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Abstract

        We have combined recent experimental developments in our laboratory with modelling to
          devise ways of maximising the stabilised efficiency of hydrogenated amorphous silicon
          (a-Si:H) PIN solar cells. The cells were fabricated using the conventional plasma enhanced
          chemical vapour deposition (PECVD) technique at various temperatures, pressures and gas
          flow ratios. A detailed electrical-optical simulator was used to examine the effect of
          using wide band gap P-and N-doped μc-SiOx:H layers, as well as a
            MgF2
          anti-reflection coating (ARC) on cell performance. We find that with the best quality
          a-Si:H so far produced in our laboratory and optimised deposition parameters for the
          corresponding solar cell, we could not attain a 10% stabilised efficiency due to the high
          stabilised defect density of a-Si:H, although this landmark has been achieved in some
          laboratories. On the other hand, a close cousin of a-Si:H, hydrogenated polymorphous
          silicon (pm-Si:H), a nano-structured silicon thin film produced by PECVD under conditions
          close to powder formation, has been developed in our laboratory. This material has been
          shown to have a lower initial and stabilised defect density as well as higher hole
          mobility than a-Si:H. Modelling indicates that it is possible to attain stabilised
          efficiencies of 12% when pm-Si:H is incorporated in a solar cell, deposited in a NIP
          configuration to reduce the P/I interface defects and combined with P- and N-doped
            μc-SiOx:H layers and a MgF2 ARC.

      
1 Introduction
Large-scale application of amorphous silicon based solar cells in the photovoltaic power
        generation industry requires improvement of their efficiency. Hydrogenated amorphous silicon
        (a-Si:H) based solar cells, in spite of their advantage of large area deposition, lag behind
        their crystalline counterparts with respect to conversion efficiency. Moreover they suffer
        from light-induced degradation, which can reduce cell efficiency by ∼25%. Therefore much efforts have been made to
        develop growth conditions leading to a-Si:H based materials having improved transport
        properties or stability e.g. [1, 2]. Also tandem or triple-junction solar cells, with thin, varying band
        gap materials in different sub-cells have been tried out and achieved an initial record
        efficiency of 16.3% [3]. This design improves light
        absorption over the entire visible spectrum and reduces light-induced degradation as it is
        possible here to use thinner sub-cells. However the design is complex and it would be ideal
        technologically to attain a high stabilised efficiency in single junction solar cells.
        Moreover, this is a requisite for high stabilized efficiency in tandem and triple junction
        solar cells. 

        	[image: thumbnail]	Fig. 1
            Comparison of the complex refractive indices (κ, n) (a) and (b) of the
              intrinsic layers used in this study: a-Si:H, pm-Si:H deposited at 175 ◦C and 210 ◦C; (c) and (d) of the
              various P-layers studied: P-μc-Si:H, P-a-SiC:H and P-μc-SiOx:H; and (e)
              and (f) of the different N-layers: N-a-Si:H, N-μc-SiOx:H and the
              TCO: ZnO:Al.

          



      To this end, we have been experimenting with an a-Si:H-like material: hydrogenated
        polymorphous silicon (pm-Si:H), which is produced by the standard RF glow discharge
        decomposition of silane highly diluted in hydrogen, under conditions close to powder
        formation [4, 5,
          6, 7, 8]. Pm-Si:H is a nano-structured silicon material with
        medium range order which shows up in the superior hole transport properties as deduced from
        diffusion induced time resolved microwave conductivity [8] and time-of-flight measurements [9].
        Moreover it exhibits lower initial [5] and stabilised
        defect densities than standard a-Si:H [1, 9, 10], with the
          ημτ product
        of electrons 200–700 times higher than that of standard a-Si:H for samples in the
        as-deposited state [1], and attaining values after
        light-soaking comparable to those of standard a-Si:H films before degradation [1, 4, 5, 6, 7]. In reference [1], a comparative study has been made of the kinetics of defect creation in standard
        a-Si:H and pm-Si:H films. It is found that the value of the absorption coefficient
          α(1.1 eV),
        obtained at ‘saturation’ is lower for the pm-Si:H than standard a-Si:H films, indicating a
        lower stabilized density of states (DOS) for the former case. 
Unfortunately the material has slightly lower absorption coefficients than a-Si:H,
        therefore lower coefficients of extinction (κ – Fig. 1a)
        over the visible spectrum [11]. The wavelength
        dependence of the real part of the complex refractive indices (CRINDs) of pm-Si:H and a-Si:H
        are given in Figure 1b. Also in the same article [11], using detailed modelling to simulate the measured
        characteristics of solar cells fabricated with this material as the intrinsic layer, we have
        shown that pm-Si:H develops a very defective P/I interface, probably due to bombardment by
        charged silicon nanocrystals contributing to the deposition and due to the high flux of
        hydrogen required to develop the material. Moreover other experiments performed at our
        laboratory [12] have shown that light-soaking of
        pm-Si:H leads to the formation of hydrogen bubbles that introduce macroscopic defects. In
        this article we show by modelling how the above drawbacks of a pm-Si:H solar cell can be
        overcome to produce solar cells with a high stabilised efficiency. 
We have also tried out different window structures using modelling, to see which
        combination leads to the highest efficiency. Two types of front window designs, each with
        two P-layers were examined: (a) P-μc-Si:H/P-a-SiC:H or (b) P-μc-Si:H/P-μc-SiOx. In a previous
        paper [13] modelling the effects of P-μc-Si:H, P-a-SiC:H window
        layers and various combinations thereof, we have shown that a P-μc-Si:H/P-a-SiC:H stack is an
        efficient design. Indeed, the μc-Si:H P-layer has a lower surface band bending (sbb)
        and lower activation energy than P-a-SiC:H. These properties help to improve the built-in
        potential (Vbi), open-circuit voltage (Voc) and fill
        factor (FF) of solar cells employing such a double window layer structure relative to a
        standard cell having a single P-a-SiC:H window layer [13]. These modelling results have received confirmation from the experimental work
        of Ma et al. [14]. The problem with a single
          P-μc-Si:H
        window is the large valence band discontinuity, since it has been shown by the IPE
        measurements of Xu et al. [15] that the
          P-μc-Si:H/a-Si:H band discontinuity is almost totally on
        the valence band side. This fact results in a large drop in potential at the P/I interface,
        leading to a collapse of the electric field inside the volume of the device and reducing the
          Voc and the FF of a device employing such a
        single P-μc-Si:H window. Also considerable back diffusion of
        electrons takes place, reducing the blue-green part of the external quantum efficiency (EQE)
        and short-circuit current density (Jsc). In addition the P-μc-Si:H layer developed in
        our laboratory has a higher coefficient of extinction (hence higher absorption coefficient)
        compared to P-a-SiC:H or P-μc-SiOx:H over the visible solar spectrum, as
        seen from Figure 1c. A thin P-a-SiC:H buffer sandwiched
        between the P-μc-Si:H and the a-Si:H layers solves all these problems,
        since the band discontinuity between a-Si:H and P-a-SiC:H is mainly on the conduction band
        side [16], preventing back diffusion of electrons and
        bringing up the short wavelength QE and Jsc. Also, the detrimental effect of the
        large valence band discontinuity is reduced by the presence of a thin P-a-SiC:H layer [13], leading to high values of Voc and FF.
        Moreover the presence of P-a-SiC:H, allows to use a thinner P-μc-Si:H layer, so that the
        absorption of the shorter wavelengths in the P-layers is reduced. P-doped μc-SiOx:H is also a
        promising P-layer, since it is more transparent (having a wider band gap) than P-a-SiC:H and
        its doping density can be adjusted to yield high conductivity. We have in this study
        therefore also tried out by modelling a P-μc-Si:H/P-μc-SiOx:H double window structure, primarily
        because we know the TCO/P sbb for the case of P-μc-Si:H [14],
        but it is unknown in the case of P-μc-SiOx:H. Nevertheless we have also
        experimented with a single P-μc-SiOx:H window layer, assuming a range of
        values for the ZnO:Al/P-μc-SiOx:H sbb. In all cases an ultra-thin
        intrinsic buffer layer follows the window P layers, both to prevent boron tailing into the
        intrinsic layer and to obtain a less defective P/I interface. 
Different back contact designs were also investigated via modelling. This was either
        N-a-Si:H/ZnO:Al/Ag or simply N-μc-SiOx:H/Ag with the ZnO:Al left out. The
        logic behind this latter design is that the band gap and doping density of N-μc-SiOx:H can be
        adjusted in such a way that it can be used as a wide band gap TCO, while retaining a good
        enough conductivity to act as the N-layer of the cell [17]. Thus the deposition of an extra TCO layer can be avoided. However this is
        only possible in cases where the P-layer is deposited first on ZnO:Al coated glass. When a
        cell is deposited in a NIP configuration, a thin ZnO:Al layer between the silver and
          N-μc-SiOx:H is mandatory to prevent silver
        diffusion into the latter. The CRIND’s of N-μc-SiOx:H are compared to those of standard
        N-a-Si:H and the TCO ZnO:Al in Figures 1e and 1f. Finally we have used modelling to study how a thin
        anti-reflection coating (ARC), deposited on the surface through which light enters the solar
        cell, can affect Jsc (and hence the conversion efficiency
          η). 
In brief, the aim of this article is to use the measured values of the initial and
        stabilised state properties of the best a-Si:H and pm-Si:H materials developed in our
        laboratory so far, together with realistic P/I interface defect density and other properties
        extracted by modelling the corresponding solar cells in an earlier article [11], combined with different emitter and N-layer
        materials and designs, to predict using modelling the highest efficiency attainable in these
        structures. We find, using the material and deposition parameters of our a-Si:H solar cells,
        that it is difficult to attain 10% stabilised efficiency with this material, even though
        other laboratories e.g. [18] have actually developed
        a-Si:H single junction cells with stabilised efficiencies in excess of 10%. This is likely
        due to the superior nature and/or light absorption of the a-Si:H material developed,
        improved P/I interface properties in their deposited solar cells, etc. On the other hand we
        have been able to develop pm-Si:H [1, 4, 5, 6, 7, 8], a close cousin of a-Si:H, with lower initial and
        stabilised defect densities, higher hole mobility, but lower light absorption. Using
        modelling we show in this article that such a material when deposited in a solar cell in the
        NIP configuration, and in conjunction with suitable P- and N-layers and an ARC is capable of
        attaining a stabilised efficiency of around 12%, although our best experimental results so
        far show a lower stabilised efficiency [19]. 

        
        	[image: thumbnail]	Fig. 2
            Schematic representations of (a) an a-Si:H solar cell (deposited in the PIN
              configuration on TCO coated glass) and (b) a pm-Si:H solar cell deposited in the NIP
              configuration on TCO/Ag coated glass.

          



      Schematic diagrams of the a-Si:H solar cell deposited in a PIN configuration on TCO-coated
        glass, and of the pm-Si:H cell deposited in a NIP configuration on glass/Ag/ZnO:Al are shown
        in Figures 2a and 2b, respectively. These are the structures that have been modelled. It would have
        been better if the ARC were assumed to be textured also; however as will be pointed out in
        the section on the simulation model ASDMP, this latter at present is capable of handling
        only two textured interfaces. These have been taken at the TCO/P and N/back reflector
        (ZnO:Al/Ag or only Ag) interface to maximise light absorption in the intrinsic layer, except
        when μc-SiOx:H is used as the N-layer. The
        refractive index of this N-layer is close to that of ZnO:Al, so that most of the light in
        reality suffers specular and diffused reflection at the I/N-μc-SiOx:H interface.
        Hence it is this latter interface that is taken as the second textured interface in the
        modelling calculations. The layers between the top TCO and bottom reflector are thin and we
        assume that they almost exactly take up the structure of the preceding layer (conformal
        deposition). Therefore we have assumed that only specular reflection, obeying Fresnel’s law,
        takes place at these interfaces. 
2 Experiments
The PIN devices were deposited at various temperatures ranging from 175 ◦C to 240 ◦C by the RF (13.56 MHz) glow
        discharge plasma enhanced chemical vapor deposition (PECVD) method in a
        multiplasma-monochamber reactor [20]. Standard a-Si:H
        films were produced by the dissociation of pure silane at 40 mTorr under an RF power of 10
          mW/cm2. On the
        other hand, pm-Si:H films were obtained by the dissociation of a 10% silane in hydrogen
        mixture at 2–4 Torr under an RF power of 90 mW/cm2. A deposition rate of 9 Å/s could be achieved for the
        pm-Si:H films [21]. We experimented with two
        different deposition temperatures (175 ◦C and 210 ◦C), but were unable to obtain any significant increase in
        the absorption coefficients in the case of a-Si:H. However for pm-Si:H, a substrate
        temperature of 210 ◦C
        allowed to obtain films with a higher absorption over the visible wavelengths than for
        pm-Si:H deposited at 175 ◦C. The CRINDs of a-Si:H, and pm-Si:H deposited at two
        different temperatures are compared in Figures 1a and
          1b. 

        Table 1

            The input parameters used to model different cases. The first 5 nm of the I-pm-Si:H
              layer at the N/I interface has a DB DOS of 5 × 1017 cm-3, followed by a 30 nm intermediate layer with a
                DOS = 2 ×
                1016 cm-3. The first 20 nm of the I-a-Si:H layer adjacent to
              the P/I interface is assumed to have a DOS of 2 × 1016 cm-3. The values have been
              extracted from modelling previous experimental results [11]. The parameters of N-a-Si:H are not shown as these are
              standard.

          

      The a-Si:H PIN cells were deposited in the conventional structure:
        glass/ZnO:Al/P/I/N/ZnO:Al/Ag (or simply Ag back eflector) (Fig. 2a). However it has been shown in a previous article [11] combining modelling with experiments, that a pm-Si:H
        intrinsic layer cell deposited in this order develops a very damaged P/I interface due to
        bombardment by the high dose of hydrogen required for developing pm-Si:H. Other experiments
        conducted in our laboratory [12] further highlight
        that upon light-soaking treatments, hydrogen bubbles form and lead to macroscopic defects,
        such as blisters and delamination, that obviously cannot be reversed by annealing.
        Therefore, as we are interested in the stabilised efficiency, we have modelled pm-Si:H cells
        with the material deposited as follows: glass/silver/ZnO:Al/N/I/P/ZnO:Al/silver grid in that
        order (Fig. 2b). The high flux of hydrogen required for
        pm-Si:H deposition will then damage the N/I interface, to which, as will be shown later by
        modelling, the solar cell output is much less sensitive. Also macroscopic defects, if any,
        will now appear at the ZnO:Al/N contact and will therefore have far less repercussion on
        solar cell characteristics. The light of course should still enter through the P-layer
        during cell operation for improved efficiency, since the maximum number of holes needs to be
        created near the contact that is the collector of holes (the ZnO:Al/P contact in this case).
        This is because, even though the mobility of holes in pm-Si:H is a factor of 3 higher than
        that in a-Si:H [8, 9], it is still less than the electron mobility. The a-Si:H PIN cell does not have
        a very damaged P/I interface [11], since this
        material can be deposited by the decomposition of SiH4 without or very little hydrogen
        dilution. We therefore commence the investigations in this article on a-Si:H PIN cells,
        deposited in the normal manner with the P-layer first on ZnO:Al coated glass; but pm-Si:H
        cells deposited with N-layer first on glass/silver/ZnO:Al. For any deposition involving a
        rich hydrogen environment, ZnO is preferable to either ITO or SnO2, as ZnO is more stable against
        reduction by atomic hydrogen. The RMS roughness of the LPCVD grown ZnO:Al is around 60 nm
        corresponding to a haze of ∼23%,
        measured at a wavelength of 550 nm. 
To attain the stabilised state, the samples were light soaked at 100 ◦C in order to accelerate the
        kinetics of creation of metastable defects [22]. They
        were exposed to a maximum intensity of 670 mW cm-2 unfiltered white light produced by a 1 kW halogen lamp
        and then quenched to 30 ◦C for their characterisation [1]. In some other light-soaking (LS) experiments [19], the cells were light soaked in the open-circuit condition using a mercury
        vapour lamp providing an intensity of 100 mW/cm2. During LS, the cells were fan-cooled to reduce
        illumination-induced heating. The temperature of the cells was monitored using a PT100
        thermocouple during LS, to verify that the device temperature remained under 50
          ◦C. Light-soaking
        was continued for 500 h. 
P-μc-Si:H,
        P-a-SiC:H and P-μc-SiOx layers have also been developed in our
        laboratory with properties given in Table 1. The
        values given in the table are representative of a series of each such film grown under the
        same conditions. The CRIND’s of the P-layers are compared in Figures 1c and 1d. The conductivity of our
          P-μc-SiOx films is strongly dependent on the
          CO2 flow rate
          [23], nevertheless, its conductivity compares well
        with that of optimised P-aSiC:H layers. The properties of the N-μc-SiOx have however
        been taken from reference [17] and its CRIND’s are
        compared to those of standard N-a-Si:H and the TCO ZnO:Al in Figures 1e and 1f. 
3 Simulation model
Our one-dimensional electrical-optical model ASDMP (Amorphous Semiconductor Device
        Modelling Programme) [24, 25], later extended to model crystalline silicon and HIT cells [26], solves the Poisson’s equation and the two carrier
        continuity equations under steady state conditions for the given device structure and yields
        the dark and illuminated current density-voltage (J-V) characteristics and the QE. The electrical part of
        the modelling programme is described in references [27, 28]. The expressions for the free and
        trapped charges, the recombination term, the boundary conditions and the solution technique
        in ASDMP are similar to the AMPS computer programme [29], developed by Prof. Fonash’s group. 

        Table 2

             Sensitivity of a pm-Si:H solar cell output to a damaged N/I and a similarly damaged
              P/I interface (modelling results). The cells given here have a two P-layer structure
              with light entering the device on the P-layer side.

          

      The gap state model in ASDMP consists of two monovalent donor-like and acceptor-like tail
        states and two monovalent Gaussian distribution functions (one being of donor type and the
        other of acceptor type) to simulate the deep dangling bond (DB) states (as e.g. used in
          [29] (AMPS), [30, 31] (AFORS-HET)). A more realistic gap
        state distribution model in a-Si:H would consist of, besides the monovalent band tail
        states, a deep defect distribution of DBs determined from the defect pool model (DPM) [32, 33]. However
        in ASDMP, as in AMPS and AFORS-HET, since only monovalent states can be introduced, the deep
        DB distribution determined from DPM is replaced by two Gaussian distributions of monovalent
        states, donor like and acceptor like, separated by a correlation energy. Such a replacement
        has proved to be quite accurate in a-Si:H [34, 35]. 
The contact barrier heights for a cell with the P-layer in contact with a TCO at
          x = 0 and the
        N-layer in contact with a TCO or metal at x = L, are given by: [image: equation](1)and
            [image: equation](2)Here Eμ(P)
        and Eac(P)
        are the mobility gap and the activation energy of the P-layer, and Eac(N)
        is the activation energy of the N-layer, forming an ohmic contact at the back of the device.
        ‘sbb’ is the TCO/P surface band bending, which we have taken to be ∼0.16 eV, the measured value [14] for this quantity for P-μc-Si:H, employed in all
        double window structures. A value of 0.2 eV has been assumed for P-μc-SiOx:H, in
        simulations involving such a single P-layer. However, later in Section 4 we show the effect
        of varying the sbb (P-μc-SiOx:H) on the solar cell output. With the
        activation energies and mobility band gaps of P-μc-Si:H and P-μc-SiOx:H given in Table
          1, ϕB0 in the present PIN devices is 1.32 eV
        in the case of TCO/P-μc-Si:H and 1.83 eV for TCO/P-μc-SiOx:H.
          ϕBL is 0.2 eV for the case of N-a-Si:H and
        0.09 eV for N-μc-SiOx:H [19]. 
The generation term in the continuity equations has been calculated using a semi-empirical
        model [36] that has been integrated into the
        modelling programme [24, 25]. Both specular interference effects and diffused reflectances and
        transmittances due to the interface roughness are taken into account. As mentioned earlier,
        in the model it is possible to consider only two rough interfaces. The diffused reflection
        and transmission from the TCO (ZnO:Al) used in the simulations have both a wavelength and
        angular dependence. In some of the simulations the effect of using a MgF2 ARC is given. This layer is
        assumed to have a thickness of 50 nm – however it was not optimised by changing its
        thickness. The complex refractive index for each layer of the structure is required as input
        and has been measured in-house by spectroscopic ellipsometry. In all cases studied in this
        article, experimentally or by modelling, light enters through the P-layer, the junction of
        the TCO with the P-layer being taken as x = 0 on the position scale in the modelling
        calculations. Voltage is also applied at x = 0, with the N/TCO or N/metal contact at
          x =
          L, at the end of the semiconductor layers of the device,
        being at ground potential. 
The input material and device parameters of the model are given in Table 1. The values chosen for a-Si:H are the best average
        values for the material developed in our laboratory. The parameters for pm-Si:H (e.g., hole
        mobility, initial and stabilised DOS, etc.) are those deduced from measured data in
        references [1, 5, 8, 9,
          10]. The superior hole transport properties of
        pm-Si:H, as already pointed out in the introductory section, have been deduced from
        diffusion induced time resolved microwave conductivity [8] and time-of-flight measurements [9]. The
        DOS at the Fermi level N(EF) in
        the initial state has been measured on pm-Si:H samples using both capacitance measurements
        on Schottky barriers and space-charge-limited current (SCLC) measurements on
          N+/I/N+ structures [5]. From
        both techniques N(EF)
        values of 7–8 ×
          1014cm-3eV-1 have been obtained which is almost an order of magnitude
        lower than that measured [5] for a-Si:H
          (∼5 × 1015cm-3eV-1) or reported in the literature
        for standard a-Si:H. In reference [1], the evolution
        of the sub-band gap absorption during accelerated light-soaking at 100 ◦C was studied for a-Si:H and
        pm-Si:H films. It was observed that the value of α(1.1 eV) at “saturation”, namely αss, is about an order of
        magnitude lower for pm-Si:H relative to a-Si:H. All the above results are representative of
        the study of a large number of samples grown under the same conditions. The Tauc’s gap was
        determined from standard optical transmission measurements [1]. For both a-Si:H and pm-Si:H we have assumed the mobility gap to be
          ∼0.1 eV larger than the
        corresponding optical gap. 
4 Results and discussion
In performing the modelling we have relied heavily on the input parameters derived from
        simulating a-Si:H and pm-Si:H solar cells described in reference [11]. The reason for using the P-μc-Si:H/P-a-SiC:H design is
        given in detail in reference [13] and for using the
          P-μc-Si:H/P-μc-SiOx:H window structure described in the
        introductory section. However as already stated, we have also examined the P-μc-SiOx:H single window
        structure, assuming here a surface band bending of 0.2 eV, as for P-a-SiC:H – a value that
        is uncertain. The input parameters of the principal layers are given in Table 1 and their complex refractive indices shown in Figure
          1. The P/I interface dangling bond DOS is
          2 ×
          1016cm-3 over 20 nm for the a-Si:H PIN cells, as inferred by
        modelling experimental results [11]. As the
        deposition of a pm-Si:H film involves a high flux of hydrogen to the substrate, we have
        preferred to study solar cells with this material deposited in a NIP configuration with the
        N-layer first on ZnO:Al/Ag/glass. The improvement in a pm-si:H solar cell output parameters
        when it is deposited in a NIP configuration has been demonstrated experimentally in
        reference [19]. This is because solar cell output is
        less sensitive to a damaged N/I interface than to a similarly damaged I/P interface. This
        fact is demonstrated in Table 2 by modelling. In
        actual experiments, for pm-Si:H solar cells deposited in PIN and NIP configurations in our
        laboratory [19], it has been found that cells
        deposited in the latter configuration degrade much less – from an initial efficiency of
          ∼9.3% to about 8.2%; while
        those deposited in the PIN configuration degrade from a lower initial efficiency of
          ∼8.5% to 5.8%, or even down to
        3%, in the worst cases after 500 h of light-soaking. The reason for this has been attributed
        to the creation of macroscopic defects such as blisters and delamination after light-soaking
          [19]. Coming back to modelling, the N/I interface
        defect density for the pm-Si:H cells is taken =5 ×
          1017cm-3 over the first 5 nm, followed by an intermediate layer
        with a DOS of 2 ×
          1016cm-3 over 30 nm, The existence of such an intermediate layer in
        pm-Si:H cells has been suggested by modelling in reference [11]. As already stated, in all cases an ultra-thin intrinsic buffer layer follows
        the window P-layers, both to prevent boron tailing into the main intrinsic layer and to
        achieve a lower interface defect density. As described in the introduction the back contact
        was either N-a-Si:H/ZnO:Al/Ag or N-μc-SiOx:H/Ag with the ZnO:Al left out in the
        case of a-Si:H solar cells deposited in the PIN configuration, but retaining a thin ZnO:Al
        layer even for the latter design for the case of the pm-Si:H films, that are deposited in
        the NIP configuration. As mentioned earlier, this is to prevent silver diffusion into
          N-μc-SiOx:H. 

        Table 3

            Solar cell output parameters of a-Si:H PIN cells with different window layers and
              back contacts in the initial and light-stabilised states. Light enters through the
              glass/ZnO:Al/P-layer. a-Si:H layer thickness is 200 nm. ZnO in the table corresponds
              to aluminium-doped ZnO. The first row gives our best experimental results [23] with a 20 nm pm-Si:H P/I buffer, while the rest
              are model calculations. The last line shows the effect of using MgF2 ARC on glass. 

          

      
        Table 4

            Solar cell output of pm-Si:H solar cells, deposited in the NIP configuration, but
              with the light entering on the P-side. The first row gives our best experimental
              results [19], while the rest are model
              calculations. In the second row, properties of pm-Si:H deposited at 175
                ◦C are used,
              while in the rest those of pm-Si:H deposited at 210 ◦C are used. ZnO in the table
              corresponds to aluminium-doped ZnO. The subsequent lines show the effect of different
              window layers and back contacts in the initial and light-stabilised states. The
                ZnO:Al/P-μc-SiOx sbb is taken =0.2 eV. The last two rows show the
              effect of using MgF2 ARC on ZnO:Al. Thickness of the pm-Si:H layer is 250
              nm except for the last case where it is 150 nm. 

          

      4.1 The intrinsic layer
The best solar cell output parameters of the a-Si:H solar cells deposited in our
          laboratory are given in the first row of Table 3
          and those of the best pm-Si:H solar cells in the first row of Table 4. The remaining rows of the two tables give modelling results with
          improvements in the output parameters likely to occur when various emitter designs and
          N-layers are used. For both types of material, we studied the effect of the substrate
          temperature to see whether any improvement in the absorption coefficient, linked to the
          extinction coefficients (κ) could be achieved. No such increase was observed
          for a-Si:H over a range of temperatures around 200 ◦C, but the κ’s of pm-Si:H increased
          somewhat when the deposition temperature was increased from 175 ◦C to 210 ◦C (Fig. 1a), resulting in superior values of Jsc (compare the
          results of the second and third rows of Tab. 4) and
          the EQE given in Figure 4a. 
Comparing Tables 3 and 4 for the a-Si:H and pm-Si:H PIN cells respectively, we note that
          although in most cases, the initial Jsc in a-Si:H cells is higher, the
          stabilised efficiency is lower than in pm-Si:H cells. The reason for higher current is the
          stronger absorption (higher coefficient of extinction – Fig. 1a) of long wavelength visible light in a-Si:H relative to pm-Si:H. On the other
          hand the stabilised dangling bond density in a-Si:H is one order of magnitude higher than
          in pm-Si:H (see Tab. 1) and this fact in
          conjunction with a lower hole mobility than in pm-Si:H brings down sharply the stabilised
          efficiency in a-Si:H PIN cells. In fact, we have been able to achieve 12% stabilised
          efficiency in pm-Si:H solar cells (Tab. 4), but not
          as yet in a-Si:H cells (Tab. 3) using parameters
          extracted by simulating our experimental results. 

          Table 5

              Sensitivity of the pm-Si:H solar cell output to the band edge line-up between
                  P-μc-SiOx:H and
                pm-Si:H in cells employing a single window layer in the initial state.
                  ΔEc
                and ΔEv
                are respectively the conduction band and valence band discontinuities and
                  ΔEμ
                the band gap discontinuity between the two. In Table 4 throughout we had assumed ΔEc =
                    ΔEv =
                    ΔEμ/
                  2.

            

        
          
          	[image: thumbnail]	Fig. 3
              Typical band diagrams under AM 1.5 light and short-circuit conditions in the
                annealed state of (i) a a-Si:H single junction solar cell having a P-μc-Si:H/P-μc-SiOx:H double
                window design and a μc-SiOx N-layer;
                and (ii) a pm-Si:H solar cell with identical emitter and N-layer designs under the
                same conditions.

            



        4.2 The window and emitter design
Figures 3a and 3b depict respectively typical band diagrams of a-Si:H and pm-Si:H PIN cells
          having a two-window P-μc-Si:H/P-μc-SiOx:H structure and a μc-SiOx:H N-layer,
          under AM1.5 light illumination and short-circuit conditions, in the initial state. On the
          other hand, Figure 4b shows the EQE curves of a
          pm-Si:H single junction cell with the following doped layers: (i) P-μc-Si:H/P-a-SiC:H emitter
          layer and a-Si:H N-layer, (ii) P-μc-Si:H/P-μc-SiOx:H and
          N-a-Si:H, (iii) P-μc-Si:H/P-μc-SiOx:H and and N-μ-SiOx:H and (iv) a
          single P-μc-SiOx:H emitter with N-μ-SiOx:H.
          Additionally, Figure 4c shows the effect of a
            MgF2
          anti-reflection coating (ARC) on the last case, while Figure 4d depicts the stabilised state EQE of Figure 4c. In Figure 5 we draw the EQE curves
          corresponding to the a-Si:H cells described in the second, third and fourth rows of Table
            3 in the initial (Fig. 5a) and the light-stabilised (Fig. 5b) states. A MgF2 ARC on glass produces negligible improvement as seen by
          comparing the last two rows of Table 3; hence this
          case is not included in Figure 5. 

          
          	[image: thumbnail]	Fig. 4
              Comparison of the external quantum efficiency (EQE) of pm-Si:H solar cells having
                (a) P-μc-Si:H/P-a-SiC:H double window design with an
                a-Si:H N-layer, but pm-Si:H intrinsic layers deposited at 175 ◦C and 210 ◦C in the initial state;
                (b) 4 types of solar cells in the initial state with P-μc-Si:H/P-a-SiC:H and
                  P-μc-Si:H/P-μc-SiOx double
                window designs both with a-Si:H N-layers, the latter emitter design with N-a-Si:H
                replaced by N-μc-SiOx and the
                last design: with a single P-μc-SiOx:H
                emitter; (c) the latter design in the initial state with and without a
                  MgF2
                anti-reflection coating on the ZnO:Al window and (d) the ZnO:Al/P-μc-SiOx/I-pm-Si:H/N-μc-SiOx/ZnO:Al/Ag/glass cell in the initial
                and light-stabilised states. 

            



        
          Table 6

              Sensitivity of the pm-Si:H solar cell output to the ZnO:Al/P-μc-SiOx:H
                surface band bending. The case where the sbb = 0.2 eV (that is generally observed
                for ZnO:Al/P-a-SiC:H), is given in the first row of this table and assumed for the
                single window designs in Table 4. The front
                contact barrier height (ϕb0) for this case is 1.83 eV,
                since the band gap of P-μc-SiOx is taken
                to be 2.5 eV and its activation energy = 0.47 eV. Even for a slight increase of sbb – to 0.3 eV
                  (ϕb0 = 1.73 eV),
                  Voc, FF and the cell efficiency
                deteriorate appreciably (second line of table), as the Vbi falls.
                Any effort to increase the Vbi by increasing the
                  P-μc-SiOx:H
                thickness, brings down the Jsc. The third line indicates the
                effect of having ϕb0 = 1.32 eV,
                the same as at the ZnO:Al/P-μc-Si:H interface of the double window
                design.

            

        
          Table 7

              Optimisation of the thickness of the pm-Si:H absorber layer for a double P-layer
                window design: P-μc-Si:H/P-μc-SiOx:H and
                  N-μc-SiOx/ZnO:Al/Ag back structure. Results
                indicate that any thickness between 250 nm and 150 nm is good with the thinnest
                pm-Si:H cell having an edge regarding the stabilised efficiency.

            

        In the results given in Tables 3 and 4, the P-a-SiC:H and I-a-Si:H or I-pm-Si:H band
          discontinuity is apportioned to the conduction band side, as inferred from reference
            [16]. Since there is no valence band
          discontinuity, the FF is better in this case than when P-μc-SiOx:H is used. In
          the latter case, in the absence of any measured data (to our knowledge), we have
          apportioned half the band discontinuity to the valence band and this fact hinders hole
          collection and brings down the FF. Also the sbb is 0.16 eV for TCO/P-μc-Si:H [14]. As there are no experimental data for the
            TCO/P-μc-SiOx:H band bending, we have taken the
          value of 0.2 eV (sixth row of Tab. 4), that is
          generally encountered at the TCO/P-a-SiC:H contact. The consequences on the solar cell
          output of changing the band edge line up and TCO/P-μc-SiOx:H sbb are
          shown in Tables 5 and 6, respectively. Note that the effects of changing the band edge line-up
          and the sbb for the single P-μc-SiOx:H design are shown only for the
          pm-Si:H PIN cell, since the variation is similar in a-Si:H cells, and, such a cell is more
          promising than an a-Si:H one, from the point of view of the stabilised efficiency. From
          Table 5, apportioning the entire band gap
          discontinuity to the valence band side leads to a higher built-in field and
            Voc, but a strongly reduced FF, as the
          high ΔEv
          hinders hole collection. However, in spite of ΔEc
          being taken equal to zero for this case (a fact that may be expected to encourage electron
          back diffusion leading to a lower current), the current actually increases, indicating
          that the high Vbi, and consequently
          the higher field in this device, more than cancels the detrimental effect of
            ΔEc =
            0 on Jsc. When the entire band gap
          discontinuity is on the conduction band side (row 3 of Tab. 5), no improvement in Jsc is seen over row 1 of the same
          table, indicating that even ΔEc =
              ΔEμ/
            2 is sufficient to block the back diffusion of electrons.
            Vbi decreases for this case as expected,
          leading to a fall in the FF relative to row 1; surprisingly however Voc increases.
          This fact may be explained as follows: as ΔEv =
            0, and as we have assumed low I/P (P-layer deposited on top of I layer)
          interface defect density (our pm-Si:H cell has been deposited in a NIP configuration, so
          that the I/P interface is not damaged), negligible hole accumulation at this interface
          takes place for this case, leading to low interface field and more field in the bulk of
          the device that brings up Voc. 
Now comparing the results of Veneri et al. [17] to
          the solar cell output parameters of the a-Si:H cells given in Table 3, we note that our Voc’s are considerably higher. Modelling
          also yields a higher Voc than that achieved experimentally
            [19, 23].
          In such a heterojunction structure, where the P-μc-SiOx band gap is considerably higher than
          that of I-a-Si:H or I-pm-Si:H (Tab. 1), the band
          edge line up has a strong influence on the FF (as seen from the modelling results in Tab.
            5 for the case of a pm-Si:H cell, the effect on
          an a-Si:H cell is similar). Therefore, taking a comparison with the FF values given in
          reference [17], 19 and 23, no more than half the
          band gap discontinuity can lie on the valence band side, as assumed by us for all cases in
          Table 3. However the fact that our calculated
            Voc is higher than the measured results
            [17, 19,
            23], independently of this band edge line up (as
          shown in the example of pm-Si:H cells in Tab. 5),
          indicates that in the experimental cases, the P/I interface is more defective than assumed
          in our calculations, and points to the fact that the Voc and the cell
          efficiency may be considerably improved by improving the quality of the P/I interface. 

          
          	[image: thumbnail]	Fig. 5
              Comparison of the EQE curves of a-Si:H solar cells in the (a) initial and (b) light
                stabilised states having different window designs and N-layer: with
                  P-μc-Si:H/P-a-SiC:H and P-μc-Si:H/P-μc-SiOx:H double
                window designs both with a-Si:H N-layers and the latter emitter design with N-a-Si:H
                replaced by N-μc-SiOx.

            



        We find from Tables 3 and 4 and Figures 4b and 5, that in both a-Si:H and pm-Si:H cells there is an
          increase in the current density when the P-a-SiC:H layer is substituted by
            P-μc-SiOx:H. This fact is due to the lower
          absorption coefficients of P-μc-SiOx that is linked to the imaginary part
          of the CRIND’s input to the program – Figure 1c (the
          real part of the CRIND’s of the different P-layers studied are plotted as a function of
          wavelength in Fig. 1d). The EQE curves indicate that
          it is mainly the increase in the long wave length response that contributes to the current
          increase. The absence of an appreciable increase in the short wavelength EQE is due to the
          fact that P-μc-SiOx, being micro-crystalline, has been
          assumed thicker than the amorphous P-a-SiC:H layer, so that a possible increase in the
          blue response due to lower absorption coefficients of the former is annulled. Our EQE
          curves in Figure 5a for a PIN a-Si:H cell both having
          a P-μc-SiOx window layer but with the back
          contact design N-a-Si:H/ZnO:Al/Ag in one case (black dotted line) and N-μc-SiOx/Ag in the
          other (red line) agree quite well with the EQE curves of Veneri et al. [17] (R = 0 N-μc-Si/ZnO/Ag and N-μc-SiOx/Ag back
          contacts) except for wavelengths in the range of 0.65
                [image: equation]m, where our EQE
          curves are lower in both cases. This may be due to lower values of the imaginary part of
          the CRIND’s for those wavelengths for the a-Si:H material developed in our laboratory. 
Also from Table 4 and Figure 4b, we note that for the single window design with P-μc-SiOx:H, the current
          is appreciably higher, since P-μc-Si:H is absent, but Voc and FF are
          lower (because now we cannot take advantage of the lower Eac and sbb of
            P-μc-Si:H)
          yielding nearly the same initial and stabilised efficiency. However in the case of the
          single P-μc-SiOx:H window layer the uncertainty of
          the value of the TCO/P-μc-SiOx:H sbb may be a crucial limiting
          factor as is evident from Table 6. Due to the large sensitivity to the
            TCO/P-μc-SiOx:H sbb about which little is known at
          the moment and because, as seen from Table 4, there
          is negligible difference between the initial and stabilised efficiencies for the double
          window structure – ZnO:Al/P-μc-Si:H/P-μc-SiOx:H, and the single window structure –
            ZnO:Al/P-μc-SiOx:H (when this sbb is taken
            =0.2 eV), it was decided to
          choose the former design to optimise the thickness of the pm-Si:H film grown at 210
            ◦C. This is
          because for this case we have a fairly good idea the ZnO:Al/P-μc-Si:H sbb [14]. The results of thickness optimisation are given in
          Table 7 and show that any thickness between 250 nm
          and 150 nm is acceptable, with the thinnest pm-Si:H cell having a small advantage
          regarding the stabilised efficiency. 
Finally a MgF2 ARC
          deposited on ZnO:Al, through which light enters the pmSi:H cell with the NIP configuration
          on glass (Fig. 2b), strongly enhances Jsc (Tab. 4) and the EQE (Fig. 4c). However, only a small improvement is observed in the case of the a-Si:H
          cell in the PIN configuration with MgF2 deposited on glass (Tab. 3). 
4.3 The N-side design
Tables 3 and 4 and the EQE curves of Figures 4b and
            5 show the effect of substituting N-μc-SiOx:H in place of
          N-a-Si:H. This brings up Jsc and the long wavelength EQE. For
          this layer the electrical and optical parameters have been taken from reference [17] in our simulation. This material with the real part
            n, of the
          complex refractive index considerably lower than that of N-a-Si:H and close to that of
          ZnO:Al (Fig. 1f), appreciably improves the long
          wavelength EQE. Indeed most of the light is now reflected at the I-layer/N-μc-SiOx interface and
          therefore does not need to cross the N-layer twice. Also it is nearly as transparent as
          ZnO:Al, with values of the extinction coefficient close to those of the latter (Fig. 1e). Since as well, its doping can be adjusted to make it
          highly conducting (Eac = 0.09eV, lower than that of
          N-a-Si:H – Tab. 1), it can effectively act both as
          the TCO and the N-layer of the structure [17]; also
          leading to improvements in Voc and FF. Moreover, the deposition of
          an extra TCO layer may be avoided in this case. However the pm-Si:H cell has to be
          deposited in a NIP configuration, to avoid a very damaged I/P interface and macroscopic
          defects as already stated. Here a thin layer of ZnO:Al needs to be deposited on silver, to
          prevent the latter diffusing into the N-layer when the N-side of the junction is bombarded
          by a high flux of hydrogen required to form pm-Si:H. Thus in pm-Si:H cells, although the
          deposition of an extra TCO layer cannot be avoided, the use of N-μc-SiOx:H instead of
          N-a-Si:H is still advantageous as can be seen from the 5th row of Table 4, and Figure 4b.
        
5 Conclusions
The possibility of single junction pm-Si:H solar cells with stabilised efficiencies around
        12% has been demonstrated by modelling. We have shown that in order to achieve such
        efficiencies the pm-Si:H cell should be deposited in the NIP rather than the PIN
        configuration to avoid a heavily damaged P/I interface that is much more harmful for the
        solar cell efficiency than a similarly damaged N/I interface; and to avoid formation of
        macroscopic defects on the P-layer side. However light should enter the cell through the
        P-layer. A P-μc-SiOx:H window layer, a suitably N-doped
          μc-SiOx:H, as well as a MgF2 ARC on ZnO:Al are required to
        achieve this goal. On the contrary, using the initial and stabilised state properties and
        interface parameters of the best a-Si:H material and solar cell developed in our laboratory
        so far, we could not achieve 10% stabilised efficiency in a-Si:H PIN solar cells, as the
        stabilised DOS in this material is high and its hole mobility considerably lower than in
        pm-Si. However such a landmark has been achieved in a few other laboratories e.g. reference
          [18], probably due to better light absorption in
        their material, improved P/I interface properties in solar cells fabricated with this
        material, etc. 
The calculated solar cells have a lower FF but a higher Voc when
          P-μc-SiOx:H forms part of the window layer than
        for the P-a-SiC:H case. The higher Voc is due to a higher built-in field in
        the former case, while the lower FF for P-μc-SiOx is due to an assumed ΔEv =
          0.26eV, that hinders hole collection, while ΔEv is
          ∼0 for P-a-SiC:H. The solar
        cells using P-μc-SiOx:H show higher current density, due to
        the lower coefficient of extinction of this material compared to P-a-SiC:H. Also modelling
        shows that highly conducting and transparent N-μc-SiOx:H can act both as the N-layer of the
        structure and the TCO. In fact this material with a refractive index considerably lower than
        that of N-a-Si:H and close to that of ZnO:Al, appreciably improves the long wavelength QE,
        since most of the light is now reflected at the I-layer/N-μc-SiOx interface and
        does not need to cross the N-layer twice. The improvements in the solar cell output
        parameters due to the use of the P- and N-layers described above and as deduced from
        modelling will be applicable independent of the absorber material used in the PIN solar
        cell. 
In our calculations, there is uncertainty in the calculated solar cell output, due to the
        limited knowledge on the band edge line up of P-μc-SiOx with I-a-Si:H or I-pm-Si:H, and its
        surface band bending at the contact with ZnO:Al when used in the single window design. The
        effect of varying these parameters has been demonstrated. The latter uncertainty may be
        avoided by using the double window design. Also we have shown that ΔEv
        cannot be higher than half the band gap discontinuity in order to attain the high
        experimental values of FF [17, 19, 23]. Moreover we infer that
        the Voc in the deposited solar cells may be
        considerably increased by lowering the P/I interface defect density. We conclude, as Table
          4 indicates, that ∼12% stabilised efficiency is achievable in
        thin pm-Si:H single junction solar cells (thickness of the I-layer
              [image: equation]250
        nm) with practical material and device parameters and a suitable anti-reflection coating.
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  All Tables
Table 1

            The input parameters used to model different cases. The first 5 nm of the I-pm-Si:H
              layer at the N/I interface has a DB DOS of 5 × 1017 cm-3, followed by a 30 nm intermediate layer with a
                DOS = 2 ×
                1016 cm-3. The first 20 nm of the I-a-Si:H layer adjacent to
              the P/I interface is assumed to have a DOS of 2 × 1016 cm-3. The values have been
              extracted from modelling previous experimental results [11]. The parameters of N-a-Si:H are not shown as these are
              standard.

          In the text

Table 2

             Sensitivity of a pm-Si:H solar cell output to a damaged N/I and a similarly damaged
              P/I interface (modelling results). The cells given here have a two P-layer structure
              with light entering the device on the P-layer side.

          In the text

Table 3

            Solar cell output parameters of a-Si:H PIN cells with different window layers and
              back contacts in the initial and light-stabilised states. Light enters through the
              glass/ZnO:Al/P-layer. a-Si:H layer thickness is 200 nm. ZnO in the table corresponds
              to aluminium-doped ZnO. The first row gives our best experimental results [23] with a 20 nm pm-Si:H P/I buffer, while the rest
              are model calculations. The last line shows the effect of using MgF2 ARC on glass. 

          In the text

Table 4

            Solar cell output of pm-Si:H solar cells, deposited in the NIP configuration, but
              with the light entering on the P-side. The first row gives our best experimental
              results [19], while the rest are model
              calculations. In the second row, properties of pm-Si:H deposited at 175
                ◦C are used,
              while in the rest those of pm-Si:H deposited at 210 ◦C are used. ZnO in the table
              corresponds to aluminium-doped ZnO. The subsequent lines show the effect of different
              window layers and back contacts in the initial and light-stabilised states. The
                ZnO:Al/P-μc-SiOx sbb is taken =0.2 eV. The last two rows show the
              effect of using MgF2 ARC on ZnO:Al. Thickness of the pm-Si:H layer is 250
              nm except for the last case where it is 150 nm. 

          In the text

Table 5

              Sensitivity of the pm-Si:H solar cell output to the band edge line-up between
                  P-μc-SiOx:H and
                pm-Si:H in cells employing a single window layer in the initial state.
                  ΔEc
                and ΔEv
                are respectively the conduction band and valence band discontinuities and
                  ΔEμ
                the band gap discontinuity between the two. In Table 4 throughout we had assumed ΔEc =
                    ΔEv =
                    ΔEμ/
                  2.

            In the text

Table 6

              Sensitivity of the pm-Si:H solar cell output to the ZnO:Al/P-μc-SiOx:H
                surface band bending. The case where the sbb = 0.2 eV (that is generally observed
                for ZnO:Al/P-a-SiC:H), is given in the first row of this table and assumed for the
                single window designs in Table 4. The front
                contact barrier height (ϕb0) for this case is 1.83 eV,
                since the band gap of P-μc-SiOx is taken
                to be 2.5 eV and its activation energy = 0.47 eV. Even for a slight increase of sbb – to 0.3 eV
                  (ϕb0 = 1.73 eV),
                  Voc, FF and the cell efficiency
                deteriorate appreciably (second line of table), as the Vbi falls.
                Any effort to increase the Vbi by increasing the
                  P-μc-SiOx:H
                thickness, brings down the Jsc. The third line indicates the
                effect of having ϕb0 = 1.32 eV,
                the same as at the ZnO:Al/P-μc-Si:H interface of the double window
                design.

            In the text

Table 7

              Optimisation of the thickness of the pm-Si:H absorber layer for a double P-layer
                window design: P-μc-Si:H/P-μc-SiOx:H and
                  N-μc-SiOx/ZnO:Al/Ag back structure. Results
                indicate that any thickness between 250 nm and 150 nm is good with the thinnest
                pm-Si:H cell having an edge regarding the stabilised efficiency.

            In the text
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