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A method for analysis of complex
thermoluminescence peaks:
141 K peak in LiF as an example
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Undoped LiF crystals have been studied by thermoluminescence (TL) methods in the
temperature range of 80 to 200 K. A method for analysis of complex thermoluminescence
peaks has been proposed taking the broad 141 K TL peak as an example. The method
enables to establish the cause of the peak broadening, that is, to establish if the peak is
elementary one (emitted according to quadratic kinetics) or a complex peak formed by
several closely positioned elementary peaks forming a common maximum. The 141 K TL
peak has been shown to consist of several simple peaks. The low-temperature component
results from superposition of two or more peaks while the high-temperature one is an
elementary peak (T,,, = 145 K) with linear decay kinetics. On the high temperature
shoulder of this peak, a low intensity peak with a maximum at about 160 K is present.
The trap activation energies are determined for the 141 K peak taking its structure into
account.

Heneruposauusie Kpucrtajnasl LiF ucciegoBausr meromom tepmosomubectennuu (TJI) B
TemnepatypHoMm uHTepBajie 80—200 K. Ha mpumepe ucciaegoBanHusa mupokoro nmka 141 K
IpeJIOKeH MeTOJ aHaJmsa CIOKHBIX NUKOB TJI, KOTODEBINT MO3BOJIAET YCTAHOBUTL HPUUYUHY
YIIUpeHUs MHUKA, T.e., ONPeNeJUTh, ABJISAETCA JIU OH 3JIEMEHTAPHBIM IHNKOM, BBICBEUHMBAIO-
muMcsA 0 KBaAPaTUYHON KUHETUKe, UJU K€ COCTOUT U3 HECKOJBKUX OJU3KO PAacCIIOIOKeH-
HBIX dJIEMEHTAPHBIX IUKOB, 00Pa3yMOIINX OAUH COBMECTHBIII MakcuMyM. IlokasaHo, UTO UK
TJI 141 K o0pasoBaH COBOKYITHOCTHIO HECKOJBKUX 3JIeMEHTapHBIX NHUKOB. HuskoremIepa-
TypHas cocraBidiomiaa nuka 141 K aBaderca cymepmosunimeil AByx uau 0oJjiee TUKOB, a
BBICOKOTEMTIEPATYPHAs COCTABJANONIAA MPeCTaB/AeT coboit amemenTapubiii nuk (7, = 145 K),
KOTODPHII BBICBEUUWBAaeTCA IO JUHEHHOI KuHeTuKe. Ha BBICOKOTEMIIEPATYPHOM KPBLIE 3TOTO

KA HAXONWUTCA elle oJuH MUK HuaKoi wHreHcusHocTH (T, .. ~ 160 K). Ompenenens: sHep-

© 2006 — Institute for Single Crystals

TUU aKTUBAIlUU JIOBYIIEK, oOpasyiomux nuk TJI 141 K ¢ yueToM ero CcTpyKTypHI.

Numerous methods are used to determine
trap parameters from thermoluminescence
(TL) curves [1-3], but all of them are appli-
cable only to isolated or slightly overlapped
TL peaks. In practice, strongly overlapped
peaks that form a single maximum are
often observed. The large halfwidth of such
a peak provokes sometimes the conclusion
that the peak decay is characterized by sec-
ond order kinetics, since the considerable
retrapping probability increases the peak
width as compared to the linear kinetics
case. Here, we propose a simple test permit-
ting to establish the cause of the peak
broadening, that is, to establish if the peak
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is an elementary one decaying by second
order kinetics or the peak is complex one
formed by several close elementary peaks
forming a single common maximum.

As the study object, a LiF crystal was
chosen, where an intense TL peak with a
maximum at 141 K is observed (Fig. 1). The
peak has a large halfwidth (6 = 16 K) and is
associated usually with the thermal release
of self-trapped holes (V, centers) [4]. LiF
doped with Mg and Ti (TLD-100) is used in
the thermoluminescence dosimetry, and
there are many works aimed at the LiF ther-
moluminescence properties. But almost all
of them deal with high-temperature TL
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Fig. 1. Low-temperature TL curves of LiF. I,
initial sample No.l; 2, the sample prelimi-
nary heated to 148 K; 3,sample No.2 after

y-irradiation.

(T > 300 K) and only few works are devoted
to study of the low-temperature TL of LiF
(T < 300 K) [4-10]. Another problem being
solved in this work was to determine the
activation energies of the traps forming the
141 K peak, taking into account the peak
structure.

The TL experiments were carried out in
the temperature range between 80 and
200 K. The constant heating rate
(0.2 K/stb %) was regulated by a computer
program. The samples of about 0.5x8x8 mm3
size placed in a vacuum cryostat were irra-
diated with X-rays (U = 50 kV, I = 12 mA)
through a 0.5 mm thick beryllium window.
Between the X-ray irradiation and the fol-
lowing TL measurements, the samples were
not removed from the cryostat. The TL was
recorded through a quartz window of the
cryostat. The samples were split off from
undoped LiF crystals grown for optical
usage (optical windows) and for investiga-
tions. The samples differ in uncontrolled
impurities concentrations; no detailed
analysis of impurity content was performed.
Sample No.2 was irradiated preliminary by
y-Co%0 at room temperature, it has a dark
cherry color. We did not use dosimetric ma-
terial LiF:Mg:Ti (TLD-100), because we
found on many examples that at consider-
able dopant concentrations (1017-1018 ¢m~3)
the trap activation energy spectrum is not
discrete, that is with increasing of dopant
concentrations the TL peaks broaden and
single levels smear into bands.

The trap activation energies were deter-
mined using the fractional TL method. The
essence of the method variation used here
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consists in registration of initial TL curve
section for a singly-excited sample under
slow heating followed by rapid cooling back
to the initial temperature. After recording
of the data, the sample was heated again
with the TL intensity registration and so
forth. The cycles of heating and cooling
were repeated up to the total decay of one
or several closely located TL peaks. To at-
tain about the same maximal intensities of
initial slops, the sample was heated up in
each next cycle to a temperature something
higher than in previous one. The advantage
of this method is the opportunity to obtain
for certain intense peaks more than a hun-
dred of uniform data, that substantially im-
proves the determination accuracy of the
trap activation energies. Besides, dividing
the energy determination into stages of
fractional curve registration and the corre-
sponding energy calculation therefrom pro-
vides a thorough mathematical processing
of experimental data. All this makes it pos-
sible to determine the trap activation en-
ergy to within the root-mean-square (RMS)
of 1 to 4 meV.

The computerized data processing pro-
gram includes a sequence of procedures,
some of those are briefly described in [11].
Here, we mention only the background sub-
traction. The procedure was developed spe-
cially for the analysis of the 176 K TL peak
in NaCl [11], where the "intrinsic™ TL curve
is followed by a relatively intense emission
of the tunmnel origin, which decays slowly.
In LiF, a background accompanies the 141 K
TL peak emission. At recording of the over-
view TL curve (Fig. 1), the background is
barely noticeable. Since the recording of
fractional curves is carried out at the meas-
uring apparatus sensibility increased by a
factor of 10 to 100, the background in-
creases respectively. Immediately (At < 5 s)
after the sample cooling to the initial tem-
perature, the background intensity may at-
tain 30 % of the fractional curve maximal
intensity. The fast component of the back-
ground was eliminated by conditioning of
samples at 80 K for ¢#>2 min before the
next fractional heating. The slow back-
ground component was excluded by this
procedure in assumption of its constancy
for the whole initial rise. The data obtained
from the initial rises were processed using
another program which permitted to gain
the fractional energy dependences vs. the
serial number of the initial rise, n. The trap
activation energy was determined if the
above dependences exhibit a plateau. An op-
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Fig. 2. Dependence of the main peak T, on
the light sum: I — variation of the excita-
tion time; 2 — partial annealing.

portunity to obtain several tens of uniform
values of fractional energies improves sub-
stantially the determination accuracy of the
trap activation energy.

The low-temperature part of the
TL-curve LiF is plotted in Fig. 1. Curve I
with a maximum at T, =141 K corre-
sponds to the as-grown sample No.1, curve 2
(T,, = 146 K) is obtained after preliminary
heating of the excited sample to 148 K, fol-
lowed by rapid cooling back to 80 K. Curve 3
(T,, =130 K) corresponds to the sample
No.2 which was irradiated by y-Co®0 at
room temperature prior to X-ray excitation.

The dependence of the main TL peak
maximum position on the sample prelimi-
nary treating method and its large
halfwidth (6 = 16 K) may be due to two dif-
ferent causes: (1) the TL peak is not elemen-
tary, that is, it consists of two or more
simple peaks; 2) the appreciable retrapping
probability of released carriers resulting in
a delayed TL process. The asymmetry pa-
rameter u = (Ty9—T,)/(Ty —Tq) (T, Ty are
the temperatures at the half-height of the
peak at its low- and high-temperature sides,
respectively) lies within limits of 0.42 to
0.43, depending on the sample and the exci-
tation conditions, that is close to the value
p = 0.42 characteristic for the first-order
kinetics [1].

To elucidate the cause of the peak broad-
ening, we applied a simple test which con-
sists in study of dependences of the peak
maximum location and its halfwidth as
functions of the light sum which changed in
two manners: (1) by varying of the excita-
tion time; (2) by heating of the sample ex-
cited in standard conditions (T,..= 80 K,

exc
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Fig. 3. Dependence of the 141 K TL peak

halfwidth on the light sum: 1 — variation of
the excitation time; 2 — partial cleaning.

Toxe = 12 min) up to different intermediate
temperatures, followed by rapid cooling
back to the initial excitation temperature
and subsequent registration of the rest TL
peak. If the peak is a simple one, then both
manners of the light sum changing must
give identical results independently of the
kinetics order, but in the case of a complex
peak, the corresponding dependences must
be different. In fact, if the peak is complex
and the concentration of the filled traps
changes by the preliminary partial heating
(annealing), then the traps related to the
low-temperature peak are mostly emptied.
Therefore, as the total peak intensity de-
creases, the peak maximum must shift itself
towards higher temperatures, and its
halfwidth must decrease. At variation of
the excitation time, these parameters may
change in both directions, depending on the
relations between the filling rates of differ-
ent types of traps during the excitation.
Results of this study for the sample No.1
are presented in Figs. 2 and 3. It follows
from these data that the 141 K TL peak
consists of several close elementary (simple)
peaks. As the light sum decreases due to
heating up to an intermediate temperature
(Figs. 2, 3, curves 1), parameters T, and o
change fast at first and after the light sum
becomes decreased by a factor of about 10,
are flattened out. Independence of the T,
position of the light sum points that the
high-temperature component of the peak is
an elementary one (T, = 145 K and & = 14 K)
which decays according to linear kinetics.
This peak obtained by partial annealing
(preliminary heating to 148 K) is presented
in Fig. 1 (curve 2). On a high temperature
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shoulder of the peak, there is a low-inten-
sity peak with a maximum at about 160 K
is; it always follows the main 141 K TL
peak [4-10].

It turned out that the concentration of
the filled traps corresponding to the total
141 K peak depends strictly linearly on the
irradiation time (the straight line slope is
(Alnn)/(Alntexp) = 1.02), within the range of
used irradiation times (¢,,, = 16 to 3600 s).
The linearity of the dose dependence is in-
dicative of the absence of saturation in the
traps occupation. At the same time, the
curve 2 in Fig. 3 indicates some decreasing
of the total peak halfwidth with increasing
irradiation time. Such behavior can be ex-
plained by decreasing of the traps filling
rate for the 145 K peak with increasing of
the irradiation dose. Considering also the
linearity of the dose dependence for the
total peak, it can be concluded that for the
residual peak at 145 K, the saturation of
the traps occupation occurs and, at the
same time, the absence of saturation for the
low-temperature component. The linear dose
dependence evidences a high concentration
of corresponding traps which are obviously
caused by intrinsic defects created during
the irradiation (in this case, the self-
trapped holes [4]). The saturation for the
high temperature component (145 K), on
the contrary, indicates a limited concentra-
tion of corresponding traps, so those can be
attributed to extrinsic defects.

Let us analyze the peculiarities of the
141 K peak halfwidth behavior at partial
annealing assuming that the peak consists
of two simple peaks only, these peaks decay-
ing according to first order kinetics and
being characterized by discrete trap ener-
gies. Without partial annealing, the TL
peak halfwidth is defined by its intense low-
temperature component. If the partial an-
nealing is performed up to the temperature
when the main contribution to the peak in-
tensity is due to the high-temperature com-
ponent, then it is just that component that
defines the peak halfwidth. In the interme-
diate case, when about the same amounts of
non-equilibrium charges remain in both
types of traps, the both peak components
contribute approximately equally to the
total halfwidth, therefore, naturally, it
must be the largest, if the components are
slightly separated in temperature. In ex-
periment (Fig. 3, curve 2), with increasing
annealing temperature, a monotonous de-
crease followed by stabilization of the total
peak halfwidth is observed only. Such be-
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Fig. 4. The initial fractional curve dependences
of the 141 K TL peak: 1 — initial fractional
curve energy; 2 — background; 3 — light sum.

havior allows to admit that the low-tem-
perature component is a superposition of
two or more very close peaks. It is not im-
possible that a continuocus distribution of
the traps in energies and/or frequency fac-
tors is realized here.

In Fig. 4, the data on the preliminary
fractional decay of the 141 K TL peak for
the sample No.l1 are presented. The plot
4(2) in Fig. 4 shows the energy dependence
vs. the ordinal number of the initial frac-
tional curve n (n =1 to 76). This depend-
ence is anomalous in the sense that as of
the initial fractional curve number in-
creases, the energy does not increase as it
would be expected considering the complex
peak structure but, on the contrary, de-
creases monotonously from 0.40 eV to
0.34 eV. As mentioned above, the 141 K
peak is observed against a tunnel emission
background; the slow component of this
emission was excluded by the program pro-
cedure under assumption of its constancy
for all the initial fractional curves, while
its fast component was eliminated by condi-
tioning the samples at 80 K for ¢ = 2 min
before the next fractional heating. At this
conditioning time, the relative decrease of
the background intensity during the regis-
tration of the initial fractional curve
(~1 min) did not exceed 3 %. The back-
ground value normalized to unity is pre-
sented in Fig. 4, plot 2. Therein, the plot
(line) 3 represents the light sum relative
change after the registration of a next in-
itial fractional curve. A good correlation be-
tween these two dependencies is worth to
note.

The experiment described above has oc-
curred too continuous and so it was not
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performed to the complete glowing of the
141 K peak. The maximum temperature at-
tained at the last initial rise registration
(n = 76) was 126 K only (an arrow in Fig.
1). The purpose of a next experiment was to
determine the boundary activation energies
for this complicated peak. The excitation
time was increased three times and the de-
vice sensitivity ten times. The calculation
results are presented in Fig. 5, plot 1. The
energies determined from 50 initial rises fit
the plateau with value E = 0.404+0.001 eV.
Then the sample was heated to 145 K without
registration of the glowing intensity and
cooled rapidly. The rest of light sum was
glowed in 5 cycles, the energy of the high
temperature component (145 K) of the compli-
cated peak determined from these initial
rises was E = 0.323+0.004 ¢V, Fig. 5, plot 1.
Besides the program manner the back-
ground can be excluded by conditioning
of the sample at 80 K for a long time
after next initial rise recording. After
conditioning over one hour the background
value did not exceed 0.2 % of the maximum
intensity of an initial rise. The energies cal-
culated considering the rest background has
occurred considerably large: E = 0.48 eV,
Fig. 5, plot 2.

The low intensity 118 K peak is situated
at the low-temperature shoulder of the main
141 K peak, therefore, the trap activation
energy determined by the initial rise
method must be overvalued. In Fig. 5, plot 1,
the emission of the 113 K peak is indicated
by two first points with the energy
~0.29 eV. At especially selected experiment
conditions (a short experiment duration and
a high device sensitivity), the obtained trap
energy values increased monotonously
within the range of 0.25 to 0.4 eV. So the
energy of the 133 K peak can be estimated
as E < 0.25 eV. The intensity of the 160 K
TL peak occurred too small so we could not
determine the corresponding trap energy.

The existence of background accompany-
ing the low-temperature TL in LiF is obvi-
ously caused by a low mobility of holes re-
leased from the V, centers and simultane-
ously by the possibility of the V, centers to
do thermoactivated jumps at low (~80 K)
temperatures through the rotation of the
Fy~ molecule. At registration of the next
initial fractional curve, only a fraction of
holes released from V, centers attains the
recombination centers due to the insignifi-
cant mobility thereof. Another fraction of
holes after moving from their antecedent
positions does not recombine and is frozen
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Fig. 5. Determination of energies of the
141 K TL peak. Conditioning before registra-
tion: I — 2 min; 2 — 60 min.

after the sample cooling. A fraction of these
displaced holes is caught up near to the
recombination centers and has opportunity
to recombine with those after one or a few
thermoactivated rotation jumps or by tun-
neling immediately into an excited state of
the luminescence center. The number of
holes released in a fractional cycle is pro-
portional to the number of filled traps what
provides the correlation between the sub-
tracted background intensity and the rest of
light sum.

The regularities in the energy spectra of
traps forming the 141 K TL peak correlate, as
a whole, with the above conclusions. The acti-
vation energy of the 141 K peak was deter-
mined in [10]. The energy determined by the
total curve fitting method is E; = 0.234 eV,
what is considerable less of the value ob-
tained by us. This is caused obviously by
taking no account for the complex structure
(shape) of the peak and the intense back-
ground. The energy determined by the in-
itial fractional curve method has occurred,
to the contrary, too large: E; = 0.428 eV. A
value similar to that can be obtained if the
sample is conditioned for a long time (¢ >
0.5 h) before the next fractional heating
and the background is not compensated. The
cause of the energy value increasing for the
141 K peak from 0.404 eV to 0.480 eV
after durable isothermal decay remains un-
known. In the subsequent special studies,
we shall try to elucidate the mechanism of
the energy increasing.

So, when studying the broad 141 K TL
peak, it has been found that the peak con-
sists of several close simple peaks. The low-
temperature component is a superposition
of two or more very close peaks. The high-
temperature component of the peak is ele-
mentary one (T,, = 145 K) which decays ac-
cording to linear kinetics. At the high-tem-
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MeToa aHaxi3y CKJIAMHUX IMiKiB TepMOJIOMiHeCHEHIIil
na npurkiaani mika 141 K B LiF

A.D.I'ymenwk, C.JO.Kymosuil

Heunerosaui kpucranu LiF gocaimsxeno meromamu tepmosrtomimecrentii (TJI) B imTepsasi
remmeparyp 80—-200 K. Ha nmpuraazni mocaimxennss mupokoro mika 141 K sampomoHoBaHO
meron aHaunisy ckaamgaux mmikis TJI, skuil q03BOJIsSI€ BCTAHOBUTHU IIPUYMHY YIIHMPEHHS IiKa,
TOOTO BCTAHOBUTH, UM II€ € €J€eMEHTAPHUU ITiK, AKUIl BUCBiuyeThbCA 3a KBaAPATHYHOIO KiHe-
TUKOI0, YN BiH CKJIAZAE€THCSA i3 MEeKiJIbKOX OJMBBbKO PO3MIIIEHMX €JIeMEeHTApPHUX IIiKiB, AKi
YTBOPIOIOTh OJUH CIJbHMNA MakcumyMm. Ilokaszamo, mo mik TJI 141 K yrBopeHo HaKIagaHHSM
IexkispKox Oam3bKuUX enemeHTapHumxX mikis. HusbkoremmeparypHa kKommonenTa mmika 141 K e
CYIIePIIO3UIIi€I0 ABOX UM OijibIllle MiKiB, a BHCOKOTEMIIEpATypPHA KOMIIOHEHTA SIBJISE CODOI0 eJie-
MEHTAPHUM MiK (Tmax = 145 K), axuil BucBiuyeThes 3a JiHINHOIO KiHETHKOIO, HA BHCOKOTEMIIE-
paTypHOMY KpPHWJIi SKOTO B3HAXOAWThCA Ime opuH MamoinrTemcumsEmit mik TJI (T,,. ~ 160 K).
Busuaueno eumeprii repmiunoi akruBallii macrok, siki crBoproors mik TJI 141 K 3 ypaxysaH-
HAM HOro CTPYKTYpH.
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