcund to be
trap controlled throughout the temperature renge investigated.

In part C the reccnt work on CdS crystals is discucsed, A serics

of initial experiments heve been carried cut to investigate the effect of
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various electrode materials on tho response to the fast exoitation pulses,
It sppears that for the observation of carrier transits, the free cerriers
must be generoted near a blocking electrode, but the cpposite clectrode
should be inJjecting., Room temperature meagurements carried out on

specimens with Au (fop) end In (bottom) electrodes led to ‘) = 2680 omV " ' sec™!

for tho electron drift mobility in good agreement with Hall mobility
values, With decrensing temperature F goes through & meximum and then

dccreases exponentially. Using orystals with exceptionally long hole life

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

r-’ * is about 0,2 v~ 'sec™ at room temperature,  With increasing
32
temperature )‘)h appears to be closely proportional to ! .
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3 1. Introdustion,
As the principle of the experimental method used in this investigation
has been desoribed previously in scme dﬁt&il1’2 only a bricf outline

T

of the method will be given here,
A fast pulse of electrons having enorgies up o 40 kev enters the

] topcelectrods of the spooimen under investigation and generates eleotron~

hole pairs to within a depth of a few mlorons below the top eleotrode,

: About 2 mseo before the arrival of the cxoitation pulsc a pulsed electric
field is applied across the spoecimen for a few milliscoonds and, deperding
on Jts polarity, either electrons or holes are drawn out of the surface
reglon and drift across the sper’men, The chargo displacemont is
integrated and displayed on wid. band clecotronic equipment,

Ix; most of the experiments desoribed in parts B and C the transit
time of the carriors has been miasured as a funotion of the eppliocd fielf
leading to a value for the drift mebility, This is gecnerally studied
as a funotion of temperature and has led to intoresting conclusions about
the nature and mochanism of the carrier transport. In some o:cpez-:l.menta1
the number of charge carriers crossing the specimen has hecn investigated
as a function of tho applied ficld and the numbor and onorgy of the
inecident electrons, Such experiments can give information on tho
recombination prooess in the excited volume and allow an estimate to be

made of tho average energy required to gonerate an clcctron-hole part

by fest electrons,

For the intorpretation of the experimoental results end for the obsorvation
of well dofined ¢ransit times.it is essontial to prevent the grsednal
build-up of an internal space charge which is likely to lead o a highly
non-uniform internal field, Suoch offects arc most likcly connccted with
the gradual £illing up of despor trapping contres possessing thormel
release times for longer than the time between excitation pulses,

The most effective precaution to reducing the cfrocts of decp trapping
- consints in keeping the number of generated oarricrs per pulse as low as

s = b sl e e St et N 1t e
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1s compatible with the sensitivity of the amplifying equipment, A seoond
inportant procaution lies in the uge of a pulsed applied field. This
appears to reduce considerably the injeetien of additional carriars from
the eleotredes which, undor steady field conditions, would lead to a far

higher oooupation of the deup centres,

2. Design of usoec Electron Pulse Generator,

The experimental dotermination of the carrier mobilities is based on
the assumption that the excitation pulae is of much shorter duration then
the transit time. 4As the work described in this report involved transit
tines as low as 40 nsec a considerablc improvemont in the performance of
the eleotron pulse generator secamsd essential,

Figure 1a shows the new unit5 . 1t consists esscntially of the
tetrode cleoctron gun G which is modulated by a fast voltage pulse generator,
The letter employs the well known technique in vhich an open ended delay
line DL is discharged by a fast switching device, For this, and the
applications described in scction 4 and 5, meroury wotted contact re>le1ys‘+
have been found very suitable, Although their application is limited to
cages in which low répetition rates and fluctuations in the time interval
between successive operations can be tolerated, the attraction of these
rolays lies in their comparative simplicity and in the case with which
extremely fast rising pulses can be obtained,

4ds shown in figure 1a the voltage pulse generator is constructed from
two pieces of brass tubing (0+375" I,D,), hard soldered together to form
a T-pisce. The vertical part houses the polariscd mercury switch capsule
M8 and carries at its upper end a 75 &L type BNC sicket for conmeotion to
the Relay line, The horizontal tube carries two BiC pulse output sockets,
Selected + W composite carbon resistors (25.4.) are incorporated in cach
gection of the inner conductor (0.110") to give the corrcct output impedance.
The dimensions have been choson to provide as far as possible & 75 X< matoh
throughout the generator,

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

together with the permanent magnet. M, provides the necoessary polaristion
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M8 ~ Mcrcury switch capsule; DL - dclay line; CL - Conneoting
line; M ~ polarising magnet; H ~ stocl socket; P - potentiomoter;
S - sclcnoild; T - terminoting socket; F ~ hairpin filament;

G - glass tube; C - controi grid; A - accelerating clectrede;

L - electrostatic lens; L' - magnetic lens; I ~ insulation,
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(see also Pigure 2), The switching solenoid S oonsists of 5000 turms of
38 8,¥,G, wire end requires an operating owrrent of 3 = 4 m,a, The
delay line °s charged to the required potential through the 50 K &% resistor
mounted in a soreersd side tube olosc to the delay line secket, For the
normal, type of co-axial cable with polyethylene insluation (& = 2.3), the
duration of the voltage pulse is very nearly 10 nseoc for oach metre of open
oended deley line,

The inrer oonductor of tho comnecting line OL cntors the demounteble
eleotron gun throp.gh a dlesg-metal seal olose to the control grid aperature C,
The line is terminated at the - .irturc by a 75 SLcaxrbon resistor, The
hairpin filament F is spot welded to timgsten supports sealed into the
gless tube G, Oering seals allow both laternal and vorticsl adjustment
of the filament with res;xaét to the grid aperture under running conditions,
The emission is himsed off by a ;;ositive potential of 20-%0V applied to P,
The magnitude of the beam curvent which flows for the duration of the
positive pulse is controiled by the potentiometer P. Tlcetrods A at
+ 300V mskes the beam ocurrent practically independent of the main accclerating
potential (5-50kV) vhich is applied across the electrostotic lens L,

4s both the gun and the pulse gencrator are kept at high potential,
the relay is switched through o coupling condenser and a small amplifier,
The indicated voltage levels rcfér to the - H,T, line, 4 rectificd
sinusoldal voltage is applicd to the earthy sidc of tho condenser, which
oould be replaced with advantage by a simple peaking transformer, preforably
+ith an eleotrostatio sercen, The resulting electron pulses, displayoed
on a 500Mo/sec sampling oscillescepe possess a rise time of less then 1 nseo.
The unit is normelly run at a pulse repetition freoquensy of 50 or 100 500'1.
A number of prepared delay lines provide pulse lengths from 5 to 500 nsec,

If 'an external trigger signal.is required the folloving simple,
but not altogether satisfactory, mothod has boen used, A few turns of
wire are conneoted in series with the termination T of the socond pulse
output, The signal is picked up at the low potential cnd and used as a
trigger after amplifioation, However, the mismatoh introduced by the

inductive compenent leads to a deterioration of the electron pulse,

] Wt b 1k 0
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Je Specimen Holder and Amplifiing System,

The modified specimen holder is shown in figwre 1%, The electren
beam, focussed to a ciroular spot of 2.5mm diameter enters the top ecleotrode
of the speocimen 8, The bottom electrode iz connected to a cathode
follower CF mounted close to it tc reduce the input capaocity as far as
possible, By suitable cheice of R the input time constant is made muoch
longer than the transit time under investigation, During this time the
potentisl wucrces R is therefore proportional to the total charge displacement
of the drifting carrier cloud, The output of the éathode follower
is fed into two distributed pre-amplifiers connceted ia serios (Hewlett-
Packard, type 460 AR, bandwidth 120Mc/sec), A Tektronix 581 oscilloscope
(bandwidth 10CMc/sec) is used to diplay the signel, The system possesses
an overall rise timc of about 5 nsec and with the normal spocimen capacity
1om of vertical deflection represents the transit cf approximately ‘105
charge carriers, The chargo sensitivity is determined b: applying a

calibration pulse to the input through the smell standard condenser Cs
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The top electrode of the specimen is comecoted to & pulse generator
vhich provides field pulses of 4 msec duration at a repotition frequency

-1

of 50 soq” (seotien 5), The phase of the field pulse with respect to

the eleotron exoitation pulse 2an be adjusted by moans of & phase shift
network, .

During the epplication and removal of the apolied ficld the gating
unit G (section 4) shorts out the resistor R to provent paralysis of the
amplifying system, Phase and duration of the open gate can be adjusted
independently. Normally the gate opens 1 msec bofore the excitation pulse

and closes 1 msec aftor it,

le Gating Unit,

The mercury switoh provides a simple and effective answer to the
problem of' input gatingz' + A compaot unit used widcly in the prosent werk
is shown in figure 2, With the relay in the 'open' position, the capacity

of the unit is about 2pf and its offect on the input canmeity is normally

negligible

It should be notzd that in this ecasc the stcel socket H and the
polarising magnet M are placed on the side of the normally closed roley

contaoct, With a rectified sinuscidal potential applicd to the solenoid

i
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the open gate oould be varied between 1 mscc and 5macc by adjustment of
the ourrent or the magnet position,

T4 wes found possible to apply voltage pulses of up to ¥ 1800V across
the specimen without affecting the amplifier performance. The switohing
trensients produced by the gate were found to be negligibly small even at
maximum sensitivity, This may bo partly due to tho limited low frequency
response of the amplifiers and the small specimen capacity.

5, Produotion of field pulses. )

The ficld pulse generator desoribed in F,T.R, 1 has becn replaced by
the much simpler unit shown schomatioally in figure 3, It omploys an
unpolarised mercury switch M which is energised from the A,C, mains through
o phase shift network and a halfe or full-~wave rectifier R giving repotition
f‘requenoies. §f 50 or 100 sea™t, The unit has becr used for pul-;e heights
up to ¥ 1800V with no sign of detorioration or damage to the relay, The
voltage source has been built up of small size 90V and 300V layer type
batteries, With a tupping peint at 30V and 60V, the complete voltage

range could be covered in 30V steps by thc usc of 3 sclector switches,

During switching the morcury drcplet adhercs to the armature and shorts
out contacts 1 and 2 for a fraction of amsoc, Resistors R,l and R2 are
therefore nucessary to limit the curront flow from the voltage source.

With R1 = 0, R2 = 47 i .. the pulse rises in a few nscc, but the falling

edge has a time constant of about 70 'sce, Oscillations of small amplitude
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tend to coour on top of the pulse ncar the riaing edge, Thess arc damped
out with R, 4X - . whioch leads to a rise time of less than 15 nsec,

6, Thickness Measurement of CaS crystal Specimens,

As the mobility values oaloulated from tho exverimental datae depend
on the square of the distance between the electrodes it is essential to
dotermine this quantity with reasonable sccuracy, It was found diffioult
to do this particularly with small fragile orystals which wore not nocessarily
plane parallel over the complete surface, The following simple method
has been found extremely useful in conncotion with C4S crystals and is shown

in figure 4, It consists of a miniature optical level which is ocasily
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made from the well balanced moving coil system of a D,C, meter, A small
mirror M is stuck to the moving coil, end reflects the imagc of & 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 arrangemont is screwed on to tho tablc of a microscope,

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

crystal C rests on the slide traverswso thet its position in a horlizontal
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alane can be adjusted with respeot to L and L', L is lev .ed on to the
crystal, the coll spring of the meter movement applying o gontle presswre.
L' is moved upwards until it touches the crystal, whkich ozours when the
Llight spot begins to move from ite initial position. The crystal 1s
renoved snd the differcnce in rcading gives the looal thickness. In this
wiy the electrode r-egion is tested for uniformity and the average thidkmess
over the bombarded region can be obtained., The systom is cglibrnted with

feeler gauges and possesses a sensitivity of about 1,) per ma of scale

deofleoction,
B.  Carmier Mchilitr ~nd Orarge Transoort in Menoslinie Sc Grystala,
1e Intvcéuction,

The study of the cloctaieal propoertics of the Se allotropzs allows
a compa:c‘isoﬁ teotween the charpo trangport in a chain and a ring structurae
of the same clencnt, In contrast to the hexagonrl and vitrecous
nodificaticns the nenoelinie Toma of £ consists of a lattice of puckered

- 5,6 7 s s .
Sag rmgs(') ,6) « d&n o and ) monoclinic form have been distinguished

but there eppears to be li'b‘blcl structural. differvence betveen thc-m(7) .
Photooonductivity in thesce ciystals was first iuwvestigatced by Gudden and
Pohl(S) ond wecently a detailed investigation of the optical propertics
hag been carricd out by Frass-,=r(9). Virbually nothing is knovm about the
electrical propertics of monoclinic 3c,

The experimental method described in Part A o1 this report has becn
applied to a Actailed investipgaticn of the carrier mobility and the conduction
mechanism in monoclinic Se¢ crystals.  Binee similar cxperiments have

(1,2)

becn carried out on the vitreous form vwhich consists of Sc chain
molecules, a conporison of the charge transport in the two forma can be
made,

An interesting featurc of the present experiments is the transition
from the lattice mobility to a charge 4ransport contrslled by a level of
discrete gtates, A similar behaviour hag been obscrved by Brovn and

Ko’bey&shi“o) in AgCl cryst “s.
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2. Specimen Preparavion,
The growing of orystala of suffioient size and vorfection presents

one of the main problems, The oiroulating method originally used by

Kyro_poulos““) was tried under varlous experimental cenditions but the orystals

(9)

were imperfcot and too small, An improved method due to Prosser
which is shovm in figure 5 led to far better resulis,

The solvent, re-distilled CSZ’ is boilod in a flask fitted at its
side with the water~cooled ciroulation tube G, The condensed vapour passes
into a Soxhlet Extractor and drips through the filter funnel ¥ filled with
precipitated red Se powder, The saturated solution rises in the tube below
F and eventuaslly overflows into the flask, In this woy the solvent is
gradually saturated with Se and red nonoclinic crystals begin to form in
the lower part of the eirculation tube. The advantage over the ¥yropoul o
method lies in the fact that the solvent remains completoly free from small
particles of Se powder which previously appeared to form nucleation centres
and led to o large muber of small crystals,

With this methed up to 20 crystal plates 40-70 K thicky: and measuring
24-3mm across, could normally be obtainod in a run 1a'sting about 20 hours,
Various positions of thc cooling jacket around the civeulation tube werc

tried; the best batch of ervstals was obtained when ho cecoling vias

confined to the vertical part of the circulation tubes M X-ray examination *

of & number of crystals led to lattice parameters in close agreement with
those of the .4 -monoolinic form, According to the structurc detemmined

by Bwbonk<6) the (101) plenc coincides with the surfree of the crystal
plates; the average plones containing the puckered S rings nre almost
porpondiculsr to the surface, Microscopic exeminstion showed pronounced
surface steps and stristions on many of the srystols, 4 :wmber of specimens
with little or no surface structure were seclected ond fitted with

cvaporated gold electrodes of 1-2'.11712 arca on oppositec sides of the crystal
plate.  Thin connceting wires were nitached with silver paste, The specimen

Vs mounted in & vacuunt chember designed for temperoturc measurements,

* carried out by Dr, ki, Threnberg of Uriversit: Collepe, London,

W
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3,  Bxperimental Proccdure and Results.

Pigure 6 shows & typiosl photegraph of the escilllosoope trase when
generated electrons ave dramm noross a moneolinie erystal in an applied
field of 4.5 X 10* v a™! et room temperature. 40 kov exoitation pulses
of 8 nseo duru't-:ion have beeh used, The average depth of the exvited
volume below the top electrode (about BH) is therefore small compared to
the specimen thicknoss, The linear edgo of the pulse implies & uniform
drift veloolty of the carriors indiosting that a) the internsl field is
uniform, and b) the number of electrons per pulse leaving the rocorbination
region near the top olectrode remains constant during transit, The sharp
Levelling off of tho trace marks the arrival of the gonerated electrons ot

the bottom electrode and defines a transit time ¢, in this cese 60 .nsee,
6

The pulse height corresponis o the transit of less than 10° carriers produéed

at +t = 0 by the incident pulse of 2,5 X 10% eleotrons (not rosolved in figure
6).

The experimental proccdure consisted in meosuring tt as a funetion
of the appliod field E which ranged from about 5 X 10° to 7 X 10% v am™',
The graph of Vt'b agoinst E vas found to?iinear oxcept for a smell range
of values at low applied fields. As uxplained proviously(“) this is most
likely due to space chorge build-up in thd surfacc rogion, 4 valus for
the mobility ’J = d/Ebt wherc d denotes the spccimen thickness, was
obtained form the gradient of the graph.

The twelve specimens investigated were seleootcd partly from & number

of batches grown in this laboratory and pertly from oryrtols supplied by

i
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Dr, Prosser of Fraguc University, They all showed the sarc gencrel
boehaviour, At room temperature the cleotron mebilities werce found to

Y1, ona given spociien the values of

1ie betweea 1,7 and 2.3 ansoc™
tt wora reprodueible to within a fow per sont; the main crror in ]" prosc
from the difficulty of ncasuring the thickness of the fragile crystals
(tho method described in Part A, section 6, had not then been developed)
to a comparablo acouracy, In the following the mobilities have thorefore
bucn normelised to the value ’.Jr at room temperaturc Tr s to fnoilitate
tho corrolation of rosults from difforont specimens,

The experimentak points in figure 7 show the temperature dependence
of / M for threo spocimens typhoal of the orystels invostigatod,
The continuous lines were calculated from equation {3) of scetion k.
Above 0°C the mobility of all tho speoimons was proporiicnal to =3/2
which would be cxpected in a nonwpolar erystal from the intoraction of
the generated clcotrons with the lattice vibrations“z). Ag the temperature
is lcwored, however, j:'/"} i+ goos through a moximum and then decreases
shoarply, In figurc 8 the same experimontal date have boon plotted on
a seni=logarithmic groph against ﬁOZ’/T. It shows fairly convinaingly
that wit'h deerensing temperature the mobility-tempernturc <cpendence goes
over into & rclation of the form 'Uf»(' o AT ¥ith ¢ = 0,25%v, It
is of interest to corpare thesc rcé;ults with the elcotron 10bility in the

vitreous 'fom(1 2) .

As cen be seen from figure 3 this shows on cxponcntial
dependence throughout the temporaturce range which is essociated with
practically the same volue of €

At temporatures in the region of the moiaility neximun and below it
is obscrved that tho levelling off of the pulse becouwes loss sharp than
is shoim in fipgure 6  The initinl part of the pHulse, ncwever, rctains
its linonrity and thoe more gradusl rounding off affects at rost the final
307 of the pulse length, It appears, thereforc, that the generetod
electron cloud spreads out during transit . As diffusion is an unlikely
explanation this straggling in the arrival times is almost ccrtain%y

connected with trapping in o level of centres with releasc times which

arc short, but not negligibly sc, in comparison with tt' l The mechanisn
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of trap gontrolled charge transpert will be disoussed further in section i,
in presence of the straggling of tryansit times it appeared reasenable to
use an average value of tt defined by the peint of intersection of the
linear portion with the final horizontal level.

The chexge gain, i.e, the number of electrons drawn out of the surface
reglon per incident electron, has been determined for a mumber of specimens
at B =3X10" v o and io found to be sbout 40, Tt is about ¥ of that
observed for vitreous specimens under identiocal conditions,

Vhen the field across the specimen is reversed a positive signal is
observed corresponding to the drift of generated holes, This has been
investigated for a number of specimens with the following results:

a) At room temperature and below there exists -t-\ marl-ed differcnce in the
height of the elsctron and hole signals, For example, at room te. porature
and E .----1104 v cm"1 the positive signal is only 1/5 of the electron

amplitude and increases to obout & at meximwn B,  This foct, together
with the observed pulse shape, indicates that deep trapping occurs during
transit, Above 50°C s however, the ratio of the amplitudes approoches unity
at the higher fields and the pulse possesses o Lincar cdge as in the case

of electrons, Tronsit time measurcments could be carviecd out in this

temperaturc range.

b) The moasured hole mobility increases with T up te the highest temperatures

used, 4t 105°% ,-“.= 1.3 cm?' %r-1sxev3"1 ;5 it is then ncarl: cqual to the
lattice controlled clectron mobility at that temperaturc,  “lccouse of the
limited temperature range that could be investigated, these results are
less conclusive than those for the clectron mobility, Above’ 50°C the
oxperimental values could be fitted approximately to a relation of the

-£
me 'J t 1,\ e /k TWith ,i " O|3 cv,

Ly Discussion,

The rapid deecrease of the elcotron mobility s™ovi. in figure 7 is of
interest because it suggests a ciage in the mechanism of cherge transport,
fformally the decrease in carricr mobility at low temorsturcs is comncoted

with the transition from lnttice to impurity sc:.atter'ing(‘U ) « The latter

S L bk
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1
varies approximetely as TB/ 2 and lesds to & far shallower mobility rm::l.mmn( i)

In:puri‘by. seattering ocan obviously not explain the rapid decrcase of )J

within a compevatively small temperature range, The oxporimental

tamperature dependence at lower T suggests that the observations ars

cormeoted with the trensition from a mobility determined by lattice

seattering to ox;e controlled by a fairly narrvow level of states of Aensity Nt'
€ ev below tho oconduotion band, With decreasing temperature the mean

.

free path between lattice soanttering inoreases, end in the region of the

TV st Tnanvenn anemawnk s widh that hetween troweine eventa,
This trensition may be formulated in the follawirg simple way if it in
assumed that the cffoctive drift veloecity of the clectron cloud is smeil
enough to allow a description in temms of the equilibrium distribution
betwoen free and trapped carriers,

The measured mobility is given by

P o

wherce to denotes the transit timc in absonce of trapging; this is

determined by the lattice mobility |im= &/Et,, %,‘, ythe averago time

an electron remains in the level at ¢ is obtained by cquating the rate

of thermal rclease with the rate of trapping, This loads o G = (VLV )
where n, (((N ) denotes the density of trapped electrons and 4, the frec
clectron lifetime. 4s the avernge nurber of trepping cvents during transit

time is to/'t , é L. = t m '/"‘.(,) s If the Peaxmai level lies

below € by more than a few kT

. & ,
Sty r...t t,, / kT
V.. 3
The effcetive density of statos is N = 2.5 “\ (T/T )3/ fm / ) .

3h
Equation (1) and (2) togethor with ’J /’J' (T/lr) then lead to

/)\’ - L /T +<4lo kl(/‘ﬁ, ‘C/{L‘[)

. X
Using the value € = 0,25 ov obtained from figurc 8, Nt(h' /".)

can be found from the position of the mobility maximur: in Cigurc 7.

. R Y4
For specimens M and M5, Nt = 3.5 X 1015(\“7 o e 3, for M12
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itis 4 X 10‘12 (mx/ ' )5/ 2 cm"'3 . Other spocimens load to values
within this range, It oan be seen from figure 7 that with these constants
squetion (3) leasds %o a satisfactory agreement with experiment over the

complete temporeture range.
12) |
Moas(15 ) has applied the deformation potential the-ory( 2) to oll'bain

X EY
an estimate of the lattice mobility in Se, He finds ,‘j ( . /,.w ) ‘,y._. L

at room temperature which leads to n ™ .':)n*- ,in reasonable agreement
with the value 2,5m cbbtained from the Faraday cffectsw ) Thig may well be
fortuitous in view of the uncertainty of the data used for the estimote of
the deformation potential,  With the above weluc of w\." , the speoimens
load to an avernge valuc of 1011"cm"3 for Nt'

At a low tcmperature in the trep controlled range (c.ge - 80°C s
specimen M5) a transit time of about 300 psec is observed at a normal
value of B. From the oxtont of the straggling of transit times (90 nse0),
t, might bo cstimated as 30 nsco, 7\ which is givua by (| ,L\*l ¢ would
then be about 3. nsec, w:'l.th Nt = ‘10“"<:m"3 this loads to a capturc cross
scction of the order of 1513cm2. one would expect such a comparatively
high value to be associated with charged centres which cxert :« Coulomb
attraction on the frece eclectrons,

It is not possiblec at present to docide whethor the centros arise
from impurities or from structural defects, The eclose ngrcement in the
value of € for monoclinic and vitreous Se suggests that the type of
centre controlling the clectron mobility is common to both forms, A
comparison of the measurcd mobility values indicates that ':'.ft should be
about 1018om'3 in the vitrcous form, With a donsity of this order the
transition 4o a la‘tice mobility would be expected only ot tcemporatures
vwell above the melting point,

It has been pointed out that the investigation of the hole mobility
was corpdicated by the presence of deeper trapping cffccts; an
intorpretation of the results in toerms of a single lovel ot £ 2 0,30v
is thereforc doubtful, As wWould be expected therc appears to be no
comnection botween the hole mobility in the monoclinic and the vitreous
(or hexagonsl) forms, In the latter o = 0.4 ev, o velue which is

characteristic of the hole transpert along a Se chain,

o el St o o
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Pert G, Carrier Mobility 17 Cd8 Cristials
1. Introduction, .

In view of the considerable interest shown in recent yeavs in the propertics
of £33 it is surprising to find that comparatively little systematic werk
on the more fundamental aspscts of the charge transport in these orvstale
is aveilable, Kroger et a1(16) have studied the Hall Mobility of eleotrons
between 20°K and 700°K by combining meesurements made on pure and doped
orystals, They ccncluded that in the range between 100°K emd 700°K the
temperature dependence of mobility is predominantly determined by lattice
scattering, The results were interpreted in terms cf the combined effects
of a) non-polar scattering by acoustic modes, ',-"cx = b T 3/ : )
and b) polar scattering by longitudinal optical modes, A ressonable fit
to the experimental data above gbout 200°K could be obtained using values
of the Debye temperature between 250 and 300°K, of 'b' between 3,1 X 106
and 7.6 X 106 cm2 degreei/z volt sec., and effective mass ratios between
0.2 and 0,27,

on the other hand the results of Hall lMobility measurcments obtained
more recently by Piper and Halstead(17) appear to be significantly different
from the previous work, The temperature dependence of }) has been
interpreted here in terms of the polar intcraction with the optiecal modes
alone using a value of 140% for the Debye temperature which is more in
agreement with independent measurements(18). However, the fit of the
theoretical curve in the higher temperature range, above 300°K, is
unsatisfactory,

In view of these discrepancies it is of considerable intcrest to investigate
the electron mobility in CdS by a different and more d..cct mcthod than that

based on a combination of Hall effect and conductivity measurcments,

2, Electron Mobiliiy leasurcments,

The preliminary experiments, briefly described in F,T,R,1., showed
clearly that the study of charge transport in CdS using fast pulsc metheds
is complicated by secondary effects such as the injection of .xcess carricrs

from the electrodes, It was epparent that the choice of & sultable
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eleotrode material was far mere oritical than with the other orystals
provicously investigatod, In an attompt to solve this problem a series of
initial experiments on the transient behaviour of seversl oleotrodes on
Cd8 has beon carried out.

A number of 'pure' (i,e, undoped) crystal plates (kindly supplicd by
Dr, J, Pranks of A,E,I, Harlow) were fittod on both sides with cvaporatod
In, To and Au clectrodes, Crystal thicknesses ranged beotwcon 50 and 250 r).
In addition speoimens with a blocking top clcctrode and an In bottom clootrode
(donotod by B.E, - Iﬁ}were pr§2rod)thc blocking cloctrodc consistod of a
thin piece of cleaved mica (“Vzip thick) carrying an ovaporatcd Au clcotrodo,
The uncoated sitle was gently prossed sgainst the orystal surfaco,

The response to fast cxcitation pulses (5-100 nsce) using & msce ficld
pulsce as desoribed in Part A, may be summariscd as follwws:-

In cleetrodes: o response to the fast pulses, Strong injcotion

seems to obscure tho trensit of volume generated carriers,

Te clectrodes: K fast componont, followed by a slower charge displacement
which lasts for about # wsec,  The risc of the fast component &id not appear
to be dircetly connected with the transit of cloctrons scross the specimen,

Au clectrodes: o detoctable response, TEvaperated du clectrodes
appear to be blocking, although aftor hesting the erystal to about 300°C
they become permancntly injecting. It is possible that with blocking clcotrodes
on both sides of the crystal a strong positive spacc charge will develop
in the cxcited volume near the top clectrode which would tend to annul ‘the
applicd ficld throughout most of the specimen,

B,E, ~ In (B.F, nogative): Wcll defincd transit of generated cleetrons
is observed using 5 nsce cxcitation pulses,

&y = In (hu negative): The above results suggest the use of an fu

cloctrode instcad of the mica blociiny vlcctrode; this was tricd and again
2 well defined electron transit was observed,

To swmerise, the following cxperimental conditions appcor to be
esscntial for the study of drift mobility in CaS:
a) frec carriers must be generated near a blocking cleotrode
b} thc opposite clectrode must be injecting
¢) the applied ficld must bc pulsed; no signal is observed with a steady

field,

»
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The oonditiors seem to ensurc that when the ficld is switched off the
remeiningpositive space charge is noutralis-d by injection fhrough the
In slectrode before the arrival of the next cxoltatlion 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 typical graph of 1/% g Ve applied voltage which allows
the ocorrelation of & 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 crystals lie
4 1

between 240 and 290 om? V- 1seo™! with & mean value of 280 om® v sec” .

This is in good agreement with the Hall mobility value of Piper and Halstead.(”)
It compares equally well with the result of a new experiment recently carried
out by Hutson et a1(21) in which a drift mobility of 285 on® V- 1seo™! has
been deduced from the Interaction of the & fting eleotron with an acoustic
wave propagated through the crystal, The lower values of t ) quoted
proviously in Q.T,S.R, No,6. (Auguést 1961) were due to the inacourate
measurement of local thickness. Re-measuring these crystals with the
optical lever device led to valuecs within the above range.

So far a temperature run in the momewhat limited range from 100%K to
500°K has been carried out on one specimen, The results, which however
require further confinﬁation, #o2 shown in figure 10,  Above room
temperature, the mobility decreases rapidly as a result of incrcasing lattice
scattering, At about 230%K the drift mobility, normalised in figurc 1C
to the room temperature values, goen through a meximum 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
€ = 0,018 ev and Nt = 3 X ﬁ017 om™ have been derived, It is possible
that this level may be identified with the donar states found by both
Kroger et a1(16) and Piper and Halsteadgw)é‘b infinite dilution the latter
estimate a donar binding energy of 0,032 cv, However, from their
published curves of log RH s, 103/T it appcars that the binding cnergy

1g about 0.015 ev for a donar concentrolion of 2 X 1017 cm'ﬁ which lends

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

by Piper and Halstcad for a donar concentration of 6 X 10" om™,  This

is appreciably differwnt, which would be expeoted if the above intorpretation
ware correct, Por 2 closer understanding of the mechanisms involvea

it would be of oconsiderable interest to measure both drift and Hall mobility
on the same specimen over a wider renge of temperatures, A specimen holder
suitable for the study of the electron-bombardment induced Hall efYect is
baing constructed at present, In addition the measurements will be extended

into the liquid hydrogen range.

3, Hole Mobility.

The question as to what cxtent holes mre mobile in GdS has been a
controversial one for some yecoars. Van Hcorden(m) studied the primary
photocurrent in CadS crystels under of sparticle bobmerdment and found that
his results were consistent with the presence of a primory hole current,
However, the results suggested that the lifec time of holes in thesc crystals
was extremely shovt, 10" Msec or less,

In an investigation of the lum;'mescence in €4S, Smith observed in a
few crystals a green clectroluminesconce throughout the vclume at fields
as low as 1000 V/em. The maximum spectral response coincided with the
absorption edpe and therefore cppeared to be dud to the recombination
of free electrons and holes. Smith concluded that for these electro-
luminescent crystals the hole life time may be os long as 10"6 s€ec,

Under these conditions hole transits should easily be observable with our
apparatus, We are in@ebted %o Dr, R.W, Smith of the R,C,A, lLaboratorics
Princeton, N,J. for supplying us with & number of these crystals,

Preliminary measurements on two specimens showed indeed o well
defined hole transit. The experiments are complicated by the small size
of the corystals, 1In accordance with the general conclusions of scction 2,
the crystals were fitted with an In top electrode, assumed to be blocking
for holes, and a Au bottom clectrode. At room temmerature the hole

mobilities for the two crystals were ahcut 0,2 cm2 V-1sec-1.
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Experiments on the temperature dependence of the hole mobility are
belng carried out at present, The first few runs at tomperatures
above room temperature show that H“ stoadily decreases with incrcasing T
and that j’ - T - very nearly, It appears therefore that non-
polar scattering prodeminetes in this temporature range, bub more results

arg neeessary before any definite conolusions can be dravm,
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