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Comparative study of optical spectra and thermoluminescence of poly(di-n-hexylgermane) (PDHGe) and
poly(di-n-hexylsilane) (PDHS) films and nanocomposites with different degrees of ordering have been carried
out in the temperature range 5-200 K. The disordering processes, which are essential for PDHGe, lead to the ap-
pearance of additional bands in its optical spectra associated with different set of trans- and gauche-confor-
mations of the polymer chain as well as to the broadening of vibrational bands in Raman spectrum. It is shown
that polymer chains of confined PDHGe introduced into the nanopores of SBA-15 silica, in contrast to those of
PDHS have the gauche-conformation instead of the trans-conformation, as a result of decrease of intermolecular
interaction between the polymer chain segments and increase of their mobility. Besides, appearance of discrete
levels of the carriers’ activation energy in thermoluminescence of both polymers were observed, energies of
which coincide with the optical vibration quanta. Disordering processes cause reduction of the number of ob-

served discrete levels of the activation energy for PDHGe.
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1. Introduction

c-conjugated (MR2)n polymers, where M = Si, Ge, and
R is an organic molecule, have unique optoelectronic and
electrophysical properties due to the delocalization of o-
electrons along the polymer chain consisting of M atoms.
Studies of properties of such polymers attract attention due
to their possible application as photodiodes, photoresists
and materials for nonlinear optics [1].

One of the most studied silicon organic polymers is
poly(di-n-hexylsilane) (PDHS). The degree of the crystal-
linity of the PDHS polymer reaches 69% [2]. Specific or-
dering in this material is also confirmed by spectroscopic
and x-ray data. Indeed, x-ray reflections in the PDHS are
fairly distinct, resembling a crystalline phase [3-5]. IR [6]
and Raman [4,7,8] spectra of the PDHS consist of narrow
bands like the spectra of crystals.

Poly(di-n-hexylgermane) (PDHGe) has structure simi-
lar to that of PDHS, where the monomer unit Si(CeH13)2 is
replaced by Ge(CgH13)2. Since the Ge—-Ge bond is longer
than the Si-Si bond, the intramolecular interaction between
segments of polymer chains is expected to be less pro-

nounced [9] as compared with PDHS. This suggests that
PDHG has higher flexibility near its backbone, and con-
formational changes in the polymer chain are more proba-
ble for PDHGe than for PDHS. It correlates well with the
x-ray data [9] showing that the PDHGe film is less ordered
than the PDHS film. This fact also explains differences in
the absorption spectra of films of these polymers. Absorp-
tion spectrum of the PDHS film consists of two bands,
associated mainly with the ordered trans-conformation and
a small fraction of the disordered gauche-conformation of
the polymer chains. The absorption spectrum of the
PDHGe film consists of four bands [10,11], having differ-
ent ratios of trans- and gauche-conformations along the
polymer chain. These data indicate that PDHGe polymer is
more disordered comparing to PDHS.

Low-temperature thermoluminescence (TSL) is used to
study processes of localization of charge carriers on traps,
as well as processes of their release. In order to leave a trap
and transit to a state with the energy above the mobility
threshold, a charge carrier has to acquire some additional
energy. To determine the activation energy of the charge
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carriers in polymers, the fractional TSL method has been
used. It was previously believed that the dependence of the
activation energy of charge carriers on temperature in po-
lymers has a quasi-continuous character [12]. However, in
a number of works [13-17] studying PDHS polymer films,
these dependences differ from the quasi-continuous char-
acter. It was first shown that discrete levels appear in the
dependence of the carriers’ activation energy on the tem-
perature, and these energy levels coincide with the optical
vibrations quanta determined from the Raman spectra. For
a freshly prepared PDHS film on a sapphire substrate,
whose polymer chains mainly consist of the trans-
conformation segments, there were up to 6 discrete levels
observed [17]. Based on these studies, the following model
of carriers release from the traps was proposed [18]: not
only multiphonon processes, but also single vibration may
take part in process of charge carriers release from traps.
The release of carriers occurs due to an energy transfer
from the vibration to the trap as a result of an interaction
between the vibration and the carrier. The transfer of ener-
gy occurs to those traps of the continuous spectrum, the
bond energy of which coincides with the energy of optical
vibrations quanta.

It was shown by the repeated TSL measurements of
PDHS film [17] that the number of discrete levels of the
energy activation decreases. This is apparently associated
with a change in the polymer morphology in the result of
irradiation. This suggests that the appearance and number of
discrete levels in the dependence of the activation energy on
temperature depends on the ordering of the polymers.

In the present paper, we study the effect of the polymer
ordering on the processes of release of charge carriers lo-
calized on traps appearing in the germanium organic po-
lymer PDHGe. For this purpose, comparative studies of the
TSL curves and the fractional TSL are carried out for the
“crystalline” PDHS and PDHGe having a different degree
of ordering. In addition, the influence of the ordering ef-
fects on the optical spectra of films and nanocomposites of
these polymers is investigated.

2. Experimental procedure

The PDHGe was synthesized as described in [19]. De-
tails of the preparation of the mesoporous silica material
SBA-15 was described in [20].

In order to incorporate the PDHG polymer (Mw = 10600)
into nanopores of 6 nm SBA-15, the prepared silica ma-
trixes were immersed in a 1 wt% solution of the polymer in
toluene and slowly stirred in dark at 293 K for several
hours and then kept in dark till evaporation of the solvent.
Then the composite was twice washed in dark for approx-
imately 1 h by stirring it in the fresh toluene to remove the
polymer from the exterior surface. The location of the po-
lymer in the pores was determined by the x-ray diffraction.
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TSL measurements were carried out with automatic
equipment for optical thermally stimulated spectroscopy
over the temperature range from 5 to 200 K with the heat-
ing rate of B = 0.25 K/s. The PDHS and PDHGe polymer
films were prepared by direct casting from toluene solution
on a metal substrate. Freshly prepared films with the thick-
ness of 5 um were used. The carriers in the polymers were
photogenerated by the samples’ excitation with unfiltered
light of an Hg lamp for 2 min at 5 K.

The fractional TSL method involves detection of the
emission intensity of the sample pre-excited at low tem-
perature during its gradual linear heating over a small tem-
perature range followed by immediate cooling. Cyclically
repeated heating-cooling continues till the traps are totally
emptied. The estimation of the activation energy of the
traps is based on the assumption that the filled traps con-
centration is practically unchanged during a current heating
process (1-5 percent of the existing filled traps). Activa-
tion energies of traps were calculated by the equation usu-
ally used in the TSL analysis

A(InT)

E=—kg AUT) 1)

The fractional TSL method allows obtaining sets of da-
ta for trap energies of an excited sample which significant-
ly increases the reliability of the results. The important
advantage of the method is that the calculated activation
energies are independent of the TSL kinetics. The follow-
ing regime of the temperature modulation was used: the
sample was cooled down to the temperature at which the
glow intensity attained its minimum value (subsequently it
is referred to as the background emission intensity). More
details of the procedure may be found in [13].

The fluorescence (FL) and excitation spectra of the pol-
ymer films on quartz substrates were recorded using a
DFS-12 and a Hitachi MPF-4 integrated with a helium
cryostat at the temperature of 5 K. The FL was excited
with a xenon lamp with the monochromator selected wave-
length of 313 nm. The absorption spectra were recorded
with a KSVU-23 at room temperature.

3. Results and discussion

3.1. Absorption and fluorescence spectra of PDHGe
and PDHS films

Figure 1 shows the absorption spectra measured at
room temperature (a) and the FL spectraat T =5 K (b) of
the PDHS and the PDHG films. We see that the absorption
spectrum of the PDHS film has two bands at 362 and 313 nm
assigned to the o—c™ transitions of the Si backbone (Fig. 1(a),
dotted line). These absorption bands are assigned to the po-
lymer chain having ordered trans- and disordered gauche-
conformations, respectively. The distance between these
bands is 58 nm. The absorption spectra of the PDHGe film
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Fig. 1. (a) Absorption spectra of PDHS (dotted line) and PDHGe (solid line) films at room temperature and (b) FL spectra (5 K) of

PDHS (dotted line) and PDHGe (solid line) films.

become more structured and consist of four bands with
maxima at 373, 348, 335 and 323 nm (Fig. 1(a), solid line).
These spectra agree with the data obtained in works [10,11].
It has been shown that the bands at 373 and 323 nm are
assigned to the polymer chain having trans- and gauche-
conformation, respectively. Distance between these ab-
sorption bands is 53 nm, which is almost the same value as
for the PDHS film. Other bands in the spectrum originate
from the absorption centers with different amounts of
gauche- and trans-conformers along of the polymer chains.
FL spectrum of the PDHS film (T = 5 K) has a single and
intense band with maximum at 371 nm (Fig. 1(b), dotted
line). FL spectrum of the PDHGe film (T = 5 K) is more
structured and consists of three bands at 352, 366 and 376 nm
(Fig. 1(b), solid line). Appearance of several bands in the
optical spectra of the PDHGe film confirms the greater
disorder of this polymer comparing to the PDHS film.

3.2. Fluorescence and excitation spectra of PDHGe/SBA-
15 and the PDHS/SBA-15 nanocomposites

The FL spectrum of PDHS/SBA-15 nanocomposite
with a pore diameter of 6 nm (T = 5 K) consists of the sin-
gle band at 350 nm (Fig. 2(a)). This band is assigned to the
polymer chain having the trans-conformation and it is
shifted by 21 nm to the short-wavelength region with re-
spect to the trans-conformation band in the FL spectrum of
PDHS film [21]. The excitation spectrum of this composite
shows a single band with a maximum at 346 nm, which is
blue-shifted relative to the absorption band of the trans-
conformation of the film by the value of the same order of
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magnitude (16 nm). This significant blue shift is due to the
decrease of the number of polymer chains in the pore and
the reduction of the intermolecular interaction between
them. This confirms that the polymer chains are indeed
incorporated into 6 nm pores.

The FL and excitation spectrum of PDHGe incorpo-
rated in SBA-15 with a pore diameter of 6 nm obtained at
5 K are presented in Fig. 2(b). The FL spectrum shows the
single band with a maximum at 338 nm, which is also
blue-shifted relative to the band of the trans-conformation
of the film as in the case of the PDHS/SBA-15 nanocom-
posite, but by the greater value (38 nm). The excitation
spectrum observed for this FL band shows a single band
with a maximum at 317 nm, which is significantly blue-
shifted relative to the absorption band of the trans-
conformation of the film by 56 nm. Since in the absorption
spectra of the PDHS and PDHGe films the distance be-
tween the trans- and gauche-conformation bands is almost
the same (58 and 53 nm, respectively), then the shifts of the
bands of the same conformation in the spectra of their
nanocomposites should have similar values. This suggests
that the conformation of the polymer chains of the confined
PDHS differs from that of the PDHGe. If we measure the
shift of the FL and excitation bands of the PDHGe/SBA-15
nanocomposite starting from the corresponding bands of the
PDHGe film, namely, from the 352 and 323 nm, which origi-
nate from the gauche- conformation, we obtain 14 and 6 nm,
which are close to the data for PDHS/SBA-15 nanocomposite.
S0, the result obtained for the PDHS/SBA-15 nanocomposite
differs from that for the PDHGe/SBA-15 nanocomposite in
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Fig. 2. FL and excitation spectra of the PDHS/SBA-15 nanocomposite (a) and the PDHGe/SBA-15 nanocomposite (b) (T =5 K, a pore

diameter of 6 nm).

that significant aspect that the confined PDHS polymer chain
has the trans-conformation [21], whereas the confined
PDHGe polymer chain has the gauche-conformation due to
the greater mobility of the polymer chain segments.

3. Low-temperature thermoluminescence
and activation energies of the traps of PDHGe
and PDHS films

Figure 3 shows the integral TSL curves for the PDHS
films on the metal substrate. It should be emphasized that
the additional features referred further as “the structure” are
clearly observed on these TSL curves [17]. Figure 4 shows
the activation energies of charge carrier detrapping process-
es for these PDHS films measured in the 8-50 K tempera-
ture range [17]. The numbers on the horizontal shelves indi-
cate the activation energies in eV. It is seen that the traps’
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Fig. 3. TSL curve of the PDHS film on a metal substrate.

activation energies form five horizontal shelves for the
PDHS films on the metal substrate are (0.017 + 0.0003),
(0.026 + 0.0002), (0.043 + 0.0003), (0.048 + 0.0005) and
(0.061 + 0.0005) eV. Raman spectrum of the PDHS film
[16] is presented at Fig. 5 (curve 1). Comparison of the data
obtained in the study of the TSL and Raman spectra has
shown that the activation energies of the traps correlate
well with the frequenues of Si-Si V|brat|ons of the poly-
mer chaln 148 cm™ (0 0183 eV), 214 cm~ (0 0265 eV),
337 cm™* (0.0418 eV), 373 cm~® (0.0462 eV) and 493 cm .
(0.0611 eV), respectively

Thus, TSL study of PDHS polymer film has shown the
presence of additional features on the TSL curves [17]
(Fig. 3) which was predicted by the model presented in
[18], and the practical coincidence of activation energies of

0.09
0.08F
0.07¢ A
S 0.06F B
(5]
é0.05
S0.04F L
[
W 0.03E
0.02
0.01F .

PENEEEEN BESrETErE NS SrET A RS S ST AT AT AT ST
0 20 25 30 35 40 45

Fig. 4. Activation energies of the traps determined from the frac-
tional TSL for the PDHS film on a metal substrate. The numbers
on the horizontal shelves indicate the activation energies in eV.
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Fig. 5. Raman spectra of PDHS (1) [16] and PDHGe (2) [10]
films at 300 K.

the charge detrapping with the energies of optical vibration
modes. These results allow us to conclude that although
the energy spectrum of the traps is quasi-continuous, the
release of the holes in the polymer is more probable from
those traps the depths of which correspond to the energy of
Si-Si vibration of the polymer chain.

Figure 6 (solid line) shows the integral TSL curves of
the PDHGe film on a metal substrate. We see from Fig. 6
that the TSL curve of PDHGe film is much wider than that
of PDHS film (Fig. 3) indicating a larger number of seg-
ments (and hence, traps) of different lengths and, accord-
ingly, of different energy. Note that on the TSL curve of
the PDHGe film there is no additional structure that is ob-
served on the TSL curve of the PDHS film. In addition to
the processes of disordering, this is due to the fact that the
TSL intensity of the PDHGe polymer is significantly less
than that of the PDHS.

A significant change in the TSL curve is also observed
when the polymer is introduced into the SBA-15 silica
nanopores. Figure 6 (dotted line) shows the normalized
TSL curve of the PDHGe/SBA-15 nanocomposite where

12000
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Fig. 6. Normalized TSL curve of PDHGe film (solid line) and
TSL curve of nanocomposite PDHGe/SBA-15 (dotted line).
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the polymer is introduced into the pores with diameter of
6 nm. From Fig. 6 we see that the curve of the nanocompo-
site is shifted towards low temperatures by 14 K relative to
that of the film. This is associated with decrease in the num-
ber of polymer chains in the pore and, subsequently, in the
number of traps for charge carriers and decrease in their
energy spread. Similar changes in the TSL curve of the
PDHS film are also observed when the polymer is intro-
duced into the SBA-15 silica nanopore [22].

Figure 7 shows the activation energies of charge carrier
detrapping processes for the PDHGe film measured in the
9-50 K temperature range. The numbers on the horizontal
shelves indicate the activation energies in eV. We see that
the traps’ activation energies form only three discrete lev-
els for the PDHGe films on a metal substrate: (0.0122 +
0.0005), (0.0308 + 0.0002), (0.0399 + 0.0006) eV. Com-
parison of the data obtained in the study of the TSL and
Raman spectrum (Fig. 5, curve 2) [10] showed that the
activation energies of the traps correlated well with the fre-
quencies of Ge—Ge vibrations of the polymer chain: 89 cm™t
(0.011 eV), 249 cm ™+ (0.0309 eV/) and 321 cm "~ (0.0398 eV),
respectively. Comparison of the Raman spectra of the
PDHS and PDHGe films (Fig. 5, curves 1 and 2), respec-
tively, showed that the half-widths of the bands in the Ra-
man spectrum of PDHGe are twice as wide as in the PDHS
spectrum, which further confirms the disordering of the
PDHGe polymer as compared to the PDHS. As expected
for the more disordered PDHGe film, we observe decrease
in the number of discrete levels of activation energy for
charge carriers (Fig. 7) in comparison with the correspond-
ing levels for the PDHS film (Fig. 4).

So, the heterogeneity leads to the broadening of vibra-
tional bands and causes reduction of the number of ob-
served discrete levels of the traps’ activation energy of
PDHGe. The manifestation of optical vibrations is more
pronounced in the TSL of ordered polymers, in which the
vibration bands are narrow.

0.10

10 20 30 40 50
T, K
Fig. 7. Activation energies of the traps determined from the fractional
TSL for the PDHGe film on a metal substrate. The numbers on the
horizontal shelves indicate the activation energies in eV.
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Conclusion

Manifestation of polymer chains disordering in the op-
tical spectra, TSL curves and temperature dependence of
the activation energy of charge carriers is investigated. The
well-studied “crystalline” PDHS polymer and the more
disordered PDHGe polymer are considered for compari-
son. We have shown that the number of bands in the opti-
cal spectra of the PDHGe polymer films increases due to
the presence of polymer chains with different set of trans-
and gauche-conformations. Decrease of the intermolecular
interaction between the segments of the polymer chains
and increase of their mobility both lead to the change in the
conformation of the PDHGe polymer chains introduced
into the nanopores of the SBA-15 silica. It changes from
the trans-conformation as in the case of PDHS to the
gauche-conformation. The disordering effects are associat-
ed with the two times broadening of the vibrational bands
in the Raman spectra of PDHG as compared to PDHS.
Moreover, according to the fractional TSL data, the disor-
dering effects lead to the decrease in the number of dis-
crete activation energies of charge carriers, which appear
during resonant absorption of Ge-Ge optical vibration
quanta by carriers during their release.
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Bnnve ynopsagkyBaHHSA nosiiMepiB Ha ONTUYHI CNeKTpu
i TEPMOSIIOMIHECLEHLLItO NOoJlirepMaHieBux i
nonicinaHoBux NMiBOK Ta HAHOKOMMO3UTIB

H.l. OctaneHko, O.A. KepuTa, KO.B. OcTtaneHko,
M.B. YypcaHoBa

IIpoBeneHO MOPIBHSIBHI TOCIIKEHHSI ONTHYHUX CHEKTPIB Ta
TEPMOJTIOMIHECHCHIIIT ITIBOK i HAHOKOMITO3HUTIB HOJi(IUTeKCHII-
repmanist) (ITAI'T) Ta momi(aurexcuicunana) (IIAT'C) 3 pizHuM
CTyIIeHEM BIOpsAKYBaHHS B o0jacti Temmeparyp 5-200 K.
INAIT B mopiBasHHi 3 IIJIIC € Oinbm po3yHopsiIKOBAaHUM
HOJIIMEPOM, IO MPOSIBISETHCSA B INOSABI JOAATKOBUX CMYT B OI-
TUYHHX CIEKTpax, SKi MOB’s3aHi 3 Pi3HUM HAOOPOM TpaHC- Ta
rour-koH(GopMariii MoNiMEpPHHUX JIAHLIOTIB, & TAKOX B YIIHUPCHHI
koyBanbHUX cMyr B KP cnekrpax. Posynopsaxysanns IIIAIT
NOPU3BOAUTL A0 3MEHIICHHS MDKMOJICKYJSIPHOT B3aUMOJIl Mix
CerMEHTaMH TIOJIMEpHHX JIAHIIOTIB Ta JO 30UIBIIEHHS iX
PYXJIMBOCTI, TOMY IOJIMEpHi JIQHI[IOTM, BBEACHHI B HAHONOPHU
kpemue3zeMy CBA-15, MaroTs rom-koH(opMailo Ha BiAMIHY BiX
TpaHc-koHpopmarii s BropsiakoBanoro I[IAI'C. HocmimkeHHs
TEpMOJTIOMIHECIeHIII] ToKa3aso, mo 1 000X MoNiMepiB Xapak-
TepHa MOsBa TUCKPETHUX CHEPrii akTUBALil Ul HOCITB 3apsny,
eHeprii SKUX CIHIBIANalOTh 3 KBAaHTAMU ONTHYHUX KOJIMBAHb.
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N.I. Ostapenko, O.A. Kerita, Yu.V. Ostapenko, and M.V. Chursanova

Uucno auckperHux eHepriit akrusamii st [IIIT 3MeHmIyeTses,
110 TOB’5I3aHO 3 e()eKTaMH HOT0 PO3YHNOpPSAKYBaHHS.

KutrouoBi crioBa: mosiMeTas aH, IUIiBKM, HAHOKOMITO3HUTH, €HEeprii
aKTHBAIIi1, TACTKH, TEPMOIIIOMIHECIICHITIS.

BnunaHune ynopanoveHnda nonmMmepos Ha onTuveckmne
CNEeKTPbl U TEPMOJTIOMUHECLEHLIMIO NMoJInrepMaHneBbIX
N NoNMcmMnaHoBbIX NMJ1eHOK N HAHOKOMMNO3NUTOB

H.N. OcTtaneHko, O.A. Keputa, FO.B. OctaneHko,
M.B. YypcaHoBa

IIpoBeneHbl CpaBHHUTENBHBIE HCCIEAOBAHHUS ONTHYECKHUX

CIIEKTPOB U TEPMOJIIOMHUHECLCHIIMH IUICHOK U HaHOKOMIIO3HTOB

nomu(murexcuirepmanus) (IIAIT) u  momu(aurexcuicuinana)

(ITAI'C) ¢ pa3nuyHOM CTEHEHBIO YHMOPsA0UYEHHS B 00JIACTU TEM-

neparyp 5-200 K. IIJAI'T sBisiercss Gojee pa3ynopsmoueHHBIM

880

noMepoM 1o cpasHenuto ¢ [IJIT'C, uto nposiBiaseTcs B HOsBIC-
HUH JOTIOJHUTENBHBIX II0JIOC B ONTHYECKUX CIIEKTPax, KOTOPHIC
CBA3aHBl C PA3IMYHBIM HAO0OPOM TpaHC- M rou-kKoHdpopmaruit
MOJIMMEPHOH e, a TaKkXKe B YIIUPEHUH KOJIeOaTeNbHBIX MOJI0C
B KP cnekrpax. Pasynopsnodenue IIJII'T npuBoauT K ymeHbIe-
HUI0 MEXMOJICKYJIIPHOTO B3aUMOJAEHCTBUS MEXKAY CEIrMEHTaMU
MONUMEPHBIX HENeH U yBEIMYEHUIO UX MOJBHXHOCTH, TIO3TOMY
€ro IOJIMMEpHbIC LENU, BBEICHHBIC B HAHOIOPHI KpEeMHE3eMa
CBA-15, nmeror rom-kondopmaruro B ornuue ot [IAI'C, xoto-
pBle MMEIOT TpaHc-KoH(popManuio. MccienoBanne TepMOIIOMH-
HECIIEHIIMU TI0Ka3aj0, YTo A1 oOOMX TMOJIMMEPOB XapaKTEPHO
TOSIBIICHHE JIUCKPETHBIX SHEPTHH aKTHBALUHM U1 HOCHUTENCH
3apsifia, SHEPTHH KOTOPBIX COBMANAIOT C KBAaHTAMU ONTHUYECKUX
xoneGanui. Uncio nuckpeTHsIX sHepruit aktuBanuu s [T
YMEHBILACTCS, YTO CBS3aHO € 3 (HEeKTaMu ero pazynopsa0ueHHs.

Kunrouessie ciioBa: NOJIMMETAaJJIaHbl, IJICHKW, HAHOKOMIIO3UTHI,
OHEPIruu aKTUBAIIUH, JIOBYIIKH, TEPMOJTIOMHUHECIICHIINA.
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