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Abstract

:

One-dimensional periodic surface structures were formed by femtosecond laser irradiation of amorphous hydrogenated silicon (a-Si:H) films. The a-Si:H laser processing conditions influence on the periodic relief formation as well as correlation of irradiated surfaces structural properties with their electrophysical properties were investigated. The surface structures with the period of 0.88 and 1.12 μm were fabricated at the laser wavelength of 1.25 μm and laser pulse number of 30 and 750, respectively. The orientation of the surface structure is defined by the laser polarization and depends on the concentration of nonequilibrium carriers excited by the femtosecond laser pulses in the near-surface region of the film, which affects a mode of the excited surface electromagnetic wave which is responsible for the periodic relief formation. Femtosecond laser irradiation increases the a-Si:H films conductivity by 3 to 4 orders of magnitude, up to 1.2 × 10−5 S∙cm, due to formation of Si nanocrystalline phase with the volume fraction from 17 to 28%. Dark conductivity and photoconductivity anisotropy, observed in the irradiated a-Si:H films is explained by a depolarizing effect inside periodic microscale relief, nonuniform crystalline Si phase distribution, as well as different carrier mobility and lifetime in plane of the studied samples along and perpendicular to the laser-induced periodic surface structures orientation, that was confirmed by the measured photoconductivity and absorption coefficient spectra.
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1. Introduction


Laser structuring of amorphous hydrogenated silicon (a-Si:H) surfaces has been attracting the attention of scientists for a long time, as it is a promising method for increasing the efficiency of solar cells based on this material. Such processing induces formation of surface inhomogeneities with characteristic dimensions comparable to the visible and near infrared radiation wavelength, which leads to an increase in the optical absorption of the film [1,2,3] due to enhanced scattering of the incident light on the structured surface. Laser modification also induces formation of a crystalline Si phase within a-Si:H films, that sufficiently retards photoelectric properties degradation under the sunlight action to these structures [1,4]. In this case, the irradiated a-Si:H film represents a nanocomposite in the form of silicon nanocrystals embedded into an amorphous matrix [4]. Laser pulses of various duration can be used for a-Si:H films modification, including nanoseconds [5]. However, only irradiation by ultrashort laser pulses enables uniform and accurate structuring of the a-Si:H film, owing to emergence of nonthermal melting mechanism during laser processing [6,7,8].



An additional feature observed during femtosecond laser irradiation of a-Si:H films is the formation of anisotropic laser-induced periodic surface structures (LIPSS or “ripples”). The characteristic scale of such ripples formed in air environment is comparable to the wavelength of the incident radiation [9]. In generally, similar technologies allow fabricating LIPPS with periods, which are significantly smaller than the laser wavelength. For example, femtosecond laser irradiation of semiconductor surfaces in various liquid environments might lead to formation of the LIPSS with subwavelength periods from 70 to 400 nm [10]. It is also possible to produce one-dimensional surface structures with a characteristic transverse size about 10 nm using two femtosecond laser beams with orthogonal polarizations and spatial overlapping [11]. Such structures may be interesting from the point of view of following studying dependencies of their electrical properties on the period. Nonetheless, in the presented work we will pay our attention to classical and easy to produce interference LIPSS with the micron-scale period which is comparable with the wavelength of the used femtosecond radiation.



Formation of such LIPSS is described by a mechanism which consists in interference of surface plasmon-polaritons generated by high-power ultrashort laser pulses with incident light [12,13]. Such LIPSS can serve as a diffraction grating, which is known to increase the efficiency of amorphous/crystalline Si heterojunction solar cells due to localization of incident light at a certain depth of the structure [14]. The formation of one-dimensional surface structures on the a-Si:H film surface also attracts interest for application in polarization optoelectronics, since such modified films demonstrate birefringence, dichroism [15,16], and anisotropy of electrical properties [12,15,17]. In general, for a wider set of materials one of the promising LIPSS applications is polarization-sensitive optical memory fabrication [16] including multilevel and highly stable coding [18]. In such a system, three bits of information or more can be written [19] in a single micron-scaled cell with the LIPSS formed within it. The storage of additional information in the same cell is achieved by variation of the formed LIPSS orientation, as well as dichroism and retardance values of these structures [20]. Finally, femtosecond laser-irradiated thin a-Si:H films containing both silicon nanocrystals and ordered laser-induced surface structures can be used to create hydrophobic coatings, sensors, and thin-film transistors for flat panel displays [9].



It should be noted that a lot of the listed above papers about LIPSS based on a-Si:H [9,15,16,17] have no information about influence of processing conditions on the orientation and period of the formed structures. Though, in the experiments [12] a rotation of the LIPSS direction at the a-Si:H film surface was demonstrated when the number of modifying laser pulses was changed, the observed effect requires theoretical substantiation taking into account the influence of nonequilibrium charge carriers excited in a-Si:H by high-power femtosecond laser pulses. At the same time, laser processing of an a-Si:H film in scanning mode can lead to inhomogeneous crystallization within the film surface plane due the scan lines formation in a case when the laser spot moves continuously in one direction and with a certain step in the orthogonal one [12]. Thus, when analyzing the electrophysical anisotropy of the femtosecond laser-irradiated a-Si:H films, it is necessary to take into account the simultaneous formation of the LIPSS and scan lines, the influence of which must be separated.



Within the above, the aims of our work are the following: to find a correlation between the formation of various LIPSS types and photoexcitation of appropriate surface electromagnetic wave modes taking into account the density of carriers photoinduced in a-Si:H film by femtosecond laser radiation; to analyze a correlation of the modified films structure with their electrical and photoelectrical properties, excluding the possible large-scale scan lines contribution.




2. Materials and Methods


Initial a-Si:H films with 600 nm thickness were fabricated by plasma-enhanced chemical vapor deposition [4] on glass substrates. Then the films were irradiated with a laser system Avesta based on a Cr:forsterite crystal by femtosecond laser pulses with the fundamental wavelength λ = 1250 nm. The laser pulse duration τ = 125 fs and the repetition rate f = 10 Hz, respectively. The irradiation was carried out in air at the normal pressure.



The films were processed by femtosecond laser pulses in a scanning mode, which was realized by moving the samples in the horizontal plane (XY) perpendicular to the laser beam. A system of two automated mechanical translators Standa was controlled by a personal computer and used to move the samples. The laser polarization vector was directed along the X axis. The setup scheme and its photo are given in Figure 1a,b, respectively.



Two different scanning modes were used for sample fabrication. The first mode, indicated by the letter A in Figure 1c, was implemented by moving the a-Si:H film in the horizontal plane continuously with a given speed V along X axis, and discretely with a given step d ≤ D along the Y axis, where D is the laser spot diameter. As a result, so-called scan lines were formed on the treated area along X axis without unmodified gaps between them. Due to continuous movement along the X axis, the spots on a-Si:H surface from consecutive laser pulses were overlapping, which resulted into a total laser pulses number per the same area n = 30 (Table 1).



The second mode, indicated as B in Figure 1c, was realized by simultaneous smooth movement of the a-Si:H film along both axes at the same speed. As a result, scan lines were formed diagonally, at an angle of 45° in relation to the sides of the treated area. At first the entire area of the sample was scanned along the diagonal lying in the 1 and 3 quadrants of the coordinate plane, and then the same area was scanned along the diagonal lying in the 2 and 4 quadrants. However, in this case the scanning was performed at lower speed V which resulted into a high number of the laser pulses n per the same area of the sample. In this case better uniformity of the treated surface was achieved in comparison with the mode A, and a possible contribution to the conductivity anisotropy related to scan lines presence was excluded.



Several square 4.5 × 4.5 mm2 areas at the surfaces of a-Si:H films were irradiated with each template to provide enough treated surface for scanning electron microscopy (SEM) investigation as well as the electrophysical measurements. An example of irradiated areas at a-Si:H film surface is given in Figure 1d. The areas obtained using the scanning mode A were indicated as sample 1, while the areas irradiated by scanning mode B as sample 2, according to Table 1.



Images of the modified surface of the films were obtained by scanning electron microscopy (SEM) using a Carl Zeiss Supra 40 microscope. The phase composition analysis of both initial a-Si:H film and irradiated samples was carried out by Raman spectroscopy using a Horiba JobinYvon HR800 Raman microscope with excitation by He-Ne laser at the wavelength of 633 nm.



The electrical properties of initial and femtosecond laser-irradiated a-Si:H films were studied using a Keithly 6487 picoammeter and an optical nitrogen cryostat in vacuum of 10−3 Pa. The electrical measurements were carried out at direct current applied in the directions which are coplanar to the film surface. For this purpose, each time 4 square aluminum electric contacts were deposited by thermal resistive sputtering at the surface of unmodified a-Si:H and each modified area. The electric contact edges were directed both along and orthogonal to the fabricated LIPPS. Thus, the electrical measurements were conducted in two mutually orthogonal directions in surface plane.



To remove water from the surface, all samples were annealed at temperature of 433 K (~160 °C) in vacuum for 5 min before the electrical measurements. After that dark conductivity temperature dependencies were measured while the samples were cooling down to 273 K with a step of 2 K. For photoelectrical measurements, the samples were illuminated in the visible and near-infrared spectral range from 1 to 2.2 eV using a halogen incandescent lamp and a Lot Oriel monochromator. Absorption coefficient spectra of both initial a-Si:H film and irradiated samples were measured using a constant photocurrent method (CPM).




3. Theoretical Modeling of the LIPSS Formation


The formation of a periodic relief on metal, dielectric, and semiconductor surfaces irradiated by femtosecond laser pulses is often associated with the surface electromagnetic waves (SEW) generation [21]. For the normal LIPSS formation, the conditions for a certain SEW mode excitation—a surface plasmon-polariton—must be satisfied at the interface between two media [13]:


   Re  ε 2  < 0   ,    |  Re  ε 2   |  > Re  ε 1  > 0 ,   



(1)




where ε1 = 1 is the dielectric permittivity corresponding to air, and ε2 corresponds to the irradiated material. Therefore, in the case of semiconductors and dielectrics, including a-Si:H, it is necessary to achieve the negative sign of Re ε2 for surface plasmon-polariton excitation [12,13,21]. The conditions (1) can arise in a-Si:H under irradiation with high-power femtosecond laser pulses. Due to intense photoexcitation by incident radiation a high concentration of nonequilibrium charge carriers is generated, which leads to metallization of irradiated surface. According to the Drude model, relations (1) are satisfied when the nonequilibrium charge carriers density reaches the threshold value N0, which corresponds to the Drude plasma resonance [13]:


   N 0  =  (   ω 2  +  γ 2   )   (  ε + 1  )   m *  / 4 π  e 0 2  ,  



(2)




where ω is the incident laser radiation frequency, γ = e0/(m*μ) is the collision frequency, of the material, m* and e0 are the effective mass and charge of an electron, respectively, ε is the static dielectric permittivity for non-excited a-Si:H and μ is the electron mobility for the irradiated material.



On the other hand, the maximum value of nonequilibrium charge carrier’s density N achieved in the a-Si:H film upon femtosecond laser irradiation can be estimated by the differential equation:


    d N   d t   =    (  1 − R  )  I  ( t )    ℏ ω   α +      (  1 − R  )   2   I 2   ( t )    2 ℏ ω   β ,  



(3)




where α, β are the one-photon and two-photon absorption coefficients, respectively; R is the reflection coefficient and I(t) is the incident laser radiation intensity. Temporal distribution of the laser radiation intensity within the pulse for the Equation (3) was described as follows [22]:


  I ( t ) =  I 0    t exp ( − 4 t / τ ) ,     ∫  0 ∞  I  ( t )  d t = Q  



(4)




where Q = 0.5 J/cm2 is the fluence of a laser pulse.



The following values of the absorption coefficients for a-Si:H were used in the Equation (3): α = 10 cm−1 [23], β = 37 cm/GW [24]. The reflection coefficient R is given by the formula:


  R =    |      ε ˜   − 1     ε ˜   + 1    |   2  ,  



(5)




where   ε ˜   is the complex dielectric permittivity of irradiated material, which also depends on N, according to the Drude model [13].



In order to analyze the formation of LIPSS with different periods and orientations, depending on the nonequilibrium charge carriers concentration in the irradiated material, the model proposed by J Sipe et al. [25] and modified by J. Bonse et al. [26,27,28] was used. This so-called Sipe-Drude model utilizes so-called efficacy factor η(κx, κy), which indicates the probability of LIPSS formation with period Λ under the action of incident laser radiation and in the presence of SEW excitation. The values of κx and κy are the surface lattice wave vector κ components normalized by the incident laser radiation wavelength:


|κ| = λ/Λ



(6)







The model allows for relating the density of nonequilibrium charge carriers N excited by a laser pulse, the dielectric permittivity of the irradiated material, and the period of the formed LIPSS. The laser radiation parameters, such as wavelength, polarization, and angle of incidence, as well as the roughness of the surface are also taken into account.



The numerical calculation of η(κx, κy), was carried out using the system of equations for the s-polarized radiation with a wavelength of 1.25 μm at normal incidence (Θ = 0) [27]. The shape and filling factors determining the surface roughness were taken equal to 0.4 and 0.1, respectively, in accordance with [25]. The direction of the polarization vector was taken parallel to the x axis.




4. Experimental Results and Discussion


4.1. LIPSS Formation on the a-Si:H Film Surface


By means of SEM various one-dimensional periodic structures on the surface of the irradiated a-Si:H films were revealed. The orientation of these LIPSS changes depending on the number of femtosecond laser pulses n. Formation of surface gratings with ridges oriented orthogonally to the polarization vector of the modifying laser radiation was observed for the sample 1 at n = 30. The corresponding wave vector κ of these structures is parallel to the laser polarization. Such so-called “normal LIPSS” [25] are presented in Figure 2a. The period Λ of the lattice is 0.88 ± 0.03 µm.



At the surface of sample 2, modified with higher number of laser pulses n = 750, the formation of LIPSS with ridges orientation along the laser polarization is observed (Figure 2b). Such one-dimensional structures are called “anomalous LIPSS” [9], their wave vector κ is directed orthogonally to the laser polarization, and their period is Λ = 1.12 ± 0.02 μm. Additionally, the scan lines with the width d = 150 μm are formed during irradiation of sample 1 as can be seen in Figure 2c. In this case the laser spot diameter is D = 200 μm, thus no unmodified gaps between the scan lines are formed. It also can be seen in Figure 2d that for the sample 2 the scan lines are directed at 45° to the edges of the modified area.



It should be noted that the LIPSS of both types have periods close to the wavelength λ of used femtosecond laser pulses, but smaller than λ. The decrease of the LIPSS period compared to incident laser radiation varies from few percent for the second structure type and up to 30% for the first structure. Additionally, the orientation of all types of the structures is determined only by the direction of the femtosecond laser pulses polarization vector and does not depend on the laser beam scanning direction.




4.2. Raman Spectra Analysis for Irradiated and Unirradiated a-Si:H Films


To determine the phase composition of the films before the electrical measurements, the Raman spectra were obtained for both initial a-Si:H and irradiated samples. The presence of a wide band with a maximum at ωA = 480 cm−1, which is characteristic to amorphous silicon, can be seen in Raman spectra of all the samples in Figure 3a. Along with it, a narrow line near ωC = 520 cm−1, which corresponds to crystalline (nanocrystalline) silicon (nc-Si) [4,29], is present only in the irradiated samples.



The crystalline silicon (c-Si) phase volume fraction fC in the irradiated films was calculated using the following expression [29]:


   f C  =    I C     σ 0   I A  +  I C    ,  



(7)




where IA and IC are the integrated intensities of TO phonon modes corresponding to the frequencies ωA and ωC, σ0 is the empirical ratio of the Raman scattering integrated cross sections for the crystalline and amorphous silicon phases, which is determined by the formed silicon nanocrystals size [30]. The size of nanocrystals estimated from the shift of the Raman line at 520 cm−1 [30] is ≈3.6 nm for sample 2 and ≈5 nm for sample 1. Corresponding σ0 values varied from 0.9 to 0.6, while for bulk c-Si this value equals 0.1 [30]. Obtained according to (7) values of the nc-Si phase volume fraction for sample 1 and 2 are 28 ± 16% and 17 ± 4%, respectively. As can be seen in Figure 3b, the nc-Si phase distribution is significantly less homogeneous within the sample 1, compared to sample 2. This can be explained by the difference in scan lines formation on the irradiated surface when using different scanning modes. As a result, fluence is more nonuniformly distributed within the treated area cross section at applying the one-pass scanning mode A than in case of multi-pass mode B (Figure 1c).



The estimation of volume fractions of the c-Si phase within the samples is important for given below electrical study as well as calculations of the nonequilibrium electrons concentration generated into the conduction band during LIPSS formation; as such, simulation requires the values of the electron mobility and effective mass for the irradiated material.




4.3. Modeling of the LIPSS Formation on a-Si:H Surfaces


The formation of LIPSS with a period close to the incident radiation wavelength on the a-Si:H film requires the excitation of a lot of nonequilibrium electrons into the conduction band, within the surface layer of the film. According to expression (2), in case of a-Si:H surface irradiation by femtosecond laser pulses with 1.25 μm wavelength, the threshold value of the nonequilibrium carriers density required for plasmon-polariton generation is N0 = 8.2∙1021 cm−3. The dielectric permittivity value ε = 9.7 was used in calculations, according to [12]. It should be noted that in the irradiated samples the formation of nc-Si phase was observed, as was shown in Section 4.2. Therefore, the value of the electron mobility μ for modified a-Si:H films was taken equal to 30 cm2/V∙s, which corresponds to microcrystalline silicon, according to Bergren et al. [31]. Note that the μ value used in calculation is almost an order of magnitude higher than the charge carrier mobility in a-Si:H (≈4.5 cm2/V∙s), but smaller than carrier mobility μ for bulk c-Si ≈ 1300 cm2/V∙s [32].



The maximum value of the nonequilibrium charge carriers density N is estimated from the Equation (3) as 1.2∙1022 cm−3 at the laser pulse fluence Q = 0.5 J/cm2 and duration τ = 125 fs. The obtained value for N is higher than the threshold value N0. Thus, femtosecond laser pulses used in the experiment allow for achieving of high carrier density within the surface layer of a-Si:H film, that is necessary for LIPSS formation.



The LIPSS modeling according to the Sipe-Drude theory [25,26,27,28] was conducted by varying the N values until corresponding η(κx, κy) two-dimension distributions (Figure 4a,b) match Fourier transform images (Figure 4c,d) of the real ripples shown in Figure 2a,b. As a result, the nonequilibrium electrons concentrations N and complex dielectric permittivities ε, which correspond to the observed ripples formation conditions, were determined. Obtained N and ε values are given in the Table 2.



As can be seen, the nonequilibrium electrons concentration exceeds the threshold value N0 for the normal LIPSS, which corresponds to plasmon-polariton excitation conditions. On the other hand, for the sample 2 containing anomalous ripples, which are parallel to the laser polarization, the obtained N < N0. This result is consistent with the mechanism of anomalous ripples formation proposed in [12,13].



According to this mechanism, the decrease of the nonequilibrium electrons concentration in near-surface layer of the film is caused by growth of electron thermal emission at increase of the laser pulses number. This effect is associated with intensified heating of the a-Si:H film surface due to the presence of a periodic surface relief formed by previous laser pulses [12]. Namely, a positive feedback emerges between the surface relief formation by femtosecond laser pulses and an increase in the absorption coefficient of the film in course of time. The increased optical absorption of the film is associated with more efficient scattering of incident radiation by the surface inhomogeneities, formed by previous laser pulses. Such inhomogenities enhance scattering of the incident light with wavelength close to their characteristic dimensions [1] according to Mie theory framework. In our case the characteristic dimension of scatterers is set by LIPSS period, which is close to the wavelength of the laser radiation used. Further, the decreased concentration of nonequilibrium electrons, generated by the laser pulse, affects the sign of the dielectric permittivity real part Re ε. As can be seen in Table 2, the value of Re ε, corresponding to the obtained N values, is negative for the normal LIPSS that are directed orthogonally to the femtosecond laser pulses polarization. Contrary, in case of anomalous LIPSS formation, when the ripples are directed along the polarization of incident femtosecond laser pulses, corresponding Re ε, is positive [13]. Such alteration of the Re ε sign in the near-surface region of the film from negative to positive enables excitation of a different SEW mode (TE instead of TM), and consequently the direction of the LIPSS changes. Thus, the period and orientation of both LIPSS types observed in the experiment are in a good agreement with the obtained values for the complex dielectric permittivity ε and the listed above mechanisms of their fabrication.



In addition, it should be noted that the periods of both normal and anomalous surface lattices formed by femtosecond laser pulses at the a-Si:H surface in the present work are smaller than those obtained by our group in the previous experiments using a lower laser fluence [12,21]. According to modeling within Sipe theory such decrease of the LIPSS period is attributed to a lower nonequilibrium electrons density achieved during laser processing. An explanation of the observed effect may be similarly given by increased intensity of the thermal emission of electrons from the surface of the a-Si:H due to a stronger heating of the film surface when femtosecond pulses with a higher fluence are applied [33,34]. An additional effect on a decrease in the period of the formed LIPSS can be provided by an increase in the contrast of the relief formed by laser pulses with a higher fluence. According to [35], as the depth of the ablated grooves of the LIPSS increases, the resonant wavelength of the surface electromagnetic wave shifts to smaller values.




4.4. Electrical and Photoelectrical Properties of the Modified a-Si:H Surface


The dark conductivity temperature dependencies of the unmodified a-Si:H and samples 1, 2 are given in Figure 5a. Each curve corresponds to different applied electric field vectors E relative to scan lines and formed LIPSS, according to Figure 5b. It is worth to mention that the scheme for sample 2 in Figure 5b do not show the scan lines, since they are directed at ±45° angles to the applied E accordingly the scanning mode B (Figure 1c), and therefore do not affect the conductivity.



As can be seen from Figure 5a, the dark conductivity curves for all the irradiated samples lie higher and have a lesser slope than for the initial a-Si:H, which is explained by the nc-Si phase contribution to the conductivity of these samples. Additionally, the slope of conductivity temperature dependencies σ(T) for all the irradiated samples demonstrate increase with temperature growth (corresponds to 1/T abscissa decrease in Figure 5a). It indicates an increase of the activation energy, which can be calculated from the temperature curve slope.



Since, in contrast to the initial a-Si:H, the modified regions of the film had a nonmonotonic dark conductivity temperature dependencies, the activation energies were calculated by approximating the obtained experimental curves by an exponent in a certain temperature ranges. In this case, the dark conductivity temperature dependence is described as follows:


  σ =  σ 0  e x p  (  −    E A    k T    )  ,  



(8)




where σ0 is a constant, EA is the activation energy, T is the temperature, k is the Boltzmann constant. To calculate the activation energy at temperatures of 300 and 400 K, the approximation temperature ranges from 273 to 333 K and from 373 to 433 K were taken, respectively. The values obtained in two mutually orthogonal directions for each sample were the same, taking into account the error of up to 0.05 eV. Obtained activation energies vary from 0.35 to 0.5 eV for sample 1, and from 0.21 eV to 0.47 eV for sample 2 with increasing the temperature from 300 to 400 K. Contrary, the activation energy of the initial a-Si:H is constant and equals 0.7 eV. The activation energy increase can be explained by simultaneous coexistence of both amorphous and nc-Si phases in the modified samples, when the amorphous phase contributes noticeably to dark conductivity only at higher temperatures.



The electrical measurements revealed that specific dark conductivity of a-Si:H films increased by 2 to 3 orders of magnitude as a result of femtosecond laser treatment (Table 3). On the other hand, the photoconductivity, calculated as the difference between the conductivity of illuminated sample and the dark conductivity, decreased by 4 times and more for irradiated samples. It should be clarified that observed dark conductivity increase is mainly influenced by the formation of more conductive nc-Si phase within a-Si:H under the action of high-power femtosecond laser pulses, which was confirmed by Raman spectroscopy in Section 4.2. Despite the nc-Si phase volume fraction that is almost 2 times smaller in sample 2 than in sample 1, as was calculated above, the dark conductivities of both samples were close. Such result can be explained by a more uniform nc-Si phase distribution within the sample 2, processed according to the template B, compared to the sample 1, modified using the template A with the scan lines formation. In the latter case, using template A leads to formation of the regions with significantly reduced nc-Si phase volume fraction fC, within the sample along the scan lines edges, as can be seen in Figure 3b. In these regions, the fC value can be lower than the percolation threshold for nc-Si, which for a homogeneous and isotropic system of silicon nanocrystals randomly distributed in an amorphous Si matrix corresponds to fC = 16% [36]. Thus, the conductivity of such regions within the modified film will be determined mainly by the poorly conducting amorphous phase, which leads to reduction of the resulting dark conductivity of the sample 1, especially in the direction which is perpendicular to the scan lines.



Additionally, in-plane anisotropy of conductivity was revealed for the irradiated samples. The dark conductivity values differ up to 4 times in mutually orthogonal directions for sample 1 and up to 1.8 times–for sample 2, as shown in Table 3, while the dark conductivity of initial a-Si:H film is isotropic.



The dark conductivity anisotropy observed for both irradiated samples might be caused both by the form anisotropy of LIPSS [37] and the nonuniform nc-Si phase distribution within scan lines [12]. However, according to Figure 5b and Table 3 the dark conductivity is higher along the scan lines direction (geometry 1-1) than along the LIPSS (geometry 1-2) at room temperature. Thus, the scan lines presence has a stronger effect on the dark conductivity anisotropy. Contrarily, for the sample 2 the dark conductivity is higher along the LIPSS direction. In this case the scan lines were formed at the same angle of 45° to all the electric contacts edges, according to the template B in Figure 1c, and their influence on conductivity was minimized. In other words, conductivity anisotropy of the sample 2 is explained by the pronounced orientation-dependent depolarization of an external electric field inside the micron-scale LIPSS [12].



An additional contribution to the observed effect may as well be caused by anisotropic crystalline and amorphous Si phase distribution within LIPSS, according to [9,38]. In presence of the LIPSS with high amplitude on the surface of a-Si:H film, the charge transport along the LIPSS direction occurs in the highly conductive nc-Si phase which is mainly distributed along the LIPSS ridges [38]. At the same time, in the orthogonal direction, the charge transport paths are crossed by the ablated valleys of the surface relief, which contain mainly an amorphous phase with significantly lower conductivity than the nc-Si. In this case the magnitude of the conductivity anisotropy can be influenced by the depth of the surface relief. However, the period of such relief should not affect the conductivity: though the number of the ablated valleys per unit area is higher in case of small period of LIPSS, the amount of nc-Si phase in the single LIPSS ridge is also proportionally smaller.



It is worth to note that the electrical properties of the a-Si:H films modified by femtosecond laser pulses in air, including the conductivity anisotropy, can be affected by the surface oxidation, which was demonstrated in several works [9,17]. However, strong oxidation is accompanied by a change in a Raman spectrum, when the wide band at 480 cm−1 corresponding to a-Si:H broadens [39] or has significantly reduced intensity [17,40]. Such oxidized a-Si:H films can demonstrate extremely low conductivity, even despite the large c-Si volume fraction of 70% [17]. Additionally, Si surfaces passivized by a SiO2 layer of 15 nm thickness demonstrate nonlinear conductivity [41]. However, in our case, no similar changes in the Raman spectra (Figure 3a), as well as in the conductivity dependencies (Figure 5a,c), were observed. It indicates that the probable silicon oxide phase formation does not significantly affect the conductivity of irradiated a-Si:H films.



Figure 5c as well as Table 3 also demonstrates pronounced anisotropy of the photoconductivity for sample 2. It might be related either to anisotropy of the electron and hole (marked as n and p in subscript indices, respectively) lifetime τn,p and mobility µn,p, or by the features of the film absorption coefficient α:


Δσph = e0(µnτn + µpτp)G(α),



(9)




where G(α) is the charge carrier generation rate. However, the spectral dependencies of the absorption coefficient α given in Figure 5d demonstrate isotropic behavior for sample 2. Thus, observed photoconductivity anisotropy is mostly affected by the τn,p and µn,p anisotropy in relation to the directions along and orthogonal to the LIPSS. This anisotropy may be caused by the different a-Si and nc-Si phase distributions inside the LIPSS. In this consideration along the LIPSS the carriers transport occurs mainly through nc-Si phase, due to its appropriate distribution within the surface relief according to [9], while in the orthogonal direction there is an alternation of a-Si and nc-Si phases. At the same time, the photoconductivity of sample 1 is almost isotropic (Figure 5c), considering the error; the photoconductivity of unirradiated a-Si:H is also isotropic.



In the 1.1–1.5 eV spectral range the photoconductivity spectral dependencies for sample 1 lie higher or near, than one for the initial a-Si:H, while for sample 2 these dependencies are lower, as can be seen in Figure 5c. This indicates a high optical absorption of sample 1 in this range, and low–for sample 2 compared to the initial film, which is confirmed by the absorption spectra obtained by CPM and given in Figure 5d. On the other hand, the photoconductivity above 1.6 eV spectral range for both irradiated samples are smaller compared to a-Si:H one.



In general, the spectral dependence of absorption coefficient is determined by the concentration of defects within the mobility gap, such as dangling bonds. In the 1.1–1.5 eV range the higher optical absorption of sample 1 compared to the initial film, indicates an increase of dangling bonds concentration within the sample 1, which may be caused by femtosecond laser-induced dehydrogenation of a-Si:H. The absorption spectrum in the range of 1.5–1.7 eV also allows to determine the disordering degree of the material. Optical transitions in this range correspond to the absorption edge and are described by the dependence:


α(hν) = α0exp(−hν/EU),



(10)




where EU is the Urbach energy, which describes the band tails width for the disordered material and α0 is an absorption normalization constant, which depends on the material structure. Approximated from Figure 5d according to Equation (10) EU = 65 ± 4 and 62 ± 6 eV for the unmodified film and sample 2, respectively: however for sample 1 EU = 100 ± 4 eV. Obtained value is almost twice higher than for the initial a-Si:H, indicating wider band tails and, therefore, greater lattice disorder within the sample 1. Thus, the increased absorption of sample 1 can be explained by the nonuniform femtosecond laser-induced crystallization using the scanning mode A that is accompanied by effective dehydrogenation and dangling bonds formation.



Optical absorption of a femtosecond laser-irradiated a-Si:H film in the 1.1–1.5 eV range can be additionally increased compared to initial a-Si:H due to formation of surface relief with the typical subwavelength dimensions (the periods) according to Mie theory [1], as was mentioned in Section 4.3.



Decreased optical absorption in the 1.1–1.5 eV range for the sample 2, compared to unmodified a-Si:H and sample 1, most likely, can be attributed to excessive material ablation at n = 750 pulses from surface in comparison to sample 1 fabricated at 25 times less exposure of n = 30 pulses. As a result, the film thickness decreases, and the number of absorbed photons in the smaller volume becomes lower too. Decreased photoconductivity above 1.6 eV spectral range for both irradiated samples compared to a-Si:H can be attributed to a decrease of a-Si:H phase volume fraction due to laser-induced crystallization while optical absorption of c-Si in this spectral diapason is lower compared to a-Si:H [42,43].





5. Conclusions


In summary, the possibility of the subwavelength periodical relief formation at a-Si:H surface by femtosecond laser irradiation in different scanning modes by the laser beam was demonstrated. According to theoretical simulation the orientation of the formed surface structures depends on the density of nonequilibrium electrons photoexcited into conduction band by the femtosecond laser pulse during processing. The increase in the number of laser pulses leads to a stronger heating of the a-Si:H film owing to optical absorption enhance by the LIPSS which formed on previous irradiation steps. The heating, in turn, induces thermal emission of electrons from the irradiated surface and leads to change the dielectric permittivity value in the near surface layer during irradiation step by step. As a result, the photoexcited SEW changes its type from TM to TE and, as a consequence, the direction of the formed surface lattice is changed.



The formation of nc-Si phase with a volume fraction from 17 to 28% within the modified a-Si:H films increased their dark conductivity by 2 to 3 orders of magnitude compared to the nonirradiated film. Simultaneously observed pronounced electrophysical anisotropy of femtosecond laser-irradiated films can be attributed both to scan lines formation and LIPSS existence. The dark conductivity values for two orthogonal directions in surface plane may differ up to 4 times due to LIPSS form anisotropy and the nonuniform nc-Si phase distribution within the scan lines. The photoconductivity of the samples after irradiation decreased by 4 times and more due to amorphous silicon phase volume fraction reduction caused by material ablation and crystallization. Furthermore, the anisotropy of the photoconductivity is reached and explained by different charge carrier lifetime and mobility along and perpendicular to the LIPSS direction that is confirmed by the measured photoconductivity and absorption coefficient spectra.







Author Contributions


Conceptualization, S.Z., L.G., A.K. and P.K.; methodology, S.Z., L.G. and A.K.; software, D.S.; validation, D.S., M.M., D.A. and D.P.; formal analysis, D.S. and D.A.; investigation, D.S., M.M., D.A. and D.P.; resources, D.A.; data curation, D.S.; writing—original draft preparation, D.S.; writing—review and editing, M.M., S.Z. and L.G.; visualization, D.S.; supervision, P.K.; project administration, M.M. All authors have read and agreed to the published version of the manuscript.




Funding


Experiments on femtosecond laser irradiation, SEM and calculations of the LIPSS formation were supported by the Ministry of Science and Higher Education of the Russian Federation in the framework of an Contract № 7/1251/2019 on 15.08.2019 on provision of a grant for state support of centers of the National Technology Initiative on the basis of educational organizations of higher education and scientific organizations. Raman spectroscopy investigations, as well as electrophysical measurements and calculations were supported by a Joint grant № 19-32-70026 from the Moscow Government and the Russian Foundation for Basic Research.




Data Availability Statement


Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hong, L.; Wang, X.C.; Zheng, H.Y.; He, L.; Wang, H.; Yu, H.Y. Femtosecond laser induced nanocone structure and simultaneous crystallization of 1.6 μm amorphous silicon thin film for photovoltaic application. J. Phys. D Appl. Phys. 2013, 46, 195109. [Google Scholar] [CrossRef]

	



Differt, D.; Soleymanzadeh, B.; Lükermann, F.; Strüber, C.; Pfeiffer, W.; Stiebig, H. Enhanced light absorption in nanotextured amorphous thin-film silicon caused by femtosecond-laser materials processing. Sol. Energy Mater. Sol. Cells 2015, 135, 72–77. [Google Scholar] [CrossRef]

	



Guo, A.; Ilyas, N.; Song, Y.; Lei, R.; Zhong, H.; Li, D.; Li, W. Irradiation Effect on Ag-Dispersed Amorphous Silicon Thin Films by Femtosecond Laser. Proc. SPIE 2019, 11046, 1104629. [Google Scholar] [CrossRef]

	



Emelyanov, A.; Kazanskii, A.; Kashkarov, P.; Konkov, O.; Terukov, E.; Forsh, P.; Khenkin, M.; Kukin, A.; Beresna, M.; Kazansky, P. Effect of the femtosecond laser treatment of hydrogenated amorphous silicon films on their structural, optical, and photoelectric properties. Semiconductors 2012, 46, 749–754. [Google Scholar] [CrossRef]

	



Kang, M.J.A.; Park, T.S.; Kim, M.; Hwang, E.S.; Kim, S.H.; Shin, S.T.; Cheong, B.-H. Periodic surface texturing of amorphous-Si thin film irradiated by UV nanosecond laser. Opt. Mater. Express 2019, 9, 4247–4255. [Google Scholar] [CrossRef]

	



Zhan, X.-P.; Hou, M.-Y.; Ma, F.-S.; Su, Y.; Chen, J.-Z.; Xu, H.-L. Room temperature crystallization of amorphous silicon film by ultrashort femtosecond laser pulses. Opt. Laser. Technol. 2019, 112, 363–367. [Google Scholar] [CrossRef]

	



Ionin, A.A.; Kudryashov, S.I.; Samokhin, A.A. Material surface ablation produced by ultrashort laser pulses. Phys. Uspekhi 2017, 60, 149–160. [Google Scholar] [CrossRef]

	



Huang, J.; Jiang, L.; Li, X.; Wang, A.; Wang, Z.; Wang, Q.; Hu, J.; Qu, L.; Cui, T.; Lu, Y. Fabrication of highly homogeneous and controllable nanogratings on silicon via chemical etching-assisted femtosecond laser modification. Nanophotonics 2019, 8, 869–878. [Google Scholar] [CrossRef]

	



Dostovalov, A.; Bronnikov, K.; Korolkov, V.; Babin, S.; Mitsai, E.; Mironenko, A.; Tutov, M.; Zhang, D.; Sugioka, K.; Maksimovic, J.; et al. Hierarchical anti-reflective laser-induced periodic surface structures (LIPSS) on amorphous Si films for sensing applications. Nanoscale 2020, 12, 13431–13441. [Google Scholar] [CrossRef]

	



Zhang, D.S.; Sugioka, K. Hierarchical microstructures with high spatial frequency laser induced periodic surface structures possessing different orientations created by femtosecond laser ablation of silicon in liquids. Opto Electron. Adv. 2019, 2, 190002. [Google Scholar] [CrossRef]

	



Lin, Z.; Liu, H.; Ji, L.; Lin, W.; Hong, M. Realization of ∼10 nm features on semiconductor surfaces via femtosecond laser direct patterning in far field and in ambient air. Nano Lett. 2020, 20, 4947–4952. [Google Scholar] [CrossRef] [PubMed]

	



Shuleiko, D.V.; Potemkin, F.V.; Romanov, I.A.; Parhomenko, I.N.; Pavlikov, A.V.; Presnov, D.E.; Zabotnov, S.V.; Kazanskii, A.G.; Kashkarov, P.K. Femtosecond laser pulse modification of amorphous silicon films: Control of surface anisotropy. Laser Phys. Lett. 2018, 15, 056001. [Google Scholar] [CrossRef]

	



Martsinovskiĭ, G.A.; Shandybina, G.D.; Smirnov, D.S.; Zabotnov, S.V.; Timoshenko, V.Y.; Kashkarov, P.K. Ultrashort Excitations of Surface Polaritons and Waveguide Modes in Semiconductors. Opt. Spectrosc. 2008, 105, 67–72. [Google Scholar] [CrossRef]

	



Bencherif, H.; Dehimi, L.; Pezzimenti, F.; Della Corte, F.G. Improving the efficiency of a-Si:H/c-Si thin heterojunction solar cells by using both antireflection coating engineering and diffraction grating. Optik 2019, 182, 682–693. [Google Scholar] [CrossRef]

	



Amasev, D.V.; Khenkin, M.V.; Drevinskas, R.; Kazansky, P.; Kazanskii, A.G. Anisotropy of optical, electrical, and photoelectrical properties of amorphous hydrogenated silicon films modified by femtosecond laser irradiation. Tech. Phys. 2017, 62, 925–929. [Google Scholar] [CrossRef]

	



Drevinskas, R.; Beresna, M.; Gecevičius, M.; Khenkin, M.; Kazanskii, A.G.; Matulaitienė, I.; Niaura, G.; Konkov, O.I.; Terukov, E.I.; Svirko, Y.P.; et al. Giant birefringence and dichroism induced by ultrafast laser pulses in hydrogenated amorphous silicon. Appl. Phys. Lett. 2015, 106, 171106. [Google Scholar] [CrossRef]

	



Emelyanov, A.V.; Khenkin, M.V.; Kazanskii, A.G.; Forsh, P.A.; Kashkarov, P.K.; Lyubin, E.V.; Khomich, A.A.; Gecevicius, M.; Beresna, M.; Kazansky, P.G. Structural and electrophysical properties of femtosecond laser exposed hydrogenated amorphous silicon films. Proc. SPIE 2012, 8438, 84381I. [Google Scholar] [CrossRef]

	



Lipatiev, A.S.; Fedotov, S.S.; Okhrimchuk, A.G.; Lotarev, S.V.; Vasetsky, A.M.; Stepko, A.A.; Shakhgildyan GYu Piyanzina, K.I.; Glebov, I.S.; Sigaev, V.N. Multilevel data writing in nanoporous glass by a few femtosecond laser pulses. Appl. Optics 2018, 57, 978–982. [Google Scholar] [CrossRef]

	



Fedotov, S.S.; Okhrimchuk, A.G.; Lipatiev, A.S.; Stepko, A.A.; Piyanzina, K.I.; Shakhgildyan, G.Y.; Presniakov, M.Y.; Glebov, I.S.; Lotarev, S.V.; Sigaev, V.N. 3-bit writing of information in nanoporous glass by a single sub-microsecond burst of femtosecond pulses. Opt. Lett. 2018, 43, 851–854. [Google Scholar] [CrossRef]

	



Lotarev, S.V.; Fedotov, S.S.; Kurina, A.I.; Lipatiev, A.S.; Sigaev, V.N. Ultrafast laser-induced nanogratings in sodium germanate glasses. Opt. Lett. 2019, 44, 1564–1567. [Google Scholar] [CrossRef]

	



Shuleiko, D.V.; Kashaev, F.V.; Potemkin, F.V.; Zabotnov, S.V.; Zoteev, A.V.; Presnov, D.E.; Parkhomenko, I.N.; Romanov, I.A. Structural Anisotropy of Amorphous Silicon Films Modified by Femtosecond Laser Pulses. Opt. Spectrosc. 2018, 124, 801–807. [Google Scholar] [CrossRef]

	



Dyukin, R.V.; Martsinovskii, G.A.; Shandybina, G.D.; Yakovlev, E.B. Electrophysical phenomena accompanying femtosecond impacts of laser radiation on semiconductors. J. Opt. Technol. 2011, 78, 88–92. [Google Scholar] [CrossRef]

	



Ambrosone, G.; Coscia, U.; Lettieri, S.; Maddalena, P.; Minarini, C. Optical, structural and electrical properties of μc-Si:H films deposited by SiH4+H2. Mater. Sci. Eng. B 2003, 101, 236–241. [Google Scholar] [CrossRef]

	



Choi, T.Y.; Hwang, D.J.; Grigoropoulos, C.P. Ultrafast laser-induced crystallization of amorphous silicon films. Opt. Eng. 2003, 42, 3383–3388. [Google Scholar] [CrossRef]

	



Sipe, J.; Young, J.F.; Preston, J.; Van Driel, H. Laser-induced periodic surface structure. I. Theory. Phys. Rev. B 1983, 27, 1141–1154. [Google Scholar] [CrossRef]

	



Bonse, J.; Rosenfeld, A.; Krüger, J. On the role of surface plasmon polaritons in the formation of laser-induced periodic surface structures upon irradiation of silicon by femtosecond-laser pulses. J. Appl. Phys. 2009, 106, 104910. [Google Scholar] [CrossRef]

	



Bonse, J.; Munz, M.; Sturm, H. Structure formation on the surface of indium phosphide irradiated by femtosecond laser pulses. J. Appl. Phys. 2005, 97, 013538. [Google Scholar] [CrossRef]

	



Bonse, J.; Rosenfeld, A.; Krüger, J. Femtosecond laser-induced periodic surface structures: Eecent approaches to explain their subwavelength periodicities. Proc. SPIE 2011, 7994, 79940M. [Google Scholar] [CrossRef]

	



Volodin, V.A.; Kachko, A.S.; Cherkov, A.G.; Latyshev, A.V.; Koch, J.; Chichkov, B. Femtosecond pulse crystallization of thin amorphous hydrogenated films on glass substrates using near ultraviolet laser radiation. JETP Lett. 2011, 93, 603–606. [Google Scholar] [CrossRef]

	



Viera, G.; Huet, S.; Boufendi, L. Crystal size and temperature measurements in nanostructured silicon using Raman spectroscopy. J. Appl. Phys. 2001, 90, 4175–4183. [Google Scholar] [CrossRef]

	



Bergren, M.R.; Simonds, B.J.; Yan, B.; Yue, G.; Ahrenkiel, R.; Furtak, T.E.; Collins, R.T.; Taylor, P.C.; Beard, M.C. Electron transfer in hydrogenated nanocrystalline silicon observed by time-resolved terahertz spectroscopy. Phys. Rev. B 2013, 87, 081301. [Google Scholar] [CrossRef]

	



Lui, K.P.H.; Hegmann, F.A. Fluence- and temperature-dependent studies of carrier dynamics in radiation-damaged silicon-on-sapphire and amorphous silicon. J. Appl. Phys. 2003, 93, 9012–9018. [Google Scholar] [CrossRef]

	



Bezhanov, S.G.; Ionin, A.A.; Kanavin, A.P.; Kudryashov, S.I.; Makarov, S.V.; Seleznev, L.V.; Sinitsyn, D.V.; Uryupin, S.A. Reflection of a probe pulse and thermal emission of electrons produced by an aluminum film heated by a femtosecond laser pulse. J. Exp. Theor. Phys. 2015, 120, 937–945. [Google Scholar] [CrossRef]

	



Kudryashov, S.I.; Ionin, A.A. Multi-scale fluence-dependent dynamics of front-side femtosecond laser heating, melting and ablation of thin supported aluminum film. Int. J. Heat Mass Transf. 2016, 99, 383–390. [Google Scholar] [CrossRef]

	



Huang, M.; Zhao, F.; Cheng, Y.; Xu, N.; Xu, Z. Origin of Laser-Induced Near-Subwavelength Ripples: Interference between Surface Plasmons and Incident Laser. ACS Nano 2009, 3, 4062–4070. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, N.P.; Gupta, R.; Agarwal, S.C. Electrical conduction and Meyer–Neldel Rule in nanocrystalline silicon thin films. J. Non-Cryst. Solids 2013, 364, 69–76. [Google Scholar] [CrossRef]

	



Born, M.; Wolf, E. Principles of Optics, 4rd ed.; Pergamon Press: Oxford, UK, 1968. [Google Scholar]

	



Ionin, A.A.; Kudryashov, S.I.; Levchenko, A.O.; Nguyen, L.V.; Saraeva, I.N.; Rudenko, A.A.; Ageev, E.I.; Potorochin, D.V.; Veiko, V.P.; Borisov, E.V.; et al. Correlated topographic and structural modification on Si surface during multi-shot femtosecond laser exposures: Si nanopolymorphs as potential local structural nanomarkers. Appl. Surf. Sci. 2017, 416, 988–995. [Google Scholar] [CrossRef]

	



Bustarret, E.; Ligeon, M.; Ortega, L. Visible light emission at room temperature from partially oxidized amorphous silicon. Solid State Commun. 1992, 83, 461–464. [Google Scholar] [CrossRef]

	



Emelyanov, A.V.; Kazanskii, A.G.; Khenkin, M.V.; Forsh, P.A.; Kashkarov, P.K.; Gecevicius, M.; Beresna, M.; Kazansky, P.G. Visible luminescence from hydrogenated amorphous silicon modified by femtosecond laser radiation. Appl. Phys. Lett. 2012, 101, 081902. [Google Scholar] [CrossRef]

	



Boyd, I.W.; Wilson, J.I.B. Oxidation of silicon surfaces by CO2 lasers. Appl. Phys. Lett. 1982, 41, 162–164. [Google Scholar] [CrossRef]

	



Pierce, D.T.; Spicer, W.E. Electronic Structure of Amorphous Si from Photoemission and Optical Studies. Phys. Rev. B 1972, 5, 3017–3029. [Google Scholar] [CrossRef]

	



Green, M.A. Self-consistent optical parameters of intrinsic silicon at 300K including temperature coefficients. Sol. Energ. Mat. Sol. C 2008, 92, 1305–1310. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 00042 g001 550] 





Figure 1. (a) Scheme of experimental setup used for processing the a-Si:H films by femtosecond laser pulses. (b) Photo of experimental setup. (c) Scanning mode templates used during a-Si:H femtosecond laser modification. (d) Photo of the areas at a-Si:H film surface, laser-modified in scanning mode B. 
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Figure 2. Images of femtosecond laser-modified surfaces of (a) sample 1 and (b) sample 2, obtained by SEM at 5000× magnification. The arrows indicate the polarization of the femtosecond laser pulses. SEM images of femtosecond laser-modified surfaces of (c) sample 1 and (d) sample 2, obtained at 70× magnification. 
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Figure 3. (a) Raman spectra for unirradiated amorphous silicon, as well as for samples 1 and 2 normalized by maximum intensity at ωA. For sample 1, the spectrum corresponds to the middle of the scan line. (b) Integrated TO phonon modes intensities corresponding to a-Si and nc-Si for the samples 1 and 2, mapped in the direction orthogonal to the scan lines, and normalized by the maximum integrated a-Si:H TO phonon mode intensity. 
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Figure 4. Results of the efficacy factor η(κx, κy) modeling for the samples (a) 1 and (b) 2, and their comparison with the Fourier-transformed SEM images of the LIPSS experimentally observed on the surface of corresponding samples (c,d). The arrows indicate the orientation of the laser radiation polarization vector. 
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Figure 5. (a) Temperature dependencies of dark conductivity σ. (b) Electric contacts geometry relative to scan lines and LIPSS. Directions of the electric field vector E are marked as 1-1, 1-2, 2-1, and 2-2. (c) Spectra of photoconductivity σph, normalized on the number of photons Nph. (d) Spectra of absorption coefficient α, normalized on its value at the mobility gap with for a-Si:H (1.8 eV). 
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Table 1. Sample processing parameters.
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Sample

	
Scanning Mode (Figure 1c)

	
Laser Pulse Fluence Q (J/cm2)

	
Laser Spot Diameter D (μm)

	
Number of Laser Pulses n






	
1

	
A

	
0.5

	
150

	
30




	
2

	
B

	
750
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Table 2. LIPSS period and orientation, nonequilibrium electrons concentration N and the dielectric permittivity ε at the surface of a-Si:H films during irradiation with femtosecond laser pulses.
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	Sample
	LIPSS Period (μm)
	LIPSS Direction Relative to Polarization
	N (cm−3)
	ε





	1
	0.88 ± 0.03
	  ⊥  
	9.3∙× 1021
	−2.3 + 0.4i



	2
	1.12 ± 0.02
	  ∥  
	6.5 × 1021
	1.3 + 0.3i
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Table 3. Dark conductivity and photoconductivity for the samples 1, 2 for different directions of the applied electric field E relative to LIPSS and scan lines, and for the unmodified a-Si:H film. The data is obtained at room temperature (293 K).
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Sample

	
Direction of E

	
Dark Conductivity (10−6 S/cm)

	
Photoconductivity (10−6 S/cm)






	
1

	
⊥ LIPSS, ‖ scan lines

	
11 ± 2

	
0.8 ± 0.2




	
‖ LIPSS, ⊥ scan lines

	
2.7 ± 0.1

	
1.0 ± 0.1




	
2

	
‖ LIPSS

	
12 ± 2

	
0. 96 ± 0.05




	
⊥ LIPSS

	
6.59 ± 0.06

	
0.6 ± 0.1




	
a-Si:H

	
–

	
0.018 ± 0.001

	
3.7 ± 0.1
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