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FEATURES OF MOLECULAR VIBRATIONAL
EFFECTS ON POLYMER THERMOLUMINESCENCE

The paper presents the results of observation and investigation of the manifestations of individ-
ual molecular vibrations in polymer thermoluminescence processes. The features of these man-
ifestations are as follows: 1) despite the quasi-continuous spectrum of trap energies for charge
carriers in polymers, the activation energies, determined by fractional thermoluminescence
method, exhibit discrete values; 2) these activation energy values coincide with the quanta of
molecular vibrations in the system; 3) the temperature dependence of the thermoluminescence
intensity reveals specific features caused by molecular vibrations. This temperature dependence,
and the activation energies were experimentally investigated for polymers deposited on differ-
ent substrates, polymers with varying degrees of crystallinity, and nanoscale polymer systems
embedded in porous silica. The experimental results are consistent with the proposed model of
the participation of molecular vibrations in the processes of charge release from traps during
thermoluminescence.
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1. Introduction

M.T. Shpak made a major contribution to the study
of the optics of molecular crystals and laser processes
[1, 2]. In recent years, he also began actively studying
the optical properties of polymers [3]. In this paper,
we present the results of studies concerning one of
the mechanisms of thermally stimulated luminescence
(TSL), studied by us experimentally and theoretically
for polymers (both films and nanocomposites). Du-
ring TSL external action (for example, optical irra-
diation) causes charge separation, created electrons
and holes are captured by traps and become sepa-
rated in space. This state is excited. When the sys-
tem is heated, charges can overcome the energy bar-
rier located between charges and recombine, emitting
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the TSL light. Overcoming the barrier, called the ac-
tivation energy, is one of the important processes in
TSL. The activation energy determined from the TSL
data provides important information about the state
of the traps in the system. Overcoming the barrier
in TSL occurs with the participation of many vibra-
tion states. However, in our work using the example
of silicon organic polymers, we have observed that
processes are possible with the participation of one
or several optical vibrations, which lead to the ap-
pearance of features in the TSL curve and the obser-
vation of discrete activation energies of trap levels by
the fractional TSL method, although the spectrum of
trap levels in polymers is quasi-continuous.

The influence of molecular motions in polymers on
the manifestation of TSL and thermally stimulated
conductivity has been noted by many authors for a
long time [4-11] in pure polymers, in polymers with
introduced impurities and irradiated with radiation
or electrons. The authors note the following circum-
stances: 1) the activation energy is determined pri-
marily by the structure and properties of the origi-
nal polymer [5, 8, 10|, 2) there is a closeness of the
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activation energies of TSL and relaxation processes
in the polymer [5, 7, 8, 10], 3) in the work of Gor-
ban et al. [12], a coincidence of the activation energy
measured using the fractional T'SL method and the
energy of the vibration quantum obtained from the
Raman spectra in inorganic crystals was observed ex-
perimentally. A similar coincidence was observed in
the several subsequent works (see the references in
[13]) in many inorganic materials (NaCl, KCl, Al;O3
and others). Using traditional approaches to deter-
mine the spectra of electron levels from activation en-
ergy data, the authors of these works came to contra-
dictory results: the appearance of discrete trap lev-
els in the crystal, although there are no interactions
for such a conclusion. Activation energies that coin-
cide in magnitude with the photon energies were also
observed in polymers [14, 15], which, with the tradi-
tional approach, should be interpreted as the presence
of discrete electron levels in the polymer, although
the electron spectrum in such traps in a disordered
system such as a polymer is continuous.

To explain the coincidence of activation energies
and vibration quanta and other above-mentioned fea-
tures of TSL, the authors of work [16] proposed a
mechanism according to which the coincidence is ob-
served due to the process in which the charge is de-
tached from the trap and transferred to the recombi-
nation center due to the absorption of separate molec-
ular vibration. Thus, individual vibrations stimulate
TSL processes. In this process, the activation energy
(a shelf in the fractional TSL method) is a molecular
vibration energy necessary for the charge to escape
from the trap to the region of conductive states. Here
and hereafter, by the word ‘“region” we mean not a
spatial area, but a region of energies in the polymer
in which the movement of charge and its recombi-
nation with the emission of light occur. With such a
mechanism, the traps take part, whose levels are re-
moved from the conducting states by the value of the
energy of the quantum of vibrations. This means that
the activation energy E,, must be equal to the energy
of the vibrational quantum E, = fw. Also, since the
activation energy is determined by the energy of the
quantum of vibrations, it must depend on the poly-
mer, and not on the method of creating the defect,
which is observed for many bands. According to work
[16], the model predicts the appearance of a structure
on the TSL curve, which was experimentally detected
in various polymers [16-19].
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2. Model Consideration of the Effect

The process of TSL consists of several stages: 1) the
transfer of the charge state from a localized state to
the conductive states of polymer, 2) the charge re-
combination with a charge of the opposite sign, 3) the
photon emission by an excited state or energy transfer
to vibrational states. In our works, during the theo-
retical consideration of the problem, the initial stage
was studied, that is the jump of the charge from
the localized state to the conductive states, under
the assumption that the radiation intensity during
TSL should be proportional to the probability of such
a jump.

In theoretical part of the work, the kinetics of the
charge transfer from localized to conductive states is
investigated. We consider a polymer, in which an ex-
ternal irradiation creates charge carriers of opposite
signs localized (trapped) at different spatial points
throughout the material. We also assume that the
charges of a certain sign (for example, electrons) are
localized on deeper levels and, therefore, for the study
of TSL, it is enough to consider the release from traps
of carriers of only one type (for example, holes). If
the energy of the released charges is in the region of
conductive states, then, moving across the polymer,
they can recombine with the charges of the oppo-
site sign, emitting photons. Also, we suppose that the
concentration of the carriers is not large and the dif-
ferent pairs of the charges of opposite sign (geminate
pairs), created by independent photons are localized
far apart, i.e. the distance between the geminate pairs
is much larger than the distance between the charges
of a single pair.

With increasing temperature the probability of the
carrier’s transition from the trap to the conductive
region consists of the sum of the separate probabil-
ities of such transitions assisted by different vibra-
tions. We assume, that the probability of the transi-
tion induced by one or several vibrations with the fre-
quency w, exceeds the probabilities assisted by other
vibrations. It is precisely this vibration that leads to
a formation of the fine structure in TSL. Thus, in the
kinetic equation for the density of localized carriers,
the term, which describes the transitions caused by
these particular vibration modes, will be written sep-
arately. Let us denote the carrier density distribution
by n(E,t), where F is the energy of the localized
state relative to conductive states (for example, it co-
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incides with the transport energy), thus F assumes
a negative value. The change of the density per unit
time is proportional to the density multiplied by the
probability of the transition from the localized state
to the conductive states. (We neglect inverse tran-
sitions). Therefore, the following equation must be
solved in order to determine the time dependence of
the distribution of the carriers’ density

dn (E,t)
= (B (ZPQ(E,M(X,TH

(0%

+ P (E,T) exp(— |E| /HT)>7 (1)

where o denotes the numbers of the most active vi-
bration modes in TL, P, (E, fiw,, T) is the probability
of transition of a charge with energy E to the conduc-
tive region due to absorption of vibration of the type
«a with energy Aw,. The second term in the paren-
thesis of the right-hand side « of equation (1) de-
scribes all other transitions to the conductive region
including multiphonon ones [20], P (E,T) is equiv-
alent to the attempt-to-jump frequency in the clas-
sical theory, the factor exp(—|E|/xT) describes the
temperature dependence of the probability of tran-
sitions to higher levels according to the Arrhenius
law. The value P (E,T) will be considered as a con-
stant parameter of the system when performing spe-
cific calculations. It is assumed that the temperature
when measuring TL changes according to a linear law
T =Ty +b(t—tg), where Ty is the temperature at the
start of measurements tg, b is the heating rate.

Immediately after the irradiation of the system
with light, the processes of recombination of charges
of opposite signs occur. Only those charges with op-
posite signs remain in the system, which are located
far apart, and the recombination time between them
is large. The dynamics of the time evolution of the
charge density distribution starting from the non-
equilibrium state is presented in Refs. [21-23|. After
some initial time at low temperature, the carrier’s
density distribution changes very slowly. It will be de-
scribed by charge density distribution of by a Gaus-
sian function

N
no(E) = —= ;ﬂe(—(E—Ed)Z/zs%’ 2)

where E; and s are the position of the maximum
and the width of the carrier density distribution, Nc¢
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is the concentration of the charges. The energy E is
measured from the maximum of the Gaussian distri-
bution in the unirradiated sample.

The intensity of the TSL is determined by the con-
tributions from transitions to conductive states of all
carriers with different values of the localization en-
ergy. We assume that the contributions to the TSL
intensity of various selected modes appear at different
temperatures and consider the contribution of a sep-
arate a-type mode. Using the solution of the Eq. (1)
for the case of a-type mode, assuming a linear time
dependence of temperature and the initial condition
T(0) = Ty, we obtain the following equation for the
TSL intensity

oo

I(T)=C / dE no(E)

— 00

Po(E, hwa, T') +

B
+P(E,T)exp< )%

T
Uil
X exp _g

To

Pa(E7tht7T/)+

dT’}, (3)

where C' is some constant value.

In our works, we studied the influence of the inter-
action of a charge with molecular vibrations of poly-
mer on TSL: 1) in the first order of the perturba-
tion theory, using a linear expansion with respect to
the displacements of nuclei [16-18], 2) taking into ac-
count the resonance energy transfer from the optical
vibration to the carrier according to Forster—-Dexter
formalism [19] and 3) in a model of non-adiabatic
transitions in Frank-Condon approximation [24].

In Refs. [16-19] the TSL curve was calculated with
the participation of several different molecular vi-
brations (several a-types), but with the participa-
tion of one vibration of a given type. Calculations
showed that processes involving separated vibrations
give rise to features in the TSL curve consisting of
the appearance of a peak and a subsequent dip in the
curve. Some calculated TSL curves exhibiting such
structures will be presented in the experimental part
of the paper.

In the following, we will present the application of
the model of nonadiabatic transitions to the study of

1
P(E, T _
+P(E, )eXp( HT,)
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the shape of the TSL curve, in the formation of which
the absorption of several quanta of molecular vibra-
tions of one type of « is considered [24]. The model
was employed for the treatment of different processes
connected with the change in the wave function of
the nuclear subsystem at electron transitions. It was
applied to calculate shapes of the absorption and lu-
minescence bands of impurities [25], to describe elec-
tron transitions between different states of molecules
(see the review [26]), to study charge transfer between
molecules in biological systems [27]. In Refs. [28, 29|,
the model was used for the determination of the prob-
ability of charge jumps between molecules in organic
semiconductors. We apply the model to study of TSL
processes in polymers. We will consider the probabil-
ity of a carrier’s jump between two molecules ¢ and j,
assuming that the energy of the carrier localized on
molecule ¢ corresponds to a trap, molecule j is in the
region of energies of conductive states (for example in
the region of the transport energy). It is also assumed
that the Hamiltonian describing nuclei is a quadratic
function of their displacements, and the presence of a
carrier on a molecule leads to the shift in the potential
energy, which is a linear function of coordinates. In
the adiabatic approximation, the wave functions of
nuclei and the carriers localized on molecules ¢ and
j have the form, respectively, Win = ¢;(r, ¢)P®:n(q)
and Ujn' = ¢;(r,q)®;n (q), where r designates the
coordinate of carrier, ¢ are the normal coordinates of
nuclei, ©;(;)(r,q) is the wave function of the carrier,
when it is localized on the molecule i(j), ®;,(q) and
®,,/(q) are the wave functions of the nucleus sub-
system, when the carrier is localized on the molecule
1 and there are n quanta of molecular vibrations in
system and the wave function of the nucleus subsys-
tem with carrier on the molecule j and there are n’
quanta of molecular vibrations in the system, respec-
tively. In the Condon approach, the wave function de-
pends weakly on positions of nuclei and the transition
of carrier between molecules occurs at fixed positions
of nuclei. The matrix element of the transition from
the state |i,n) to the state |j,n’) is equal to

Ijn/,in = /d?"dq \Ijjn’ (7", q) V(T, q) \Ilin(r, Q) =
= (n'|Jji(q)|n) =Jji(n'n),

where V(r, q) is the energy of the carrier interaction
with molecules, Jj; is the electronic coupling.
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The probability of the transition of the charge car-
rier from the molecule ¢ to the molecule j in the
unit time with the change of the vibrational quantum
number from n to n’ is determined by the equation

2

Wins in =
VALY h

T5iPo (0! 10)*6(Ej — Ein), (4)
where P, is the temperature dependence of the num-
ber of vibrational quanta.

The results of calculation of the matrix elements
(n'|n) are presented in many papers (see, for example,
Refs. [25-28]). The calculation of the matrix elements
(n/|n) using the oscillator wave functions and averag-
ing over molecules with the energy of electronic levels
E; and over the final states with the energy E; gives
using (4) the probability of the charge transition

2r ,

Wj‘ = ?IszH‘D(Tﬂ hwa>gguma) X
M @

X(S(Ej _Ei —mahwa), (5)
where

1424
D(T, hwa, g2, Ma) = exp (gilJrZ ) X
.

X exp (mahwa) I, (292 m), (6)

2rT 1 — 2z

I,,, is modified Bessel function, g, =+/Mawa/(2R)g°

is constant of carrier-vibration interaction,
2o = exp (—hwy /KT), (7)

M, and g¢¢ are the reduced mass and the shift of the
a-th normal coordinate due to the interaction with
the carrier, correspondingly, m, = n’ — n, Ijzi is the
mean value of J%.

The summation in Eq. (5) runs over all modes of
vibration a and over all possible changes of quan-
tum number m,, (positive and negative). The prob-
lem of the calculation of the carrier’s jump between
molecules using Eq. (4) is complicated because its
solution requires knowledge of all vibrational spec-
tra. This problem was solved in the Ref. [29] for
several polymers, which consist of a restricted num-
bers of molecules. The authors calculated the charge
transfer rates and the mobilities for some organic
semiconductors and showed that the application of
the quantum mechanical Eq. (4) for carrier jump
and all intramolecular vibrations are important for
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these calculations. For determination of TSL curve
the problem was solved in the Ref. [24] using the
following assumptions. The intramolecular modes are
vibration states of molecule. They are discrete high-
frequency modes and are considered in an Einstein-
type approximation. Spectra of intermolecular modes
are complicated and are unknown in detail in dis-
ordered systems. But they have low frequencies and
may be treated classically. As will be seen, their con-
tribution to TSL may be described by a single pa-
rameter. In the work [24] the vibrational states of
the systems that determine TSL were divided into
three parts: 1) the selected state with a frequency
wy and the states with a multiple of this frequency
MaWa, 2) other intramolecular vibrations that do
not give structure to the TSL curve or give struc-
ture at a temperature region different from the one
studied, and 3) low-frequency vibrations with a fre-
quency satisfying the condition Aw, < kT, such
modes may be considered as classical. Marcus con-
sidered the motion of all molecular vibrations classi-
cally [30]. In our work, vibrations with quantum en-
ergies of the order of KT or greater are quantum, and
the effects observed and studied in this work are also
quantum.

As a result in Ref. [24], the following expression
was obtained for probability of transition of a charge
with energy FE to all states of the conductive region

2
Pa(B, hoa, T) = <13 Ba(T) x

XY D(T, hwa, g2, mMa) X
m

(E' = E — mahwa)

2
25(T)2 dE, (8)

y / AE) o {
V2rS(T)

where p(E) = Zj 0(E — Ej) is the density of states

in the conductive region,

1/2
S(T) = (Z QQi,mTﬁwa/> ,

B(T) = [[ D(T, 1ws, g3,05)
p#a

is the contribution to the probability of charge tran-
sition of intramolecular vibrations with § # «, its
value depends weakly on the temperature and has
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order of unity. In the formula for S(T), the summa-
tion over o occurs over all low-energy intermolecular
vibrations. Thus, including low-frequency vibrations
leads to a broadening by the value of S(T) and to a
shift of levels (it is small and is not shown in Eq. (8)).

From Egs. (6), (8) in the first order in the inter-
action constant g2 for probability of processes with
absorption of single molecular vibration quant of the
type «, we obtain following expression

27

Pa(EahthT) = EI]% 2BQ(T) X

X N(hwa,T)®(E,T), (9)

where N(hwg,T) is the number of molecular vibra-
tions with frequency w, at temperature T’

N (e, T) = 1/ (exp (Fwa /KT) - 1), (10)
1 ,

(B, T) = m/dE x

< exp (=(E' = B —hwa)/2S(T)2) p(E). (1)

It can be seen that the probability of the transition
is proportional to the quantum number of molecu-
lar vibrations of the type «. At low temperatures,
the structures are observed in the TSL curve, if
the frequency of vibrations satisfies the condition
Fwqa > KT'. Therefore, the expression N (fuw,,T) =
= exp(—fwq /KT) holds, i.e. the temperature depen-
dence of the population of vibrational levels coincides
with the population of impurity and defect levels for
which the activation energy is equal to the energy
of the quantum of molecular vibrations. Thus, the
molecular vibrations give the effect in the T'SL similar
to the effect of defects.

If the broadening of transition S(7T') is less than the
width of the conductive region p,, the probability of
the charge transition given by Eq. (9) for processes
with absorption of a single molecular vibration has
form

Py (E, hwa, T) = Wy N (hwe, T)0(E + hw,), (12)
where
Weo = wag20(E + hw,),
Wo = Wa /g = %ffiBa(T)po, (1)
O(z) =1at x <0and §(z) =0 at z <O0.
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Fig. 2. Calculated TSL curves at T = 4 K, E; = 0.1 &V, s = 0.05, g2 = 5,/iwq = 0.02 &V,

we = 1012 571 P =10 571 (a); T = 77 K, Eg = 0.25 €V, s = 0.07, g2 = 10, hwa = 0.03 eV,

wa =3 x 1012 571, P=10" 571 (b)

For estimations we assume that I;; = 0.001 eV,
po = 102 eV~1 B,(T) = 1, g2 = 0.1 and obtain
W, = 1011 s~ 1.

In this theoretical section we present the results
of calculations using Eqgs. (3), (8) for the TSL curve
formed by the participation of one or several molecu-
lar vibrations of the same a-type at different values of
the constant of interaction of charge with vibrations
g2 (Fig. 1 and Fig. 2). For small interaction constants
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constant of molecules with vibrations, the structure
appears as a peak of luminescence intensity at a cer-
tain temperature, which appears with increasing tem-
perature, and then a sharp dip (Fig. 1). With an in-
crease in the interaction constant g2, additional peaks
appear at other temperatures, corresponding to tran-
sitions with the absorption of two, three, and more
molecular a-type vibrations. For small values of g2,

the TSL curve consists of a broad band caused by the
397
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Fig. 3. Structures of silicon organic polymers with differing ordering. The ordering decreases

in the figure from left to right

| TSL, arb.un.
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Fig. 4. TSL curve of the PDHS film on a metal substrate

detachment of charges from the traps involving many
different vibrations of different types (Fig. 1). For a
large interaction constant, the TSL curve has a pe-
riodic structure formed by several vibrations of the
same type « (Fig. 2). If the quant of vibrational
energy is less than the trap depth level energy, a
structure on the thermoluminescence curve can ap-
pear beginning from an absorption of several vibra-
tional quanta (Fig. 2). Such processes can be observed
at higher temperatures, when vibrational levels with
higher energies become populated. For example, the
structure in Fig. 2, b appears upon the absorption of
quanta with m, > 9.

3. Experimental Results. Discussions

The silicon organic polymers poly(di-n-hexylsilane) —
PDHS, poly(di-n-heptylsilane) — PDHepS, poly(me-
thylphenylsilane) — PMPS, poly(di-n-phenylsilane) —
PDPhS and poly(di-n-pentylsilane) — PDPeS poly-
mer films with varying degrees of ordering (Fig. 3)
were prepared by direct casting from a toluene solu-
tion onto different substrates: metal, sapphire, and
quartz.
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The details of the preparation of polymer films are
described in [18, 19|, and nanosized polymer embed-
ded in porous silica is described in [31]. The proce-
dure of the low temperature TSL measurements and
the fractional TSL method and regime of the temper-
ature modulation may be found in Refs [14, 15].

3.1. Determination of the TSL curve
for PDHS polymer films on different
substrates and the activation energies
of charge carrier traps

In this section effects of optical vibrations in T'SL of
PDHS polymers were observed. TSL curves and Ra-
man spectra of the PDHS polymer films deposited
on different substrates were measured and the addi-
tional structures on TSL curves are analyzed. Acti-
vation energies of trapped charge carriers were found
by the fractional TSL in the temperature range 5-
50 K. The shape of the TSL curve was calculated by
the model of Ref. [16], in which the release of carriers
from traps can be activated by energy transfer from
the vibrations to the carriers. It was found both ex-
perimentally and from calculations that the decrease
in the degree of polymer ordering causes a decrease
of the number of discrete values of activation energies
and of the number of the features in TSL curves [18].

It is known that the PDHS films exhibit a signif-
icant degree of crystallinity [32]. The degree of the
crystallinity of the PDHS polymer reaches 65-80%
[33]. Specific ordering in this material is also con-
firmed by spectroscopic and X-ray data. Indeed, X-
ray reflections in PDHS are fairly distinct, and re-
semble those of a crystalline phase [34-36]. IR [34]
and Raman [35, 37-38] spectra of the PDHS consist
of narrow bands similar to those observed in crystals.

Figs. 4 and 6 show the integral TSL curves for
PDHS films on metal substrate and on sapphire sub-

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 4
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Fig. 5. Activation energies of the traps determined from the
fractional TSL for the PDHS film on the metal substrate. The
numbers on the horizontal plateaus indicate the activation en-
ergies in eV
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Fig. 6. TSL curve of the PDHS film on the sapphire substrate

strate, respectively, measured for slowly cooled sam-
plest in the 5-150 K temperature range. It should be
emphasized that the additional features hereafter re-
ferred to as the structure predicted in [16] are clearly
observed in these TSL curves. The structure consists
of small spikes and dips in the curve and cannot be at-
tributed to noise because it is reproduced in repeated
measurements and on different samples.

Figs. 5 and 7 show the activation energies of charge
carrier detrapping processes for PDHS films on sap-
phire substrate measured in the 5-50 K temperature
range. The numbers on the horizontal plateaus indi-
cate the activation energies in eV. It is seen that the
trap activation energies form six horizontal shelves
for the PDHS films: 0.011940.0005, 0.0177 £ 0.0003,
0.0263 +0.0002, 0.0323 4+ 0.0002, 0.0421 £ 0.0003 and
0.0461+0.0005 eV. A comparison of the data obtained
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Fig. 7. The activation energies of the traps determined from
the fractional T'SL for the PDHS film on the sapphire substrate.
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energies in eV
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Fig. 8. Raman spectra of polymers PDHS (1), PDHepS (2)
PMPS (3), PDPhS (4) and PDPeS (5) films. The positions of
Raman vibrations (a—e) for PDHS coincide with the activation
energy (Fig. 5) and the absorption of these vibrations gives the
structure in the TSL curve (Fig. 4)

from the study of TSL (Fig. 7) and Raman spectra
(Fig. 8 curve I) (see Table 1) showed that the acti-
vation energies of the traps correlated well with the
frequencies of Si—Si vibrations of the polymer chain:
111 em™! (0.011eV), 148 cm~* (0.0183 V), 214 cm—*
(0.0265 eV), 262 cm~! (0.0325 eV), 337 cm~!
(0.0418 eV) and 373 cm~! (0.0462 eV), respectively.
The coincidence of activation energies with Raman
vibrations and the appearance of the structure in the
TSL curves were observed for the PDHS polymer also
on metal and quartz substrates too. Summary data
are presented in Table 1. Compared with the set of
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Fig. 9. TSL curve of the PDHS film calculated in [18] for the
following parameter values: Eg = —0.1 eV, s = 0.045 €V for
vibrations with energies 0.018 eV, 0.026 €V, 0.032 eV, 0.042 eV,
0.046 eV, 0.061 eV. The inset presents the part of TSL curve
in the vicinity of the structure with energy quantum 0.042 eV
for different values of the widths of the vibration band: a half-
width of 0.001 eV (the dashed line) and 0.003 €V (the continues
line)

Table 1. Comparison of the activation energies

of hole traps (E) for the PDHS films on different
substrates and the Raman modes of Si—Si vibration
in PDHS films [35]. Values in round brackets are
given in eV. The bold numbers are given

in wavenumber units and the numbers

in parentheses are given in electronvolts

Eexp, em™" (eV) Raman modes,

cm~! (eV)

Sapphir Metal Quarts
97 (0.012) 97 (0.012) | 111 (0.011)
143 (0.0177) | 137 (0.017) 148 (0.0183)
212 (0.0263) | 213 (0.026) | 210 (0.026) 214 (0.0265)
260 (0.0323) 262 (0.0325)
339 (0.0421) | 344 (0.043) | 339 (0.042) 337 (0.0418)
372 (0.0461) | 387 (0.048) 373 (0.0462)
491 (0.061) 493 (0.0611)

activation energies for the PDHS film on the sapphire
substrate, in the case of PDHS film on the metal sub-
strate, the values 0.012 and 0.032 eV are missing, but
there appears a value of 0.061 eV. Other values are
consistent with those obtained for the polymer film
on the sapphire substrate.

For the PDHS film on the quartz substrate, three
additional peaks on the TSL curve and the activa-
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tion energies of traps form three horizontal plateaus,
which also coincide with the Raman modes of the
polymer (Table 1). Repeated TSL measurements re-
vealed a decrease in the observed numbers of both the
discrete values of activation energies and the struc-
tural features in the TSL curve. This is apparently
due to a change in the morphology of the polymer
caused by the irradiation. Table 1 shows that the
numbers of activation energies for the PDHS polymer
depend on the type of substrate and decrease when
the substrate is changed from sapphire to metal and
quartz.

The same trend is observed for the additional struc-
ture in TSL curves of the PDHS polymer. In other
words, the observed activation energies for samples on
different substrates coincide with the Raman modes,
but the number of observed activation energies and
additional spikes in the TSL curves on various sub-
strates differs.

We explain these results and the absence of some
observed activation energy values for some samples by
the sensitivity of the TSL polymer curves to disorder
(heterogeneity) of the polymer structure. The hetero-
geneity leads to the broadening of vibrational bands,
and causes a smearing of the features on the TSL
curve and reduction in the number of observed dis-
crete levels of the activation energy. The difference in
the thermal expansion coefficients between the films
and the substrate may cause the change in the struc-
ture and the appearance of non-homogeneities in the
sample at the polymer cooled to the liquid-helium
temperature. The expansion coefficient of quartz dif-
fers by an order of magnitude from those of sap-
phire and metal and by two orders of magnitude from
those of the polymer. This may explain the less pro-
nounced additional structure caused by vibrations in
the case of the polymer on the quartz substrate (Ta-
ble 1). However, the results show that the activa-
tion energies coincide with the energy quanta of the
molecular vibrations. This coincidence is observed for
all studied substrates. This supports the model pro-
posed in Ref. [16] of vibration-assisted carrier release
from traps. The shape of the TSL curve was calcu-
lated in the one-phonon approximation [18] using the
model of Ref. [16], under which the release of car-
riers from traps can be activated by energy trans-
fer from vibrations with different energies: 0.018 eV,
0.026 €V, 0.032 €V, 0.042 €V, 0.046 €V, 0.061 eV to the
carriers (Fig. 9). The TSL curve correctly describes
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the structure obtained experimentally. It was shown
that the number of observed activation energies de-
creases with increasing widths of optical vibration
bands.

These results allow us to conclude that although
the trap energy spectrum is quasi-continuous, the re-
lease of holes in the polymer is more probable from
those, that is localized on traps, the depths of which
correspond to the energy of Si-Si vibration of the
polymer chain. Another trapped carriers may be re-
leased from traps by the simultaneous absorption of
several vibrational quanta and thus contribute to the
formation of the wide solid TSL curve (Figs. 4, 6).
The effects of optical vibrations is more clearly de-
fined in TSL of ordered polymers with low concen-
tration of defects, in which the vibrational bands are
Narrow.

3.2. Determination of the TSL

curve for stlicon organic polymer films
with varying degrees of ordering

and the activation energies

of the charge carrier trap

In the present section, the dependence of the charge-
carrier release processes in five silicon—organic poly-
mers (PDHS, PDHepS, PMPS, PDPhS, and PDPeS)
on their degree of ordering and the widths of vi-
brational bands is investigated. The study is based
on TSL curves, the fractional TSL method in the
temperature range of 5-200 K, and Raman spec-
troscopy. The release of charge carriers from traps via
the absorption of vibrational quanta manifests itself
both in the appearance of discrete activation energy
levels of the carriers, which coincide with the energies
of the vibrational quanta, and in the formation of a
structured TSL curve. It is shown that the magnitude
of these effects depends on the widths of the optical
vibrational bands and the degree of polymer order-
ing. A detailed analysis of all results is presented in
[19]; here, only selected data are discussed.

Structures of silicon organic polymers with decreas-
ing ordering are shown in Fig. 3.

It is known that PDHS is a polymer with substan-
tial crystallinity. The other four polymers have a
lower degree of ordering relative to PDHS. Compared
with the PDHS polymer, the PDPeS is an amorphous
polymer. Spectroscopic data indicate that the PDPeS
film is in a regular 7/3 helical conformation at room
temperature [39]. In comparison to the amorphous
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Fig. 10. TSL curve and the activation energies of the PMPS
film on the metal substrate

PDPeS film, the PMPS film has 10% crystallinity
according to X-ray scattering and the optical po-
larizing microscopy [40]. Time-resolved fluorescence
studies at different temperatures clearly reveal the
existence of the ordered conformation in the PMPS
film [41].

Fig. 8 shows the measured Raman spectrum of sil-
icon organic polymers with differing degrees of or-
dering. Raman studies demonstrate that the polymer
structure of PMPS and PDPeS films is significantly
different from that of the PDHS and these differ-
ences are consistent with previously reported data
on their structural disorder. First, the bands in the
Raman spectra of PMPS and PDPeS are broadened
twofold with respect to the bands in the spectrum of
PDHS. In particular, the absence of a very intense
band at 689 cm™!, which had previously been as-
signed to a Si—C vibration in the planar zigzag con-
formation of PDHS, is evident. There are also signifi-
cant differences in the silicon-silicon stretching region
(90-500 cm™!) which indicate that the backbones of
PMPS and PDPeS are no longer planar. As will be
seen from the subsequent Figs, these polymers have a
smaller number of discrete values of activation ener-
gies and a less rich structure of TSL curves than for
PDHS.

From the analysis of Raman spectra, one may ex-
pect the most pronounced effects of the interactions
between molecular vibrations and trapped charges in
PDHS.

Let us consider how the disordering of polymers
and the broadening of their Raman bands affect the
manifestation of discrete activation energies.
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Fig. 11. TSL curve and the activation energies of the PDPeS
film on the metal substrate
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Fig. 12. TSL curve: film of PDHS (1) and the nanocom-
posite PDHS/MCM-41 (2). The curves are normalized by the
intensity. TSL curves are normalized to the intensity

Table 2. Comparison of the activation

energies of the charge traps (Ea) for silicon
organic polymers and the Raman modes of optical
vibrations in these polymers. Values of Raman
modes in round brackets are given in eV

PDHS PMPS PDPeS
FEeoxp, Raman Eexp, Raman | Fexp,| Raman
cm ! modes, cm~! modes, |cm~! modes,

(&V) [em™! (eV)| (eV) |em™! (eV)]| (eV) |cm™! (eV)
137 148 97 103 403 414
(0.017) | (0.0183) |(0.0117)| (0.0127) |(0.05)| (0.0513)
211 214 324 321

(0.026) | (0.0265) | (0.039) | (0.0398)

344 337 619 615

(0.043) | (0.0418) | (0.076) (0.076)

370 373 898 910

(0.048) | (0.0462) (0.11) (0.12)

491 493

(0.061) | (0.061)
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Fig. 10 and 11 show the TSL curves of PMPS and
PDPeS polymers which have a lower degree of or-
dering compared to the “crystalline” PDHS polymer
(Fig. 6), as well as the activation energy of carrier
release from traps in PDHS (Fig. 7) and other poly-
mers. Data on the presence of discrete levels in these
polymers and a comparison of their energies with op-
tical vibrational quanta are presented in Table 2.

Some structure is observed in the TSL curve of
the PMPS polymer. An essential point for the man-
ifestation of such a structure is the TSL intensity of
polymer. Note that the TSL intensities of PMPS and
PDHS are almost the same. However, the structure in
the TSL curve of PMPS is less pronounced than that
observed in PDHS. It can be explained by the broader
optical width of the Raman vibrations in PMPS than
in PDHS.

Table 2 shows that the activation energies for all
polymers coincide with the energies of the quanta of
molecular vibrations. The appearance of a structure
in the TSL curve is also observed. However, it follows
from Table 2 that the number of observed activation
energies and features in the additional structure in
TSL curves (Figs. 10, 11) are less than that of the
PDHS polymer (Fig. 7). This is due to the fact that
the number of observed activation energies decreases
with the increase of widths of optical vibration bands
and with the decrease of ordering of polymers.

Thus, the manifestation of optical vibrations in the
processes of carrier release from traps is more pro-
nounced in TSL of ordered silicon organic polymers
with low concentration of defects, in which the vibra-
tions bands are narrow, and the intensity of the TSL
is significant. The heterogeneity leads to the broad-
ening of vibration bands and causes a reduction in
the number of observed discrete activation energy
levels of traps in silicon organic polymers. The same
processes have also been observed in studies of TSL
polygermane polymers [42].

3.3. Experimental study of low-temperature
TSL of the PDHS/MCM-/41 nanocomposite

In this section an experimental and theoretical study
of the TSL of the PDHS/MCM-41 nanocomposite ob-
tained by the introduction the PDHS polymer into
MCM-41 nanopores with a pore diameter of 2.8 nm
was carried out in the temperature range of 5-120 K
[31]. A significant role of molecular vibrations in the
formation of the TSL curves is observed.
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Fig. 12 shows the TSL curves of the PDHS poly-
mer film and the PDHS/MCM-41 nanocomposite. It
should be noted that the intensity of the nanocom-
posite curve is significantly lower than that of the
polymer film. The TSL curve of PDHS/MCM-41
nanocomposite consists of two bands: a very narrow
and intense band at 16 K with a half-width of 8 K, and
a weaker, broader band with a maximum at 31 K. It
is shown that the TSL curve of the nanocomposite is
shifted toward lower temperatures by 34 K compared
with that of the polymer film, while its half width is
reduced by a factor of 6 and its shape is changed.

Since there is only one polymer chain in the pores
of MCM-41, the number of traps in this case is signifi-
cantly smaller than in the polymer. This is associated
with a shift of the maximum of the TSL curve of the
PDHS/MCM-41 nanocomposite towards low temper-
atures by 32 K and to a narrowing of its half-width
relative to the half-width of the TSL curve of the film
by 6 times. The orientation of the polymer chain in
the MCM-41 pore also leads to a decrease in the con-
centration of defects in the polymer chain, which also
contributes to the narrowing of the half-width of the
TSL curve of the PDHS/MCM-41 nanocomposite.

Fig. 13 shows the temperature dependence of
the trap activation energy of the PDHS/MCM-41
nanocomposite. It can be seen that the trap activa-
tion energy forms only two horizontal plateaus: 0.032
and 0.046 eV. We emphasize that these activation en-
ergies correspond to the more intense polymer vibra-
tional modes at 262 cm~! and to the fully symmetri-
cal vibration at 373 cm™!, respectively. Note that, in
contrast, the trap activation energy of the PDHS film
forms six horizontal shelves (Fig. 7).

Thus, it was shown that the positions of the ac-
tivation energies are discrete and they coincide with
the energies of Si—Si vibration of the polymer. The
TSL curve was calculated using Eq. (3) and taking
into account relations (9)—(11). The parameters were
chosen in such a way that the calculated curve I(T')
described the experimental curve 2 in Fig. 12. The
calculations took into account two molecular vibra-
tions observed in Fig. 13 with quantum energies for
a =1 (E; = 0.046 eV (373 cm~ 1)) and for a = 2
(B2 = 0.032 eV (262 cm™1)).

(The experimentally observed decrease in the num-
ber of vibrational modes from six to two for molecules
in a pore is possibly due to the inhibition of transverse
molecular motions by the pore walls.)
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Fig. 13. Activation energies of the traps for the PDHS/MCM-
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Fig. 14. Temperature dependence of the TSL intensity for
a polymer film (curve 1) and polymer molecules confined in
a pore (curve 2).
same numbers of carriers created by light in the film and in
the pores. Curve parameters: for the polymer in the pore:
s = 0.02 eV, E; = 0.06 eV, s; = 0.001 eV, W; = 1011 51,
Wa=5x10%s"1, P=2x10' s, for the film s = 0.05 €V,
E; = 0.11 eV, s; = 0.0005 eV, Wy = 10! s~ Wy = 5x
x10° s~1, P =10t s—1

The calculations were carried out for the

The model of description and results of calculations
presented in Fig. 14 correctly describe the experiment
presented in Fig. 12. The different ratios of TSL in-
tensity maxima in the film and in the pores in Figs. 12
and 14 are due to the fact that in Fig. 12 the maxima
are normalized to the same reference intensity.

Naturally, experimental measurements for film and
nanocomposites were performed on different sam-
ples. The calculations, carried out for the same num-
ber of molecules in both cases, allow us to compare
the band intensities and show a decrease in the inten-
sity of the broad band consistent with the experiment.

The TSL curve of the polymer in the pores and the
polymer film are significantly different. As one would
expect, the shift and the width of the energy spec-
trum for a polymer in a pore is narrower than in the
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film. The shift in pore is equal to s = 0.02 €V, while
for a film s = 0.05 eV [16-19]. The probabilities of
multiphonon processes also differ greatly in the film
and in the pore. The role of multiphonon processes
in the pore decreases since the number of vibrations
in a pore is less rich due to a decrease in the number
of neighbors. The narrow peak in the TSL curve in
Fig. 14 at T ~ 20 K is due to the molecular vibration
with F7 = 0.046 eV. Vibration with £; = 0.032 eV is
not observed experimentally. This indicates that the
probability to transfer the charger from a trap via the
absorption of a single quant of this vibration is less
than a critical value. This vibration and all other vi-
brations form in pore the band with a lower intensity
maximum in Fig. 14 at T ~ 35 K and broad band
(curve 1 in Fig. 12 and in Fig. 14) in a bulk sample.

Thus, from experimental data (Fig. 12) and from
the calculations (Fig. 14) it follows that for a polymer
molecule in a pore, the role of individual molecular vi-
brations increases in processes of TSL. The vibration
manifests itself as a sharp peak in the TSL curve. At
the same time, in bulk samples, processes with the
absorption of individual vibrations, observed in [16—
19] (Figs. 4, 6, 10, 11) and in the curve 1 of Fig. 14,
appear in the form of small features on the T'SL curve.

4. Conclusion

This paper analyzes TSL features arising from the
participation of individual molecular vibrations of
polymers in the processes of detachment of a local-
ized charge from a trap. Taking these processes into
account is important for the following reasons.

1) Traditional methods for determining the acti-
vation energy of traps in polymers, such as those ob-
tained by the widely used fractional TSL method, can
lead to incorrect results. Despite the quasi-continuous
nature of the energy spectrum of traps in polymers,
molecular vibrations lead to the appearance of dis-
crete activation levels with a depth equal to the vi-
brational quantum energy. These features should be
taken into account when analyzing and drawing con-
clusions from experiments about spectrum of charge
traps.

2) The magnitude and nature of structural features
on the TSL curve caused by molecular vibrations pro-
vide information about the investigated systems and
about the strengths of the electron-vibrational inter-
actions for individual vibrations.
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3) Similar manifestations of molecular vibrations
may also occur in other processes, for example, in the
temperature dependence of the electrical conductivity
of polymers.
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OCOBJIMBOCTI BIIJINBY
MOJIEKVYJ/IAPHUX KOJIMBAHDBb
HA TEPMOJIIOMIHECHEHIIIIO ITOJIIMEPIB

Y crarTi HpeacTaBIeHO PE3yJIbTATU CIIOCTEPEXKEHHS il J0CJIi-
JIPKEHHS TIPOsIBIB OKPEMHUX MOJIEKYJISIDHUX KOJIMBaHb y IIPOIle-
cax TepMosioMinecrenmil mosimepis. Lli mposiBm MaroTh Taki
ocobsiuBocTi: 1) monpyu KBasMHEINIEPEPBHUIl CIEKTp eHepriil na-
CTOK JIJIs1 HOCIIB 3apsay B mojiMepax, eHeprii akTuBaliil, BU3Ha-
JeHi MeTomoM (DPAKIIHHOT TEePMOJIIOMIHECIEHITl, MAIOTh JIHC-
KpeTHi 3Ha4eHHs; 2) Il 3HAYeHHsI eHepriit akTuBalil 36iraorbest
3 KBaAaHTaMH MOJICKYJISIPDHUX KOJIMBAHb y CHCTEeMi; 3) Temiepa-
TypHA 3aJI€?KHICTh iIHTEHCUBHOCTI TEPMOJIIOMIHECIIEHIIIT Ma€ Xa~
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paKTepHY MOBEIiHKY, 3yMOBJIEHY MOJIEKYJIIPHUMI KOJIUBAHHSI-
mu. Taky TeMrepaTypHy 3aJI€XKHICTb 1 eHepril akTuBaliil 6yJso
€KCIIEPUMEHTAJIbHO JIOCJII2KEHO JJIA II0JIiMePiB, HAHECEeHUX Ha
pi3HI TiAKJIaJIMHKY, [IOJIMEPIB 3 PI3HUM CTyIIEHEM KPHUCTAJIi-
YHOCTI Ta HAHOPO3MIPHHX IIOJIIMEPiB, BOYLOBAHUX y IOPUCTHIL
KpemHe3eM. EKcriepyuMeHTabHI pe3ysIbTaTi y3rOKYyIOThCH 3
3alIPOITIOHOBAHOIO MOJIEJUIIO YYaCTi MOJIEKYJIIPDHUX KOJIMBaHb Yy
Ipolecax BUBIIbHEHHS 3apAdy 3 IACTOK IIiJI 4ac TepMOJIIOMi-
HECIEHIIIT.

Katwo61i ¢.a06a: TEPMOJIIOMIHECIEHITisI, ITOJIIMEPHI IIIBKH,
HAHOKOMIIO3UT, MOJIEKYJ/IAPHI KOJIMBaHHH, €Hepril akTuBallii.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 4



