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crystals using thermoluminescence methods

A.F.Gumenjuk, S.Yu.Kutovyi, M.O.Grebenovych

Experimental Physics Dept., Physics Faculty, T.Shevchenko National Kyiv
University, 2 Acad. Glushkov Ave., Kyiv 03022, Ukraine

The energy spectra of trapping centers (TC) in specially undoped o-Al,O, crystals
within temperature range of 80 to 500 K have been studied using thermoluminescence
(TL). In this work, the oscillation regularity revealed before in the TC energy spectrum
has been studied in more detail as well as the decay features of some anomalously broad
TL peaks. The values of the TC thermal activation energy form the single oscillation series

E, =hop(n + 1/2), iop, = 642 em ! (0.079 eV). The corresponding Raman line 645 cm™!
is the highest frequency of the full-symmetric A, modes. This regularity is concluded to
be due to the polaron nature of the traps. A method has been proposed to establish the
cause of TL peak broadening, i.e., to determine its structure. The TL peak at 280 K has
been shown to have a complex structure being a superposition of at least two elementary
peaks close to one another. The intensity of the complex peak low-temperature component
increases faster than that of the high-temperature one as the light sum rises.

Metomamu tepmoaromuneciennuu (TJI) umcciaeqoBan sHepreTUYeCKU CIEKTD JOBYIIEK B
CIIeNUANBHO He JIerHpoBaHHBIX kpucramnax o—Al,Oz, B uaTepBase Temneparyp 80-500 K. B
manHoi paboTe moapobHee MccaeroBaHa HaleHHas paHee OCIUAATOPHAA 3aKOHOMEPHOCTL B
JHEPreTUYECKOM CIEKTpPe JOBYIIEK, a TaKiKe 0COOeHHOCTUM BLICBEUMBAHNSA HEKOTOPLIX AHO-
MAaJbLHO MHUPOKNX nukoB TJI. O0Hapy:KeHo, UTO YHEPIUHU AKTUBAI[UM JOBYIIEK (POPMUPYIOT

OHY OCHUILIATOPHYIO cepuio: E, = oy (n + 1/2), hog,; = 642 em 1 (0.079 aB). B crexTpe
KOMOHHAIIOHHOTO PACCeSHUs COOTBETCTBYIOIIAH JUHUA 645 cM 1 orBeuaer Hambosiee BHICOKO-
YACTOTHOMY M3 IIOJTHOCHMMETPUYHBIX Ag rosebaunuii. CresaH BBIBOL, UTO 9Ta 3aKOHOMEPHOCTH
o0yciioB/IeHa MOJAPOHHON IIPUPOAOIl JoByIeK. IIpenmroxeHa MeTOLUKA, IIO3BOJSIONIAT YCTAHO-
BUTH IPUYUHY paciiupenud nuka TJI, To ecTs ompenennts ero crpyKTypy. IlokasaHo, 4To muK
TCJI npu 280 K ciaoKHBIN 1 ABISETCHA CYILEPIO3UInell, 110 KpaliHell Mepe, ABYX OJIM3KO PaCIIo-
JIOJKEHHBIX HJIEMEHTAPHBIX IIMKOB, IIPUUYEM HHTEHCHBHOCTbL HUBKOTEMIIEPATYPHOU KOMIIOHEHTBI
CJIOIKHOIO IIMKA C YBEJIMYEHHEM CBETOCYMMBI BO3pPAcTaeT ObICTPee, UeM BBICOKOTEMIIEPATYPHOM.
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In [1-10], was reported the presence of
oscillatory dependences in the trapping cen-
ter (TC) energy spectra for Ba,NaNbgO,s,
CsCdCl;, Y3Als045, ZnWO,, CdWO,, NaCl,
and Al,O5 crystals:

E, =TRop(n + ), 1)

the quantum energy 7fiwog; having values
typical of the crystal lattice vibrations (100
to 1500 em™1). Depending on the crystal na-
ture, from one (Ba,NaNbgO,5, NaCl) to
five (Y3Al5045) series of the TC thermal
activation energy were observed. To each
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series, there is a specific value of the oscil-

lation quantum 7%wgpz. In turn, a corre-
sponding line has been found to each
quantum in the Raman spectrum (except
for NaCl). The difference between the cor-

responding value of Awp; and Awp is as
small as 0.1 to 3 %.

Corundum Al,O3 belongs to structures
being under intense and constant studies.
There are dozens of publications devoted
only to its thermoluminescence (TL). In
spite of that attention of researchers, the
mechanisms of processes accompanying the
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TL are still unclear. The experimental data
on the energy and kinetic parameters of TC
are often contradictory. In particular, sev-
eral dozens of methods have been proposed
to determine the trap parameters from TL
curves, but those are applicable only to iso-
lated or weakly overlapped peaks. In prac-
tice, the TL peaks are often overlapped so
that a single total maximum is observed.
The increased width of such a peak results
often from the quadratic decay kinetics,
that causes the peak broadening as com-
pared to the case of linear process kinetics.

The purpose of this work is to study in
more detail the oscillation regularity re-
vealed before in the TC energy spectrum for
intentionally undoped 0—Al,O3 crystals as
well as the decay features of some TL
peaks. A method has been proposed to es-
tablish the cause of TL peak broadening,
i.e., to determine either the peak is an ele-
mentary one realized according to the linear
kinetics or it has a complex structure due
to superposition of several elementary TL
peaks being close to each other.

The TL was studied within 80 to 600 K
temperature range. The heating rate was
0.15 K/s. The linear heating was provided
using a computer software. The experimen-
tal data were recorded and processed using
the computer, too. The TL intensity was
recorded every 0.05 mV of a Chromel-Copel
thermocouple e.m.f., the step height an-
swering to about 1.4 K at 80 K and about
0.6 K at 500 K. When studying the low-
temperature TL peaks (T <150 K), the
thermocouple signal step of 0.02 mV was
also used. The crystals of about
0.3 x10 X 10 mm3 size were placed into a
vacuum cryostat and excited by X-rays
(U =50 kV, I =20 mA) through a 0.25 mm
thick beryllium window at 80 K. The exci-
tation duration was 10 min when survey
curves were recorded. At fractional decay,
the excitation lasted 20 to 30 min.

The study of regularities in the TC en-
ergy spectra requires a high accuracy in the
activation energy determination, therefore,
in [9, 10] we have described in detail some
problems of experimental procedures and
data processing. The activation energy was
determined using the fractional TL curve
method that has been tested for numerous
materials. The method essence consists in
that a series of initial sections of TL curves
are recorded at an enhanced sensitivity of
the recording scheme. After every heating
and recording of the initial curve section,
the crystal was cooled rapidly to the initial
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temperature. To provide an approximately
equal intensity of the last experimental
points, the crystal was heated at each next
cycle to a temperature exceeding that of the
precedent one. The heating/cooling cycles
were performed till one or several closely
positioned TL maxima were obtained. For
some high-intensity TL maxima, this proce-
dure provided a hundred or even more in-
itial sections, thus, the accuracy of the TC
energy determination is enhanced consider-
ably. Moreover, the experimental data re-
cording and the processing thereof are sepa-
rated in time, thus, those are processed in a
more thorough manner. These measures
provide the TC energy determinations at a
r.m.s. deviation (SD) of 1 to 3 meV, that is,
at a substantially higher accuracy as com-
pared to anyone other single-measuring
method.

The activation energy was determined
under assumption that at the initial section
of the TL curve the concentration change of
filled traps (the light sum) can be ne-
glected. That is, the TL intensity is de-
scribed by exponential dependence

I = Iyjexp(-E/ET). ()

Basing on that dependence, the parame-
ters of the straight line

InT =A - E/RT, (3)

(where A =1nl,) were calculated. The en-
ergy E was determined by averaging it over
all pairs of mneighboring experimental
points, i.e. as

g " nl,, - In, (4)

1

n—141/Ty - 1/T;

%

E=-

In all the data processing procedures, it
is just the minimum SD (g) value that was
selected to be the completion criterion. It
was calculated by averaging the differences
between the experimental intensities and
the corresponding value of the straight line
(3) ordinate:

DO | =

n 2 (5)
1 E 2
e=—1% (lnIi -A- /kTi))
i=1
The parameter A was determined by av-

eraging over all points of the experimental
curve:
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o

(2 2 (6)
A= Y (Inl; + E/ET;)?
i=1

The data processing routine provides for
a series of procedures described in [9, 10].

An individual sample of undoped Al,O3
does not show all the peaks characteristic
for the corundum TL, but considering a
group of spectra related to different crys-
tals, it is possible to reveal some typical
features of that TL (see, e.g., Fig. 1). In the
low-temperature region, a peak at 100 K is
observed in all the samples. Its intensity is
very low and it is recorded only at a consid-
erable amplification. Two peaks are also ob-
served for all the samples (the total number
being 9) with maxima within 223-240 K
and 261-281 K ranges, depending on the
individual sample. Those peaks are over-
lapped in part, that is why the maximum
temperature shifts. The intensity ratio be-
tween those peaks depends on the excitation
duration. Several partially overlapped peaks
are observed in the high-temperature region
(350 to 600 K). In some samples, the TL
peak at 384-398 K is split into two ones.
The next peak has the maximum tempera-
ture at 502-517 K. In two samples, only
single peaks at 344 K and 419 K were ob-
served. As a whole, the TL curves obtained do
not differ in principle from those reported in
other works for undoped Al,O5 [11].

A series of the corundum TL peaks has
been studied using the fractional curve
method. Two novel activation energy values
have been found in comparison to [9],
namely, for n =15 and n = 23. The experi-
mental values of the activation energy are
presented in 3rd column of the Table below
and the corresponding temperatures of TL
peak maxima, in 4th column. The second
column contains the activation energy val-
ues calculated using (3) and the first one,
the corresponding quantum numbers n.

Most of activation energy values for un-
doped corundum crystal can be described by
the single oscillatory series of (1) type, the
oscillatory quantum energy being 0.079 eV
(642 cm™1). This value is within the lattice
vibration range. A rather close line at
645 em™! is found in the Raman spectrum.
It answers to the highest frequency of the
full-symmetric A, vibration. This suggests
the formation o% a polaron stabilized by
local field of various defects forming no
natural frequencies.

74

l,a.u.l 281

800 |-
230

600 |
400 398 517
200}

(0] 8

0 100 200 300 400 500T,K

Fig. 1. TL curve for a corundum sample.

The oscillatory dependence evidences the
same nature of the trapping centers. All the
peaks revealed in this work are associated
with hole traps [12].

As an example, Fig. 2 presents the re-
sults of fractional decay of the TL peak
with a maximum at 398 K. The energy de-
pendence on the slop number shows a plateau.
According to the method, the obtained value
1.812 eV is the energy of the trapping center
decay in this temperature range.

When studying the 280 K peak, two en-
ergy values have been found, 0.696 and
0.782 eV. The difference amounting
0.086 eV fits into the lattice vibration re-
gion (694 ecm™1), but no close frequency has
been found in the Raman spectrum. These
data are insufficient to state the presence
another series caused, e.g., by local vibra-
tion at 694 cm™L.

The 280 K peak is anomalously broad
(Fig. 1). The broadening may be due to non-
elementary nature of the peak, that is,
overlapping of two or more elementary
peaks. Another reason is a high re-trapping
probability resulting in a prolonged process
of the light sum decay. To elucidate the
peak broadening mechanism, we have stud-
ied the regularities of the peak maximum
position, T,,, and its halfwidth, §, as fune-
tions of light sum that was varied by two
methods: (1) by varying the excitation time
and (2) by a partial decay, that is, by heat-
ing of the sample excited in standard condi-
tions (T,,. = 80 K, 1,,. = 10 min) up to dif-
ferent intermediate temperatures followed
by quenching to the excitation temperature
with subsequent recording of the residual
light sum ("trimming").

If the TL peak is elementary, both meth-
ods must give identical results while in the
case of a complex peak, the corresponding
dependences must differ from one another.
In fact, if the peak is non-elementary and
the light sum is changed by the intermedi-
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Fig. 2. Energy activation as a function of the
fractional curve number for the 398 K peak.

ate heating, then it is just the traps associ-
ated with the low-temperature peak that
will be emptied predominantly. Therefore,
as the light sum decreases, the common
peak must be shifted towards higher tem-
peratures and its width must decrease.
When the excitation time is varied, those
parameters can change in both directions,
depending on the relation between the fill-
ing rates of different trap kinds in the
course of excitation.

Fig. 3 shows the fractional decay results
of that peak. There is no clear plateau in the
shown energy dependence on the slop num-
ber. This fact confirms the preliminary sup-
posed complex nature of the 280 K peak.

The study of the maximum peak inten-
sity on the excitation time has shown that

Table. Activation energy of corundum TC

n E,. ev Eexp, eV Thae B
0.677
0.756 0.755 238
10 0.836 0.837 262
11 0.916
12 0.995 0.994 344
13 1.075
14 1.155
15 1.234 1.28 390
16 1.814 1.312 398
17 1.393
18 1.473
19 1.553
20 1.632
21 1.712 1.71 502
22 1.791
23 1.871 1.89 517
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Fig. 3. Energy activation as a function of the
fractional curve number for the 280 K peak.

the 230 K peak intensity increases initially
with the irradiation time but, starting from
T,xe about 0.5 h, it is essentially inde-
pendent of the excitation time. The 280 K
peak intensity is independent of the excita-
tion time already starting from t,,. about
4 min. This evidences that the TC are de-
fects that existed in the sample prior to
excitation, that is, in the course of excita-
tion, the centers are not formed at all or
are formed in a small amount.

In the studies of 280 K peak by the exci-
tation time variation as described lower, the
data for the 230 K peak were recorded in
parallel. The maximum position of the lat-
ter peak remains unchanged when the exci-
tation time increases, thus evidencing the
linear decay kinetics. Fig. 4 presents the de-
pendence of the 280 K peak maximum posi-
tion on the intensity in the maximum (actu-
ally light sum). When the light sum is var-
ied by changing the excitation time (a), the
maximum temperature drops dramatically
as the light sum increases. Another curve
(b) shows the results obtained when the
light sum is varied by heating to an inter-
mediate temperature ("trimming”). In this
case, the maximum temperature is also
shifted, but in opposite direction. In Fig. 5,
presented is the dependence of the peak
half-width on the light sum being varied by
changing the excitation time (a) and by
"trimming” (b). In both cases, the half-
width increases with the light sum. The follow-
ing conclusions can be drawn from those facts:

The simultaneous lowering of the maxi-
mum temperature and increase of the half-
width evidences the presence of an addi-
tional maximum at the peak low-tempera-
ture branch. As the light sum increases, the
intensity of that peak rises faster than that
of the main omne, that is, the main peak
intensity goes to saturation while the addi-
tional one continues to rise. The smaller
half-width of the peak in experiments with
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Fig. 4. Dependence of the 280 K peak maxi-
mum position on the intensity in the curve
maximum at light sum varied by the excita-
tion time variation (a) and by heating up to
intermediate temperature ("trimming”) (b).

"trimming” as compared to that with the
excitation time variation is explained by the
complex nature of the peak, since at "trim-
ming” emptied are predominantly the TC
contributing to the low-temperature compo-
nent. Thus, the TL peak at 280 K is a su-
perposition of at least two neighboring ele-
mentary peaks. For the high-temperature
peak component, a faster occupancy satura-
tion of the corresponding traps is observed.
The saturation evidences a limited concen-
tration of the corresponding traps, and the
extrinsic nature can be ascribed thereto.

To conclude, studies of the 280 K TL
peak decay kinetics have shown that it has
a complex structure and is a superposition
of at least two neighboring elementary
peaks. As the light sum increases, the low-
temperature component intensity rises
faster than that of the main one. The stud-
ied trapping centers have been shown to be
defects that existed in the sample prior to
excitation. It has been confirmed that in
undoped Al,O3, the TC thermal activation
energy values form the single oscillatory se-

ries, the oscillatory quantum energy Aoy,
being 0.079 eV (642 cm™1). New values for
n=15 and n = 23 have been found. The
corresponding Raman line (645 cm™1) is the
highest frequency of the full-symmetric (4,)
vibration. Taking into account our previous
results for numerous compounds, it can be
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Fig. 5. Dependence of the 280 K peak half-
width on light sum varied by the excitation
time variation (a) and by “trimming” (b).

concluded that the oscillatory dependence is
of an universal character, it is satisfied at
a high accuracy and is due to a strong
charge-phonon interaction in crystals with
predominant ionic binding type.
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HocaigkeHHa IeHTPiB NPUIUNAHHA y HeJeroBaHUuX
kpucraiaax Al,O; merogamMu TepMoJIOMiHecHeHIiT

A.D.I'ymenwx, C.JIO.Kymosuit, M.O.I'pebenosuyu

MeTomamu repmosromineciiennii (TJI) gocaigsKeHo eHepreTUYHMUN CIIEKTP IHEHTPIB MpUIU-
HaHHA y clellialbHO He JerosaHux Kpucranax o—Al,Oj, B inrepsani remmeparyp 80—-500 K.
B gmawmiit pobori mertanbmilie gocrmimikeHo sHaiimeHy paHille OCIHMJIATOPHY 3aKOHOMIipHICTH B
€HEPTETUYHOMY CIIEKTPi TACTOK, 8 TAKOMK OCOOJMBOCTI BUCBIUYBAHHA AeAKWX AHOMAaJLHO
mupokux nikiB TJI. Buasmeno, mo eneprii tepmiunoi aktumparnii I[II yTBOpIOIOTH OAHY

ocIuIATOpHY cepito: E, =Ry (n + 1/2), hop; = 0.079 eB (642 em D). V cuexrpi xomGi-
HauiliHoro poscisHHA BimmosigHa Jgimia 645 eM ! ¢ HaMBiABII BHCOKOYACTOTHUM 3 IIOBHOCH-
METPUUYHUX (Ag) KOJIMBaHb. 3PO0JIEHO BHCHOBOK, II[0 3aKOHOMIipHICTL 3yMOBJI€HA MOJSPOH-
HOI0 IPHPOIOI0 IIACTOK. SAIIPOIIOHOBAHO METOLUKY, AK4 [JO3BOJIS€ BCTAHOBATU HPUYAHY
posmupennsa mika TJI, Tobro BusHauwmrTu iioro crpykrypy. Ilokasamo, mio mix TCJI mpum
280 K mae craagHy CTPYKTYPY i € cymnepmoswuiiie, mpuHaiMHI ABOX OGAMSBKO PO3MilIeHMX
eJleMEeHTAPHUX IIiKiB, IPUYOMY IHTEHCHUBHICTE HUSBKOTEMIIEPATYPHOI KOMIIOHEHTH CKJIAJTHOT'O
mika iz 36iabIIeHHAM CBITJIOCYMU 3pOCTAa€ IIBHUAIIE, Hi¥X BHCOKOTEMIIEPATYyPHOI.
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