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L INTRODUCTION

T!=the absolutc lemperature at whicl: che low-
Thermelumineseence studies have been made with temrperature side of the glew peak  attaing
vatious melal oxides such »s thorial and alpha nio- one-half of its meximnm inteusily.
bium pentoxide®. This phenomenon, roreover, has Using Fguation (1) and the experfimental wvalues of
been shown to be rclated Lo the escitation of electrons the glow curve peaks obtained. the activation ener-

rrom discrete traps such as negative ion vacancies 379, gies, I are evalusted.

Thermoluminescence is chserved Ly heating a sample Many investigeiors I8 have suggested thet  therm.

at a constant rale and recording the intessicy of the cluminescence in ionic crvstals may be associated with

light emilted as a function of tcmpegature. Peaks in the liberation of elecirons from [-centes. Greener,

the glow curve characleriee the exisfence of  discrete Hivike and Angino® stadied the thermoluminescence
clectron traps. of thoria in the temperatu revange J00PK~G00°K, and
A model whicl can explain thermeluminescence in found a lazge symmetrieal glow peak in  wninadiaied
thoria at 468:45°T. Upon irrodistion with Co® gamma

the energy depth of a trap radiation, 2 smaller pealk was observed ot 338--5°K.

the sulfides has beew given Dby Lambe ond 1Elick®.

Acvording to Grossweiner™,

for o first-order decay s
B8k T (T = 4) (1

where 7'“=the absolute lemperstme at a glow wpeak

The Peak ot 458°K corresponds to a first-order decay
reaclion ard the ono &t 339°K may be the 1csullt of

a gecond-order decay. The calculated aclivation enci-

{23)
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gies are 1.22--0. 05ev for the 468°K penk and 0.05=
0. 10ev for the 538°K peak. Greener, Fehr and Ang-
ina® studied the thermolumincseence of alpha niobium
pentowide in the temperature vange 300°K~6007K and
found twa peaks at 513°K and 383°K  correspending
to a model of an oxygen vacancy with two trapped
electrons,

It is our purpose o invesligate the thermolumines-
cent behavior of zinc oxide In the temperature renge
839K~-300°K, and to explain the thermoluminescenl
behavior of zinc oxide material on the basls of curre-

nt knowledge of defect structures in zine oxide.

2
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EXPERIMENTAL PROCEDURE

2-1 Specimen Preparation
High purity powdered zine oxide was oblained from
the Mallinckrodt Chemical works in .S A., Ths

maximum limits of impurities in the specimens arve as

{ollows.

Axsenic - 0.0002%
Chloride - 0.001%
Tnsolnhble in H.504— 0. 010%
Tron - 0.001%
Lead - 0.-05%
Manganese - 0.0005%
Sulfaies - 0.10%
Sulfur Compounds— 0. 010%

The high purity powder was healed in a platiu.
wound {urnace to various temperature in an atmosphe-
re of owygen, air or helium held at the temperature
for 40 minutes, and then slowly ceoled to room tenmip-
erature al & rate of about 100°C/hx I arder to pro-
duce different concentration of nonstoichiometric point
defects.

From Dasic thermodynamic considerations, the con-
centralion of ron-stoichiometric defects is proportional
to the oxygen partial pressure according to the rela-
tionship

=k "

where o is the concenlrauion of defects, fug is 1he
oxygen partial presure, and K Is the temperalura de-
pendon| equilibrium constant.  All of the specimens

and their annealing trealments prior 1o the thermelumi
nescence investigaiions are summarized in Table T.

9-2 Txperimental Apparatus

3Bk (1978)
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A block diagram of the apparaius 15 shown in Iig-

ure 1. The diameler of the brass vacuum esnister(A)

a
re

ig 8 T Zinches and ils lenpth is 10 inches. 1t containg

a Leating wmit (B) which consisls ol a steip of lavite

1 1/% inches»1 1/2 inchesx1/6 inch wound five
Leating the specimen fram the tcmperature of ligu-
nitrogen to about 300°K, A quarlz light pipe (O}
1 3/8 inches in diametzr and 4 wnches long is  cente-
red in the canisier and serves to conduet the emitled
light lo the quartz window (D). Thelight is transmit-
ted through the window to a photarsuliiplisr  sensing
unit (Q) manufactured by the Photovelt Corporation
(Model 520-M). The canister 15 unmeraed 1 a Dewar

lask (M) Olled with liquil nitrogea to cocl the spe-
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Table 1 Description of specimens

Ui | e | plmeine | gl | sl
1 ZnD ‘ As Received |
2 ZoD ! 200 40 Alr [
3 ZnC 1 500-520 40 Oxygen
a4 ZInQ G600-620 40 Oxygen
5 Zn(r . T40-760 40 Oxypen
6 Zn0 i 875-900 40 Oxygen
7 ZnC ' o900 40 Alr
8 Zn0 900 40 Helium
o Zn 475 40 ! Qxygen
10 ZnQ 1000 40 Air
11 Zn0 1100 40 QOxygen
i2 Zn0 1100 40 Alr
13 Za0 1200 40 ) Oxygen
14 Zn0 1300 40 Oxygen
e
cimen o 83°K hofore the slart of the run.  The spe-
citmen holder (F) Is a silver dise about 5/8 inches in ©
dameter and 1/16 inehes thick. A  chromel-alumel i
thermocavple {G) is soldered into 2 hole in  the hol- 74 ) -
der 10 measure the temperalure  The output of ihe 51 ,
mphotomultipher is the signal for the Y-input of an E
Eleciro  Instruments (Madel 100) X~V recorder (L) ” 3 -
and the X-input is provided by cthe thermocouple. L—,
The graph of intensily versus tcmperature is the well 0 ! -
Jknewn glow curve as shown in Figure 2 for ZnO .
anncaled in oxygen at 975°C fo 40 minutes and than
irradiated seith ultraviolet radiation [or 45 minutes at ol I [
oG 122} 120 122 22¢ 250

83°K.

2-5 Experimental Technique

The pawder specimen is placed in e cavity of the
epecimen helde: at room lemperatuve.  The system ia
then cevacucled 1o a pressure of aboul Imm. mercmiy
and couled o the temperature of liquid nitrogen. The
recorded

time to the liquid nitrogen teingeratuie is

and the specimen 13 irradisted with uliravicler radia-
won from a commercially available “Mineralite” for 2
to the

pressure o- aboul 1mm. mercury and cooled

temperriure of hiquid nitrogen, The time 1o cool Lo
the liquid nitrogen iemperaturc ia iecorded and the
specimen 14 inadiated with ultravioler radiation [rom
a eommerpally available “Minmalile” for a presclecled

Tength of time. After exposure is complele, the spe-

(30)

TENBLATURE § K |
Pig. 2. A typical gloweurve for ZnQ with irradiated
U. ¥, 45min. (RUN =+9B)

cimen iz heated at z constant rate of 29 per 3 seconds
by means of Haneywell programmed controller from
83°K 1o zhout 300°I.
During the heating process, the light intensity is
measured nsing the photemultiplier tube and the curre-
nt from the tube is amplified 10 a convenient level for

The X-¥

graphs the cmitted light intensity as a [unction of the

recording ou the X-Y plotter. recorder

specimen temperature 1o give the characteristic glow

curve,
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3. BESULTS AND DISCUSSION

The thermoluminescence of zine oxide was studied
‘using the above described technique and the results

‘wre summarized in Table 1T and the glow curves shown

Table . Swnmary

uminescenceo] o] ¥ & ¢ &

in Fignres 4-12, All of the curves exhibic » sngle
neals whose position (temperalure), megnitude (inte-
nsity), and shape aie a funetion of the prior annea-

Iing veaimeni or the weight of the tpecumen emplo-

vad.

of data for zinc oxide

!

' | ! M. ! f
Specimen Fun ’ %;];;‘11 ] A—?ﬁﬁ?' Anneal, ’S‘peuman\ Tn}; Intensity TZ‘EII; '"fj]jﬁ}_‘ i i
] Mo, No, ‘ Q) ‘ (NTin, 3 Atmos. W1, (mg.) ! (Min. L(i;l;c;of&g) °K) IGis) !
S —— —L*—;W.—_‘ —_—_—— . ’ng —_ —,J —_—o_——-;!—_- ’
11| } l F 300 5 | 2os | 1os | 108
‘ 1 ‘ 14 } L =0 30 184 { 9 | e
| 1 ] J | | 300 45 | 160 | 110 | 98
k : | [ R ) [ Air o0 | 15| 316 | 110 ' a7 ’
2 221 w0 40 Air | 300 30 4.18 f 110 91 |
B Lol e a0 } Al a0 5] 28 | us | im '
- . e | |
o3 s Jawme w!l o el e | 4] 1w | m! e
_—
Cod 4 B00-620 | 40 | Oz | 300 | 45 L3z | 108 e '
} 5 5 | 740760 f 0 | om0 | 45| ne | | 10
j‘ 6 6 | sso00| 40 0 300 J 15 1.50 ~ 118 109 l
T T b aw , 40 ) Air 500 | 45 | 12.80 118 100 ‘
| s J s | om0 40 He 300 | 45 | 2350 { us | 105 |
I T T T T T e e e e —
| [ 9 1 as a0 | 0 ’ 0 | 15 Y ’ 122 1 107
9 | ga ’ 975 i 50 | O ' 300 | 0 ; 4.63 | 121 l 103
s i o, o5 | 4o Y 300 l 5, em || W
1 10 ’ w00 | a0 Al 300 45 [ 26.70 us [
I 9 ] 9Cc | a9 40 [ Oz 0+ 300 } 60 5.17 ' ny w7 |
@ | 9 ) 975 ( 40| O, | 808 | 120 [ 554 | 118 ' 106
—_— — ___‘_.__.I\
% e Y J 122 | 103 !
| 12 1 1 wo | | Amxo| 300 i 45 | e8.70 120 ) 1
TR ‘ wop 40 | 0. | a0 a0 | 2520 ug | 100
! 13 13A 1200 { 40 0y ’ w0 | 45 | e 116 og
| 13, 1B ‘ 200 | 40 l O | w00 | 60 | 2850 145 130
[ Lo 1m0 | 4o L O 500 15 250 124 05
Lo }[ s | 1300 f Wl o 30 51 sass | 19 ‘ m

The firsl series of experimens was run 0 determi-

ne 1he dependence of thermolumuinescence on the len-
IL

seen fromn Figures 4-5 that lor cxposare times of 50

gth of exposwre 1o ulwaviclet radiotien. can  he

minules o1 less, the spocimens guncaled in air at 200

°C for 40minutes and those 1n the as recsived condi.

SBT3 (107R)

dion cxhibie non-symmetrical peaks in their 1espoctive
elow curves.

A suggested dexplanation for these observations: may
be the existence of a small concentration of ‘mpurity

the

(See Figure 31 wilh small amounvs of irzadia-

levels helow the ntrinsic defect levels lound in

oxide,

(319
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Fig. 12, Clow curve of Zn0 irradiated with TJ. V. for

45 min. (RUN #6,7.8 and 10}
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tion, these iropurity levels might act either as retra-
pping centers or as secondary emitimge enlers, In ei-
ther case the net result would be o disteition of the

zlow curve.

With higher degrees of irradiation ihe concentralion
of electrons trapped at intrinsic centers would be high
enough to wash out the effect of sccondary (rapping
and thus restore a nermal symmelrical glow  curve.
This is beane oot by the fact that the curves oblained
alter 45 minutes of ultrayioler irradiaiton tend 1o be
more serrmefrical in nature {(Figures 4 and 3).

The dependence of imepsily on  ulirnviolel irradia-

‘lontime for zine oxide specnimes annealed al vercus

conditions prior fo irradiation st 83°K is shown in
Figure 13 All of the cuwves show a  maximum  and

then give indication of decreasing to o constant value
with longmex posure times. The decrease in iatensity
equilibrinm between the electrons
ireed

is due w a kinstic
being trapped and the electrons being rather
chan the complete {illing of the trads to some slable
cnergy level. At the mazimum, the number of elee-
irons being exoted by ultraviclet radiation equals the

A

longer exposure times, the numbers of electrons being

I
v

number of electrons being fresd from the fraps.
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ireed is greater than the number of el eclyons being

excited hy the radiation (since most of the elections
and he-
in the

have already been excited to the wap level)
nce there Is a lower concentration of electrons
trap level than belme 1o satisfy this rate of exchanee.

The average peak tomperalure of all Zn0 rons with
a sprecimen weight of 300mg. is 115°K and this ag-
rees in part with the results of other investigniors.
Heiland., Mullwoand Stéckmann® found 2 Targe peak
at 120°K and a miros peal at 185715, Reboul® veporsed
a single peak al 150°K. These disciepencies may he
duc in part to a diflevence in the weight of the  spe-
cimen employed. As shown in Table II the specimen
welghe was 300mg. Im all rums with the exception of
run no. 138 where a 1000mg. specimen was  used.
The glow curve for this run is shown in Figure 10 and
i con be seen that a single peak cteurs at 145°K in
agreement with the deta of Reboul®.

Another seiles of experiments was carried out 10 de-
termine the dependence of thermeluminescence on the
oxygen partial pressure of the atmosphere cmployed
in the prior annealing iveatrnent. Figure 9 shows glow
curves for specimens annealed at 1100°C for 40 minutes
in air and oxygen and then irradiated in ultraviolet
radiation for 45 minutes al the temperature of liquid

nitrogen. The peak temperatures are in  good agree-
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Table DI, Summary of Activation energies [or zine oxides

=
[
[

Peak

J Srecunen. i Fun l Annealing ‘ Annealine Temperature ‘ Actlvation
I Mumber Number Temperature | Atmosphere | Temperatuie 8t Lo/ 2 I Energy (ev)
, co | (PK) G “
l :o e e | e r 00 o | 0.12
‘ g 2A 200 | Air 110 64 / 0. 09
’ 2 B M0 | Air | 113 w0 814
[ e O T T T T i |
N J__ 5 s m_ﬂ[_% O; al w | ws | ale _‘
- { 4 | coo-80 | Or | 105 55 0. 13
5 | 5 40-760 | Os [ o 102 G 616 |
& 8 75-960 0 118 | w2 | 0.10 |
7 I 7 500 Alr 115 00 | 0.09
8 ] 3 ' o | He 115 103 } 0.18
9 * 9 975 1 Q 128 wy 0.09
9 aA 975 Dy } 121 108 0. 09
4 9B ( 975 Qs i 117 105 0.13
9 oC 075 O 19 | 07 0.14
g o 75 04 118 106 0.14
it { 10 100 Ay 115 104 0.14
a0 ] T e Oz ] 122 103 .09
12 | 12 \ 1100 i 120 111 0.19
1 13 1208 | O s | 100 0.09
13 134 1200 | 0. 118 { o8 0.08
T N T ¢ } 0: 124 | 105 a0
14 ‘ A 1300 o 119 [ 111 i 0.91
ment bul the inlensity of the peak for the specimen intensily may be expressed by the lollowing weilkn-

anncaled in air is about a factor of 3 greater than
that for the oxygen annenl, Further evidence for the
marked dependence of peak intensity on oxygen par-
tial pressure is chown In Figure 12 for specimens
whizh received identical treatment with the exception

af the annealing atmosphere. As in the previous case,

4

ihe peak -emperatures are in agreewent buf the inte
nsity of the peak for the aii anneal is a  factor of 8

mreater than ihat of the oxvgen anneal and the lel
um anneal praduces an intensity greater than thal ob-
sained in ozygen by a factor of about 13.

These results clearly indicate a dependence ol ther-
maluminsscence intensity or oxygen pariial pressure;
ihat is. on the concendration of nnn-sleichlomeiric po-
ini defects,

The temperature dependence of thermoluminescence

WIS i3 (1076) (:

own relationship
=1y exp (—E/KT)
Figure 14 18 a plot of logarithm

of peak intenstiv

versus reciprocal ol the absclute temperature {or  the
thrie anneahng atmospheres and an ultraviolet irradi-
ation iime of 16 minutes. Since the points at  §00°C
and above are besi representad by a straight line, the
intensity iy exponcolially dependent on veciproeal an-
nealing temperature in this range. The activation on-
ergy caleulated from the slopes of the euryes is 1,24
ev fo1 boh oxygen and air. Below 900°C the peak
intersity for specimons anrealed 1n omvgen iz indepe-
ndent of the anncaled in of

oxygen is  independenl

the anncaling temperaiure. Theielore, the thermolunm-
nescence behavior g entirery deflect controlied i the

temperalure range 900~1300°C.
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The non-stoichiomeiric defect responsible for defect
controlled conductivity in Zn0 may be an oxygen ion
vacaney with two trapped electrons. If this is the
case, the activation energy of 1.%lev chizined in this
investigation is associated with thergy to wieate the
vacancy and two trapped electrons.  This defeet me-
chanism for thermoluminescence has been reported for
both  of

involved to

thorial’ and alpha nicbim pentoxide®. In
these cases the non-gtoichiometrie delect
explain physical behavior is alse Lhe oxygen ion va-
cancy with two trapped elecirons.

From Equation(l) the activation onergy of ivap can

be caleulated for the specimens nnd  the resulis are
shown in Tahle III. The average aclivation energy of
specimens anncaled in oxygen is 0. 1%ev, in aiv the

average is 0.18%ev, and in helium the result of a
single run is 0. 160v. The avorage activation energy
00~
1300°C is 0.1%ev and for lemperatare less than anpeC

for specimens annealed in ozvgen inthe range

the average trap i3 Q. 18ev. It 15 felt that the agreement

in activation energics is gool. Thovefme, the sams

non-gtoichiometric defect 15 probably 1esponsible for

thermoluminescence in all of the 2o} snecimens.

4. CONCLUSIONS

The glow curves of Zn0 exmbit a single peak at an
average temperature of 115°K peak repoted in anea-
the

of

iradintion

rlier invesiigation was shown to be the result of
weight of the sample employed. The dependence
peak intensity on the time of ultraviole:
shows maximum for o given annealing treatment and
atmosphere. A prabable explanation for this Dbehavior
is the establishment of kineric equilibrium between

the electrons heing trapped and che elecirons being

freed rather than the complele filling of the traps to
a stable encrgy level

The thermoluminescence behavior of Zn0 is  depe-
ndent on the partial pressure of oxygen in the anne-
sling atmosphere at temperatures above 900°C, thal

is. the concentration ol non-stoichlomeiric point defe-

(36)

chs. The peak intensity is exponentially dependent on
1. 24ew,
this be-

1/T and the asociated activalion eneigy is
The non-stoichigmetric defect responsible for
havior is probably an ouygen ion vecancy with two

trapped eleclrons. The average aclivation cnzrgy  lor

all runs iz 0. 13 ov and it is felt that the same irap
1s present in all the ZnQ samples.
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