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Nonequilibrium thermodynamics of the thermoluminescent process
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The mechanism of the thermoluminescent process in solids is reexamined on the basis of nonequilibrium
thermodynamics, thus justifying the kinetic model of Antonov-Romanovskii and Lushchik. By assuming the
phosphor to be held in a cavity full of blackbody radiation and applying the principle of minimum entropy
production, the electron distribution in the conduction band is found to be in a steady equilibrium with the
ones in trapping and recombination levels. This is just the hypothesis which allows for the spoken of model.
The same conclusion is attained when the model is generalized by considering luminescent centers constituted
by bipolar ions. Even in this case, the electron distribution in high-lying levels, besides the conduction band,
is in a steady equilibrium with the one in low-lying levels, so it leaves unchanged the final law for the

thermoluminescent emission rate.

PACS numbers: 78.60.Kn, 05.70.Ln

I. INTRODUCTION

When dielectrics or semiconductors are excited
at low enough temperature by ionizing radiations,
electron-hole pairs are produced, which become
trapped in defective regions of the lattice. Ther-
moluminescent (TL) emission ensues when, by
warming up the sample, electrons thermally re-
leased from traps enter the conduction band to re-
combine radiatively with holes bound to lumines-
cent centers. In most experiments, the sample
temperature is raised slowly, in general with a
constant speed. Under these conditions, it can be
assumed that the electron distribution in the con-
duction band keeps in a steady equilibrium with
low-lying levels. Using this hypothesis and taking
into account a simple level scheme for the lumi-
nescent centers, Antonov-Romanovskii and Lush-
chik (ARL)''2 devised a kinetic model for explaining
the TL emission. It has been systematically ap-
plied to TL measurements and, in some cases, its
fitness for representing the glow-peak shapes has
been quantitatively checked.?"

We will show that the basic ARL equation still
holds true when luminescent centers exhibit a
more complex level scheme, provided the electron
distribution in all high-lying levels (besides the
conduction band) is assumed to be in a steady equi-
librium with the ones in low-lying levels. This
fact confirms the generality of the ARL kinetic
model, but evidences the necessity of substan-
tiating the steady-equilibrium hypothesis with self-
supporting arguments. The Onsager and Prigo-
gine’s nonequilibrium thermodynamics offers the
suitable background. By considering a TL phos-
phor held in a cavity full of blackbody radiation
and assuming that equilibrium is approached keep-
ing at a minimum the rate of entropy production,
it will be found that the electron distribution ful-
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fills the steadiness conditions in such a way as to
allow for the ARL kinetics.

1. KINETICS OF THE THERMOLUMINESCENT PROCESS
According to ARL, the kinetic equations for TL
process can be written as

dn E
_dTl =-s e’xp<" W)nl +ARMm, 2.1)

dn*

= =5 exp(—-é—)”l —An*n — Bn¥m, 2.2)

kT

dm
-d—t’- =—-Bn¥m, , (2.3)

Ry +Ry =Ry, 2.4)

The meaning of symbols is as follows: n, and n*
(cm™®) are the concentrations of electrons, re-
spectively, in traps and in the conduction band, 7,
and 2; (cm™?) are, respectively, the empty-trap
concentration and total-trap concentration, 2,
(cm™3) is the concentration of holes bound to lumi-
nescent centers, s (sec™) and E (eV) are, respec-
tively, the frequency factor and the activation en-
ergy for thermal releasing of electrons from traps,
A and B (cm?®/sec”!) are probability factors, re-
spectively, for the electron retrapping and recom-
bination with holes in luminescent centers. Figure
1(a) shows the level and transition scheme for the
concerned process. The steadiness condition for
electrons in the conduction band is

dn*/dt =0, 2.5)

Using Eqgs. (2.2)-(2.5) and taking into account that
the emitted TL light intensity I is proportional to
the hole recombination rate, we get

Bn.m

am E
Joc— 1 = _—— )"
a =S exp< ka>A(n,-.rzl)+Bml , 2.6)
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FIG. 1. Level and
transition scheme for the

Nl =~ —

thermoluminescent process:
(a) concerns the case of
luminescent centers
constituted by acceptorlike
ions, (b) the case of
luminescent centers

v.b.

' c.b.

constituted by pairs of
acceptorlike and donorlike
ions.

which is just the final equation of the ARL model.

The previous picture identifies the luminescent
centers with acceptorlike ions constituted by holes
bound to lattice defects. But, in some cases, evi-
dence has been obtained that the luminescent cen-
ters consist of pairs of acceptor and donorlike
ions. 577 In these cases, electrons of the conduction
band, before recombining with bound holes, be-
come trapped in the luminescent centers, so ori-
ginating bipolar ions. Consequently, the kinetic-
equation set takes the form

dn,

E
ar - S exp (_ k—T—>n1 AR, @.7
an* E
v =S exp (— ﬁ>nl ~-An*n, - a,n*m
+p§”m1x‘ao"*moo+/’f,")mmv 2.8)
am
_dzm =agprmy -pim, (2.9)
'(_i—glt-u =a1n*mm _pi‘)mu _p(E)mu ’ (2'10)
dWlm * (i),
dt =—at*my +pytmy, (2.11)
ny+n, =n, (2.12)
Moo +My, +M +m, =my, (2-13)

The symbols n,, n,, n* E  and A have the same
meaning as before, while m , m,, m, and m
(cm™2) stand for the concentrations of luminescent
centers according to whether they do not hold
either electrons or holes, or, respectively, hold
one hole, one electron, or one electron-hole pair;
a, and o, (cm? sec™!) are probability factors for
the electron trapping in luminescent centers hold-
ing, or not, one hole, p{" and p{}’ (sec™?) are

v.b.

probability factors for the opposite ionization pro-
cess, and finally ‘) (sec™!) is the probability fac-
tor for electron-hole recombination, i.e., for TL
emission. Figure 1(b) shows the involved level
and transition scheme. It is to be remarked that
the ionization factors p{*) and P8P for electrons
bound to luminescent centers depend on the acti-
vation energies and frequency factors, respec-
tively, E,, E, and s,, s, analogously to what oc-
curs for electrons bound to traps. Thus we have

(=5, exp(-E, /kT), (2.14)
) =s,exp(-E,/kT). (2.15)

The steadiness conditions for electrons in high-
lying levels are

dn*

dt ’

(2.16)

Using Eqgs. (2.8), (2.9), and (2.10) and taking into
account that the hole recombination rate depends
on the term p“’)m“, we obtain by straightforward
substitutions

E
I in(e)mu =Sexp <— ﬁ)

alp(e)(Pii) +p(e))-1n1mm
Al =n)+a,p (P +p©) I,

(2.17)

This equation, by letting
ap@ (p{) +p @)1 =B, (2.18)

and considering that m (as before ml) represents
the trapped hole concentration, actually coincides
with Eq. (2.6). The factor B depends, in the pres-
ent case, on the percentage probability that elec-
trons captured by luminescent centers undergo re-
combination.
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III. ENTROPY PRODUCTION
IN THE THERMOLUMINESCENT PROCESS

The rate of entropy production in a complex pro-
cess involving # transformations (e.g., chemical
reactions, phase changes, etc.) is given by?*?

as 1 i:
dE T g W 1)

where

& ==( L), (3.2)

and v, are, respectively, the affinity and the ve-
locity of the 7th transformation. In Eq. (3.2), v,
and ., stand for stoichiometric coefficients and
chemical potentials, respectively. It is to be re-
marked that, according to Eq. (3.2), the affinities
@, are intensive quantities, while the entropy S is
an extensive quantity. It follows from Eq. (3.1),
that the velocities v, are extensive quantities as
well, This means that velocities concern trans-
formations taking place in the whole extent of the
system,

In the case of ARL kinetics, two transformations
are to be considered: the releasing of electrons
from traps towards the conduction band and theitr
radiative recombination with luminescent centers.
The free energy of trapped electrons is given by!°

F,=—kT 1n[2”1<f§:)jl , 3.3)

N, and N, standing for, respectively, the total num-
bers of traps and of trapped electrons. For elec-
trons in the conduction band, we have!®

2V /mkT 3/2]

F* =N*E — N*kT |:1 + lnm(w) , (3.4)
in which N* means the total electron number and
V the volume of the phosphor. Using the densities
introduced earlier in the kinetic equations [n,=V,
-N,)/V, n =N,/V, n*x=N*/V] we get

oF, n
-1l —_ -0
by = 3t =R m(zn1 ) (3.5)
and
aF* 2 (mkT ¥2]
=i =2 w5 ) R

In the present problem, the stoichiometric coef-
ficients are always +1 or -1, since all transitions
involve one electron at a time. Wa have, therefore,

n ka 92 E
Q, =l — p* =kT ln[@%<‘ﬁ—ﬁ‘.‘,‘> exp(—ﬁ>_],

3.7

which is the affinity of electron releasing. Remem-
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bering Eq. (2.1), the corresponding velocity turns
out to be

E A n*n
- — ———— — J
Vi =9 exp< kT>”1V 1 s exp(=E/kT) n

1

(3.8)
As the densities n,, n,, and r* reach equilibrium
values, both the affinity @, and the velocity v, van-
ish. This leads to

s/A = (mkT /21h?)3% (3.9)
and allows us to write
v, =s e’E/”an(l — e~ Q/kT) (3.10)

When, as actually occurs in TL experiments, the
transformation takes place slowly, the affinity

can be regarded as small in comparison with kT,
This allows Eq. (3.10) to be linearized.® By putting

E\RV
=SexP<_ET>_kJT’

where 7, means the equilibrium value of #,, we
get

L (3.11)

-

(3.12)

which is the desired phenomenological law for the
velocity of electron releasing.

The affinity for the radiative recombination of
conduction-band electrons is given by a relation
analogous to Eq. (3.7), in which, however, n,, n
and E are replaced, respectively, by m, m
7w, while the sign is reversed, that is,

m. /mkT \3/2 hw
__ o (PF- -
@, =—kT ln[mln*<21rﬁ2 ) exp( T ﬂ - 313

In this equation 7, (cm™?) stands for the concentra-
tion of luminescent centers deprived of bound holes
and #w for the energy of the TL photon [see Fig.
1@@)]. The exchange of indexes 1 and 0 between
Egs. (3.7) and (3.13) is an obvious matter, since
Eq. (3.7) takes into account electrons, while Eq.
(3.13) takes into account holes. As to the recom-
bination velocity v,, it depends on both emission
and absorption of radiation. Thus, Eq. (2.3) which
accounts only for emission is not complete for our
purposes. As said in Sec. I, we assume the TL
phosphor held in a cavity maintained at uniform
temperature, so as to be wet by blackbody radia-
tion at that temperature. Under these conditions,
no contribution is brought to the affinity @, by the
black-body radiation, since it remains unchanged
during the process. Remembering the detailed-
balance argument advanced by Einstein for ob-
taining the Planck law, we thus get

v, =[a(w) +5 (@) (W)GN*M, - b{w)p(W)G*M,, (3.14)

v, :Ll(al/T)’

0

1» and
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where a(w) (sec™!) and b(w) (sec™? erg™! cm?) are,
respectively, the coefficients for spontaneous and
induced transition probabilities, p(w) (erg seccm™?)
is the blackbody spectral energy density, G, and

G* are the degeneracies of final states, respec-
tively, in luminescent centers and the conduction
band, while M, and M, stand for the total numbers
of luminescent centers, respectively, with or with~
out a bound hole. We have!!

(w)—%;i:: lxch (3.15)
b( )—4;; lefl29 (3.16)

in which x;; (cm) is the transition matrix, and

)= w3
pw)= m2cdexpfiw/kT)-1] °

(3.17)

In the present problem, X, links initial states of
electrons in the conduction band with final states
of electrons bound to luminescent centers. It fol-
lows that initial states belong to the whole volume
of the phosphor, while final states are localized.
The respective normalization factors are thus:
VY2 and (GV)"/z, 8V standing for the volume al-
lowed to electrons localized in the luminescent
centers, This enables us to put
Ixulz=§‘¥l§uf", (3.18)
where in the matrlx £;s, the same normalization
factor (6V)~ Y2 has been applied both to initial and
final states, Taking into account Eq. (3.18), the
spontaneous-emission probability can be written as

a(w) =w(w)/V, (3.19)

in which w(w) (sec™'cm?), like &, is independent
of the volume V. To evaluate the degeneration G*,
only thermally accessible conduction-band states
are to be considered. This means that G* coin-
cides with the partition function for the conduction

band,
€ mkT 3/
wr)=Agaw) V- 620

G =}:€g(€)exp(—

As to the final states, only spin degeneration con-
tributes. We have thus

G,=2.
In this way, Eq. (3.14) takes the form

-1

m, (mkT 3/2 fw
% [1 —n*m1<21rh’2> exp(— ﬁ)]’ (3.22)

(3.21)

or else, remembering Egs. (3.13) and (3.19) and
disregarding exp(-#w/kT) against unity,'?

v, = 2w(w)n*m, V[l exp( l?T)] (3.23)
By putting
L, =2 (0)yi*m,V/k, (3.24)

where #* and 7, mean equilibrium values, Eq.
(3.23) can be written in the linear form

v,=L,(&,/T), (3.25)

analogously to Eq. (3.12). Remembering Eq. (2.3)
and taking into account Eq. (3.19), the recombina-
tion probability B turns out to be related to the
spontaneous emission probability by

B=2w(w), (3.26)
where, like in Eq. (3.23), the term exp(-Zw/kT)
is disregarded.

Using the velocity laws (3.12) and (3.25), we are

now able to evaluate the entropy production rate
by means of Eq. (3.1). We have

ds G, Q,)\?
r L( S (B

On the other hand, the total affinity

(3.27)

@ =@, +@, =kT ln[gﬁt exp(- %#—)] , (3.28)
though related to the actual densities of trapped
carriers, is independent of the electron density in
the conduction band n*, Therefore, when we
search for the minimum entropy production with
respect to @, and @,, the constraint that & behaves
as a constant is to be accounted for. In this way,
performing straightforward calculations, we ob-
tain

(3.29)

and

=—1__Q

G~ oI, (3.30)

By consequence, Egs. (3.12) and (3.25) lead to

v, =v,=L(@/T), (3.31)
where

1 1 1

L= I:: +1: . (3.32)
Taking into account that

dnr _0v) (3.33)

a - v ’

the steadiness condition (2.5) is thus vindicated.
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We turn now to justify Eq. (2.17). In this case,
four transformations participate in the process.
They are: the releasing of electrons from traps
to the conduction band, the capture of conduction-
band electrons in the luminescent centers to form
bipolar ions, the capture of conduction-band elec-
trons in luminescent centers deprived of bound
holes to form negative ions, and, finally, the ra-
diative recombination of the electron-hole pairs
bound to luminescent centers. The affinity and
velocity of the first transformation are given, re-
spectively, by Eqgs. (3.7) and (3.12). Analogously,
the affinities and velocities for the capture of the
conduction-band electrons to form bipolar or, re-
spectively, negative ions are

m mkT \3/2 E
- (TR =L
G, = len[ mn*<2m2) exp< kT)], (3.34)

m ‘mkT\3/2 E
as=—len[m—o:"1‘;<2W> exp(—ﬁ)] (3.35)

and

v,=L,ng r=2,3), (3.36)
in which
E \m V
L,=s,exp (——ﬁ.—)-—#— (3.37)
and
E \m, V
= _Zo \PoY
La-soexp< kT) . (3.38)

The velocity for the radiative recombination is

v, = [a(w) +b(w)p (w)]GooMn

- b(w)p(w)G, M, (3.39)
where
M, =Vm, , My =Vmy (3.40)
and
Goo=Gy; =2, (3.41)

since only spin degeneration is to be considered.
Performing simple transformations, Eq. (3.39)
becomes

-1
v, =a(w)[1 —exp<— %‘3—)] 2m,,V

x [1 ~Man ey <_%"-)] . (3.42)

11

Proceeding as for Eq. (3.3), the free energy of bi-
polar ions can be written as

M +M
F, =Mu}iw—kT1n[2”u( 1;[ °°)] (3.43)

11

and analogously, after electron-hole recombina-

tion,
M. +M_\’
- M 11 00
F g ==#T ] %0 e )]- (3.44)
The corresponding chemical potentials are thus
oF M. +M
hy, = ——L =7iw—len<2——~‘~‘-———°°-> (3.45)
1 a1‘/11.1 Mn
and
aF M, +M
o 1n<2 —n———m) (3.46)
uDO 3M00 MOO

which lead to the affinity

m nw
@, =,y = Hoo =—kT ln[mf';L exp(—ET)] . (3.47)

In this way, Eq. (3.42) turns to

v, =u(w)|:1 - exp <— %‘J)-J-IZmMV l:l - exp(— —%‘.—ﬂ .
(3.48)
Disregarding exp(—%Zw/kT) against unity and putting
L, =2a(w)m,,V/k, (3.49)

where 7,, means the equilibrium value, Eq. (3.48)
takes the form

v,=L,(@,/T), (3.50)
which holds for small recombination velocities.
The recombination probability p© is given by

ple) =2a(w), (3.51)

where again the term exp(-7w/kT) has been omitted.

Taking into account the previous four transfor-
mations, the rate of entropy production turns out
to be

ds e,>2
IR (3.52)

On the other hand, we have

n E - h
Q@ =G, +Q, +G4=kT1n[;l_:;:_'nf21; exp(— (1;3€1T+ w)ﬂ’
(3.53)

which, analogously to Eq. (3.28), depends on the
trapped-carrier concentrations, while the concen-
trations n*, m,,, and m,,, concerning electrons in
high-lying levels, do not contribute. Therefore
we must search for the minimum dS /dt allowed by
the constraint that the affinity @ behaves as a con-
stant. Introducing a Lagrangian multiplier A, we
obtain

ds e, e
d(—l;t— -m> =Z; (21.,? - x) d@, +2L, 53 d& =0,

r#3

(3.54)
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which leads to

@, =A(T?%/2L,) (r=1, 2, 4) (3.55)
and

@,=0. (3.56)

Eliminating A by means of Eq. (3.53), it follows
that

G, =(L/L,)@ (r=1,2,4), (3.57)
where

1 1

1oy (3.58)

r=1 r

r=3

Remembering Eqs. (3.12), (3.36), and (3.50), Eq.
(8.57) yields

V,=0,=0U, =L(&/T) (3.59)
and

v,=0, (3.60)
Taking into account that

dn* -1, -

d’: el (3.61)

d -

Tl 237,& ) (3.62)
and

d

=12, (3.63)

the steadiness conditions (2.16) are thus justified,
so allowing for Eq. (2.17).

IV. DISCUSSION AND CONCLUSIONS

The previous treatment shows that the principle
of minimum entropy production works correctly
though electronic and radiative processes, rather
than chemical reactions, are involved. The TL
phosphor plunged in the blackbody radiation consti-
tutes a Markovian system near equilibrium in
which the density of electrons in high-lying levels
is steady. It follows that all the properties of
these systems readily apply, including the steady-
state stability.® By consequence, conditions (2.5)
and (2.16) and the resulting Eqs. (2.6) and (2.17)
remain true even if the phosphor temperature is
allowed to increase, as occurs when recording TL
glow spectra.

These conclusions concern also TL emission in
molecular crystals, In this case, electrons re-
leased from traps recombine with ionized mole-
cules to give excited molecules, which come back
to the ground state by a radiative transition.!?

This mechanism, which again leads to an equation
like (2.17), has been found active in the TL emis-
sion of phenanthrene!* and naphtacene.'® It can be
derived from Egs. (2.7)-(2.13) by putting m,,=0
and m, =0, This fact demonstrates the general
applicability of the proposed theoretical approach.

Some caution is however necessary to compare
the present results with experiment., A first topic
concerns the requirement that the phosphor be
held in an isothermal cavity full of blackbody ra-
diation, which, indeed, does not occur in practice.
But owing to the low temperature of usual TL ex-
periments, the emission rate clearly prevails over
that of absorption, which makes the presence of
blackbody radiation devoid of an important effect.
A more relevant question is raised by the validity
of the linear approximation for the velocity laws.
The linearity is certainly warranted by a suffi-
ciently small TL emission rate. This, in turn, can
be obtained by allowing the phosphor temperature
to increase slowly. On the other hand, a slow tem-
perature increase is precisely required in order
that glow peaks become well resolved in complex
TL spectra, Thus, the linearity requirement ac-
tually fits the experimental conditions. This state~
ment can be substantiated by considering, for in-
stance, TL emission in ZnS. This phosphor exhib-
its a single-glow peak with its maximum near to
200 K.® Let us give the TL light intensity as a
function of the affinity of electron releasing., Using
Egs. (2.1)-(2.6) and Eq. (3.8), we get

dm, dn v
s WL A
te-g-=& =v > ®.1)
that is, by applying Eqs. (3.11) and (3.12),
E Q
—_— T =
IOCsexp< WT )"1 WT “4.2)

On the other hand, Eq. (4.1) shows that the TL light
intensity integrated from time ¢ to the peak end is
proportional to the density 7, of electrons still kept
in traps,

f‘ Ldter,, (4.3)

We thus obtain

Q E 1
-1 —_—
_LkT =§ exp(——kT>ft.,I e 4.4)

In actual experiments, the TL emission lasts quite
a few minutes., Therefore, near the peak’s maxi-
mum, the ratiol/f; d¢ is, in general, of the order
of 1072 sec™!. Experiments on ZnS yielded s 103
sec™!, E=~(0.15 eV, 3 which, using Eq. (4.4), leads
to @, /kT ~6x1072, This figure is indeed small
enough to allow for a linear velocity affinity re-
lationship. Analogous considerations could be ap-
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plied to @,/kT. Since the ZnS behavior is peculiar
to most TL phosphors, it follows that linear-ve-
locity laws hold as a rule in the TL process, dif-
ferently from what occurs in chemical reactions.
The conclusion can be drawn that nonequilibrium
thermodynamics actually supplies a reliable theo-
retical basis to the ARL model, though different

kinds of TL phosphors are considered., This
explains its general suitableness to fit experi-
ments.
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