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ABSTRACT

8ingle c¢rystals of ginc oxide were prepared
by the oxidation of zinc sulfide in controlled
oxygen atmosphers at about 1170°C. Oxygen pressure
was found to affeot the growth appreciably. Various |
runs vere made using the miztures of oxygen and
nitrogen. Exact oxygen pressure was measured with
the ald of a galvanic cell containing Zr02¢ 16% Ca0.
Clear needle~like crystals were usually obtained
with saximum dimensions of‘10 x 0.6 x 0.6 am vwhen
OXygen pressurs was ~ 10~38 atmospheres. Sometimes
plate~like crystal and dendric formation were also

observed.

Conduotivity measurements were carried out on
these needle~liks and plate-liks crystals. For
measurement of conductivity the two ends of the
orystal were coated with silver paste and heated to
about 200°C for 30 minutes. The crystal with adherent
eoating of silver obtained as above was pressed detween
two molybdenum strips sorewed to a silica bese. To

ensure perfect contsct molybdenum strips were sovercd



with a silver foil to which the lesds, also of
silver vire, were scldered. The whole assembly
was introduced in a furnace, the temperature of
which was measured by a ocalibrated ohromel-alumel
therwoaouple. The electrical resistance was
measured at 50 oycles A.C. with a Philips Conducti-
vity bridge Model PR 9500,

In the temperature range aa-noo°c, Zn0 orystals
exhibit n-type conductivity with an activation energy
of 0.08 ev. The charge carriers (eleotrons) arise
dus %0 the ionization of neutral oxygen vacancies
and nesutral sine interstitials;

» » -

» . -
iny =iny *+ o

At 200-800°C the gconductivity changes to p-type and
the activation energy becomes 0.92 ev. This change
has been att:ihutod to the lonigation of vacant

gsing sites.

ey, + ®

vZn in
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The resistance decreases after annsaling at 600”6
prestmably due to the increase in the concentration
of sinc vacancies. Absorption spcotfun shows an
absorption sdge at 390 n f+~ corresponding to a band
gap of 3.24 ev.

The variation of conductivity with temperature
for the plate<like 6ryata1- in air wvas found to be
different from that for needle~like crystals. This
vas attributed to chemisorption of oxygen on plate~
like erystals. The study of chemisorption was
extended t0 thin films of In0. Thin filas of Znd
were prepared by evaporating zino in veacuum and then
oxidising 4in air. 7The surface acnductivity was
misurod on specimen where the two slectrodes wers
applied on the surfage of Zn0 separated by a distance
of about 1 om. On plotting the resistance against
temporature, 1t 1s observed thet at first the
resistance falls slowly upto 1500(: and then tharé
is a steep fall in resistance upto 280°c, then
again: . it starts rising and resches a naximum at
sbout 4oo°c; on heating still further 1t starts
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decreasing graduslly. We find that the observed
behaviour in air is'oonsistont with the following
simultanecus equilibria taking plece on the surface
of zinae oxide. |

0"(ada) == L/R Oy * ' oo (1)
0" (ndn) + 5n1;::3 (Zn nl n')wﬁ.".* e oo (2)
zniﬁ zn:l ‘e | .. (3)

These reactions move to the right as the
temporature is ralsed. However, the enthalpy of the
reaction (2) is iargor than ﬁhat of (1), so that at
low temperatures reaction (1) predominates and the
release of adeorbed oxygen releases ons electron and
hence inereases the conduetivity. At high tomporuturas
reaction (2) predominates and O (ads) starts r.ad‘ing
with neutral zine interstitial (zni) atoms. As the
0 (ads) and Zn; get used up, the rcnctions'CI and 3)
nove %0 the left to maintain equilibrium. Thia whole
process leads to = deorease in the number of frae e

and an inorease in the resistance.
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Indiun doped InO films were prapared by
evaporsting Zn-In alloy from a tungsten fila-
ment in a vaowum of the order of 10™% zm or Mg.
Cars was taken to evaporate the alloy completely
to avoid any change in concentration. The £1ilm
wvas homogenised by heating in air at 800-90000
for several hours. It has been observed that at
high indium concentrstion, the sharp maxims and
minima of resistance disappesrs and the resistance
remains constant upto 400°0.

The electrieal resistance of 4n0 thin films has
2ls0 besn msasured in hydrogen and nitrogen stmos-

pheres. The resistence follows the following order:

Tanotty) £ Pzno(ny) < Mano(atr).

The high conductivity in nitrogen has been atiributed
to the ionisation of sinc interstitisls following
the equation:

. - -
ng =~ Ing +s

The activation energy for this iontzation is small



(0.05 av) and hence all the sinc interstitisls
aere lonized at room temperature. However, in

presence of'oxygon. the sdsorbed oxygen atoms

on the surface act as traps and decrease the

congentration of electrons

1/2 0, + & — 0 (ads).

The resistivity in presence of oxygen 1is

therefore higher than thet in presence of nitrogen.
In Hg atmospheres the electron concentration is
further inoreased dus to creation of excess zine

1ntsrltitiall which ionisze to give electrons.

Bingle orystals of zinc oxide were irradiated

by Y »rays obtained from a coeo source at 35”0,
)
100°C and 300 C in air. The resistance first

increanes with irradiation time, reaches a maximum
after about five hours, then decreases slightly am
finally attains a constant value. At 100°c the
maximum in the resistance sppears earller and at
300°C it vanlishes completely. This bshaviour has
besn attridbuted to the change from n-type to p-type
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sonduection due to adsorption of oiyson.

The effeat of ambient atmospheres has
alsc been studled. In nitrogen atmosphere
(Poef2¢10'3 atm.), the resistance decreases
with irrsdiation time vhich supports the
sbove c¢onelusion. when the orystal is
irradiated in presence of hydrogen, resistance
initially deoreases then starts inoreasing
again and finally beocomes constant. This has
bean sttributed to the reduction and subsequent

precipitetion of zinc as a separate phase.

.--0---
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CHAPTER ~ 1

GENERAL INTRODUCTION

Zine oxide is finding inoreasing applications
in a number of slectronic devices since it is pleszo-
~eleatric and also as a catalyst for mesny hydrogena-
tion and other reastions. Though for catalytioe
resations, zine oxide in its powder form 1s
preferable because of the requirement of high surface
area, officient electronic devices could only be made
with single crystals. PFurthermore, to understand the
basie processes operative in s ocstalytic reaction on
a semieonductor it is fruitful to meke studies on
single orystals. In past rafioua attempts were
therefore made to grov single orystals of sine
oxide using various methods, vis; condensation of
sine oxtdo‘thour- at elevated temperatures,
oxidation of zine vapours by oxygen or air, by
chemical reaation of sine fluoride with alr or by
the hydrothermal growth. We sucotoyed 1in growing
ginc oxide single crystals by a simpler method
t.0. by oxidation of polyorystallinz ZnS. The
slectronic proportios and the defect strusture



of zine oxide single orystal prepared by this
nev method was studied by the measurement of
eleatricsl conduetivity.

Btudies on polyorystalline in0 in the form
of eompressed disas, Or the evaporated films
have ahown & pronounced effect of oxygen
chemi sorption on the electriocal conduetivity of
sine oxide. In fact, electrical measurements
have often been used as a oomplimentry tool in
the study of estelysis or chemisorption on
surfeces of solids. However, the quantitative
interpretation of these results have often been
difficult 4in viev of many uncertein psraneters
in the polyerystalline materials. We therefore
syntheaised plate type single crystals having
large surface to volume ratio and studied their
' slectrieal conduetivity as a funaetion of oxygen

chemigsorption st different temperatures.

The effeat of radistion on erystalline
aatter has recently assumed great technical
importance. Partiocularly, in the past few yesrs
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the changes in the catalytic sctivity of a
seniconductor brought about by gamma ray
irradintion have attracted a grest deal of
attention. As these changes are generally
attributed to the modifications of the defect
structure, it is desirable to study the
slegtronic effects dus to a controlled smount
of imperfections in catalytic semiconductors.
We have studled the defect structure of

Y «=irrsdiated zine oxide single erystal, by
following the shanges in the electriecal cone
duétivity. This type of irradiation introduces
a large number of defects in a ressonably well

controlled manner.

---°.u -
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CHAPTER ~ II

PREPARATION OF ZINC OXIDE SINGLE CRYSTALS

INTRODUCTION

Zine oxide ogours in nature in the form of large
single erystals éommnnly known as sinoite, Usually
these arystals are red in c¢olour dus to the presence
of large concentration of impurities such as manganese
snd iron. Such natursl orystsls are not useful for
quentitative investigations.

As sinc oxide sublimes (1720°C) before it melts
{above 2000°C) and is practieally insoluble at room
tenperature 1n‘any solvtht, many conventional methods
of the orystal growth are not practicable.

First attempt to prepars single orystals of zine
oxide was made by Trttchl in 1938, His method was
based upon the sublimation of pressed and heated
speoimen of zxinc oxide., He finished with prismatio
needle~shaped orystals, about Smm long and a few

tenths of millimeter thiok.
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Bcharowsky®(1988) and Bogner and Mollowo®

(1958) reported preparation of gine oxide single
orystals by the vapour phase oxidation of zinec.
Zinc vas evaporated in a quarts boat at ?20-?6000.
The wvapours of zinc were earried by cerrier gas
(Hgs Ny) to another oven at 1330°C to 1380°c.
Oxygen was introduged through another guart: tube.
Zine vapour wvas oxiditcﬁ a8 1t emerged into the
second oven. Zinc oxide crystals thus grown'hld
the oross section of 0.3-1 m.m. and a length of
1-2 ome. They were colourlessand had a shaps

of regular hexagonal prigma- pometimes plates of
sige 1-2 om. X 0.3=0.5 mm. x 0.5 ; 0,15 ;s were
also formed. They wers found to contain Cu, Mg,
E1 and Al as impurities.

In 1960 Nielsen and Denrbord’ reported a method
for the preparstion of zine oxide single crystals
using Phra &8s flux, A mixture of 28 gms. of sine

oxide and 200 gms. of PbF, was taken in a 100 nl.
platinws erucible covered with lid and was heated
upto 115000 for 2«4 hours in an electrical furnsce.
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The crucible was then cocled at a constant
rate of 1 to 10?0 per hour. &Small crystals
vere obtained by this method. At the surface
the shape of the orystals were nearly platy
but aotually they were drusm-like. 4 change in
atmosphere from alr to oxygen did not affect
the orystal growth. 7The ratio of the growth
in the g direction to that in the g direction
varied from 80 at 1180°C to nearly unity st
1080°¢.

In 1981 Ikumaro Kubo® reported the growth
of sine oxids single crystel by chemicsl reactions
of zine fluoriéo with air. EGeven gms. of zine
fluoride powder were charged in s platinum crucible
(36 mn. diamster and 40 ma. depth). The bottom of
the crucible was maintained at 105000 by s Bunsen
burnsr. Top of the erucible was alr ¢ooled.
Transparent needls like eryatals end dendrioe
ofﬁstnll wvere formed. X-ray diffraction showed the
arystals to be hexagonal and growth parallel to the

e axis.
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\

wnlkore(lﬁﬁal showed that it was possible to
obtain sinec oxide single corystals hydrothermally.
Crystals as large as 1/16th of an inch in cross
seation were reported. They were slightly green
in cblour due to heavy iron contamination, as the

srystals wvere grown in an unplated steel vessel.

Laudise and Ballman’(1960) synthesised the
single crystals of xinc oxide and ginec sulfide by
improving on the method of Walker and odtained
singls arystals of several grams. Studies were done
between teliperatures aoo_4oo°c. At temperastures be-
low aoo°c rate of growth was quite low. The crystals
were hemimorphia, amber in colour and were heavily
contaminated with iron, as was confirmed from the

conduetivity changes.

Recently (1964), Laudise, Kolb and Caporaso®

have reported the growth of large (10 to 20 gms.)
macroscopleally sound orystals of zine oxide by the
hydrothermsl method. The crystals have been grown
at a rate of 10 to 18 mils per day. They found that
the addition of Li® was very helpful in suppressing
the dendric formation.



s 16

Although the hydrothermal method is the
best for growing large sized single crystals,
the faeility is not readily available in all
laboratories. The vapour phase oxidation of
ding compounds appeara to be partioularly
suitable for laboratory research. Growving of
gine oxide single orystals from sinc sulfide
wvas therefore attempted and this has resulted
in a very simple and sucgcessful method,
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EXPERIMENTAL

8ingle orystals of xingc oxide were prepared
by the oxidation of zinc sulfide powder (99,9998
pure) in controlled oxygen stmospheres at 117o°c.
Pure zine sulfide was precipitated by the follow-
ing nsthodga C.P. zine oxide was dissolved in
dilute HCl ¢.p.,, stirred and filtered. This
solution of ZnCIE was heated to about 90°C and
filtered again. Then bromine water was added to
1t to oxidise iron, chromium, etc. end NH, was
passed to redissolve the precipitate. It wes
filtered agsin to remove insoludle hydroxides
such as ro(ou)a. This nolutionlwat precipitated
fractionally with purified HgS. (Bgs was purifried
by passing through the bubblers containing
Ba(0fi)g and finally distilled water). The liquid
vas decanted and the precipitate discarded. Finally
Hg8 was passed t§ give complete precipitation.
This precipitate was washed with hot dlstilled water
and gentrifuged. . Finally zine sulfide precipitate
was dried -t_190°c. Approximately 10-15 grams of

sine sulfide vas taken every time in a silice tube
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(1" dia. and 12" length). This silica tube was
snclosed (Fig.l) in a ceramic tube which was
closed at one end and was having a B-60 pyrex
glass joint attached at the other end by means

of silicone~rubber.

Arrangenments wvers msde for maintaining
¥nown gaseous atmospheres inside the assembly.
A porcelsin tube was also attached with the ald
of silicone~-rubber to earry nitrogen gas to the
closed end of the ceramic tube. The entire
assenbly was heated in an eleatric furnace. In
this asszembly nitrogen gas containing known
amount of oxygen was passed at room temperature,
After displaeing all the air by nitrogen, the
furnace wqs sllowed tc heat slowly.

Oxygen pressurs was found to be the main
faotor affecting the growth of the single orystals.
Hence various runs were made st Aifferent oxygen
pressures {(by mixing oxygen with nitrogen). In
sach case the exact OXygen pressurs vas measured
by means of a high temperature galvanic cell cone
tsining Zrdg + 158 CaO, as a s0lid electrolyte.

= CfS?
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quantitative aeasurements in the region 1l to ].0"'6

atmospheres for this c¢ell have bsen shown to possess
a2 linear relationship between the cell e.m.f. and the
logarithm of oxygen pressures at temperatures between
800 to 750°¢10. The cell is capable of measuring
oxygen pressuras in vacuum systems ss well as flowing
gas mixtures. We heated the cell upto 700°C and the
eo.m.f. produced was measured by means of a potentio-
meter. Temperature was messured exactly by means of

a calibrated Pt-Pt + 10§ Rh thermosouple. The e.nm.f.
of the cell:

1]
L] '
Pt, Poa &roa(laﬁ Ca0) Plogy Pt

¥ ' '
is given by the relations g =PRI 1, F Op

o
where;
Pga « 18 the fixed Oxygen pressurs which
vas always kept constant at 0.20
atmospheres of oxygen; and
Péa - is the unknown partial pressure of

oxygen present in nitrogen.
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FIG. 2. DIAGRAM OF THE ZIRCONIA TUBE ASSEMBLY FOR
MEASURING OXYGEN PRESSURES.
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The ziroonie cell (Fig.2) is made of a stlica
tube sealed at ons end and having a B-289 pyrex glass
Joint attached at the other end with the help of
silicone=-rubdber. Thors are inlet and outlet for
maintaining the known gaseocus atmospheres. A girconias
tube sesled at one end is pushed from the top. On the
sedled end of the sireonis tube platinus paste ia
applied and platinuam wire is wound over it which acts
as one electrode. At the inner edge of the sealed tube
some platinum foil is pushed upto the end, vhich remains
in contact with & Pt- Pt + 10% Rh thermogouple. This
thermogouple is calidbreted to give exact temperature
and the platinum wire acta as the second electrode.

Oxygen pressure was found to be the most eritical
factor in the process of single orystsl growth. Number
of similar runs wers made by varying the oxygen partial
pressure. Best erystals were obtained when the oxygen
pressure was around ~ 1078 atmospheres. When the

oxygen pressure was inoreased to the order of 10°% . 1071

atmospheres ocomplete oxidation of gzina sulfide to sine
oxide was found to take place, without the growth of
single orystals. On deareasing the oxygen partial



FIG. 3. ZINC OXIDE SINGLE CRYSTALS
1= ROD-TYPE
2— PLATE-TYPE
3— DENDRIC
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pressure belov 10°3 stnospheres, 1.e. to about

1074 . 1078 ataospheres, the rate of growth as
inferred from the resultant orystel sise, decreas~
sd. Only small orystallites of zino oxide were
observed.

At every Oxygen pressure ginc sulfide powder.
was heated for various durations. Heating for a
duration of 48-80 hours was found to be most
suitadble for erystal growth. On heating for a longer
time ( ~V1R0 hours) no favourable effect was observed
on the orystal growth or the orystal size. The heat-
ing at 1170°C for 48-80 hours was always followed by
s slow controlled eooling. The whole assembly was
cooled to a temperature of #00°C 1n about 24 hours.
After this the aasendbly was cooled rapidly to room
temperature. Various conditions for cooling were
alao tried, but they were not of much help in improve
Ang the erystal size.

Figure 3 shows the crystals formed under the
oxygen partisl pressure of 10°® atmospheres, The
orystals vers mostly needle shaped, slthough asome
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plate type orystals and dendrios were also formed.
Clsar, colourless nesdle type arystals with maximum
dimensions of 10 x 0.8 x 0.5 mm. wers usually obtain-
ed at oxygen partial presaure of 103 atmospheres.

A small needle shaped arystal obtained as above was
kept as a nuoleus for another run. However, no
further growth could be deteated on the seed. Growth
on the silioca walls was aiso absolutely absent,
Clusters of sino oxide single crystals were usually
obaerved around the polyerystalline sine oxide.
Inarease in temperature and Quration of heating beyond
the above menticnesd values did not influence the sisze
of the orystals.

To confirm that these corystals were of sine oxide
and not of szinc sulfide, the powdsred crystals were
subjected to chemical and x-ray 4iffraction analysis
and thn-ultrn violet afisorption. (The results of ultra
violet alisorption will be discussed in the next chapter).
A fov arystals were powdered and an x-ray powder diffra-
ction pattern was taken. In addition the crystal growth
axis was detormined by x-ray rotation photographs on a few .



orystsls. The purity of fev erystals was checked
by spectrel analysis. The confirmstion that they
are single orystals was done by looking at them
through a microscope under polarised light.



FIG 4.

X—RAY DIFFRACTION PATTERN OF THE
POWDERED ZINC OXIDE CRYSTAL.



REBULTS

Figure 4 gives the x-ray diffraction pattern
of the powdered zine oxt&o erystal. The @ values
were oaloulated and compared with thosefor e stand
-ard semple (ASTM). The agreement is good showing
thet the orystals are of pure zinc oxide. No addi-

tional lines vere observed.

The rotation photograph taken aroumd the long
axis of the erystal shows that the ¢ exis of the
unit cell is parsllel %o the long axis of the erystal.

The erystal powder was spectroscoplioally snalysed
for various inorgsnio impurities. The rasults are
tabulated below:

Cu < 25 ppm
Mg < 2B ppm
81 < 86 ppm

i Searched for but
Fe { not deteoted.



DISCUBSION

The fermation of sinc oxide single orystals
from sinc sultide powder can be explained in two
ways. One possibility is the direct oxidation
of sinc suifide to form zina oxide. But since
the original zino sulfide is in a finely powdered
state, 1t 1s not likely that this :iﬁe sulfide
(s011d4) will em directly give rise to large sine
oxide single arystals.

The other alternative is the reaction of
zine sulfide vapour with oxygen. First the zine
sulfide (solid) evaporstes at higher temperstures
to ;1v0 ginc sulfide vapour. This vapour in
presenge of oxygen gives rise to sins oxide vapour,
which slowly deposits to give sine oxide single
erystals. We oan illustrate the ateps in the
following ways

ZnB(solid) <—— inB{vapour) ee (1)
Zn8 (vapour)+ l/hoéz;zsznD(vapourJ+ 1/2 8y oo (2)

ZnO{vapour) =—— Zn0(solid) o (3)



Requirement of a eritiecal oxygen pressure
for the growth of zxinc oxide single orystals
suggests that the oxidstion of zino sulfide
{vapour) i.e. the reaotion (2) is the rate deter-
mining step. The rete of reaction (2) in the for-
ward direction is proportional to Paav2 80 at
low oxygen pressures the rste of foramation of Zn0
will be very slow and to have erystals of reassonable
size, the reaction will have toé%% for a long time.
Thus during the course of 36 hours only some small
eryatlilitot of InO were formed.

while an increase in the oxygen pressure to

about 10°2 atmospheres inoreasss the rate of forma-
tion of zine oxide (vapour), a situstion which is
not helprul for single erystal growth. In addition
the rate of direct eonversion of zinc suifide(solid)
to sinc oxide(solid) also becomes quite fast. Henae
it 1s not possible to expect an appreciable growth
of the orystals.

When the forxation of sine oxide takes plaei
vis vapour phsse and the rate of cocling 1.e. the
rete of condensstion is very fast, dendric crystals



are formed. Dendric orystal growth could be
appreciably reduced by reduaing the ambient
oxygen pressura. Exact condition when the
plate type corystals are grown aould not be
established.

Growth of the erystsls was always observed
on the polyerystnllina gine oxiddzpewdo? and not
on the walls on the sillica tube. Hence we can
assune sine oxide powder to be the favourable
substrate for the growth of fho ginc oxide
single orystals.
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CHAPTER - III

ELECTRONIC PROPERTIES AND DEFECT S8THUCTURE
OF ZINC OXIDE SINGLE CRYSTAL FREPARED BY
in8 OXIDATION

INTRODUCT ION

& number of studies on the electrical propere
ties of polyerystslline zine oxide are reported in
the 11t¢raturo1“1°, but their results suffer from
the usual uncerteinties assoclated with polyorystal-
line materials. 3Studlies on single orystals of eon-
trolled defeoct structure are relatively few.

Pirtsh(1925) 1 was the firet to study the Hall

cosfficient and electrical conductivity of zine

oxide single orystals grown by the sublimation of the
prossed pellets of gince oxide. He also studied the
offect of heet trasatment in oxygen and in vacuum. His
studies were confined in the renge - room tempersture
to liquid air temperaturs. He observed sn incresse

in condluctivity in case of samples preheated in oxygen
and slowly cooled.
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Hutson(lﬂﬁ?)la prepared needle~like transparent
single erystals of n-type sine oxide by the direct
oxidation of zine vapours with oxygen at 1aoo°c. He
neasured the Hell goefficient and the eledtricel con-
ductivity at temperatures between 55°K snd 300 K. The
varistion of the carrier concentration with temperature
indicated that the virgin arystals contained more than
ons 40onor specisa. lowever, when the orystals were
doped with H; L1 or exeess In s single donor level was
sffestive. Lithium was found 40 give rise to some
acoeptor levels aleo. The mobility variation with tem-
perature indicated that at low temperatures lmpurity
settering was predominant and above 200°K the optical
node oo.tt021;¢ was important.

Pohl(lﬂsﬂ)la alsc studied the eslectrical properties
of sinc oxide single crystals prepared by the oxidation
of zine vapour. The single crystals were doped with
excess sinc by heating it in sinc vepour at high
temperature and vere quenched to room temperaturs. Initially,
at room temperature the conduotivity inoressed with time snd
finally reached a constent value. When the erystals pre-
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treated with zinc vepour vers heated in air, a
deorease in conduotivity was observed but it did
not reach the initial value. The first heating

in sinc was found to give rise to irreversible
changes whersas guhaoquont heating in air or sinec
were r.ﬁursiblo and the rate was controlled purely

by diffusion processes.

!ocn.rtlﬂelll‘ studied the electrical econe
duotivity and Hall voltage of single erystals of

ring oxide prepared by the vapour phase oxidation

of xina at 1380°C in oxygen and of tose doped with
‘In or Gu., In the case of the crystalas doped heavily
with indium the reeiproeal of Hall aeoefficient show-
od a very slight temperaturs dependence. In the
orystals with small donor conom trations, the reci-
procal of Hall aoqrrielcnt falls in the beginning and
reaches & na#inun as the tempersture is raised and then
at still higher temperatures incresses slowly.

Bogner and Hollowo(liua)ls gave a2 method by which
sins oxide orystals of definite composition can be depo-

pited from the vapour phase. Measurements on cosmposition,
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conductivity and IR alisorption of orystals doped
vwith Cu and In wers carried ocut. In contrsst to
the expected behaviour thay obssrved a decrease
rather than an increase in conductivity on doping
vith Cu during the growth of the orystals. Cone
ductivity was approximately proportional to the

inverse of the square of the copper concentration.

Rupprocbt(19as)1° preparsé single crystals of
gine oxide doped with Cu and In by the vepour phase
oxidation of ginc as done by Bogner amd Mollowo.

The sleotron goncentrations were determined from
the Hall effect and conductivity studies at tempera~
tures betwean 860°K o 790°K. A gllght decreass in
the electron mobility was observed with increasing

conaentration of eleotrons.

uollouo(1954)17 shoved that the conductivity of

521/9. He
considered the increase in aonductivity might arise

gino oxide cryakala in hydrogen varled as p

from excess zine formed at the surface by hydrogen
reduction, whioh diffused inte the crystals.



Lander and !hmn(lﬁsu)m prepared single
crystals of sinc oxide by the direct oxidation
of gzine vapours st about 1800%, in the presence
of hydrogen using Scharowsky's method. The crys
-tals were colourless hexagonal needles, 5-20 mm.
in length and .008 to .0l&6 om in diameter. The
eonductivity in hydrogen showed a Pllal/ 4 depen-
dence, disagreeing from the Mollowo's results.
They concluded that the hydrogen when in excess
difussed in the lattice and the solubility varied
as PH;/". This hydrogen might be in the form of
interstitial protons and might diffuse from one
to another interstitisl position. The other
suggested -alto;'mtiv. was that the protons might
gombine with oxygen ions to form UH groups. The
fonigation energy for the donor centre was observ-
ed t0 be 04 v, whereas the lonizstion energy of
interstitial hydrogen atom was estimated to be
several times larger. They concluded that the
only way to explain the experimentsl results was
through the formation of OH ions at the surface



by the combination with oxygen. The formation
of OH" centre was explained ss follows:

Kec“.) ——) £R{gas)

0"(orystal) —— 0'(eryitnl) + e
H(gas) - ——>  H{erystal)

H(arystel) ———> OH (erystel)
+ 0°(orystal)

Mohanty and asgrorr(1oe1)1° measured the
electron density distribution for the undoped
orystals, &s well as those heated in zine
vapour from the x-ray diffraction data. The
obgerved x-ray diffraction intensities were
used to obtaln the electron density projection
perpendionlar to the c-axis. They concluded
that the interstitial zinc atoms present in the
orystal were 1000 times more than that caloula-
ted from the conductivity data. It was therefore
inferred that most of the sine interstitials are
unionisged. |



It is clear from the above survay of the
literature that most of the work reported on
the conductivity and Hall coefficient was
carried out on sine oxide oryatals prepared
by the vapour phnlo oxidation of zinc vapours.
It is well-known that the electrical properties
in a orystal would very much depend on the past
history of the sample, i.e, pretreatment of the
oxide and the method of preparation. We have
therefore undertaken to study these properties
of zine oxide single arystals prepared by an
entirely new method desoribed in the last
chapter i.,e. Oxidation of zincvsulrtﬁo‘vapeurs.
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EXPERINENTAL

conﬁﬁctivity Ressurements were oarried out

on rod type sinc oxide single erystals. For com-
parison soms -gine-oxide additional data on ainter-
ed ind polyerystalline pellets have also been
obttinpd. The single eorystals of sine oxide were
prepared by the method given in Chapter Il. Zine
oxide powder pellets were prepared by the following
method. |

(1) Precipitation of zine sulphide:

Pure sinc sulphide was precipitated by dissolve
ing zinc oxide 4in HCl and passing 885 under ammonicel
conditions {described in Chapter II).

(2) This zinc sulphide powder was Tilled in & silics
boat and was heated in a silica tube furnace to a tem-
peraturs of 900~éao°c for about 4«85 hours to convert
it completely to zinc oxide. For establishing the
eomplete conversion vb gine sulphide to zinc oxide,

x~ray powder pattern was taken using a copper target.
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FIG.5. SAMPLE HOLDER ASSEMBLY FOR ELECTRICAL
CONDUCTIVITY MEASUREMENTS.




(3) From this sine oxide powder pellets (one
om. diameter)were prepared by applying s pres-
sure of 8000+6000 1bs/sq. inch. |

(4) These singe oxide pellets were sintered at
1100°c for 12 hours in air and cooled slowly to
 room temperature. The apparent density of the
pellet was found to be 67% of the theoretical

x-ray value.

For the measursment of conductivity the
two ends of the sine oxide erystal were coated
 with silver paste and the eryatal'wal heated to
about 80000 for 30 minutes. Thus adherent coat-
ings of silver on tho two ends of the orystal
wers obtained and they acted as the two electrodes.
In the case of the zinc oxide powder ﬁollots, agua-
dag vas applicd.on the two ecircular faces of the
peliet.

Fig. 8 shows the sample holder assembly used
for the measuremont of comxluetivity of the single
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orystal. It consists of a rectangular silica
pllto,'hnving two small dliameter holes to put
stainless sorews and nuts. To0 these two screws
two molybdenum strips are attached which provide
the pressurs contaot at the silver coated ends

of the erystal. Along with these two molybdenun
strips two silver wires are also screwed to the
stainless stesl screw, which sot as the two leads
for conductivity measuremsnts. For the sske of
better electrical contacts both of the molybdenum
strips are covered with silver foil. These two
silver wires are soldered to the shielded wires
sonnected to the conductivity bridge.

Fig. 6 shows the sample holder assembly for
mounting the zinc oxide pellet. It consists of a
hollow refractory tube of 1 om. diameter. A4t ons
end of this tube a groove is sut to place the
peallet. On both the sides of the pellet two
platinuk foils, nearly of the pellet sise sre
placed. These platinum folils are scldered to two

platinmm wires, which in turn are connected to two



shielded wires for the measursment of conductivity.
Both the platinum foils on either sides are support-
ed by a siliocs dise. From the other end a silica
rod is inserted to reach the silica plates. This
silioa rod is flattensd at the end in contact with
the silica plate and has a loop on the other end,
Pressure 1s applied %0 reduce ths contaet resistance
with the help of & spring attached between the loop
of the siliea rod and a groove in the refractory tube.
To avoid shortening of the two leads, one platinum
wire is taken from inside and the other from outside
the refragtory tube. The platinum wires are covered
with porcol;in beads.,

The olnctiicul resistance measursments wers
carried out with the help of a Fhilips Conduetivity
bridge (PR 9500 model) at 50 oyeles. For resistances
higher than 10 N A & Rel8. moter (Leeds amd Horthrup
Model No. CAT 8620) was used.

For heating the ian@lo t9 high temperatures s
tubs furnace of nesrly £ inglies diameter was used.
Kanthal 'A' wire of 18 gauge was wound sround the tube.



Proper thermal insulation was provided. In this
furnace another silics tube sesled at ons end wes
placed inside which the sample holder was looated.
For messsuremsnt of temperaturs a chromsl-alumel
thermoaouple ¢alibrated againat a standard thermo-
couple was kept nesr the sample and the e.m.f. was
recorded with the help of a potentiometer. For
eontrolling and regulating the temperature at re-
guired points, a temperature controller (Fallitigel-
regler Medin.H, supplied by Birtmann and Braunn,
Frankfurt, w. Germany) was connected to the furnace.
Another thermosoupls from the furnace wss attached
to the tenperature controller and it was possible to

control the temperature at the required value.

To get an idea about the majority ocwrrent carriers
in the single orystal, the direction of the thermo-
slectric s.m.f. was observed by means of the hot point
method, i.e. by heasting one end of the crystal and keep-~
ing the other end at room temperaturse. »Measurements

vere performed at two temperatures, one at as“c and
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o
another at 300 C. These temperstures were selected
for sone ressons discussed later.

Conductivity measurements were oarried out on

rod type zine oxide single aorystals:

(1) Before snnesling.
(2) After snnesiing.

The change in condustivity as & function of
temperature was measured on some crratalt_botﬁoon
28’c to 600°C, The same arystals were then subject-
ed to annealing st 000°c for two hours and were
gquenched to room temperature., ~Conduotivity measure-
ments were carried out on these orystals again.

The conductivity of sinc oxide powder (pellets)
was measured in air in the temperature range 2a°-500°c.
The pellet was heated for some time in air and brought
back to room temperature. It was then heated in alr

once more and the changes in resistances wsre recorded,

The pellets were preheated upto eoo°c in hydrogen

and then e00led to room temperature. The changes in
resistance ware then recorded along with tempersture.
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For ultr-violat'allerptton two optically
transparent quarts plates vers placed on the
| sazple holder of the Unicam dpoctronot-r(nodol
8P 800). The orystal was fixed with the help
of araldite at the eenter of ons of the guarts
plates and the other quarts plate soted as o
blank. The whole assexndly vas covcfed with s
thin aluminiuvm foll vhich had two equall sised
holes one just above the arystal and another at
the gorresponding position at the dlank quarts
plate. Alsorption at wave lengths varying from
300 to 480 m 4 was measured.
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REBULTE S

Fig. 7 shows the plot of log R vs 1/7 for
the znnealed and unannsaled rod type sinc oxide
aingle crystal. A olear break in the curve at
about 200°C is observed. The temparature at
whioh this bresk is observed remains unaltersd
even for the ssmples which have been annealed
at 600°C for two hours. Every time it was observ-
od that the annealed samples show leass reasistance
than'th. unannealed samples. The log R wvs 1L/T
Aplot. in the two regions are linear showing thet

in esch region the relationship R = Ro exp + ‘=B

KT
is obeyed but with Qifferent values of Ro and 4K,
From this curve the values of the activation energy

AE has been arlculsated using the formula

AE= R (log Ry - log Rp)

1.1
n f;
The values come to be 0.4 Koal aid 21.2 Keal for the

temperature ranges Bﬁoc - 800°c and aoooc - goooc

respeatively.
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PELLET IN HYDROGEN
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The direction of thersmal e.m.f. indicated
that the majority carriers at aa”c are electrons,
while the oarriers at 300°C are holes.

Fig. 8 shows the plot of log R vs 1/T for
sing oxide powder heated in air in the temperature
range ea-soo°c; No br,ak in the ocurve is observed,
the resistance decraases with inorsass in tempera~
ture. The sctivation energy cnlnlito be 7.4 Koals.
The sign of Seebeok voltage indioated that the
eonduction in the polyerystalline pellets was n-type
-ia the sntire temparature range of aﬁ-soo°c.

Fig. 9 shows the plot of log R va 1/T for zine
oxide powder preheated in hydrogen at 800°C for 2
hours in presence of hydrogen. The aetivation energy
in the range aa”-zsoPc oomen to be 6.7 Koal and the
renge 150-800°C 1t is 10.4 Keal. 4 breek in the
log R va 1/T curve is obtained at 150 C.
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Table of aotivation energies

e e R e W O A iy D G 00 O S T b P o A A A A B W A Sl L L 1 B L1

8.No., Eample Atm, Tenmp .Tange Activation
energy AR

A W e R o M A A D O A A 0 D U A O O Al A A e O W AR R D AT YD TS U TR NP A A

1  ZnO rod type ALy 26 . 200°¢C 0.4 Keal.

::‘1“1' orys- 200%-500°C 1.8 Keal
2 Zn0 polyerys- Alr 200°-600°c 7.4 Keal
talline
pellets _
8  -do- Hydrogen 25°-180°C 6.7 Keal

° %
150°.00%C 10.4 Keal

n..'----....O.----ﬂ'wﬂ.-.-.-qtﬁ.unun----.-m---.----‘--ﬂ

The ultraviolet absorption speectrum (Fig.l0) was
_founﬂ to be the same for rod and plate type orystals.
An absorption edge i» observed st 390 uy» « It ecorres-
ponds to an activetion energy of 3.£4 ev, which is in

agreexment with the earlier reported value of 3.2 ovao.
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DISCUBSION

Values of fundamental parameters of zine
oxide have besen caloulated racently by oarrcttal
on the basia of various experimental resuits.
The band gap is based on the work on the optical
properties of sine oxide, done by Mollowo S, who
found that

B (opt) Bt = BT = (3.6 107D v,

Thermal gap is lover by twice the polaron energy
which we shall assume to be ™ 0.2 eva. Regently,

Erogor’a

has systematized the available data on
the defeat structure of gsinc oxide. The energy
level diagram given by him 1s reproduced in Fig.
11. The variocus equilibrium constants and the
associated enthalaples are presented in the

adjoining table.
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(Table reproduced from "The Chemistry of Isperfect Crystals®)
F.As Kroger,p.70l1). Table

Parameters of equilibriim constants for Zn0 near

T = 1380°K
Resction - Conptant. (stok fras  (oy) g?
. T .t:gn&‘! - - rETrY s - -
1.8 x 101 4.89
6!10""43!1(‘) * 1/' Og xzm . | .
—ag, 12
wnd == zn(‘) L 4 0(() ﬁn 0 7.8 x 10 749
y
Og(g)= & O(8) X 8.6 x 10° 5.2
0==9o' + 1 Ky £290.4 3.44 3.1
-1 |
vi=vgl e Ky 5.85 x 10 0.97 0.8
Ven=Vzn * I X,g 144 x206° 2.7 2.8
* . -2 .80 05 -
vo—{_—:_.-‘*va + 0 X, 2.1 x 10 0.28 0.08
voﬁ vao ’ .f xoz 2.0
Iny=in; + e K 107% 0.82 0,08 <
[
= 4 . : / 10 4.04
0=%a*Y% L |
0 ﬁvz;“‘ sV} K, 2.6 x10° o9
an s e -8 4.36
‘nm * vtc:-—- Zni +* f Krf 7.9 x 10
0 ¥ V=g + V2 Kp 8.2 x 10° 6.67
1 ¢ * * * 2.0
5 0g(E)T=0, ¢ Vg Koy  3.08
0= 0F +VgX Ky  61x1000 0.8
* . o~3 «0.8(7)
()= ¢ Vgt Ky 8 X207(n) 0.8
nZFZn(‘) * vZn Kz 4.8 x 10 8.89
o***é o(.) * v* Ky 4.6 x 10*%(2) 6.89(7)
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On cosiparing the various aoctivation energy
values obtained by us, vith those reported by
xrogoraa, 1t‘1.”¢on§1ﬁd¢d that the following ioni-
xations are ﬁoiaibly responsible for the creation
of charge carriers which take part fn the electrical
conduction in our sinc oxide orystal in the tempera-

ture rangs of present investigation:

« ® -

Y° - v° LR ] se (1)
¢ ® -

Zny = Iny * 0 e {2)

Vyn *Vyn * © e (3)

V; and zu; give rise to donor levels. The ioniza~
tion energy of bdoth these donor states is reported

to be 0.06 C'oaa The n-type behaviour (confirmed

by the sign of thermoeleatris e.m.f.) and the low
astivation energy (0.02 ov) found in the temperature.
range aa°c to aoo°c clearly suggests that the ioniza-
tion of these donor states is predominant in the tenm-
perature range 28°C to 20600. It is diffioult to
distinguish between these two from the data available
at present, . .It 1s quite likely that both the reactions
may proeeed to the same extent simultaneocusly.
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The clootribtiadanﬁuntlvity " 1s related
to the number of carriers n and their mobili-
ty /* by the following egquation;

cen e M

where e is the eleoctronic charge. The mobi-

lity of eleotrons in the oonﬂuﬁtiéh'band of 2Zn0

has bDeen experimentally determined by several
worktrlln. Although its value aii not be exaotly
the same 15 our ssmple, we may use it for a rough
evalustion of the order of magnitude of n. Using
the value ,ﬁ‘* 100 ana/ioc X volt we get n = exlolg/
0.c. At room temperature about half of the donors
(V; or Zn;) will be lonised becsuse the aotivation
energy is only 0.0R ev. 80 the total muber of -
donors 1is estimated £0 be of the order of 10'%/c.q.
This is much smaller than thet in the single orys-

tals grown by the vapouy phase oxidation of sing.

The activetion energy (0.98 ev) and the sign
of thermoeledatric e.m.f. around aoooc-oorrosponda
to the reaction (3). This indieates that vacant
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zinc sites are oriatqﬂ-lt high temperatures
( >800°C) and their number begomes larger
than 103/¢,¢. so that when they ionise to
give rise to holes, the sonductivity changes
from n-type to p-type.

The decrease in resistsncs sfter anneal-
ing the sample at 600°¢ for about two hours
shows that the total mumber of current carriers
inoreases. This indicates t¥hat the muaber of
vacant sino sites inereases on prolonged heating
et 600°C. On slow eooling the conductivity is
reversible indicating that zinc vacancies sre

destroyed.

As mentioned earlier log R vs 1/7T plot for
sino oxide pellats in aiy comes out to be lineur
vith an sctivation smergy of 7.6 Koal 82 ev.
in the temperature range 8§-800°C. This A'E is
different from the two valwes observed in the
ocase of single orystal:. Furthermore the cone-
duotion is n-typs in the sntire tempersture range
end 1o break in the conduetivisy curve appears.
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We consider these 4ifferences as significant
enough to point out shat the conduction proe
oesses in the single erystal and the polyerys-
talline pn;lotl are entirely different. an
obvious explanation is that the surfaee con-
dustivity has a predominant rols to play in
the sintered polyorystalline material. The
observed activation energy for the. pelyerys-
taslline material is thus dus to the doner
-tato- on the surface. The possidle denor
is 3“1 which 1on1:tl a8 follows:

3“ Zﬂ.i ‘e

Aetivaﬁlbp energy reported for this pro-
cess 1is 0.4.oi aind the one observed by us is
C.32 ev. The dearease may be due to a large
density of surfaee defects and consequent
breadening of the donor states due to their
mutual interastion. The broadening of the
impurity levels decreases the gap detween
the level and the bottom of the conduction

band and hence decreases the sotivation energy.
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In the case of gonduetivity measurements
in hydrogen sine oxide is partiaslly reduced to
form (Zng) neutrsl zine interstitials, First
sotivotion energy corresponds to the roﬁonl
of ans eleotron, !ho two actinuon enargies
in th- twvo durarom tuporaem ranges indi-
snte that there are two d4ifferent seghanisms
of econdustion uxm plsce. The exsct mechani.
sk oould not bl put forvard on only eonduetie
vity uu. Y the low uunt!.on ouru in
both the tesparaturs ranges shows that the
electrons caxe sasily avelladle for conduction
and this ::n' heappen only when they sre taken
from neutral sine interstitials.

-.oQ.-n
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CHAPTER ~ 1V

CHEMISORPTION OF OXYOEN ON ZINC OXIDE
SINGLE CRYSTAL PREPARED BY Zn8 OXIDATION

INTRODUCTION

Some studies in regurd to effect of oxygen
chominorptioﬁ on the elestrical conductivity of gine
oxide samples have already been raported in the lite~

rature.

N _

Morrison(i985) studied the change of eonducti-
vity of Zn0 as s funetion of temperature (upto 800°¢)
in oxygen.

He concluded that at low temperatures ( < 20°C)
the bulk conduetivity is not influenced hi adsorption
snd eleatronic changss on the surfecs because the '
oquilibrium between the surface ani the bulk 1is not
“established at such low temperatures. On the other
hand st temperatures above 50000 such equilibrium is
sstablished and the conductivity is dependent on oxygen
adsorption. As the oxygen ions become adsorbted on the
surface they trap conduction eleatrons from the interior
and the conduotance dearsases. The conduotivity varles
with oxygen pressure Pog npprox;untcly according to the
equations

c = poa'lﬁ‘

In the intermsdiste temperature £0 -500°C the results
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are more complicated and depend to a large extent on
the past hiastory of the sample.

Morrison poatalatod an onnr;y dia;ruu for Ind
containing adsorbed oxygen as shown in Fig.lf to ex-
Plain the earlier results of Stocikman who had observed
that the resistence of evaporated films of 0.1 micron
thickness in oxygen steadily deoreased with teamperasture
upto 2509“, v a% which temperature s minimum ogcured
followed by an increase to a maximum st aboni 400°c.
Inoressing the temperature caused 0. levels to lose
eslectrons to the c@nﬁﬁntton band and the conduction
inercased. The choﬁisorption of oxygen on the other
hand decreased the oonductance of the catalyst.

Barry and Btono(lﬂeb)e studied the kinetics
of sdsorption of oxygen over sinc oxide over the
temperature renge from 28°C to 390°C, which pro-
vided the evidence of‘iﬂé'ﬁipol of chesisorption,
one prevalent below 800°C and the other sbove 300°C.
The mode of prcptrtﬁtaﬁ inﬂ'pfitrnntmnnx of oxide
vere found to exert s strong influence on the
sdsorption behaviour. ‘Photo-desorption of oxygen
vas confirmed to bs the normal behaviour for Zn0,
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but photo-adsorption had baen ohserved under
conditions of high excess sind doncentration.
The adsorption studies were foilowed by experi-
ments on the rete of intramolecular oxygen

resction 18 0y » 16 0= 8 185180, ana on

the influence of irrsdiastion on this catalysis.
The results ss & whole vere discuased in terms
of the model of ginec oxide as an n-type semi-
conductor with interstitial zino and oxygen
chemisorbed as 0" amd 0%,

Bevan and Anderson(1950)° measured the
electronic conduetivity of zinc oxide in the
range 500-100000, in alr and obsarved that it
varies widely sacording to the nndo'of prepa=
ration. At low oxygen pressures the conducti-
vity was observed to be quasi-metellic and falr-
ly reproducidble for different samples, irreapec-
tive of thelir origin. It is suggested that the
differences betwesn samples arise largely from
the variation in the relative importance of the



conduetion and the bulk phase conduction processes.
Conduetivity in a;;gpﬁ at low pressures( > .01 - .l
mu of Hg) varied with oxygen pressurs in a reversi-
ble way, acoording to the lay K = 4 p 1/‘. This
type of dependence givea swpport tq{lnpurlty con~
duation arising rreu-o’ = 1/R 0g * 2s reaction
ocouring at surfaqe. At low oxXygen pressures, how-
ever, the conductivity became independens of oxygen
preasure. The bulk phase eonduetivisy of Zn0 is pro-
bably high, but elestrens ave trapped by chemisorption
of oxygen on the surfaece.

Barry amd Klici(lﬂl)‘ neasursd the electrical
aonduativity of powdered sinc oxide with simultaneous
muurmnti of »adnorption and desorption of gases.
These measurements yielded informstion on the charge
transfer during the veversible and irreversible

adsorption.

s ;
Kokes(1962) caleculated the amounts of oxygen
chemisorbed on Zn0 prcpa'rod'w the following ways:
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(I) decomposition of sinc oxslate, (II) decosposition
of sino carbonate, (III) oxidation of metallic zine.
Results indieated the existanes of two types of oxygen
chemigorption, one appearing at room temperature and

the other appearing at aoo°c or above. InC doped, as
vwell as undoped showed an eleatron resonance signal

that refleated the coneontntia_ih érut"rn electrons.

The effect of low and high tnpant\ln 'Iahorpticn has
been examined, I_;itorprotationlbf"tiﬁoa'c results leads

to the emclm&en'ﬂ'_ut“aﬁ low ﬁiipci'im. oxygen is
chenisorbed as O“Iiala‘n -.( m-_ A) a.nd as high temperstures
as O (type :B). 0" lons were supposed to be formed by
reaction with conduetion électrons and O°  were stabili-
sed by the ligration of donors to the surface.

Olemsa anl«ﬂohu(lﬂﬂ)e suggested that the oxygen
adsorption at high temperetures wuas & twe step consecu-
tive process involving an unstable surfece species as
an intermediate. They explained that type B adsorption
always ocoured via the t_e.'l.;lpql.ng consegutive steps:

(fast) 1/8 Og " - o'.--:-——> 0"s (type A)

(sdow, 0"g + ing —> ,zn**o'.(tno B) + e



They suggestad that only type A adsorption
shouwld affect the condustivity; type B should
have & nagligible effect.

Glemss ani KoXes(1968) 444 the measure-
ments of the sdsorption of oxygen st lov pres-
sures ( <10x) on sintersd sino oxide psllets
and the conductivity change have hesn observed
as a funetion of temperature, amount of oxygen
adsorbed, 'bro'triitu'on‘t and’ dnp:l.ng.‘ The results
vere eonsistént with the suggestion made earlier
that the stable form of duniaorm oxygen at
-80 to 186°¢ (type A) vas different from the
stable fora of chemisorbed oxygen above 800°¢
(typs B). Detalls of the results suggest
(a) A was sn intermediate in the formation of
B; (b) A was forsed My reaction with conduetion
electrons; (e¢) B was formed by reaction of A
with ionised donors.

Krusemeyer and !honn(l%l)s showed theore-
tically that the intersetion of oxygen vith an
initially bare n-type surfade first created a



"depletion layer" on the surface, which caused

a dearesse 1in the surface condentration of majo-
rity cerriers. In this region, an increase in
the oxygen pressures would further depress the
conocentration of quasi-free electrons, and the
conduotivity thersfore would be eorrespomdingly
lowered. When the upwards beading of the semi-
condugtor bands near the surfase odtised By chemi
~sorbed oxygen was such that the upper limit of
the valence bhand had qome suffieiently close to
the Fermi level, electrons could be transferred
to the asceptor oxygen molecules directly from
the valense band. At this stage, quasi-free

holes would start to conSribute to the surface
conduation and an “inversion layer" with p
character would be formed. An inocrease in oxygen
pressure would indrease the hole concentration on
the surface and thi”cungﬁhtlvity would be corress
poddingly inorsssed.

'
3

1 I _
Cimino,et.sl.(1963) showed that the weak
chenisorption of oxygen obaserved in the tempera-
ture range ao-:so°c on.ﬁovﬁor sssples of 4nd either



pure or dopod w:l.th u or an , sould exert a
poutiu 1nf.1mnea eu tho oﬁutri‘;il'; ﬁmluctl.-
vity of znO- m dopcnﬂonu of the conducgti.
vity on the o:non pnnm, as vell as the

sign of subuk wlun. pointed to the presence
of p-type 1mra!.on hnu on the surface. Trest-
ment of the ssmples in high vacuus at an C remo-
ved the p-type aurtiu hyori anﬁ the normal p-

type hchav:lour aom thorolfur bo observed.

mmum)“ studied the desay kinetlaes of
the phetosenductivity of Zn0 as a funotion of inten-
ity of flluminstion and ambient oxygen pressurs.

Hatannu auﬁ Hudn(lm) 1 observed that the
presenae of ulcorm oxygen decreased the electronic
conductivity ot anO pM-r. The rate of desorption
of oxygen 1nenuud with tﬂpeuturo. The data
yielded an activstion energy of 1.0 to 1.1 ev for
oxygen desorption. It waé shown thet this was the
binding energy for the éhemically adsorbed oxygen.
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Eleoctriesl conduativity of evsporated films

of ging oxide !n ‘Oxygen was 'uuuéod by stachmnm
(1960) at temperatures 20 to 800°C. He found that
in oxys.n.tho oanﬂaetivztv ineressed with tempera-
tures upto 850 ¢ nt uhieh tcnporntur- & zaximum
occured and was rellaund by a dic@tano to a minimum
st 400 Ce A htgh ‘tesperatures th. eonduntivity was
independent of the previous history of the tlnplo
and only depended on tho temperature unﬂ the oxygen
pressure. At low tunparaturcs on the other hand, the
conductivity vas daponﬂ:n& on tht sasple history,
being high;r greatar the sine in Znd lattice. At
interaediate tempsratures the conductivity decreased
irreversidbly with time with a rate of change vhich

, Was grester for a sinc exssss produced by reduction
than for a sine exeess remaining when gine oxide was
forned.

The condustivity of thin £ilms were also measured
by Tiiihar(lﬂac)lﬂ st high temperatures., The ocurves
were found to be reversible with tempersfure in the
range B0 to 17590. but ons obtsined irreveraible



changes 1f the samples wers heated to ~ 260-300 C.
A very rapid rise in the conductance was found in
the temperaturs rangs 300 to 600°c_.

More rscently Arghiropoulos and Teiohmr(lﬂu)“
studied the influence of adsorption of oxygen on the
slectricsl conductivity of polyerystalline zine oxide.
The electrical conductivity ¢ was found to be pro-
portional to pon'm vhere aﬁv‘a at 150°c and 4 at
soo"c. The plot of log o— vs 1/!' showed the maximum
at 300°C and minimum at 480°C in the case of fresh
zine oxide samples, dut these extrems dissppeared Iif
the sample was heated to 90000 in vacuum and cooled

to room teaperatures.

Myunikov(l%?)u coated a quarts tube with s

10 4 thick sino oxide film. He éburwd that the

eleatrical conductivity of this film was smsller in

oxygen then in vacuum, but the difference was less

the higher was the frequeney of the electrical current.
<~ was found to deorsase as the oxygen pressurs in-

oreased from .001 to 1 mm Hg according to the equation
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— 2
(v"’E’) u ve (1)

ix=

where <; ® o 4in vecwm. K was 86 x 1070 at
620°C and 1.3 x 10"% a¢ aso°c.‘ At -80°% OXygen
hed no effect on o , Except for first .05 sec.
the deocrease of o after oxygen admisaion to the
rilm agreed with squstion

o = Kt + const e (2)
I an .

vhere t = time, and K; vas 8 to 36 noe.'l. increas~
ing with p. The rise of ¢ during desorption was
ropreaohtod by

I {1-05)] =Kt + comst. .. (3)

Ko was 0024 laﬁf R at 412°g lhdapondont of

pe {n K; ana In Ky were inversely proportional
to absolute tempersture. Bquation (1) is obtained
Af it 1s assumed thst the sorbed amount of 0 s
proportionsl to p and oconaentration of anog‘
complex formed in the sorption is spproximately
equal to the concentration of Za% lona ia 2no
before aorption. Hquations 2 and 3 are also
accounted for in the same manner, Aativation
ensrgy for adsorption is 8000 eal. and for de-
sorption 4s 2300 cals. The heat of resstion
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from equilibrium sxperiments was 10,000 to 12,000
cals. The chuhorptlen of oxygen on :1no oxide is
caused by slectrostatic roreu.
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EXPERIMENTAL

Various sine oxide oalplcl having different
surface to volume rattnc v.r. pr.plrod o stwly
the effeat of ozygwn;ahuliqorpttnn.

(1) Zing oxide plate type single agggtalnlc

The preparation of this has alreaéy been des~
- aribed in Chapter 1. '

(2) Thin f1lms of sine oxide

Thin filws of aine oxide wire prepared in the
following ways PFised silias slides were used as
substrate for the deposition of films. They were
_thoroughly gl@qnpd with cﬁrouic acid and detergants
and then rinsed with distilled water and drled. These
slides were then kept st the bottom of a vaouunm
chianber. At the top of these slides a tungwsten {ila-
ment vas adaultgﬁ.  8..11 pleces of pure zinc metal
were kept in thia rzliuont. The chamber was connected
to s meroury diffnaton.punp. Artoi getting a vaouum
of & x 10°% wm of Hg, the tmuton f1lement was hested
electrically to evaporate the metal completely. A shin-
ing metsl deposit was alvays obtained on the sillica
slides. These films were then kept in a furnace in sir



and wers heated to GO-BOO"G for about 2024
hours to get a xing oxide £ilm, Aqua dag was

- ﬁno Film

RN %
~faqua opaG

FIG. |3. DIAGRAM OF ZnO THIN FILM SHOWING SURFACE
' ‘CONDLCTION (TYPE A).

was applied at'l__. WMI p Iln\m the surface
eonduation (thlnﬂ.il A)e These samples gave
“the largest surface srea %0 voluse rasio.

{3) Sandy

On a pyrex glass slide, a strip of gold
was evaporated by the similar technique as ve
444 for zsinc. This scted as one eleotrode

Au({I) . Over this another ciroular film
of sinc was evaporated and oxidised to Zno0.
This 74ln vas further sandvitohed by another Au
film to give anothe? eleastrode :'im(II) « The

resistance was measured across the film (thin
film B),



FI1G. 15. VACUUM EVAPORATION UNIT FOR
THE DEPOSITION OF THIN FILMS.
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2 Ay {I1)

FIG. 14 DIAGRAM OF Zn0C THIN FILM SANDWITCHED BETWEEN TWO
GOLD ELECTRODES, BULK CONDUCTION (TYPE B)

Desariptios ration unit

An appiilﬁ‘u ;Jou;nod and eemtruotod at our
Laboratosy fﬁ;% vas used. The vaguum obtained
vas of the orﬁr ot'6 % iﬁ"lu of Bg- A rotlry
oil pump (in ) daph & ot giging vaowsa of 10”
mn of 5.) i;u“ﬁ w“r*ﬁo‘ % i sleetrically heated
neroury dfdston pump through a stop cock, &

phosphﬂrom nntaoxido trup and an ice cold trap.
This mr«m ‘i.rfuuon pump in turn was connected
to a mmntir aM a8 Maoleod gauge and & stop coek
to release vum. thh vas further connected to

" an ice o0ld trw. ‘whieh vn aonnected by B=40 joint
to a vacuum chamber f.hrouh . atop cock. It was
possible to disconnect the ncuul chamber from the
B-40 joint to place the substFate plates. another
B=24 (male-female) joint vu suppnod in the vacuum
chamber. Through this Jom tifo tungusten wires
were connected to a poreohi.n 91\1;. To this plug



the tungusten filament sarrying the substance to
‘be evaperated wes always comnscted. This was heat-
o8 with the aild of a variac connscted to ammetsr in

seflies to control the current being passed.

Preparation of ginc oxide (indium doped) films

A known amount of BDH(AR) sine metal (39.99%
pure) vas taken aleng with a weighed smount of indium
metal (99,98%,Fluks). Both of these metals were taken
in s 10 om long pyrox tube (soalca st‘onn end) and vas
nonnn.tod to tho vaguum unit dcacvihcd tatllcr. Hhhn
* vaouus of the order of § x 10" *® un of Hg vas achiev-
ed, thc pyro: tubo vnl lauloﬂ at tho other end also,

with the aid of hunn.n burner. This tube was then heat-
od to 480-800°C {n a furnace for about 12 hours, for
nelting the sine snd indium metals anﬁ making a howmo-
geous alloy of the two. This alloy was evaporated in
vacuus from a tungusten filament to give thin films

of Zn-In., Utmost oare was. taken to deposit the metsl
completely. This weuld ensure that the eomposition of
the deposited film would not-he very different from
that of the starting alley.. These in~In thin films
were oxidised by heating slowly Lin air in s furnsce at
atout 400°C. Pirst the filas turned black st sbout
nooPc and later on heating for a longer time at higher
temperatures they turned inte transparent white films.



As 1t is likely that the film might be heterogenous
in composition dus to the different rates of evapo-
ration of sine and indium metals, they were heated
upto 800-700°C in air for six hourﬁ to make the film
homogenous. The two ends of the films were coated
with aqua dag to messure the surface conductance.
Before doing the actusl measurements, the filml‘worc
hoated to 1oo°c-iaoPc to remove the traces of mois-
ture and maske better contsot with agua dlg..

Five differsnt samples were prepared to see the
offeot of indium ooncensration on condunetivisy by
varying the indium consentration(, 0.3, 0.8, 1.0,
2.6% In by weight).

_ It must be noted that the composition of the
f1lx may not be exactly as that given above end these
studies would conly indiocate the effect of inoreasing
congentration of indium in & quelitative way.

For electrical measurements the sample holder
lltlnhl: vas the same as desaribed in Chapter III,
The Illdo having the film with an adherent coating
of aqun ll; was pressed between two molybdenum strips
ocrcuul to o silioa base. |

T IRy
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The resistance mesasurement was carried out
as described earlier. For measurements in atmos-
pheres different from air (i.e. hydrogen and nitro-
gon and vacuum) a silica tube sesled at ones end was
taken. To the other end a B-84 female Jjoint was
attached. TO B=34 male joint another silice tude
vas attached to carry the reguired gss upto the
bottom of the bigger tube. Two palrs of glasas to
metal jJoints were also attached to the Be«34 male
joint, to give contact with the inner lesds for
the measuremeat of resistance snd the tqlpornfurt.
Inside the tubo'iﬁgfpiatinii*wircl were attached
one to "metal §§ﬁ}1£ii* Joint and s cohromsl-alumel
tharnecbuplt'yii attached to the other. 8ilics
plate sample holder assembly vas connected to the
two platimm wlwgn. For inareasing the temperature
slowly thd kntpiig it constant at the required
values, a controller was used. This was connected
to the heating furnsce 'and it wvas possidble to cut
off the ourrent at the required places automatioally.

Conduetivity measurements on zinc oxide plate
type single orystals were earried out in hydrogen
atmosphere also. The cry-tii itthr being mounted on

the sample holder was heated to Gﬂb C in hydrogen

for two hours. After this the omrstal was cooled to
room temperature in hyﬂro;oa athosphere and the con-
ductivity seasuremsnts vers garried out in the tem-

perature range 26-800°0C,



(PLATE TYPE)




Rt 72 E1 RBa TRy oo e e
7. LOG R Vs ¢ PLOT FOR Zn0 PLATE TYPE

_ CRYSTAL IN HYDROGEN




1 71 s

RESULTES

The hohlvidui' ‘observed for sinc oxide plate
type single nryitnls sand the Zn0 film sandwitched
1s the same m_’ cdiursl (rxg".ieJ'. In the case of
the sandwitehed film (thin film B) the resistance
remained practisslly gonstant wpto aso°c, but in
the case of plate type orystal there vas s very
slight desrease in the resistance upto zso"c. This
change in the resistance was slightly more in the
sase of plete type srystal as compared to sand-
witohed f4lm (thin film B) Wut the drop in resis-
tance was much were 4ia the case of thia film when
ocnly surfaes eonduetion vas measured. WwWhen the
econduativity of szinc oxide plate type crystal was
seasured in hydrogen stmosphere no peak in log
R vs 1/T plot was observed. On the other hand a
break in the curve at about aoo°c was observed.
The aativation anergy for the temperature range
!5-80000 vas 1.2 Koal.snd for 300—600°c was 2.8
Keal.(Fig.17).

In the gase of those thin films where only
surface eonduction was measured (thin film 4) a
steady &70p in resistance was observed upto 100°c,
after Whis Samperature a steep fall in resistence
1s observed §0d we get 8 minima in the log R vs



T

1/T aurve at 88096. Minimum changes of resistance
were Observed for the sandwitched thin film (PFig.
16) which shows that the extrems in conductivity

are attributable to surface phenomens.

From 2509-35090 an ineresss of resistance is
observed, in the csse Of plate type . ' crystal md
the sandwitched film. The order of the increase in
rasiitan&o for the plate type corystal 1is luch nore
ss ocompared to the sandwitched film. A maximum of
the resistance is observed at 360°0, n inorease
in !dciltnnepwi$;$’400°c is aleo observed in the
case of thl§ tl1n {type A). A maximum is observed
at 409’0._,!&: order of the inoreass in this cese
is mueh larger as compared to the two asses con-
sidered earlier.

After this 1t has been found that the resis-
tance starts decreasing in all ﬁha oases. This
decrease contimies upte maximum tiﬂpirnturo studied
1.0, soo°c. 'All'th.aofatlplnt had greater surfoce
to volume ratio as sonpared to rod type orystals.

It can be sesn an the ratio keeps on inocreasing the
changes in resistanas are mere. 7They are maximum
for the thin £ilm of type A and the minimum for the
sandwitched film (type B).
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In the case of plate type single orystals 1t
haa besn noted that when we ¢ool the orystal which
had alresdy been hested to 500°¢ in alr, the resis-
tance obtained at room temperature is different from
the initlal velue Obtained before the hesting. Also
the maximus anﬁ the minimun in the reslstance observe
od while heating are absent while eooling (Fig.18).

_ ?1¢.19 dhows.th‘ ehanxo.in roaiatqnui sn'h'

- funation of temperature when different amount df
indiuu‘ia added to sgine oxide film, For the lower
aenaoﬁﬁrattuﬁu of indium the gurves are very similar
to the one of undoped sine oxide. Only their initial
rniistnnnn is less as donpércd to the undoped films,
In all these a slight £a11 1n resistance is observed
upto a&-lﬁ@oc. This part of the curve 1s found to
flatten out with increasing indium content. As we
‘heat further beyond 15006, a‘ahsrp dedrease in resis~
tanse 1s there upto 960-270°C, From this place the
roﬁittanne inoresases again upto 355~87d°0 giving
maxina of resistance. Here onwerds upte 600°C the
reaistanes dner.aao- gradually.

It ‘aan he noted that as we go on increasing the
19 '"”*‘futinn, the maxims and minima of resis-
.J[fﬁim&h$ahing, t111 a situation arrives
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that the resistence orthotm 'Muuw ¢ones
to a very low valus end log R vs 1/T qurve pra-
stivally gives a straight 1ine perallel to 1/T
axis. - |

It has also been observed that when s thin
£4im cf : nm oxide 1s exposed to hydrogen atmos-
phdré'._i:hi resistance is much less as oompared to
" the one in oxygen snd that in nitrogen is inter-
mediate of the two. Thus the resistance values
in hydrogen, nitrogen and air (oxygén) follow the
fauwihu order ) | |

| n(hydranﬁ)' < a(nuroun) <Blatr; .
after heating tho.amla in air, 1e we Dass
hydrogen we get s lower valus of resistance, but
as 800D @8 we pass alir agsin, ve goit. the originael
- value. This reversibility 1s maintsined upto
180°C, Hovever, bayona 18006‘. it is observed
that this chenges is not reversible and we are
mﬂmﬂh to get the original velues of resis-
'ﬂi_m_u --_iein_air "(F&g.ao) once the sample has been
heated in hydrogen. The thin filme which have
ulrn&vhm»rohntcd in hydrogen (upto 'aeo°c)
and nitrogen (wpto 300°C) d1d4 not show much -
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PLOT FOR ZnO PLATE TYPE CRYSTAL IN VACUUM
SISTANCE ON EXPOSING TO AIR AT VARIOUS TEM-
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ochange in the sonductivities. More or less the
resistance remained constant in the range 26500 ¢

thoruogravinatria studies on adsorption and
Guorption on these thin films proparaa on mica
sheet were attempted, but the senaitivity of the

instruaent used proved inadeguate for this purpose.

~ Elsctrical conductivity measurements on plate
type l;nc oxide single crystals were carried out in
vaouum (Fig.82). First a plate type orystal vas
mounted over the sample holder after applying the
‘silver elestrodes, After evacusting the whole
assenbly to s vaouws of the order of 10"2 mn the
eleotrical sonductivity messurements were carried
sut in the temperature range 25-500 G. The final
value of resistance recorded was 3 x 105/, Then
the arystel was cooled back $0 room temperature in
vacuun. The resistance recorded st room temperas
ture was much .'Liu as compared to the : initial
rqdisuaic;or the erystal. At ﬁhia stage, at room
temperature the vaouum wes released. Inorease in
ruiutm!‘f-ﬂa reocorded as s function of time till
the ruhmupruwtnlly became constant. The



_"o‘-s‘ 1-0 15 20 25
oy log t ( TIME ,minutes).

CHANGES IN CONDUCTIVITY WITH TIME ON
A ZnO PLATE TYPE CRYSTAL ON OXYGEN
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erystel was fyhontnd in vacuum upto soo°c, till
the resistance séﬁnirad'thc earlier valus of

2 ivldadl s ADd then was cooled to @ temperature
T when air was released and the reslstance recor=
ded as 2 run¢t;én of timo} The adsorption was
thus studied at different tomparaturaz'(f having
various vuluoﬁ-of room ﬁdmpargture, 200°0, 276°¢
and &00°d)Q‘.mhu_rdnu1ta are recorded in the Figa.
22 and 23. | |

- 5% wap obssyved that even after long exposures
to air (48 hours), at vavious temperstures, the
resistances of the orystal never came back to the
original velue (¢J103 at 87ﬁ¢). Evin though the
orystal was héataa to GOﬁaﬂ, and ias'coolea back to
room tempersture in prossnce of sir, it naver

acgwuired the original resistance.

" Rowever when the top surface of the orystal vas
ruﬂoviévbv rubbing on an -uary paper, atehinj, vash~
1h¢fink«dtr1n¢ and a fresh surface was exposed, the
origianl buhnviaur vas reproauued {resistance of the
orﬂcr of 10‘-J1 ). canduetivity noaauromants weare
carrlad‘duvidiiiu,nn this orystal and the results

are givtnf&nﬁhﬂtﬁﬂt
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DISCUSSION;

The important properties observed oan be
summarised as follows:

(1) Wﬁt resistence vs temperature plot for the
fresh zinc oxide sample (plate type cry:tdl) in
air shows a minimum ot 325°C and a maximus at
370°C. These extrems were not observed on a
orystal preheated in vacuum upto aoo°c, even vwhen
the saxple 1s exposed to air for » long time. It
howsver reappeare wvhen the upper surface of the
crystal is etohed and measurements ars carried

out ‘on a freshly expased aurface.

(2) The resistance vs temparature plot for the
sinn.oxidé thin fiims. ahows & minipum st aoopc

and & meximun et 390°C. These extrema are absent
in the low resistance zine oxidse thin films heavily
doped with indium. -

(3) 2h§ reslistanes depends on the anblient stmos-
phqxggﬁpgq,xnllawu'thn order

Moger > Mo > Ty
The. resisiance valuss ere found to be rever-

. L+ ]
sible in the temperature range 86180 C. These
results are not in agresment with those reported by
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Cimino, Molinsri amd crnmnroaaaa, vho have found
that the surface conduetivity of zine oxide is en-
hanced bw'tho adsorption of oxygen.

These minina and mexima in the conductivity
pldts for fresh gzine oxide samples have been explain-
ed by Arghiropoulos end Tiechnerl*
the interplay of twovoﬁpoaing factors:

as arising due to

(1) the liberation of elsctrons dus to thermal
fonization of sine interstitials nlcratih;
from the bulk to the surfsqe under the ins
fluenee of tha strong electrie field pre-
sent at the surfase, and

(I1) oloéﬁrén consumption dus to chemisorption.

However, it is 4ifficult to see how the migra-
‘tion of the neutral sinc is enhanced by the proposed
field at the surface.

- ¥e £ind that the Observed bhehaviour is mors cone
sistant with the following simultaneous equilibria
tikiﬁngahei'en-tho surfsace of the zine oxide. The
intiﬂﬁbii;tiﬁn is on lines t» aimilaéixhat given by
Barry and Stons:
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0 (ads) == RV T Y ¢ §

0" (aas)+ z::ir_(z.'n“o”‘).w““ o' L (@)
*

zni *——“__.T__..-ﬁ'zty,if-c eee £3)

These reactlons move to the right as the tem-
perature is raised. However, enthelpy of reaction
(2) 1s larger than that of (1), which brings out
clearly that at low temperatures reaction (1) will
ﬁradnuinnta over reastion (2), and the relesss of
adsorbed oxygen relesses one sleatron and hence
increanes the gondustivity of the sample.

~ But at high temperatures resction (2) predomi-
nates over the reactiénz(l) and the O (ads) starts
rescting with the neutral zine interstitial atoms
(Zng)+ An the 0"(ads) and Zn, gets used up, the
resctions (1) and (3) move to the left to maintain
the egquilibrium, rhio whole process leads to a de~
cresse 1n the total nuaber of free eleatrons(e )
and heune raault: in an inerenlc of rcsiatanec. This
vhole 1dea ean be developed mathematically 1n the
tollﬂﬂ&ﬂﬁﬁ*ir**
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Let the squilibrium constents for the three
resotions given above be Ky; K, and K respecti-
vely and the corresponding enthelpy changes be
By Eg and Eq respoctively. '

8o at equilibrium st sny temperature we are
having Zniﬁ Zni} e, 0 (ads) and 02(:&0)' We de~
note the conoentrationu.or these by x, LT
and Pog respectively. Conqidcrins the equilibrium
for the resction 1, 8 and 3 and applying the law

of masa action, we get the following set of equu~
tions:

From equation 1: we get

’{) l/ﬂl n
s E 4 Kl L ] (4)
s
vhere Ky 1s given by:
K = K exp (-Bl/ll!‘) oo (8)
From equation 2; ve get
n
" o (8)
vhere K, is expressed asi
K= k® ep  (-BpART) v ()
and from equation 3: we get ,
" | . (8
-5 ®

where Ky 1i given bdy:
Ky = Ky® exp . (-Ea/RT) . (D)



3 8l

Furthermore, if we sssume that interstitial
zine (lonized and unionized) is the only defect
pré_oant in the orystal, ve can express the
neutrality condition as follows:

y=n+g : oo (10)

On solving the four simultanecus equations
(4, 6, B and 10), ve get the coneentration of
free slectrons (n) at sny temperature asi

9
nf « % - s (11)
X o
Kg poﬁ ( + 1)
. \pog/®
As we know, at lw temperatures smount of
adsorbeé owgm 1s much mors as compsred to the

pumber of free eleatrons: 1.e, 8> n. VWe gat

from eguation 4

<<1 . (12)

or ")

Hense ve. ge%,

e
ﬂeaaoxp( nl*la“xa> oo (14)
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s:m.thrly wh:uo wmldoring the aquﬁibr!.m at

high tanpornturu, w. can nuxut that tho mhor

of free electrons prodm:lmto over ﬂu muht et B

ndaoﬂnd oxygam .
i, n > 8

Applying tha coxulit:lon to the oquati.on {4) we get

the equ_at:l_.on:

K
>>1 . (18)
?0217/ #
oy
e KR | . (16)
Ky pod/®

Henoe we gﬂu

e (17)

x5 e )

Bquations (14) and (17) fit in very nicely
with the experimental results if (EE,+ B, ~ Bp) is
* ive and (Ky + By - By) is'tve, L.e.¢ lt
EB;) Bg) By and Bg is very small.

At lov temperatures (equation 14) n would rise =
with ﬁnﬁfbﬁﬁuo as (BEy + Bg ~ Eg) is positive whereas
jé“hi‘(ﬁ Woraturu {equation 17) n would fall with
tuporéﬁﬁ%_ %%im. (E; + By - !g) is negative. As n



.f_ann:wthf!';,_-mhn-_ resistance increases and a stage
comes when the surfage resistance becomes compareble
w-‘.m,--.\mn--nsittanu and from this stege the latter
slse starts taking part in the conduetion. In the

bulk the mmb__nr of thermally genersted carrier inoreases
with 1mrloui;m temperature and the ruinﬁnmo decreases
with tiﬁperaturc aa has been sotually observed in the
experiment. * in the temperature renge 370-500 C.

Whan the sample is cooled to room tempsrature in
vaouum the originel path (Fig.2£) 1s not retraced because
the surfase I&u oxygen and becomes nore oondﬁetin; than
~ the bulk an? so on cooling in vscuum the conduction takes
place mostly on the surface. Hence a deviation is observ-
ed in the heating and cooling curves right from the high
teuperature; end itself. On the other hand when we tool
the semple in air it merely follows the path(a Fig.18)
as 1s actually expected, bulk still takes part in the con-
dustion slong with surface. . It may alsc be added that
oxygen adsorption on lewering the temperature takes place
on the nev sinc oxide surfage which has been freed from
the interstitial:. zine during the heating of the speoimen
uuuwﬁm"u. Bo vwhen the sample 1s heated a mecond
tins in !_%?;,.,MQQ.,, extrema are not observed, because bdensath
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she adsorlied .oxygen layer we have got a layer of
stoichlometrie xing oxide and the interstitial
sine atoms required for the mechanism disoussed
above are not available,

It ix also observed that at room tamperature
the resistsnse in hydr.o;nn is much less as come
parsd to oxygen and increases as we switch over
to nitrogen and oxygen. Tha lo;u enargy of aci: ivation
and the high resistivity in hydrogen at room taﬁpeu-
ture can be explained by considering the idonigation |
of sine intestitialss |

] ) -
Ing T Ung * e

which gives out electrons which csn be held respon-

sible for the decrease in Tesistance.

vhen we change the atmoaphere from hydrogen %o
oxygen, thers is an inerense in the resistance of
the: thin film vhieh asn be explained by gorrelating
| it %o th! Miaorption of oxygen. This results in
the tnppm of electrons upto 180°¢. The process is
found %a . be of the reveraible nature upte 160° Cy e
the romm Sqmes back tho original value even
" m.u of the ambient atmosphers. It
can bo Nmm in the form of a chemical eguation
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uhioh explains the view t.hat the adaorlud oxygen
reacts with the conduation olaetronl and decroases
 their number and hence the resistance of the sample
‘becomes high. While in the case of hydrogen a par-
tial reduction of the surface takesplage ralsing the
nunber of interstitial zinc ions and the conduction

electrons, 30 the resistance of the film dbecomes low.

" When the thin films of sinc oxide are doped with
indium, they become mors and more nme a3 we go on
‘inereasing the indium concentration that is the number
of free electrons for conduction ineresses with incress-
ing indium 'ﬁa’gﬁhﬁrétmn and 80 the resistance of the
film 1s observed to decresse with indfum addition.
Finally for very "-:hnvny indium doped zine oxide film,
the aoncentration of free elsotrons is so high thet
the relative changs 4in the number of electrons due to
adsorption and desorption of oxygen is small and hence
tho ehmcn in the epnduetivity ars not noticeabdle.

On nouuring tho -gonduotivity of plate type crystal
m hydraun, the activetion energies observed ars very
low, whuh nnm that electrons are easily svalladle
for emmm; which is poseible only when the number
of sine intersiitials (zni) are quite large.






(1)

(2)

{3)
(4)
(8)

(8)
(7)
(8)

(9)

8.

He

D.

Ao
B.
¥,

(10) D.

(11) Hideo Watanabe and

R.

g

s 87

REFERENCES®S

Morrison

Barry amd
Stone

K. Bevan and
Anderaon

Harry and
Klier

Kokea

Glemga and

Je

Kokes

Glempa and

Je

J+ Eruseneyer an@

Kokes

G.Thomas

Ciamino,
Molineni and
Cramarosss

B,

Medvaed

Masanobu Wada

(1g) F.8tockmann
(13) G. Tischer

Advances in Catalysis, Vol,.ViI,
269-300, 19856. Acadnnla Press,
New York.

froe. Royal.B8oe. ﬂ&ggg iz4
1960, P

Diss. Feraday Soc. 8, 238, 1380.
Dis2. Faraday boec. g}‘. 219, 1961.
J. Phy. Chemn., 48, 9, 196g.

4+ Phy. Chem. ﬁg, 668, 1988,
J« Phy., Chem. ﬁg’ agss, 19656,
Je Phy. Chem. 3011(18, 2’ 78, 1988.

J. Catalysis, 2(4), 318-323,1963.

géglll):n ma-_ﬁblldl, aQ * 2B8L-267,

Japsnase J. of sppl.Phys.
4038), 945, 1068 ’

Z.Physik, 1g7, 563-78, 1960.

_Dissertation, University of

Erladgen, 1984, Soulid State Phys.,
Vol.8. H—ncadﬂum Prcrr , 19€8.



s 88

(14) B. M. Arghircpoulos : J. Cetalysis, 3, 477-4R7, 1064,
and
8. J. Tolchner

(15) I+ A My"nikov 1 ‘Zhur, Fiz. Ehinm. 31’ 1?21"’30,
1967,

-

(16) Prafulls Chandra, hcco;i:tedv for publication in
V. Bs Tare and the Indian Journal of Pure and
As P, B. 8inha Applied Physios.

»ﬁﬂﬂmnﬁ



N CHAPTER V¥
EFFRCT OF GaMMa IRRADIATION ON ZINC OXIDE




s 89 3
CHAPTER « V

EFFECT OF GAMMA IRRADIATION ON ZINC OXIDE

INTRODUCTION

The study of rediation demage in memigonductora,
first initdiated by Lark<Horovits nnd his collaborators,
has Dbecone n_subdcnt of great practical interest. There
are two types of ctfoétn sesociated with rsdiation dama-
ge i.0. (I} electronic effects, (II) lattice efreet;.
Examples of the rernar are changes in the elsctronie
conduetivity, parasegnetic contribution to the suscepti-
'bilxty,_:a;stqéing_or sonduetion oloutrohn. otd. Lattice
defects arise from the lossl disturbance in the lattice
and alter the density, deformation behaviour, self amd
impurity diffusion, ehnfual conductivity and on certain
oecasions tho_pgyital atruéturo. Lattice dumage consiste
of éunanm lattice sites, 1nt§rat1t1a1,atnmn and clﬁatorn
of both. . |

- Althnugh radiation demege by neutrons and charged
pnrtiqlol ;rn quitn oxtnnsivcly studied there are only a
fev ttugiccﬁon the orr.ct of v -rays on the eleectronila

GUANE PN LD

preportint et innioonduatura.*r «~rays are able to displace
atows ihnuulh shn Gmlpuan elestrons and photoelectrons proe
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duced vhen thp cnurgqtic_ _phat.ona intersct with the
atoms of the solld. '

In vhat follows we give a bdrief account of the
work that has alrsady been done in this branch.

Fan and Lark-Horovits'(1988) found that on v -
Tray irradinfion n-typs indium antimonide was #onvgr-
ted to p-type one, indleeting that the redistion
induced dotoata vers néuptoru.

uh:l.#_utt.a in 1968 measured the gni; goefficlent
and resietivity of n-and p-type arystals of Insh
immersed 133 11§m§ »ﬂ.;- duﬂ.ﬁs the v -1:51;{1;&0;_1‘9:*
48 hours and ‘annealing for 800 hour, Irrsdiation of
" n-type nnpln removed v x 10° “12 sonduction slectrons/
ma hour. No snnealing was obsarved at 77° K. For p-
type 1t introduced 2.8 x J.Oﬂholn/on hour. Annealing

afurwardn followod a bisoleculsr recombination law.

Matusura and Inulahia(lm)-. oarried out irredis-
tion of (1) crucible grown, (I1) vecuws floating sone
grown n..typ. silicon, by y=reys from a weo sourece.
First ssmple hed an oxygen content of > 10 aatom/
“3, _whng sg%gﬂ_.ma. very small oxygen content. The
low temperature slectron bombardment studles revealed
that 1ntcrlti_§§._gi;g;__;;pd_:_ vacancles bacome unstable in
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silicon lattice well below room temperature and are
annhlilated at slnluv:or trapped at impurity estoms. The
Gefect rn;na'ini__n_g; 41; oxygen contaminated sample at
room mptrgmro was an o:qrgm-ovaoanéy complex, This
acted as an acoeptor located as 0.17 ev below the
corduction b';na.' I'n the oxygen free samples the
defect was & donor-vacancy complex, which scted as
an accaptbr st 0.4 ovito 0.6 ev below the conduetion
band. |

Gleland, Grawford and Holues®(1966) irrediated
the nw; purity ms n-\tm P-type germanium by Y -rays
from 900 Curie aa“’ sourae. The extrinsic eleotron
concentration !.n the n-type specimen wvas found to
deorease on irrsdistion. Extended exposures convert-
od n-type Ge to p'-typo indiceting the presence of an
- agceptor level st ~/ Q.26 ev sbove the valence band.
m«ﬁn of p-type Ge caused a decrsase in extrinsie
heio wm-ntration with a rate much less than that
for n-wpo.

 pigg ot w.wfora‘(mm studied the annealing
er 'mngn in _t}n ulootrical properties of antimony
dop-d ;&mﬂﬁug eatued by co%0 gomma irradistion at
77 K. A.new gnezgy level at 0.09 ev below the con-

dn_et'.:lon band wan ﬁpﬁ , M sfter annealing at 3?0 K,

PR A (A L TR S N
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The level has been tentatively attributed to
OXYZON~VRORNEY annglgsoa,

Taylor and ﬂbthtnctan e (195‘) abserved
that the eatalytic activity of zinc oxide was
lovered on. 1rradiat1n¢ with ‘f’-rtyu._ Thias
vas uttributud to some electronie changc: in
the catalyst produced by irradistions or to the
poisoning dy radiation polymerized reactants nﬁe
rpnqyoé by pﬁnping prior to irradistion.

Taylor snd Kohn'(1987), irradiated the alue
nina eatalvat in vacuum bw‘thaya from a coae
sourae. cntalyat praparod at 400° 0 ahowed a
sqviﬁ,folgclnnroaao in catalytic activity, when
1rraﬁ1§to¢'at f?se for 30 minutes. The enhance~
ment disgpyoarid on standing for 8«4 days at room
touparaturw una eaula be roatoroﬂ by further

1rruﬁlatian.

.. Berry and Klter® (1061) messured the electricsl
onnﬂuntivttr of pcudcrad sinn oxide samples together
with the ldg@gption and doaarption of gases. Thoso
HORSUreNIRES x:te;ldad information on the charge trans-
Tor dut#ay ﬂhgﬁrgvnraible and 1rr¢voruiblo sdsorpe
tion,. . th Samadfation of Zn0 with adsorbed hydrogen
at 0% ratﬂl&uﬂ in an inorease in conductivity whiah
was many tﬁltn ;jﬂfiit then thet of pure sine oxide

and was amu uﬁmﬂm. It was ccnoluded that




positive holes ﬁdre getting trapped st adsorbed
hydrogen which caused more hydrogen to be sdaarb-
od as OH" iona. The oversll processe wsas represent-
id as follows:

(ORI T5 1 zoH' {05 ( & 7|05 )+ p —>2 (OH 105 )+ (zn* + O Me

The observed incresse in conductivity of Zn0
withfldjnrbcd isobutens at Dofanﬂ -7806 strongly
suggested the formation of positive ions in the
surface.

It was supposed that oxygen was rapidly
adgorbed aa;aivo ions which removed electrons from
 the conduction band send deoreased the conductivity.
In the end either Zn0 was exhausted of free elec-

trann’or s boundary layer potential was set up
which prevented any further electron transfer. On
this basis Y =irradistion did not affect he rirst

part of the adsorbed oxygen but it desorbed the
veskly adsorded oxygen. They supposed thet the
ruaxatien‘inauead hkoles were utiuble to discharge
the adsorded oxygen ions or more probably that the

eampo&!tivp_rlhﬂnorption process was too rapid for
the dnmt}i@g to ogeur.
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From the work of Barry and Klier end Taylor
et.al. 4t iy noticed that y «rays can bring about
profound nhincaa.in-tho satalytic activity of a§m1
~aonduetors. A&s these changes sre generslly attrie
buted to the modifications of the defect structure,
ve have studled the effect of Y'uirraaintlon on the
defect utrueture of 4n0, a well-known hydragenation
oatalyst by folzowing tho changes in its olcetronic
aonduetivity.,
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EXPRERINENTAL

- Gamms frradiation studies were oarried out
on_the following types of samples:
(1) 280 single arystal (rod type).
() Zn0 powder (in the form of pressed pellets).
(3) 2Zn0 thin filmes. |

1&5 pr&paratiﬁn of single crystals have dbeen des-
eribed 1in Ghéptar 11, the prepasration of 4n0 pow~
der pellets is given in the Chapter III and the
preparetion of 2n0 thin films are given in Chapter
w. e S
1 511 the auuplcs w;ru 1rradiatod hw*r-raya fran
g anma -uu 380, Y thﬁuund curie cobsit 60 irradia-
tion unit, luppliod by the Atomio Energy of Canada
144, It is dqsignnd for use in an unshielded room.
‘Basioally the unit eonsists of sn annular shaped
source, s lead shield around the source and s long
eylindrical draver fres to move vertiocally through
the centre of the source. The drawer oarries sam-
ples (materisls to be irradiated) from outside the
shield to the soures. The two positions of the
drlﬂtf'i¥i5ﬁ¢ii§d iu,tho “IOtding position® and the
*{rradiating ‘position®. Irrsdistion of samples upto
six {nehes LA dfameter end eight inches in height can
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be undertaken with eomplote safety for operating
personnel. Liquids, gases, eleatrical and mecha~
nieal eonnectionscould be introduced to the sam-
ple chamh&f throu‘h & stralght access tube 1n'
the draver top. An electric digital t;mer auto~
naticslly terminates an irrediation after a
paxinum interval of 999.9 hours. The drawer is
raised or lowered by a chain or sprocket system
driven by an slectric motvor, The digital timer
starts only when the draver reaches the 1rradig-
ting position. It autometically terminates an
irradiation by returning the drawer to the loadw
ing poaitiﬁn at thi o of pre~set time. The |
sample chamber 1s & hollow thin walled sluminium

eylinder. A 1ift out door 1s sttached to it along
3
8
inoh dismeter hole in the roof of the chamber pro-

wvith a snap action. locking ring at top. 4 1

vides entry to the ascess tube in the drawer top.

84lice plete sample holder attsohed with
molybdenun springs (deseribed¢ in Chapter III) was
used fop the mounting of single orystals and thin
filns omd for the messurement of conductivity
changes, alpng, with v irrsdiation snd annsaling.
For ampmw;, sirgonie tube sample holder with
pressure annaﬁﬁﬁ (dQ§¢wihad in Chapter ILI) was used.
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ror lrruaiatin; the samples at temperatures higher
than rean temporatura & rurnace was designed to give a
un&torm t-mporaturt upto 800 C. A oylindrical hollow
tube of sillea of_nppruximatoly g% in diameter and 4"
long was wound with Kanthel 'A' tape;and was-weli—insulated.

For the messurement of temperature a calibrated
. ehromel~-glumel thermocouple attached to millivoltimeter
{0=80mv) was used. The tharmocauplo‘ond was kept in a
sesled silica tube and was kept in the vicinity of sam-
ple to get the exaat temperature of the sample. ¥For
1rrnqiat1n¢tin different atlnaphnr¢i e.g+ nitrogen and
hwaregon; s set. up vas a-i&snﬁd to waintain a controlled
gnaooui itnosﬁhoro. A pyrex vessel of 2,6 inches dia-
meter wii sesled at one end making a flat bottom and at
the other end it vas attached to a B-60 female joint.
To the B-60 male jointiwo pyrex glass tubes were attache
'td (ona or then was long enough to go to the bottom of
taa. Tﬂ& antul to gluna Joints were also provided. Every
:eiat htﬁ tub wires attuehod to it on doth the sides. TO
.ens nf thosn Jainxa " pair of plntinun wires wtro soldered
for ttﬂadhlns tho :anplc holder assembly. To the athor
Joins dhwwunluuluncl ﬂhtrlpoouyle was sttached to messure

the mmum,

lscl) ta racilitatc the entry and the exit of the






Dosinetry experiments were carried ocut to find the
amount of energy supplied. The experiments were ocarried
out on ferrous sulphate solution of the composition given
bslow and the nbnvnraion to ferric was caloulsted on the
basis of £ value from the UV absorption curve (Fig. 25).

Composition of ferrous sulphsate solution

1) .2 gms., ferrous smmonium sulphate.
{2) 203 . of NaCl,

(3) 100 ml. of Hg0 (free from sny organic impurities;

distilled water was redistilled over alkaline
xuaq‘ and KOH)

(4) 11 ml. of pure Heaq‘.

This solution wvas mede upto 500 ml. Dosimetry experiments
vere pwrformed (I) without furnsce, (II) in presenae of

furnage. After irrediating 10 ml. from the above solution
for a knov# length of time the UV spectrum was recorded at

onee., Four ssmples were taken.

Irrediation inside the furnsced
- (1) Irradlated for 17.5 minutes.
{(2) Irradiated for 25.0 minutes.
Irradiation without furnace:

{2) Irradiated for 17.5 minutes.
(4) Irrsdisted for £85.0 minutes.
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If the intensity of the incident light 1is given
by Io and the amount coming out from the cell be given
by I then absorbance iu given as: |

Absorbanse = log Ef'.,

Furthermore, I=J0 ekC

where: C - congentration

1 « length of the cell

E -~ extinction coefficlient
go, Absorbance = ECl

When 1 = 1, the absorbance = E C

re3* s0ns give an absorption maximum at 390 a [+ and
the veslue of E is known to be 2800, From the ultra
violet absorption curve we get the value of absorbance
directly and s0 we can get the concentration of !‘03*
fons. The following table gives the absorbance results
on ferrous smumonium sulphate solutions exposed to Y-

rays under different conditions.
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~ From thess results concentrations of the Fe®
ions have besn calculsted and the results sre given
in the column Vth of the table.

Furthermore, G value for Fe* ton 1is 15.89, 1l.e.
18.6 molecules of Pta* are formed if 100 ev are absorb-
¢d., Hence, the ensrgy absorbed per c.a. per minute
could be ...113 caloulated and the valuss are given in
eolumn VIth of the table.

sineo thn dons&ty of the rosq‘ aolntlon used 1is
nnnrly - 1, this rigurc ropros‘nto aloo tho ensrgy
ah-orhod por grnu ar anr iuhttanun.

Irradiatlon af :1n!;o mg!ptal

At the tvo ends of the Znl linglo orystal ailvbr
paste was applied 0 act as the two eslectrodes. After
‘the appliaation of Ag paste the sample was heated to
aaePc for 1530 minutes to make the silver layer con-
dueting. 7The orystal was mounted on:thc siliea plate
sample helder between the two molybdenum springs and
the whols assenbly was pushed inside the sample cham-
ber. The two lesds for measuring the resistance were
taken out and sonnectsd to PR 9800 Philips eonducti-
vity bridge. Time wes recorded by the automatic re- %
corder attauhidf}d 0% unit. Irradtstion in air vas
sontimued $111 the Fesistance becomes constant. After
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that, annealing of the crystal in air was also carried
out and the resistance was recorded as a function of
snnesling time. #Sinmilarly im experiments were carried
out by irrsdisting in an atsosphere of hydrogen and of
purified nitrogen. Nitrogen was purified by passing
the gas over heated activated copper filings and pyro-
gallol solution.

Irradiation of single orystal as well as annealing
vere carried out at various differsnt tesmperature vis.
8!?6. 100°¢ and SOGPG in presenee of air. Resistanae
was resorded as & funetion ¢f the annsaling temperature
snd the annesling time.

The orystal was ¢ooled suddenly in presence of
irradistion to find out the aotivation energy for cone-
duction in the single orystal.

Irrsdistion of sine oxide powder gpgllot)

Zine oxide pellets having aqua dag electrodes on
the two Taces were Xept in the zirconia tube sample
holder assembly. The asseably was placed vertically in
the 1rrsdiit1¢n ghambey. Following experiments were
carried outs |

(1) Irradiation at room tempersture in air.
(2) Irradiation at higher temperaturs in air.
(8) Irradistion in nitrogen.

(4) Irradistion in hydrogen.
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Annealing studies for all the above samples were

earried out in the manner dasoribed above.

Jrradistion of zino Oxide thin films

In case of thin films, two types of arrange-
ments were used for the electrodes. In one both
the electrodes were on the upper surface of the
thin rilm so that we were effectively nmeasuring
the conductance on the surface. In the other the
Zn0 film was sandvwitched between the two electrodes
80 that the ¢onduatance across the film vas measur-
ed, The sample holder assemdly used for the irra-
distion or.lingid,owy:tal vas also used to irradiate
the thin films. For the assembliss of the former
type, irrsdiation w was carried out at room tempera-
ture (28°C) and at 288°C in air. Irrsdiation in
nitrogen and hydrogen were carried out at room tem-
perature. To find out the energy of activaticn for
the conduoction, the resistance of the thin film was
neasured from ana°c to 30%C 1in presenge of irredia-
sion. For the assembly of the second type the
changes in resistance during irradiation were measur-
ed only at room tempersture.
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RR8ULTS
Iyradiation of the single erystal

The eleotrical resistance of the erystal was
neasured during irradiation as a function of time
at thrie different temperatures vis. £6°, 100° ana
300°C. Pig. 26 shows the plot of log K vs time in
hours. It is observed that at EGPC the resistance
of the crystal first increases anﬁ then reaches a
maximun after about six hours of exposure to Y «
irradiation. When the irradiation is further con.
timied the resistance decreases to & small extent
and then remains oonstant, no change in resistance
being observed by eountimuing the irradistion still
further. This bshaviour ean be compared to the irra
-diation of a-type germanium by douhronslo. ir the
irradiation 1is stopped at this stsge, the resistance
starts decreasing slowly and after a few hours re-
mains practically constant. This final valus is
alvays higher than the valus observed bafore the
arystal wvas first irradiated. When the same crystal
is irr;ﬁintpd.a second time the genersl nature of the
jlet of log R vs time remains unaltersd except for
the rnct'that s broadening in the resistance peak i
observed. If we raspeat the 1rradi§t1on and annesl-
ing eycle tsﬂ_tinip successively the peak completely
disappears f!%i@#!). The sharp initial lncrease in
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resistance during the first §~6 hours observed in

the first irradiation also dissppesrs.

When the Zn0 single orystal is irradiated at
1oo°c. the shape of log R va time curve remains
practicelly the sanme. A maximum in resistance as
woll as sharp initial rise in resistance 1is still
‘observed. The only point where it differs from
the room temperature curve is that the peak in the
~ resistance 1s observed only after irradiating for
thres hours, 1.s. earlier than in the case of irra-
diation at room temperature.

Further when the orystal is irrsdisted at 300°C,
" the maximum in the resistivity-time curve disappesrs
eaﬁplotoly and the behaviour 1s somevwhat similsr to
thet obtalned after repeated irradiation and snneal-
ing at room temperature, i.e. in this case after a
initial sharp rise in reaistance the shape of the
ourve becomes parallel to the irradistion-time sxis
(resistance remains oonstant),

Fig. 27 shows the plot of resistsnce against
time of snnealing. All the corystels wers previously
irradiated for 24 hours at verious temperatures. The
resistivity values are not conpirubl. because at
every temperature an entirely nev arystal was used.
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Hovever, it 1s sesn that in all coses the rllllll;5il
slovwly decreases in the beginning and then finally
sttains a constant values. Time required to attain

thet constant wvalue however decreases as ve inereasq
the temperature of irradiation and annesling.

To find out the activaetion energy for conductiocn
in a erystal, which has been irradiasted for & long
time, the resistznee of a crystal, which has been irra-
¢iated at 100°¢ for about 24 hours, was measured as a
funetion of temperatures while the cryastal was still
under irrsdiation. The aetivetion energy a» caloulated
from the Arrhenius plot (Fig.88) is found to be 9 ¢+ 1
K cal/mole.

Fig. 30 shows the plot of resistance va time of
irradiation for orystals irradiated at room tempsrature
in different atmospheres vis. air, nitrogen and hydrogen.
The beliaviour observed in nitrogen and hydrogen atmos-
pheres 1ia entirely different from the one when the aerystal
is irradisted in air. The maximum in the resistance is
completely absent.

On irradiating in nitrogen (oxygen content £~ 20"
parts,, the resistance deoreases alung with irrsdiation

for 4-8 hours, After this the resistance becomes gonse
tant (!’13.30).
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The behaviour in the case of hydrogen is still
diffarent. A decrcass in resistance is obssrved along
with irradiation for the first two hours, then the re-
sistance starts increasing and reaches a value slightly
higher than the initial value of the resistance when
the irradiation was started. After this no change in
resistance is observed.

Irradiation of ind pellets

while irradiating the Zn0 pellet in air at room
tenperature no change in resistivity gould be detested
even after long irradiations. When the irradietion was
carried outZ;%ooc in air, = very slight inocrsase in re-
sistance was observed (Fig.3l).

When the irradisntion was carried out in presence

of nitrogen no change in resistance could be deteated.

On irredisting in presence of hydrogen at room
tempsrature, the resistance was observed to decrsase
vary slightly, for the first few hours and then it
remsined constent (Pig.8l1).

Irradiation of 4n0 thin films

Vhen the sandwitched type Zn0 film (type B sand-
witched betwsan two Au electrodes) was irrediated, e
small increass in resistance was observed for the
first 8-10 hours, after which no changs in resistance
was observed (Pig.38).
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When the ZnO thin film (type A) vas exposed ¥¢
yeirradistion (F4g.33) a sharp incresse in the re-
sistance was initially obaaivcd. But the proceas of
increase in resistance was very fast as compared to
esrlier cases. After about 6070 minutes the resise
tance dedsme constant. When the annesling was started
a decromse in resistance for the first 30 minutes was
obsarved, later on the resistance became constant.
But the final resistance in this case also was higher
than the original resistanaes of the film.

Irradiation of thin film of Zn0 (type A) was
carried out at higher temperatures also. At ess’c the
maxinua in resistsnce was reached in only 30 minutes,
and the resistance became constant theresfter. Simi-
larly while annealing the rosistsnuoi%%gﬁn to the
minimum value in 15 minutes and then remained constant.
The final resistance after snnealing was higher than
the initial resistence of the thin film.

To find out the aotivstion energy for the conduce-
tion in the thin film, the film was cooled from 228°¢

in presence of irradiation after being irradiated for

a long time, FPig.5¢ shows the plot of log'R vs tempera-
ture in presence of irradiation. The acotivation energy
&8 ¢alenlated from the Arrhenius plot 1is found o dbe
4.2 K oal. |
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The thin rilm wes irradiasted in presence of
hjrdrogon and nitrogen, but no marked &irference
was observed from the ons observed in air. Bvery
time an initial rise in resistanes was observed
and then it becans gonstant. The change vas
naximum for oxygen and minimum for hydrogen where-
as en intermediate value was observed for nitrogen
(Fig.36).
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DISCUSSION

In Chapter 1I1I ve have oonclua;d that sinc oxide
crystals have got Prenkel and Schotkey type of disorder.
At room temperature, current is nainly carried by eleo-
trons. Thess elestrons ean be obtained from neutral sine
interstitials or the oxygen vacanocise.

Zn;_ - Zn: + o

Vo =vVe * e
When the xinc oxide orystal is exposed to Y-irradia-
tion, sn initial inoreass observed in the resistance 1ndi-

¢ates a decroass in: the number ©f ourrent carriers. This

canh be explained to be dus to the trapping of oloetmm.
by sdsorbed oxygen, leading to the possible formation of

0%(ads), 0""(ads) OF 0°"(lattice). The sctusl mechanisa
¢an be explained by postulating e resction between the
gRoecus oxygen, oxygen vaocancles and the electrons obtained
by the lonization of rino interstitials through an inter-

mediste atage of adsorbed oxygen. The totel resction may
be represented by the equation: :

1/2 0 + Vo + 26 = O (ada).

Rnutm” will keep on inereasing tiil »I.lllfl.h‘ ‘
electrons available for trapping are exhausted. Vhen tl_!m.-‘ |
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stage is resched the further upteke of oxygen will
start releasing the holes according to the eguation:

1/8 Oy = 0 (ads) » 2®-
The conductivity is given dby:

| o " .( o fe +ny Ah) .
whers n, and ny, are the mmber of slectrons and holes
respestively, /e and /‘h are their respsotive mobi-
1ities and ¢ 1s the electronic charge. To illustrate
the trend in the resistance changes on progressive de~
crease of ng let us assume that: |

Jfe = kh

then
¢ o (n, *+ny)
As ngy my, = K (constant), (ub + n, ) must decrease as
the value of n, deoresses and will be minimum when:

- mgmmy = K

("b + ny) will agiin start rising for a further decreass
in the value of n_. This means as long ss the nmumber of
sleotrons will predominate the number of holes the resis-
tanae will keep On inarsasing, that is what happens when
we start irradiating the ¢rystal, the ooncentration of
sleatrons Gecreases snd the resistance keeps on increas~
ing. When the electrons are uxhausted to an extent that
their number bdecomes less than thet of the holes the con-
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duetivity begome p-type, and now as the mmber of
holes increases the resistance deoresses. Ve have
seen in this ease that further adsorption of oxygen
inoreases the mmber of holes aaﬂlhpﬁst.iho condueti-
vity keeps on 1ncr;alln' t11) the sample is unadle

to teke any further oxygen. After this stage the
conductivity remains nesrly constant.

When the irradiation is ocarried out at higher
temperatures the rate of oxygen chemisorption will
inecrease and hence the change over from n-to p-type
sonduotivity will be observed earlier. Furthermore,
as at higher temperature the total chemisorbed oxygen
is sxpected to be smaller, the ultimate resistance
would be higher as is actuslly observed. Following
our earlier conglusions Qo have assumed the orystal
t2 be a p-type conduetor at soo°c, the resistanae
after irradiation should decrease as the number of
holes would inerease and then the resistance should
finally remain constant. However, a slight increase
in thi resistanae hi: been actually obmerved befors
it Tinally becomes constant.

This means that the oxygen 1s sctually desorbed
by Y =irradistion at 3oo°c. This would decreasse the
nmmber of holes and hence ths resistance would ineresase.

The stage after which the resistance remains constant
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represents an equilidrium detween adtorptaon and
desorption of oxygen on zinec oxide.

It 4is quite clur from th.o ahon dluuuion that
the crystal bononas 2 p—typo aonﬂaai&r tt tho onn of
24 hours of irrldtltion. ﬂh@ﬁh Y dﬂ. t@ th. 11h¢r.~

tion of holes hvlthnuquarhnl Qxy;on. The aetivution
snergy whieh has been found to be 9 %1 K eal/uole
is thus tho aetzvutzon onnrgy roqaircd to release a
hll- from the adsorbed oxygon.‘rhis amount will dee
pend upon vhether the ionized species are 2 s O°

or 0", The presence of all these species have been

suggested by Barry and Btonnll.

As explained above if the changes in r£:iatnneo

are 4ue to the adsorption of oxygen, the reverse, i.e.
desorption should bs observed when the oryatal is
annesled. Therefore we expected & peak in the resisti-
vity vs time of annsaling curve, when the crystsl
changes from p-type eonduction to n-type conduction.
However, we Observed only a slow decrease in resistanoce.
It oan be tentatively suggested that initial desorption

is too fast t0 be detected by measursment of changes
in resistance. But it seems reasonsble to assume that
the arystal becomes an n,type conductor again, becauss
by ¥ =irradisting ths same crystal, we sre able to ©
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retrace the behaviour of the original orystal.

The final resistance observed after the irradiation
is found to be always higher than that of the un-
irradiated eryltai.; !hﬁ broadening and the shifte-
ing of the pesk towards shorter times after succes-
alive 1rrad£utioni supports this vievw.

(* this means that some percentage of oxygen is
alvays permanently adsorbed on the sample).

Irradiation in nitrogen

‘It folloys from the equation:
/2 0, +Vy+ % = o

that the trapping of electrons would be dependent on
oxygen pressure. It is also known that the nusber of
molecules adsorbed is dependent upon ambient oxygen
pr-laurcln. Hence the changes in the resistance are
expected to decrease as wo decrease the oxygen pres~
sure while irradisting. The observed changes in resis-
tance when the orystal is irradiasted in presence of
nitrogen (Fig. 3¢ ) are ecnsistent with the above expee~
tation., Oxygen content in nitrogen wes measursd to be
as low as 10’35- At sush low OXygen pressures one ean
in faet expeot slight desorption rathsr that adsorption.
Desorption 1is scoompanied by the release of eleotrons
henee the conduotivity slightly inoreases. It has been
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observed that the resistance remsins constant after
about five hours of irradiation which smeans thet
oxygen cannot be desorbed beyond this limit.

Irradistion in hyproguh'

When the oryqtnlxit-1§radlai¢thi'ﬁiﬁrhioh utlaaQ
‘phere, s decrease in resistance is olserved ihitillli,
‘but after about 4 hours of drradiation the resistance
ineresses again and finally becomas eenltanf. The
initial decrease in resistance osn be explained in the
oane way as desoribed above for the irrsdiation inm
nitrogen stmosphere, i.e. the desorption of oxygen may
be teking place. Here in addition to the desorption,
oxygen may also be removed from the lattice and releas~
ing the electrons to the conduction band. Therefore, in
this ocase the initial decrease in the resistance is
" sharpsr than that observed during the irradistion in
nitrogen atmosphere. After this atage it is expected
- that the resistance should remain constent. However,
1t is observed that the Tesistande inoTeases and comes
back practically to the original value. It 1s therefore
suggested that the reduction continues further and the
sine ions from the lattice sites or from interstitials

trap eleetrons and separate out as & second phase in
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sing oxide eryital. Separation of free sinc from
sing oxide eryntul'huu actually been observed by
Thomes and Lander?®, '

Irradiation of Ind pellets .

When the sino oxide pellet is exposed toy -
irredistions at 30090_. alight snorease in the re-
sistenge is observed. This can be explained dus
to slight adsorption of oxygen, i.e. the trapping
of electrons from the conduction band. As tho
pellet was already hasted to high temperatures,
there should be less number of ginc interstitisls
(Zng), 1.e. 1t i3 already ssturated with adsorbed
oxygen. 80 there 1s a 10t of oxygen whioh has been
adsorbed irreversidbly at 300°C and hence the amount
of oxygen adsorbed dus to irrediation is very small.
The effeat is much less marked in case of pellitn as
eompared to thin films, because af the surface to
volume ratio is small in this case.

when the sinc oxide pellet is irradisted in pre-
sence of hydrogen, mine oxide 1s reduced i.es. there is
an incersase in the concentration of sinc interstitials
(3n1) by removing chemisorbed oxygen and hence elec-
trons are released for conduction. As oxygen chemi-
sorption at higher tempasratures is irreversible, the
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loosaly bound oxygen whish can be removed by hydrogen
is very little aud hence only & amall change in con-
ductivity is observed.

irrediation of gi in £4

Irradiation in air and nitrogen

:Bohiviour in the initial stages is similar to thet
of the orystel. When the sinc oxlide film is exposed to
Y-irradiation, an initial inorease in resistance is
observed whigh indicates a decrease in the number of
current carriers. This can be explasined by assuming the
trapping of electrons by adsorbed oxygen.

Resistance keeps on increasing till all the elege
trons available for trapping are exhausted and then 1%
remains constant. In this case no peak 1is observed in
resistance vs irradiation time curve presumably becauss
the change over from n-to p-type takes place very quiok-
ly. The prooess of initlal increese in resistance is
also very fast as compared to the iinglo oryatal, pros
bably because of the bigger surface area avallable.

It takes only 76 minutes for the resistence to becone
congtant.

Oon annualin; the resistance falls gradually pre~
sumably due to desorption of oxygen. The finsl resistance
. obasyved after annsaling is higher than the initial resis-
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tancs of the film which indicates that part of the
oxygen 1s irreversibly adsorbed on the sample at

TOOM tcmporuturo.

As the filn 1. 1rrnd£atod at hi;hnr to-poraturos
(228°C) the inflextion poins in resistance vs time ples
(t) moves tovards small valus of t. In this ease also
thn'anhnaling is fast and as before the resistance
after annesling is found to be higher than the initial
resistance of the film. This represents thet the pro-
cess is faster at higher temperstures and all oxygen 1is
taken up in much shorter time while annsaling desorption
il"ﬂllo comparatively faster.

The aotivstion energy ourve gives the amount of
energy required to remove an electron from the zing inter-
stitials.

In the case of irradiation of sandwitched film of
gino oxide the changes in conductivity are negligibly
sanall as the available surface area 1s smsll and only a

negligible amount of oxygen is adaorbded.
Irradistion in pressnce of hydrogen

Here the behaviour appears similer to that of the

single crystal irradiated in hwgrogcn. The only difference
is that the initial minimum i» not observed. This is possidbly
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zﬁu to the fact that the first reading was taken
after & minutes and the minimum night Rave sppeared
before that in view of the faet that the changes in
thl.-a_rim are faster as eompared to single ern'uh}

---0-.-.
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