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Abstract

:

This paper presents a new analysis of the experimental transmission spectra of polyethylene terephthalate (PET) films before and after irradiation with swift heavy ions (SHI) films, as reported previously by the authors. It is shown that the absorption edge red shift for irradiated films contains two regions of exponential form, one of which is located in the UV region and the other at lower energy, mainly in the visible part of the spectrum. The behaviour of the transmission curves under different irradiating fluences demonstrates that these two regions reflect respectively the electron-enriched core of the latent track and its electron-depleted peripheral halo. The focal point method yields a bandgap energy of 4.1 eV for the electron-enriched core of the latent track, which is similar to n-doped semiconductors, and a bandgap of about 1.3–1.5 eV for the electron-depleted halo, similar to p-doped semiconductors. The boundary between the latent track cores and halos corresponds to a conventional semiconductor p-n junction. The values of the characteristic Urbach energy determined from experimental data correspond to the nonradiative transition energy between the excited singlet and triplet levels of benzene-carboxyl complexes in repeat units of the PET chain molecule. A parallel is drawn between the SHI-induced redistribution of electrons held in structural traps in the PET film and chemical redox reactions, which involve the redistribution of electrons in chemical bonds. It is suggested that alkali etching triggers the release of excess electrons in the latent track cores, which act as a catalyst for the fragmentation of PET chain molecules along the latent tracks of the SHI irradiation.
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1. Introduction


Irradiation of polymer films with swift heavy ions (SHI) is of ongoing interest [1,2,3], due to the possibilities it offers to modify the properties of films in useful ways. A striking example is the achievement of filtration levels comparable to biological membranes from SHI-irradiated polyethylene terephthalate (PET) films [4,5,6,7]. Optical methods are widely used to investigate the post-irradiation properties of transparent polymer films. One of the most noticeable effects of SHI irradiation is the progressive fluence-dependent red shift of the absorption edge. For high fluences, the broadening of the absorption edge can increase by over an order of magnitude (for example, for PET films, the width of the pristine absorption edge is less than 0.1 eV, but is ~2 eV at high fluences). The absorption edge red shift has been extensively studied [5,8,9,10,11,12,13,14,15,16,17,18,19], and both differential [5,8,9,10,11,14,15,16,17] and integral [12] relationships have been established between the irradiating fluence and the optical transmission/absorption spectra. It is generally agreed that the shift is associated with the formation and subsequent growth of extended π-conjugated systems, but there are differing views as to exactly how this growth occurs. Attention has mainly focused on the effects of the fast δ-electrons (E ~ 103 eV) excited by the SHIs, and their cascades of secondary electrons [5,8,9,10,11,13,14,15,16,17,18,19]. These studies have concluded that the observed effects are the result of irreversible carbonization of the polymer film due to stochastic destruction of covalent bonds in the polymer chain molecules and subsequent disorderly radiation cross-linking. However, SHI irradiation also excites slow electrons of energies below typical ionisation energies [20]. In [12,21,22,23,24,25], we used optical and X-ray methods to show that the effects of SHI irradiation on PET films depend not only on the energy and fluence of the SHI ions, but also their charge. This charge dependence can only be understood by the consideration of slow electrons. We explained our observation of irradiation-induced ordering and subsequent spiralization of the molecular structure of PET as due to the rotation of the benzene-carboxyl complexes in the PET repeat units (which have a dipole moment) in a residual electric field created by the movement of more numerous slow electrons from the outer periphery into the latent track core to replace those lost through δ-electron processes [20]. Electret properties of PET films contribute to the retention of the electron enrichment in the central core of the latent track. A study of the optical spectra of irradiated PET film after thermally stimulated discharge (annealing) showed that electrons were released from the deepest traps (benzene-carboxyl complexes) during thermal relaxation from the irradiation-induced ordered state to a more thermodynamically stable disordered state [12,21].



In the field of electret studies, thermally stimulated discharge/depolarization (TSD) current-thermograms are used to identify various thermal relaxation processes, including the high temperature α-relaxation associated with orientational rotations of polar units of macromolecules [26]. The TSD results presented in [27] show clearly that SHI irradiation of PET film leads to an increase in the intensity of α-relaxation compared to the pristine film, due, as the authors note, to an increase in orientational rotations of the polar units within the PET molecules. There is only one mobile group with a dipole moment in the PET chain molecule, namely the benzene-carboxyl complex. The results in [27] therefore provide confirmation of our previous conclusions [12,21,22,23,24,25] that the observed effects of induced ordering and spiralization in SHI-irradiated PET films are associated with the orientational movement of benzene-carboxyl complexes in the residual electric field of the cylindrical latent track. We note that our previous paper [25] is misreferenced in [27] as confirming an increase in the number of carboxyl groups as a result of the destruction of PET molecules under the action of SHI irradiation. Our experimental results do indeed show an increased density of carboxyl units on the inner walls of the latent track (without the irradiated film being introduced into water or an aqueous electrolyte), but we do not refer to molecular destruction in our explanation. On the contrary, in our paper we conclude that this increase is the result of the ordering of benzene-carboxyl complexes in the electric field of the latent track.



The question of the relative contribution of destructive and nondestructive processes to the post-irradiation properties of PET films thus remains open. In this paper we address this question through further analysis of the evolution of the shape of the absorption edge under SHI irradiation using experimental optical transmission spectra data published in [12,21,22]. Absorption edges with widths of up to a few eV are observed in a number of amorphous semiconductors, with an exponential dependence of the absorption coefficient α on the photon energy hν (the Urbach edge) [28]. In [29], SHI irradiation is shown to lead to a broadening of the exponential absorption edge of a thin PbI2 film (and other materials) into the red region. The author concluded that this is due to a broadening of the exciton absorption fringe by an internal electric field induced by ion irradiation. The red shift of the Urbach absorption edge with an increase in fluence was studied in [30], when quartz glass was irradiated with Re ions. It was shown in [31,32] that the exponential shape of the absorption edge in semiconductors is caused by the absorption of light in direct exciton transitions in an electric field that is uniform on atomic/molecular scales. According to [33,34], the optical tail of the absorption coefficient α(ν) in the energy region below the optical bandgap energy Eg is described by the formula


α(ν) = α0exp − (Eg − hν)/W,



(1)




where α0 is weakly dependent on ν and W is a characteristic Urbach energy that does not depend on ν. For amorphous materials, W is also independent of temperature, and has values in the range 0.05 to 0.2 eV. In [33,34], it was suggested that in an amorphous material, the smooth electric field responsible for the formation of the Urbach edge can be caused by nonlocal structural defects of technological and radiation origin, and that the value of W is related to the intensity of the electric field inside the material. Taking these results together, it can be concluded that the experimental signature of both the Urbach edge and the energy range in which excitons exist is a linear dependence between the logarithm of the absorption coefficient lnα(ν) and the photon energy hν:


lnα(ν) = − (Eg − hν)/W.



(2)







It is clear, however, that Eg as determined from Equation (2) will underestimate the value of the optical bandgap [28], since Eg is the value of the extrapolation of the straight line lnα(ν) to the point of intersection with the ν axis, and this point lies below the energy range of the Urbach edge. Our analysis shows that the parameter Eg from (2) nevertheless provides information about the optical properties of the PET films that we have investigated. In [28] the authors provide a more accurate way of determining the optical bandgap energy from a set of linear lnα(ν) lines obtained by varying some parameter (e.g., temperature, SHI fluence) that progressively affects the slope of the Urbach edge. The extrapolations of the lines rotate about and converge at a focal point, which indicates a characteristic energy that is constant relative to the variable parameter, as demonstrated in [35] for temperature.



Below we present an analysis of the experimental UV/vis/near IR transmission spectra T(ν) previously obtained for pristine and SHI-irradiated PET films, and discussed in [12,21,22]. This shows that these spectra also exhibit a linear dependence between the logarithm of the absorption coefficient lnα(ν) and the photon energy hν. We note that the energy balance in a spectrophotometer when measuring the spectral dependence of transmission can be written as 1 = IT + IA + IR + IS, where the sum on the right respectively comprises the intensities of transmitted, absorbed, reflected and scattered light. In the absorption area, when α(ν)d < 5, and d is the thickness of the absorbing layer, the value of IS << IA + IR [36]. The expression becomes 1 = IT + IT*, where IT* = IA + IR is ‘nontransmittance’. This ‘nontransmittance’ comprises the totality of the interaction between the sample and the electromagnetic disturbance caused by a light wave [37], and is what our spectrophotometer measures when in the ‘absorbance’ mode. We will use the symbol α*(ν) to emphasize that it represents the overall attenuation of the intensity of incident light as a result of both absorbance and reflection. Taking into account multiple reflections from internal boundaries, IT and IR can also be expressed in terms of the reflection coefficient R of the film-air boundary as [36]


IT = (1 − R)2exp(−αd)/[1 − R2exp(−2αd)]; IR = R[1 − IT exp(−αd)],



(3)




from which one can also see that interaction between the incident light and the entire film is involved in both transmission and reflection.




2. Experiment


All PET film samples (trade name HOSTAPHAN® polyester films, Mitsubishi Polyester Film Gmbh, 12 μm and 23 μm thick) were irradiated with swift heavy Ar and Kr ions in the DC-60 cyclotron (Nur-Sultan, Kazakhstan). All the ions used in all experiments were of sufficient energy to pass through the PET films. Detailed descriptions of the experimental set-ups and presentation of the observed primary UV/vis/near IR optical spectra have been published in [12,21,22]. Nevertheless, for convenience, we provide here key experimental data from [12,21,22] to enable an understanding of the physical conditions used to obtain the experimental data we discuss here.




3. Study of the Dependence of lnα*(ν) on hν


Figure 1 shows lnα*(ν) as a function of photon energy hν for the high-resolution UV/vis/near IR transmission spectra T(ν) reported and discussed in [22] for samples of pristine (red) and irradiated (blue) PET film of thickness 12 μm and a pristine sample with a thickness of 23 μm (black line). The other two 12 µm-thick samples reported in [22] have extremely minor differences from the one shown in Figure 1a, so are not included here. The irradiated 12 µm thick sample was irradiated with Kr15+ ions of energy 1.75 MeV/a.u. in the normal geometry and a fluence of 1.9 × 1010 cm−2. We first consider the region of the highest photon energies, shown in greater detail in Figure 1b. For the 12 µm-thick PET film sample, linear extrapolations of the ends of experimental curves for the pristine and irradiated states converge at a focal point at a photon energy of 4.1 eV. This agrees with the experimentally determined [38,39] value of the energy of the singlet transition from the ground S0 to the excited state S1 in benzene-carboxyl complexes in the repeat units of PET chain molecules. Studies of photo-stimulated discharge spectroscopy of the electret sample of the PET film [40] concluded that it is these benzene-carboxyl groups that form electron traps in the PET film, and thus that the bandgap energy is 4.1 eV. As expected, the parameter Eg is lower than this, at around 3.7 eV and 3.6 eV for the pristine and irradiated films, respectively.



Interestingly, these values of Eg are similar to a value interpreted in [12] as an indicator of the boundary between the core and peripheral halo of a latent track, which was estimated as being about 4nm from the axis of the latent track, in broad agreement with other estimates [3]. The value of Eg for the pristine sample is equal to the energy of the highest triplet state T3 = 3.7 eV of the benzene-carboxyl complexes found in [39]: the post-irradiation reduction to 3.6 eV indicates, we believe, the broadening of the T3 line under the influence of the residual latent track electric field. We conclude that the focal point at which these lines converge is the bandgap energy in these circumstances. The values of Eg, as expected, turn out to be lower, but their alignment with the triplet energy level found in [39] does not seem accidental to us, and we intend to investigate this further.



In [31] it is shown that an increase in electric field strength leads to an increase in electroabsorption due to broadening of the exciton line by the electric field. This results in a fan-shaped rotation of the straight lines of lnα*(ν) around a focal point as the electric field increases. We have previously shown in [23,24,25] that SHI irradiation results in cylindrical electron redistribution around the latent track axes within PET films, and that the resultant residual electric field is preserved by the electret properties of PET. This suggests that the explanation in [29,31] applies here, with the rotation of the irradiated lnα*(v) line in Figure 1b around the focal point of 4.1 eV having an electro-optical nature and being associated with the broadening of the direct exciton transition line by the electric field of the latent track. For the 12 µm-thick PET film, the value of W is about 0.04 eV for the pristine and 0.05 eV for the irradiated samples. In line with [34], this suggests that pristine and irradiated PET film material can in some respects be considered as two different materials.



We turn now to the pristine 23 µm-thick sample, whose behaviour at high photon energies was previously indistinguishable from the pristine 12 µm samples [22]. Figure 1b shows two well-separated parallel lines for 12 µm- and 23 µm-thick pristine films, illustrating the sensitivity of this analysis, since in all respects other than thickness, these samples are very similar. The presence of induced gyrotropy in pristine PET film samples [22] and the lower texture levels in thicker samples (confirmed by X-ray analysis in [21]) suggests that the observed small difference in transmission/absorption between the 12 µm and 23 µm samples is related to small variations in the distance between carboxyl groups in repeat units of neighbouring chain molecules.



In [12,23,24,25], we demonstrated the role of carboxyl groups in the formation of a post-irradiation ordered state and the increase in extended π-π* conjugated systems with a spiral structure, and showed how this led to the experimentally observed red shift of the absorption edge of PET film after SHI irradiation. We believe that this is an example of the nonradiative Dexter energy transfer mechanism, well known in photochemistry, which decays exponentially with distance [41,42,43]. It results from the overlapping of the electron wave functions of the exciting and excited dipoles, so is very short range (<1 nm) in its action. From [44] and the densities of the amorphous and crystalline parts of PET (1.335 g/cm3 and 1.41 g/cm3 respectively), we can estimate that the average distance between carboxyl groups during the formation of the helical structures responsible for the induced gyrotropy observed in both pristine and irradiated samples does not exceed 0.7 nm, thus lying within this range. The exponential decay of the Dexter mechanism also provides an explanation for the small but clear difference seen in Figure 1b between the lines for the pristine 12 µm and 23 µm samples.



Returning to Figure 1a, for the irradiated sample there is a second well-defined linear section of lnα*(ν) in the energy range 2.7–3.5 eV, indicating that there is a second Urbach edge and region where excitons exist, separated from the higher energy exciton region (around 4 eV) by a transitional region of exciton instability where lnα*(ν) is not linear. We believe that these two regions of stable excitons correspond to the core and the halo of latent tracks, with the transitional region corresponding to the boundary between them. This is in line with [33], which found that if the energy of an electric field exceeds the exciton ionisation energy it creates a region of instability of excitons, the boundary of which is determined by the difference between the bandgap energy and the characteristic Urbach energy W. The residual electric field due to the electron enrichment/depletion in the core/halo of a latent track [12,21,22,23,24,25] has its greatest radial value at the boundary between the core and halo. We previously found this boundary to be at a radial distance of about 4 nm and in the energy region 3.3–3.6 eV, which is broadly consistent with the end of the lower energy Urbach edge in Figure 1a [12,21]. In this lower energy Urbach edge region W ≈ 0.74 eV (we disregard the negative value of Eg for physical reasons as being out of range of our experiment). This value of W is much larger than the values given in [34], but we note that it is very close to the energy of the nonradiative transition between S1 and the triplet level T2 found in [39].



In Figure 2, Figure 3, Figure 4 and Figure 5 below, we further explore the behaviour of lnα*(ν) through analysis of our previous experimental data for a range of irradiating ions and fluences and both normal and oblique irradiating geometries, reported in [12,21].



Figure 2 shows lnα*(ν) for PET film samples irradiated with Ar8+ ions of energy 1.75 MeV/a.u. in the normal geometry and fluences of 2.25 × 1010 cm−2, 4.5 × 1010 cm−2, 6 × 1011 cm−2 and 5 × 1012 cm−2, which were the subject of study in [12]. Samples irradiated with fluences of 4.5 × 1010 cm−2 and higher exhibit well-pronounced Urbach edges in the region of photon energies ~2.3–3.6 eV, similar to the lower-energy Urbach edge seen in the irradiated sample in Figure 1. In the high-energy region, the curves of lnα*(ν) show some tendency to converge around 4 eV, but the coarse spectral resolution of 1 nm used to collect this data and the above-mentioned limit α(ν)d < 5 for scattering to be negligible mean that there are insufficient data points to draw any conclusions about the position of the focal point. We note that in Figure 2 the approximating straight lines for the lower energy Urbach edge converge at a focal point at about 1.4–1.5 eV, which is where features were previously found in the transmission spectra of pristine and irradiated PET films [21,22] that we interpreted as direct exciton transitions at energies of 1.49 eV and 1.34 eV.



The gradient of the lines for the lower energy Urbach edge in Figure 2 increases with increasing fluence, while for the higher energy Urbach edge shown in Figure 1b, the trend is reversed. According to [31], the trend in the lower energy region is a consequence of the magnitude of the electric field in this region decreasing with increasing fluence. Since a well-formed focal point in Figure 2 is only observed for fluences over 4.5 × 1010 cm−2, which is when overlapping of latent tracks is clearly seen in the optical spectra [21], we suggest that the reduction in the magnitude of the electric field is due to the overlapping of the peripheral halos of the latent tracks [12,21,22,23,24,25].



These overlapping, statistically evenly distributed halos form a single area of electronically depleted material, which is characterized by the family of linear dependences of lnα*(ν) for photon energies of 2.2–3.5 eV. By analogy with [28], we suggest that the bandgap energy of the merged halo material is given by the low-energy focal point convergence in Figure 2, so is in the energy range of 1.4–1.5 eV. For ease of reference going forward, we will call these two convergences the lower and upper focal points.



Figure 3 plots lnα*(ν) for the experimental results reported in [12] for PET samples irradiated with Kr15+ ions of energy of 1.75 MeV/a.u. in the normal geometry and fluences of 1.6 × 1010 cm−2, 3.2 × 1010 cm−2 and 6.5 × 1010 cm−2. The behaviour is similar to that seen in Figure 2, with the gradient of the linear approximations of lnα*(ν) in the energy range ~2.2–3.7 eV increasing with increasing fluence and converging at a lower focal point at ~1.3 eV. The functions lnα*(ν) show some tendency to converge around 4 eV, but for the same reasons as Figure 2, there are insufficient experimental data points to draw any conclusions about the position of the upper focal point.



Figure 4 shows lnα*(ν) for samples of PET film irradiated with Kr ions of energy of 1.2 MeV/a.u. and a fluence of 1 × 1011 cm−2, for three different charges (13+, 14+ and 15+) and in the oblique geometry as described and reported in [12]. We again find that the linear approximations for lnα*(ν) in the Urbach edge region between ~2.2–3.7eV converge at a lower focal point at about 1.3 eV, although we note that this result is less reliable than previous cases, due to the small difference in the gradients of the lines. The gradient of the linear approximations of lnα*(ν) increases (i.e., the characteristic Urbach energy W decreases) with increasing ion charge, since higher SHI charges produce higher residual fields in their latent tracks.



Figure 5 plots lnα*(ν) for the experimental results reported in [21] for PET samples irradiated with ions of Kr15+ and energy of 1.75 MeV/a.u. for various fluences, where we used a higher resolution of 0.1 nm than in [12]. As for our earlier results, there is a clear lower focal point at around ~1.3 eV, an upper focal point at ~4.1 eV, and an increase in gradient of the linear approximations to lnα*(ν) in the lower-energy Urbach edge region for increasing fluences.



These results taken together show that the position of the focal points is largely independent of SHI charge and fluence, but the gradient and hence the value of the characteristic Urbach energy W is sensitive to both fluence and charge. The reasons for this sensitivity deserve a separate study, which we intend to conduct in the near future.



The values of the characteristic Urbach energy found from all the above linear approximations of lnα*(ν) in the energy range 2.3–3.6 eV are summarized in Table 1.



Table 1 shows that all values of the difference between the energy of the excited singlet state S1 and the Urbach energy W lie between the T1 = 3 eV and T3 = 3.7 eV triplet levels in PET film [39]. We believe that this indicates that under SHI irradiation the triplet levels broaden to form one wide band and W is the energy of a nonradiative transition from the excited state S1 to this triplet band. It can be seen from the three datasets (1, 2, 3) that, for a given experimental set-up and ion charge/energy, W decreases as the fluence increases. Following [31], we have interpreted this as due to a decrease in the magnitude of the residual electric field as the fluence increases and the latent track halos overlap. Dataset 4 shows that W also decreases as the ion charge increases. This inverse relationship cannot be explained in the δ-electron model, but can be understood in terms of the electron depletion of the polymer film material in the peripheral halos of the latent tracks. The dependence of W on the irradiating ion charge provides independent confirmation of the dependence of the post-irradiation molecular structure on the irradiating ion charge found in [25].




4. Discussion


These results clearly show the presence of two distinct materials in irradiated PET films, each with its own Urbach edge region and focal point associated with its bandgap energy. The existence of two regions of differing properties in SHI irradiated films is well-known and widely recognized as being due to the redistribution of electrons in the irradiated film under the influence of the ion electric field. Although some have argued that the inner core is left depleted of electrons by the kinematic action of swift δ-electrons [45], we have previously made the case that the effects of slow electrons [20] must also be considered. In the regimes under study, slow electrons (with energies below the atomic ionisation potentials in the medium) are quantitatively predominant, and move towards the track axis during the passage of a SHI, leading to a general electron enrichment of the track core and depletion of the outer halo [12,21,22,23,24,25]. The electret nature of the PET film means that the source of these slow electrons are the numerous intra- and inter-molecular traps with depths from 0.2 eV to 4.1 eV [26,38,39,40] that are present in PET, and not atomic electrons from the PET polymer chains. The passage of an ion through the pristine film pulls electrons from traps in the periphery into traps in the core, creating a radial distribution of emptied traps in the peripheral halo, with only the shallowest emptied at the outer edge and progressively deeper traps emptied closer to the track axis. Within the small core, the capacity of shallow traps is rapidly exceeded so that most electrons have to occupy deeper traps [26]. As the fluence increases, statistically the peripheral halos increasingly overlap, eventually forming a single region of electron-deficient material in which shallow traps are empty of electrons, as they have moved under the influence of the ion electric field into deep traps in the electron-enriched cores of the latent tracks. The emergence of two distinct regions within irradiated PET film explains the emergence of a second Urbach edge, and the presence of both an upper and lower focal point.



The position of these focal points can be understood by reference to the well-known Mott model of the density of states with a true bandgap, applicable to amorphous semiconductors and dielectrics that are transparent in the visible and IR parts of the spectrum [28], such as the PET film under study. This is depicted in Figure 6, where EF is the Fermi level, EC and EV denote the energy levels that separate localised states from nonlocalized ones in the conduction band and valence band, and EA and EB are the boundaries of the tails of the conduction band and valence band, respectively. Shading shows areas where all localised states are full, and therefore unavailable due to the Pauli principle.



Figure 6a shows the situation where all shallow traps are occupied, leading to a bandgap of 4.1 eV, as measured in [38,39]. Figure 6b shows the situation when the shallow traps have been emptied, resulting in a bandgap of ~1.3–1.5 eV. Irradiation of PET film with highly charged very heavy ions (e.g., U, Xe, Bi) could shed light on whether this bandgap value characterizes the intrinsic properties of PET films, or just reflects the extent of trap emptying possible with the SHI charges and fluences used in these experiments.



We now return to the question formulated in [24] as to whether it is helpful at high irradiating fluences to continue to speak about overlapping of individual latent tracks. The evidence presented here concerning the structure of PET films when latent tracks are overlapping leads us to conclude that it may be more useful to consider such films as consisting of two materials. The electron-depleted halo region corresponds to a p-doped semiconductor with a bandgap of 1.3–1.5 eV, in which sit cylindrical electron-rich track cores, corresponding to an n-doped semiconductor with a bandgap of 4.1 eV. The boundaries between these two differently doped polymer materials thus correspond to conventional semiconductor p-n junctions.



The process of SHI irradiation also has parallels with chemical redox reactions, in which an oxidizing agent acquires electrons from the oxidized substance, thereby being reduced itself. This suggests that the electron-depleted halo might have similarities with oxidized materials (such as becoming more difficult to etch than pristine film), while the core might be expected to exhibit properties of reduced materials. The excess electrons in the core are trapped in its structure, rather than held in atomic bonds, as is the case with chemically reduced materials. They can be freed by the destruction of these structural traps, and it is well-known that free electrons are efficient catalysts [46]. This suggests that in alkali etching of irradiated films, the alkali acts as an initiation agent, destroying traps in the core and triggering electron catalysis that vastly speeds up the fragmentation of the PET chain molecules in the latent track cores. We believe that this electron catalysis in the cores explains the huge difference in the etching rates of irradiated PET films along and across the direction of the irradiating ion paths [47].




5. Conclusions


Our analysis shows that the ‘nontransmittance’ functions a*(ν) for PET film irradiated with various fluences of SHI have an exponential form in two photon energy intervals within the region of the absorption edge—so exhibiting two Urbach edges. In semi-logarithmic coordinates, for each PET film sample and each of the two Urbach edges, the set of linear approximations to lnα*(ν) for different SHI irradiating fluences form families of straight lines showing a fan-shaped rotation with increasing fluence. The upper Urbach edge family of lines in the UV region has a focal point at 4.1 eV, associated with the electron-enriched inner core of the latent track. The linear approximations in the lower Urbach edge region, located mainly in the visible part of the spectrum, have a focal point in the range of 1.3–1.5 eV, associated with the electron-depleted peripheral halo of the latent track. The characteristic Urbach energy W for the lower energy Urbach edge in all our experimental data sets lies within the range of the energy of a nonradiative transition from the excited singlet state to triplet band of the benzene-carboxyl complexes of repeat units of chain molecules of PET film. The inner electron-enriched core and outer electron-depleted halo of latent tracks in the PET film are analogous to n- and p-doped semiconductors, respectively, and the boundary between the regions corresponds to a conventional semiconductor p-n junction. The excess electrons in the core of the latent track, which are held in structural traps rather than chemical bonds, can act as a catalyst when their release is triggered by alkali etching, vastly accelerating the fragmentation of PET chain molecules along the SHI pathway.







Author Contributions


Conceptualization, methodology, formal analysis, investigation, visualization, writing—original draft and review, A.Z.T.; conceptualization, methodology, formal analysis, writing—original draft and review, F.E.H.; investigation, visualization and review, A.L.K.; and methodology, investigation, resources, supervision, project administration and funding acquisition, M.V.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding, and F.E.H. took part in this research as a volunteer.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Hazarika, J.; Kumar, A. Swift heavy ion irradiation effects on the properties of conducting polymer nanostructures. In Radiation Effects in Polymeric Materials; Kumar, V., Chaudhary, B., Sharma, V., Verma, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2019. [Google Scholar]

	



Liu, F.; Wang, M.; Wang, X.; Wang, P.; Shen, W.; Ding, S.; Wang, Y. Fabrication and application of nanoporous polymer ion-track membranes. Nanotechnology 2018, 30, 052001. [Google Scholar] [CrossRef] [PubMed]

	



Apel, P.Y. Fabrication of functional micro- and nanoporous materials from polymers modified by swift heavy ions. Radiat. Phys. Chem. 2019, 159, 25–34. [Google Scholar] [CrossRef]

	



Wen, Q.; Yan, D.; Liu, F.; Wang, M.; Ling, Y.; Wang, P.; Kluth, P.; Schauries, D.; Trautmann, C.; Apel, P.Y.; et al. Highly Selective Ionic Transport through Subnanometer Pores in Polymer Films. Adv. Funct. Mater. 2016, 26, 5796–5803. [Google Scholar] [CrossRef]

	



Wang, P.; Wang, M.; Liu, F.; Ding, S.; Wang, X.; Du, G.; Liu, J.; Apel, P.Y.; Kluth, P.; Trautmann, C.; et al. Ultrafast ion sieving using nanoporous polymeric membranes. Nat. Commun. 2018, 9, 569. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Shen, W.; Ding, S.; Wang, X.; Wang, Z.; Wang, Y.; Liu, F. A coupled effect of dehydration and electrostatic interactions on selective ion transport through charged nanochannels. Nanoscale 2018, 10, 18821–18828. [Google Scholar] [CrossRef]

	



Wang, P.; Wang, X.; Ling, Y.; Wang, M.; Ding, S.; Shen, W.; Wang, Z.; Wang, Y.; Liu, F. Ultrafast selective ionic transport through heat-treated polyethylene terephthalate track membranes with sub-nanometer pores. Radiat. Meas. 2018, 119, 80–84. [Google Scholar] [CrossRef]

	



Zhu, Z.; Sun, Y.; Liu, C.; Liu, J.; Jin, Y. Chemical modifications of polymer films induced by high energy heavy ions. Nucl. Instrum. Methods Phys. Res. B 2002, 193, 271–277. [Google Scholar] [CrossRef]

	



Wang, Y.; Jin, Y.; Zhu, Z.; Liu, C.; Sun, Y.; Wang, Z.; Hou, M.; Chen, X.; Zhang, C.; Liu, J.; et al. Chemical modification of polycarbonate induced by 1.4 GeV Ar ions. Nucl. Instrum. Methods Phys. Res. B 2000, 164–165, 420–424. [Google Scholar] [CrossRef]

	



Zhu, Z.; Jin, Y.; Liu, C.; Sun, Y.; Hou, M.; Zhang, C.; Wang, Z.; Liu, J.; Chen, X.; Li, B.; et al. Chemical modifcations of polystyrene under swift Ar ion irradiation: A study of the energy loss effects. Nucl. Instrum. Methods Phys. Res. B 2000, 169, 83–88. [Google Scholar] [CrossRef]

	



Liu, C.; Zhu, Z.; Jin, Y.; Sun, Y.; Hou, M.; Wang, Z.; Wang, Y.; Zhang, C.; Chen, X.; Liu, J.; et al. Study of effects in polyethylene terephthalate films induced by high energy Ar ion irradiation. Nucl. Instrum. Methods Phys. Res. B 2000, 169, 78–82. [Google Scholar] [CrossRef]

	



Tuleushev, A.Z.; Harrison, F.E.; Kozlovskiy, A.L.; Zdorovets, M.V. Assessment of the irradiation exposure of PET film with swift heavy ions using the interference-free transmission UV-vis transmission spectra. Polymers 2021, 13, 358. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Sun, Y.; Jin, Y.; Liu, G.; Hou, M.; Ma, F.; Patnaik, A. Latent track effects of swift argon ions in polyimide. Nucl. Instrum. Methods Phys. Res. B 1998, 135, 234–238. [Google Scholar] [CrossRef]

	



Severin, D.; Ensinger, W.; Neumann, R.; Trautmann, C.; Walter, G.; Alig, I.; Dudkin, S. Degradation of polyimide under irradiation with swift heavy ions. Nucl. Instrum. Methods Phys. Res. B 2005, 236, 456–460. [Google Scholar] [CrossRef]

	



Costantini, J.-M.; Salvetat, J.-P.; Couvreur, F.; Bouffard, S. Carbonization of polyimide by swift heavy ion irradiations: Effects of stopping power and velocity. Nucl. Instrum. Methods Phys. Res. B 2005, 234, 458–466. [Google Scholar] [CrossRef]

	



Sun, Y.; Zhu, Z.; Jin, Y.; Liu, C.; Wang, Z.; Liu, J.; Hou, M.; Zhang, Q. The effects of high electronic energy loss on the chemical modification of polyimide. Nucl. Instrum. Methods Phys. Res. B 2002, 193, 214–220. [Google Scholar] [CrossRef]

	



Farenzena, L.S.; Papaleo, R.M.; Hallon, A.; de Araujo, M.A.; Livi, R.P.; Sundqvist, B.U.R. Modifications in the chemical bonding and optical absorption of PPS by ion bombardment. Nucl. Instrum. Methods Phys. Res. B 1995, 105, 134–138. [Google Scholar] [CrossRef]

	



Kumar, R.; Ali, S.A.; Singh, P.; De, U.; Virk, H.S.; Prasad, R. Physical and chemical response of 145 MeV Ne6+ ion irradiated polymethylmethacrylate (PMMA) polymer. Nucl. Instrum. Methods Phys. Res. B 2011, 269, 1755–1759. [Google Scholar] [CrossRef]

	



Singh, P.; Asad Ali, S.; Kumar, R. Modifications of structural, optical and chemical properties of Li3+ irradiated polyurethane and polyetheretherketone. Radiat. Phys. Chem. 2014, 96, 181–185. [Google Scholar] [CrossRef]

	



Bethe, H.; Ashkin, J. Experimental Nuclear Physics; Segre, E., Ed.; John Wiley and Sons, Inc.: New York, NY, USA; Chapman and Hall, Ltd.: London, UK, 1953; Volume 1, pp. 143–291. [Google Scholar]

	



Tuleushev, A.Z.; Harrison, F.E.; Kozlovskiy, A.L.; Zdorovets, M.V. Evolution of the absorption edge of PET films irradiated with Kr ions after thermal annealing and ageing. Optical Mater. 2021, 119, 111348. [Google Scholar] [CrossRef]

	



Tuleushev, A.Z.; Harrison, F.E.; Kozlovskiy, A.L.; Zdorovets, M.V. Induced gyrotropy in thin PET films before and after swift heavy ion irradiation evidenced from analysis of optical interference fringes. Optical Mater. 2022, 123, 111883. [Google Scholar] [CrossRef]

	



Zdorovets, M.V.; Kozlovskiy, A.; Harrison, F.; Tuleushev, A. Induced ordering in polyethylene terephthalate films irradiated with Ar ions with an energy of 70 MeV. Surf. Coat. Technol. 2020, 386, 125490. [Google Scholar] [CrossRef]

	



Tuleushev, A.Z.; Zdorovets, M.V.; Kozlovskiy, A.L.; Harrison, F.E. Induced spirals in polyethylene terephthalate films irradiated with Ar ions with an energy of 70 MeV. Crystals 2020, 10, 427. [Google Scholar] [CrossRef]

	



Tuleushev, A.Z.; Zdorovets, M.V.; Kozlovskiy, A.L.; Harrison, F.E. Ion charge influence on the molecular structure of polyethylene terephthalate films after irradiation with swift heavy ions. Crystals 2020, 10, 479. [Google Scholar] [CrossRef]

	



Sessler, G.M. (Ed.) Electrets; Springer: New York, NY, USA; Berlin/Heidelberg, Germany; London, UK; Paris, France; Tokyo, Japan, 1987. [Google Scholar]

	



Temnov, D.; Rossouw, A.; Vinogradov, I.; Shabanova, N.; Mamonova, T.; Lizunov, N.; Perold, W.; Nechaev, A. Thermo-activation spectroscopy of track-etched membranes based on polyethylene terephthalate films irradiated by swift Xe ions. Radiat. Phys. Chem. 2022, 191, 109868. [Google Scholar] [CrossRef]

	



Mott, N.F.; Davis, E.A. Electronic Processes in Noncrystalline Materials, 2nd ed.; Oxford University Press: London, UK, 2012. [Google Scholar]

	



Olley, J.A. Structural disorder and the Urbach edge. Solid State Commun. 1973, 13, 1437–1440. [Google Scholar] [CrossRef]

	



Zatsepin, A.F.; Biryukov, D.Y.; Gavrilov, N.V.; Shtang, T.V.; Koubisy, M.S.; Parulin, R.A. Induced quasi-dynamic disorder in a structure of rhenium ion-implanted quartz glass. Phys. Solid State 2019, 61, 1017–1022. [Google Scholar] [CrossRef]

	



Dow, J.D.; Redfield, D. Electroabsorption in semiconductors: The excitonic absorption edge. Phys. Rev. B 1970, 1, 3358–3371. [Google Scholar] [CrossRef]

	



Dow, J.D.; Redfield, D. Toward a unified theory of Urbach’s rule and exponential absorption edges. Phys. Rev. 1972, 5, 594–610. [Google Scholar] [CrossRef]

	



Bonch-Bruevich, V.L. Problems of the electron theory of disordered semiconductors. Sov. Phys. Usp. 1983, 26, 664–695. [Google Scholar] [CrossRef]

	



Klyava, Y.G. The Urbach rule and continual disorder in noncrystalline solids. Sov. Phys. Solid State. 1985, 27, 816–817. [Google Scholar]

	



Urbach, F. The long-wavelength edge of photographic sensitivity and of the electronic absorption of solids. Phys. Rev. 1953, 92, 1324. [Google Scholar] [CrossRef]

	



Cardona, M. Modulation Spectroscopy; Academic Press: New York, NY, USA; London, UK, 1969. [Google Scholar]

	



Kizel, V.A. Reflection of Light; Science: Moscow, Russia, 1973. [Google Scholar]

	



Ouchi, I. Anisotropic absorption and reflection spectra of poly(ethylene terephthalate) films in ultraviolet region. Polym. J. 1983, 15, 225–243. [Google Scholar] [CrossRef]

	



LaFemina, J.P.; Arjavalingam, G. Photophysics of poly(ethylene terephthalate): Ultraviolet absorption and emission. J. Phys. Chem. 1991, 95, 984–988. [Google Scholar] [CrossRef]

	



Camacho Gonzalez, F.; Mellinger, A.; Gerhard-Multhaupt, R. Energy levels of charge traps in polyethylene terephthalate films. In Proceedings of the 2004 International Conference on Solid Dielectrics, Toulouse, France, 5–9 July 2004. [Google Scholar]

	



Dexter, D.L.; Heller, W.R. Capture and collision processes for excitons in alkali halides. Phys. Rev. 1951, 84, 377–378. [Google Scholar] [CrossRef]

	



Dexter, D.L. A theory of sensitized luminescence in solids. J. Chem. Phys. 1953, 21, 836–850. [Google Scholar] [CrossRef]

	



Rae, M.; Fedorov, A.; Berberan-Santos, M.N. Fluorescence quenching with exponential distance dependence: Application to the external heavy-atom effect. J. Chem. Phys. 2003, 119, 2223–2231. [Google Scholar] [CrossRef]

	



Daubeny, R.D.P.; Bunn, C.W.; Brown, C.J. The crystal structure of polyethylene terephthalate. Proc. R. Soc. Lond. A Math. Phys. Sci. 1954, 226, 531–542. [Google Scholar]

	



Abu Saleh, S.; Eyal, Y. Porous tracks along wakes of swift uranium ions in polyimide. Appl. Phys. Lett. 2004, 85, 2529–2531. [Google Scholar] [CrossRef]

	



Studer, A.; Curran, D. The electron is a catalyst. Nature Chem. 2014, 6, 765–773. [Google Scholar] [CrossRef]

	



Apel, P.Y.; Pretzsch, G. Investigation of the radial pore-etching rate in a plastic track detector as a function of the local damage density around the ion path. Nucl. Tracks Radiat. Meas. 1986, 11, 45–53. [Google Scholar] [CrossRef]








[image: Polymers 14 00923 g001 550] 





Figure 1. The functions lnα*(ν) for experimental results reported in [22] for PET samples irradiated with Kr15+ ions of energy 1.75 MeV/a.u. and a fluence of 1.9 × 1010 cm−2: (a) general view; and (b) enlarged view of the UV part of the spectra around 4 eV. Dotted lines show linear approximations to the corresponding sections of the experimental plots. 
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Figure 2. The function lnα*(ν) for the experimental results reported in [12] for PET samples irradiated with Ar8+ ions of energy 1.75 MeV/a.u. and various fluences. Dotted lines show linear approximations to the corresponding sections of the experimental plots. 
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Figure 3. The functions lnα*(ν) for the experimental results reported in [12] for PET film irradiated with Kr15+ ions of energy 1.75 MeV/a.u. and various fluences. Dotted lines show linear approximations to the corresponding sections of the experimental plots. 
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Figure 4. Functions lnα*(ν) for the experimental results reported [12] for PET film irradiated in oblique geometry with Kr ions of energy 1.2 MeV/a.u. with different charges and a fluence of 1 × 1011 cm−2. The dotted lines show linear approximations to the corresponding sections of the experimental plots. 
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Figure 5. The functions lnα*(ν) for the experimental results reported in [21] for PET film samples irradiated with Kr15+ ions of energy 1.75 MeV/a.u. and various fluences: (a) general view; (b) enlarged view of the UV part of the spectrum around 4 eV. The dotted lines show linear approximations to the corresponding sections of the experimental plots. 






Figure 5. The functions lnα*(ν) for the experimental results reported in [21] for PET film samples irradiated with Kr15+ ions of energy 1.75 MeV/a.u. and various fluences: (a) general view; (b) enlarged view of the UV part of the spectrum around 4 eV. The dotted lines show linear approximations to the corresponding sections of the experimental plots.



[image: Polymers 14 00923 g005a][image: Polymers 14 00923 g005b]







[image: Polymers 14 00923 g006 550] 





Figure 6. Schematic representation of density of states in PET film irradiated with SHI: (a) core of latent track; and (b) peripheral halo of latent track. 
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Table 1. Experimentally determined characteristic Urbach energy values for PET films after SHI irradiation.
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Set

	
Article

	
Irradiation Conditions

	
Value of W, eV

	
Value of (S1-W), eV






	
1

	
[12]

	
Ar8+; 1.75 MeV/a.u.; normal; 4.5 × 1010 cm−2

	
0.68

	
3.42




	
Ar8+; 1.75 MeV/a.u.; normal; 6 × 1011 cm−2

	
0.54

	
3.56




	
Ar8+; 1.75 MeV/a.u.; normal; 5 × 1012 cm−2

	
0.43

	
3.67




	
2

	
[21]

	
Kr15+; 1.75 MeV/a.u.; cylinder; 4 × 1010 cm−2

	
0.97

	
3.13




	
Kr15+; 1.75 MeV/a.u.; cylinder; 6 × 1010 cm−2

	
0.89

	
3.21




	
Kr15+; 1.75 MeV/a.u.; cylinder; 8 × 1010 cm−2

	
0.8

	
3.3




	
Kr15+; 1.75 MeV/a.u.; cylinder; 1 × 1011 cm−2

	
0.76

	
3.34




	
3

	
[22]

	
Kr15+; 1.75 MeV/a.u.; normal; 1.9 × 1010 cm−2

	
0.74

	
3.36




	
[12]

	
Kr15+; 1.75 MeV/a.u.; normal; 1.6 × 1010 cm−2

	
0.77

	
3.33




	
Kr15+; 1.75 MeV/a.u.; normal; 3.2 × 1010 cm−2

	
0.65

	
3.45




	
Kr15+; 1.75 MeV/a.u.; normal; 6.5 × 1010 cm−2

	
0.56

	
3.54




	
4

	
[12]

	
Kr13+; 1.2 MeV/a.u.; oblique; 1 × 1011 cm−2

	
0.83

	
3.27




	
Kr14+; 1.2 MeV/a.u.; oblique; 1 × 1011 cm−2

	
0.77

	
3.33




	
Kr15+; 1.2 MeV/a.u.; oblique; 1 × 1011 cm−2

	
0.74

	
3.36
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