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Introduction

The glow discharge deposition of hydrogenated amorphous silicon by Chittick, Alexander, and Sterling [1] enabled the ground-breaking invention of its substitutional doping by Spear and Le Comber [2]. Both findings together made the previously 'useless' random network of silicon atoms an honourable semiconductor and turned the mere scientific interest in it into a technological one. Both findings occured at a time when photovoltaics (PV) became terrestrial [3], but not yet mature.

Most solar cells were handmade artwork for satellites at that time, with dimensions of a few centimeters, and only very few, including Le Comber and Spear [4], had been thinking of flat panel displays in our living rooms which nowadays are even bigger than many actual photovoltaic modules. Small aircrafts, cars, and various electric appliances could cover part of their power demand from the ubiquitous ambient illumination of their free-form cases if compliant PV became available. Another application of flexible PV is the clothing integration of small PV systems for powering portable electronic devices [START_REF] Werner | Proc. 3rd World Conf. Photovolt. Energy Conv[END_REF][START_REF] Schubert | Conf. Rec. 31st IEEE Photovolt. Spec. Conf[END_REF][START_REF] Schubert | [END_REF].

More generally, the integration of flexible PV with textiles is an enabling technology for designing architectural fabrics with enhanced functions, e.g. for flexible envelopes of buildings with autonomous or user defined control of heating, venting, lighting etc., in addition to the straightforward power generation to the grid.

Looking back at the roots of a-Si based flexible PV, we learn that Izu and Ovshinsky introduced roll-to-roll deposition of flexible thin film modules on stainless steel in 1984 [20] which developed into the as yet most successful a-Si based roll coating technology [START_REF] Guha | Techn. Digest 15th Int. Photovolt. Sci. Eng. Conf. PVSEC-15[END_REF]21]. In 1985, Jeffrey et al. presented first flexible a-Si cells on polyimide (PI) and discussed fundamental issues of expansion mismatch and impurity control [22] that remain equally valid today. Yano et al. fabricated a-Si cells on polyethylene terephthalate (PET) from a roll-to-roll process with a conversion efficiency η = 9 % in 1987 [23]. More recently, Bailat reported η = 7 % for single junction a-Si cells on nanostructered PET, and η = 8.3 % for a double-stacked, socalled micromorph tandem cell, comprising an a-Si cell on top of a microcrystalline one [START_REF] Bailat | Proc. 20th Europ. Photovolt. Solar En. Conf., WIP-Renewable Energies[END_REF].

Although hardly commercially available today, there is some flexible PV which is not based on a-Si technology. Flexible monocrystalline silicon cells from a layer transfer process [START_REF] Rinke | [END_REF][26][27] offer a high η = 14.6 % [START_REF] Werner | Proc. 3rd World Conf. Photovolt. Energy Conv[END_REF]. Important to note, that well optimized monocrystalline silicon cells [START_REF] Glunz | Conf. Rec. 29th IEEE Photovolt. Spec. Conf[END_REF] outperform a-Si cells over most of the medium-to-low light range, due to their higher efficiency and almost perfect diode quality factor. Only at very low indoor illumination below 500 Lux, a-Si will prevail [START_REF] Schubert | [END_REF][START_REF] Gemmer | [END_REF]. Flexible copper indium gallium diselenide (CIGS) cells reach up to η = 17.4 % on steel foil [30,31]. Since PI substrates limit the deposition temperature T d < 450 o C, CIGS performance drops to η ≈ 11 % on PI [31][32][START_REF] Hartmann | Conf. Rec. 28th IEEE Photovolt. Spec. Conf[END_REF]. Tiwari presents η = 8.6 % for flexible CdTe cells [START_REF] Tiwari | [END_REF]. Moreover, a lot of hope focusses on organic and dyesensitized solar cells, which in principle can be printed onto polymer foils [35]. As a major breakthrough in organic PV, Brabec et al. demonstrated promising bulk heterojunction cells with a conversion efficiency of 5 % [36]. The main challenges for all organic and dye-sensitized cell concepts are enhancing visible light absorption [35], photochemical stability of the dyes [37] and, most important, long-term outdoor stability, for example by sophisticated barrier layer stacks [38].

In addition to the development and optimization of appropriate materials and solar cell structures, the electrical series connection of single cells into photovoltaic modules is a major challenge on flexible substrates [START_REF] Löffler | Techn. Digest 17th Int. Photovolt. Sci. Eng. Conf. PVSEC-17[END_REF]. Monolithic series connection adds up the output voltages of single thin film solar cell stripes to raise the operating voltage of photovoltaic modules for a low-loss PV system layout [START_REF] Hanak | [END_REF]. The common laser scribing techniques work well on high-temperature stable glass substrates with an overall interconnection loss L tot < 10%, but face more difficulties on flexible polymer foils, resulting in increased area loss because of the wider scribe lines and distances, additional shunting problems etc. Therefore, we propose to implement the monolithic series connection on flexible substrates in situ by appropriate masking during the various deposition steps [START_REF] Merz | Proc. 23rd Europ. Photovolt. Solar En. Conf., WIP-Renewable Energies[END_REF][START_REF] Merz | [END_REF]. This paper gives on overview of our studies on optimizing the low temperature deposition of silicon thin films and solar cells, consisting of hydrogenated amorphous (a-Si), nanocrystalline (nc-Si), and protocrystalline (pc-Si) silicon, and introduces the First flexible modules with an area of 4 x 10 cm 2 prove the concept of ISSC, and yield a total area module efficiency η mod = 3 % from a single, a-Si based n-i-p stack on polyethylene-naphthalate (PEN) foil [START_REF] Merz | Proc. 23rd Europ. Photovolt. Solar En. Conf., WIP-Renewable Energies[END_REF]. The non-optimized cell structure of this module exhibits an average η cell = 3.3 %; the total interconnection loss L tot due to ISSC amounts to L tot = 15 %, resulting from a dead area loss L a = 12 % plus resistive TCO loss of L r = 3 %.

Since the denotation of thin silicon films with a discernible crystalline phase is not consistent in literature, we would like to indicate here that this paper denotes such material as 'nanocrystalline' nc-Si according to its real crystallite size in the nm range [START_REF] Luysberg | [END_REF][44][45], rather than using the term 'microcrystalline'. Protocrystalline silicon pc-Si, however, precisely denotes a film structure at the edge of crystallinity [46]. MHz, as well as for very high frequency (VHF) excitation at f exc = 54 MHz (small area PECVD system) or f exc = 80 MHz (MVS system). Further experimental details, especially on the characterization of films and solar cells, are given elsewhere [47,[49][50][51], unless explicitly indicated in Sect. 3.

All experiments on implementing and testing the in situ series connection (ISSC) use a special substrate holder for foil substrates to manufacture flexible a-Si modules in the MVS cluster tool. For testing the potential of the ISSC, we present photovoltaic modules from a single, a-Si based n-i-p stack grown on PEN foil at T d = 140°C. On a thermally evaporated Ag back contact with a sputtered ZnO buffer layer, PECVD deposits n-type nc-Si, undoped a-Si, p-type nc-Si; a final sputtering process adds ZnO as a transparent conductive oxide (TCO) front contact. Please note that the ISSC studies presented here do not include dynamic rollto-roll coating on a moving substrate foil. We first test this innovative technique for monolithic series connection in stationary depositions. Further details on the experimental ISSC setup are given in Sect. 3.3.

Results

Materials issues at low deposition temperature

Optimizing undoped absorber layers

The favourite absorber material for Si thin film solar cells is undoped protocrystalline silicon pc-Si [46] that generally features better electronic quality than a-Si or nc-Si. At low T d < 100 o C pc-Si is mandatory for enabling photovoltaic performance at all [47], while at higher T d > 200 o C, the solar cell performance smoothly improves when moving from a-Si to pc-Si absorber layers [52]. Protocrystalline silicon denotes the material right at the phase transition from a-Si to nc-Si, hence consisting of a few isolated, nanometer-sized crystallites embedded in an amorphous tissue.

Consequently, the crystalline volume fraction X c of pc-Si is by definition close to zero.

Figure 1 sketches the thickness dependence of the transition from an amorphous start of the film growth at the bottom over the formation of pc-Si into nc-Si with a continuously increasing X c .

Protocrystalline silicon is, however, not a special new material. Long-year optimization of Si and SiGe based solar cell absorber layers [52] arrived at exactly this structural modification which was then denoted as pc-Si [46]. Williamson extensively reviews the structural properties of those borderline materials with 'almost no' detectable crystallites [53]. The art of solar cell deposition consists in establishing Nevertheless, nucleation and growth of the embedded nanocrystallites are strongly dependent on the deposition temperature, the hydrogen dilution of the process gases, and the film thickness [START_REF] Luysberg | [END_REF]44], which results in a particularly narrow window of optimum process parameters [49]. Unless chlorinated or fluorinated process gases are used [54], most laboratories report an increase of the crystalline volume fraction with film thickness [START_REF] Luysberg | [END_REF]44,[55][56][57][58].

The formation of pc-Si requires high hydrogen dilution of the process gases in PECVD, or other CVD methods like hot-wire CVD [58][59][60]. When increasing the hydrogen-to-silane dilution ratio R = [H2]/[SiH4], the optoelectronic properties abruptly change at a particular dilution ratio R t , mostly occuring at R t = 15 to 50. The precise value of this threshold dilution R t critically depends on T d , the specific geometry and growth conditions of each particular deposition setup. Increasing R shifts the onset of crystallite formation towards smaller film thickness d, which Ito analysed in detail by the Constant Photocurrent Method (CPM) on films of different thicknesses [61].

Using our small area PECVD system and aiming at T At the threshold between a-Si and nc-Si growth, pc-Si presents superior optoelectronic properties over the amorphous and nanocrystalline phases. During his studies, Koch used the photosensitivity µτ/σ d , definded as mobility lifetime product µτ over the dark conductivity σ d , as a suitable figure of merit for the optimization of solar cell absorbers. In contrast to the often presented photo-to-dark conductivity ratio based on sun-like illumination, the µτ products of Fig. 2 are deduced from photoconductivity measurements with monochromatic near bandgap light at hν = 1.96 eV and 1.3x10 15 photons (cm 2 s) -1 [START_REF] Koch | Proc. 16th Europ. Photovolt. Solar En. Conf[END_REF]. annealing seems to induce a redistribution of hydrogen in a-Si and pc-Si (which ref. [64] analyses in greater detail), and thereby significantly improves the optoelectronic quality of those films, in agreement with previous findings in literature at higher T ann [59,65,66]. [47,49,50,[START_REF] Koch | Proc. 16th Europ. Photovolt. Solar En. Conf[END_REF] and Ishikawa [51] clearly recommend a thorough optimization of the hydrogen dilution R, as well as the use of VHF discharges at elevated excitation frequencies f exc . Constant Photocurrent Method CPM, in dependence of R for Si films from our MVS PECVD system. Taking into account its different threshold dilution R t = 25, the small area deposition setup of Ito and Koch yields interchangeable results [61]. In the MVS cluster tool, for R < 15 the samples remain amorphous and the CPM spectra of Fig. 3 are very similar over the entire range of photon energies hν. The Urbach energy E u deduced from those CPM spectra indicates that the structural quality of the a-Si films improves with R. The Urbach energy drops to a minimum E u = 54 meV at R t = 17.

Due to the rising crystalline contribution to the optical absorption, a reliable evaluation of E u is not possible for R > 20.

In the low energy range, at a photon energy hν ≈ 1.2 eV, CPM allows for a rough estimation of the density of deep electronic defects [68]. With increasing crystalline volume fraction, however, the absorption of the embedded nc-Si adds upon the low energy defect absorption. Towards the a-Si to nc-Si transition, the sub bandgap absorption clearly drops and reaches its minimum α 1.2eV = 5.6 cm -1 at R t = 17. Further increase of R results in a rapid rise of α and α 1.2eV . Finally, the CPM spectra resemble the well-known nc-Si absorption spectra at R = 25.

Corresponding analyses of the ambipolar diffusion length L D by Steady State

Photocarrier Grating (SSPG) measurements support the findings from Fig. 3. At T d = 110 o C, the diffusion length from SSPG rises up to L D = 160 nm at R = 17 [51]. Figure 4 gives an overview of previous results achieved by Koch [47,49] and Ishikawa [51] in our laboratory. Very high hydrogen dilution R > 40 enables the growth of highly conductive doped nc-Si, both n-type as well as p-type. For the first time, Prasad reported on the formation of doped nc-Si σ > 1 S/cm in 1991 [69]. The tremendous rise in conductivity at a specific threshold hydrogen dilution by four (ntype), and eight (p-type) orders of magnitude, respectively, marks the transition to nanocrystalline doped layers in Fig. 4. The crystalline volume fraction X c evaluated from Raman measurements [50] increases to X c > 0.5 at R > 40. In case of diborane doping, VHF excitation is mandatory to enable this transition, whereas phosphine doping yields slightly higher conductivity, even at f exc = 13.56 MHz [51]. Moreover, fine tuning of R minimizes the absorption loss in the nc-Si window layer of n-i-p solar cells, since the optical bandgap of the p-type nc-Si layers rises up to R = 80 [50,51].

Regarding the application of optimized doped layers in n-i-p and p-i-n type solar cells, one has to carefully consider the gradual evolution of the crystalline volume fraction with film thickness, and the nucleation dependence on the underlying substrate. Spectroscopic ellipsometry reveals many effects of growth and substrate conditions and gives valuable hints for optimizing the solar cell structures [59,70]. 

Solar Cells

The major objective of our studies of the low temperature deposition of Si thin films is the development of solar cells and PV modules on flexible foil substrates for later roll-to-roll deposition, and the implementation of the in situ series connection (ISSC) which will be discussed in greater detail in Sect. 3.3.

Utilizing the superior optoelectronic quality of undoped pc-Si demonstrated in Sect. 3.1, the pioneering work of Koch [49] has revealed that at deposition 

Figs. 5a, 5b

Provided that the doped layers are carefully optimized according to Sect. each other to form tandem, triple, and even quadruple cells, is a promising approach for low temperature cells. Regarding hydrogen dilution, it is worth mentioning that increasing R raises the optical bandgap of a-Si and pc-Si films which is important for fine-tuning the optical absorption in stacked solar cells [47,50,[START_REF] Koh | [END_REF]. Figure 6 nicely demonstrates the redistribution of output current and voltage of flexible n-i-p type cells on PET when proceeding from a tandem to a fourfold stacked cell structure. 

Flexible modules by in situ series connection

This section introduces the in situ series connection (ISSC) of flexible thin film photovoltaic modules which avoids the need of breaking the vacuum and the continuous production flow during module manufacturing. This novel in situ patterning method easily integrates into in-line roll-to-roll fabrication of most kinds of thin film solar modules.

In industrial production, masking of thin film deposition is common for metal evaporation. The important progress reported here consists of the application of wire or filament shading of all thin film deposition steps required for PV module fabrication. For ISSC, masking wires aligned along the slightly bent substrate foil form the scribe lines simultaneously with layer deposition, and two subsequent shifts of the masking wires implement the monolithic series connection of single cell stripes into completed PV modules [START_REF] Merz | Proc. 23rd Europ. Photovolt. Solar En. Conf., WIP-Renewable Energies[END_REF], with no interruption of vacuum processing nor the need for extra equipment like costly laser and adjustment tools.

Figure 9 presents the general idea of the in situ series connection. The schematic cross section depicts three neighbouring solar cells consisting of sequentially deposited metal back contact with ZnO buffer layer, n-i-p diode and ZnO front contact, with the electrical series-connection of those cells into a PV module. In contrast to laser scribing which always cuts the complete n-i-p stack, wire shading can be tailored more precisely to accomodate the specific properties of a-Si or nc-Si doped layers. Merz examines all principle options of placing the masking wires before or after the n-type, intrinsic (i), or p-type depositions in ref. [START_REF] Merz | Proc. 23rd Europ. Photovolt. Solar En. Conf., WIP-Renewable Energies[END_REF].

In a processing and wire-shifting sequence optimized for nc-Si n-type and ptype layers, the masking wires first pattern the back contact into stripes during metal evaporation, ZnO sputtering, and n-type nc-Si PECVD, completely avoiding lateral electrical connections between the adjacent stripes. After n-type nc-Si deposition, the wire shift #1 masks the back contact and the thin, highly conductive n-type nc-Si layer for the deposition of the undoped a-Si absorber. The intrinsic a-Si absorber with its low conductivity σ i,aSi ≈ 10 -10 (Ωcm) -1 isolates the back contacts of adjacent cells from each other. For establishing the series connection, wire shift #2 opens access to The springs and the tension bar strain the wires over the bent surface of the polymer substrate and guarantee intimate mechanical contact. For implementing the wire shifts #1 and #2 indicated in Fig. 9, the ISSC holder allows for lifting up the wires and shifting the wire guides. The size of the process chambers of our cluster tool determines the dimensions of the ISSC holder, therefore the area of our experimental modules is restricted to a width w mod < 13 cm and a length L mod < 7 cm. Introducing the tool into a standard parallel-plate PECVD setup according to Fig. 10c, high quality a-Si and nc-Si layers grow with simultaneously forming interconnection gaps. The wire shifts before (#1) and after (#2) the intrinsic a-Si absorber deposition proceed according to Fig. 10d. When lifting the wire assembly, the wires are freestanding but held in position by the wire guides. A small movement of the wire guides simultaneously shifts all masking wires by a distance w s . Figure 10e gives an overview of the complete shading-wire shift and re-positioning sequence. For evaluating the performance of the ISSC technique, Fig. 11b compares the J-V characteristics of a completed ISSC module according to Fig. 11a with the J-V characteristics that arises from a re-calculated series connection of ten single cells of average quality which were composed from identical deposition conditions, but 

Figs. 11a, 11b

The ongoing development of the ISSC technique includes studies on its implementation in continuous roll coating of a 30 cm wide web in reel-to-reel cassettes, patented [73] and manufactured by MVS, the patterning of tandem cells, and the optimization of various limiting parameters like shading wire material, 

  series connection (ISSC) technique for flexible thin film PV modules, which completely avoids laser patterning and breaking of the continuous process flow through the vacuum deposition equipment. Based upon the optimization of single layers for their use with low-cost polymer substrates at 40 o C < T d < 110 o C, our cells with pc-Si absorber reach an initial conversion efficiency η ini = 4.9 % at T d ≈ 110 o C on non-textured PET foil [51].

  The paper is organized as follows: Section 3.1 explores the growth conditions of doped and undoped layers at T d ≤ 110 o C, Sect. 3.2 discusses flexible solar cells assembled from those layers, and Sect. 3.3 presents the working principle and proof of concept of the in situ series connection ( ISSC) technique.All silicon films and solar cells investigated here are grown from two different plasma enhanced chemical vapour deposition (PECVD) systems. The more fundamental exploration of deposition parameters at T d = (40..75) o C uses a proprietary small area PECVD system for coating 5 x 5 cm 2 substrates[47]. This small area system comprises a load lock and two PECVD chambers, one for growing undoped films and the other one for p-type as well as n-type doping. Further optimization proceeds in a cluster tool system manufactured by MV Systems Inc. (MVS) [48] at a higher T d = 110 o C which is still compatible with low cost foil substrates. Similar to the small area setup, this cluster tool provides three PECVD chambers for substrates up to 15 × 15 cm 2 , and an additional chamber for ZnO sputtering. Process gases include silane (SiH 4 ), hydrogen (H 2 ), diborane (B 2 H 6 ) and phosphine (PH 3 ), both dopants diluted in SiH 4 . Prior to deposition, both systems reach a background pressure below 10 -5 Pa and allow for radio frequency (RF) excitation of the deposition plasmas at f exc = 13.56

  growth conditions, controlling them over large area and the necessary film thickness, and avoiding the formation of interconnected nanocrystallites which would deteriorate the open circuit voltage, and hence the solar cell performance.
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  d ≤ 100 o C for enabling the use of low cost PET foils, Koch analysed the effect of the hydrogen dilution ratio R on the optoelectronic quality of low T d material at T d = 40 o C and T d = 75 o C [49].

Figures

  Figures 2a to 2c comprehend Koch's results on the optimization of absorber layers at T d = 40 o C and T d = 75 o C, including the effects of thermal annealing and

  Figures 2b and 2c track the effects of thermal annealing at T ann = 110 o C for
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 3 Figure 3 displays the sub bandgap optical absorption, as measured by the
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  Figures 5a and 5b demonstrate the coincidence of absorber layer quality and solar cell performance for T d = 110 o C. When tuning the H 2 dilution ratio R =

Figure

  Figure5adisplays their photo-to-dark conductivity ratio σ ph /σ d calculated from
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 1 .2, at T d ≤ 110 o C the conversion efficiency η of solar cells is mainly limited by the optoelectronic quality of the pc-Si absorber. Therefore stacking single cells on top of
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 7 Figure 7 compares the current density versus voltage (J-V) characteristics and
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  For the clothing integration of flexible solar cells and modules, very thin substrate foil is desirable to preserve the textile feeling of a final laminate. Therefore the photographs in Figs.8a and 8bshow arrays of pc-Si test cells on only 23 µm thin PET foils. The cells again reach η ≈ 5 %, and their flexibility is promising for the use with textile laminates. However, durable encapsulation requires further progress in barrier layer development, otherwise the textile-like wrinkles of Figs.8a and 8bwill disappear under a thick and stiff encapsulation foil. Figures8c and 8dpresent examples of jackets with integrated commercial PV modules, e.g. for powering a mobile phone or similar device via a standardized USB connector in Fig.8c[START_REF] Schubert | [END_REF].
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  the n-type nc-Si layer, and at the same time patterns the front contact layers into adjacent stripes. Monolithic series connection forms while the top p-type nc-Si layer connects to the bottom n-type nc-Si during p-type nc-Si deposition. Sputtering of Al-zinc oxide (ZnO) as front TCO completes the cell structure. The interconnection of the single cells via the p-n tunnel junction within the interconnection gap on principle introduces an additional series resistance R S which is, however, negligible for practical module operation.
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Figure

  Figure10ashows a photograph of the special ISSC holder for consecutive in

  Figure 10b presents a cross-sectional view of the special ISSC substrate

Figs

  Figs 10a, 10b-e

  wire shifts #1 and #2 of Fig. 9. Limited by a non-optimized cell structure, the single cells exhibit a reference conversion efficiency η ref = 3.3 %, which represents the average over a row of nine 1 cm 2 test cells, distributed along the foil substrate at the positions of the component cells in the later module. Single cells reach up to η cell = 3.6 %. The open circuit voltage V OC = 9 V of the experimental module in Fig. 11b proves that ISSC works without introducing additional shunt paths associated with the patterning lines. The drop from η ref = 3.3 % to the total area module efficiency η mod = 3 % results from the module's total-to-active area ratio A tot /A act and from resistive losses caused by the top TCO layer. Taking into account a wire diameter d w = 0.2 mm, the distance between adjacent wires w d = 10 mm, and a shift w s = 0.5 mm, the area loss due to interconnection amounts to L a = 12 %. With an additional resistive TCO loss of L r = 3 %, a total interconnection loss L tot = 15 % arises from our specific experimental conditions. Thinner masking wires and optimized w s will reduce the total loss to 7 % < L tot < 10 %. The measured short circuit current I SC = 29 mA is close to the expected I SC, calc = J SC A act /10 cells = 28.1 mA. The fill factor FF mod = 46.2 % of the module is close to FF ref = 47 % of the reference cells, again demonstrating successful series connection without additional resistive interconnection losses.

  , shifting distance etc. For research purposes, the concept of using reel-to-reel cassettes in a cluster tool conveniently decouples the single layer depositions which are inseparably linked together via the constant web speed in an inline roll-to-roll production tool.Introducing the ISSC technology into an industrial web coater seems to be very straightforward and even more simple than in the abovementioned research tools.Instead of the manual wire shifts #1 and #2 according to Figs. 9 and 10b, the shadingwire assemblies can be fixed mounted with small lateral offsets in the different chambers of an inline roll-to-roll production setup. Shading wire assemblies at fixed positions pattern the single layers during the web movement and film deposition according to the ISSC scheme of Fig.9, resulting in a completed "endless" PV module delivered to the take-up roll at the exit stage of the roll coater. Neither laser patterning, nor interruptions of the vacuum processing are needed. Online adjustment control of mounting points and wire guides can dynamically keep the masking wires at their setpoint positions in the different deposition chambers for further reducing the interconnection loss. Cleaning and movement of the shading wires with or opposite to the web feed are obviously important topics. Another important task is investigating the ISSC for in-line patterning of thin film modules based on tandem or other multiple-stacked cells. Figure 12 proposes an ISSC patterning sequence for tandem cell structures. The schematic drawing depicts the cross sectional view of a thin film module composed of three adjacent tandem cells. Four wire shifts during cell deposition implement a monolithic series connection. At the beginning of the deposition sequence, the masking wires with diameter d w define adjacent cell stripes during metal back contact evaporation, ZnO buffer layer sputtering, and PECVD of n-type doped nc-Si or a-Si. A first wire shift the right by a distance w s masks the back contact during PECVD of the bottom cells' undoped a-Si absorber layer. Please note, that the film thickness and wire diameter of the sketch in Fig. 12 are not to scale; e.g. d w = 0.2 mm, w s = 0.5 mm, while the total thickness of the cell structure amounts to a few micrometers, only. Wire shift #2 prior to the PECVD of the inner p-and n-type layers prevents a shunt path between adjacent top cells. Shift #3 again isolates adjacent cell stripes and masks the highly conductive doped layers on top of the back contact in the interconnection gap. A final shift #4 before completion of the module by depositing ptype nc-Si and the top TCO isolates the front contacts of the cell stripes. The doped layers of the pn-tunnel junction between the stacked cells connect to the top TCO through the interconnection gap. The shifting sequence of Fig. 12 introduces a shunt path from the bottom cell back contact to the inner tunnel junction. The resulting shunt resistance is determined by the conductivity of the doped layers forming the inner tunnel junction; it increases with the distance to the active area beyond the nearest neighbouring patterning line. Since the inner doped layers are very thin, anyway, this ISSC shunting loss linearly decreases with increasing cell width w c and should not impose severe limits on the module performance. Ongoing work investigates the effect of various configurations of the inner tunnel junction and the overall quality of the ISSC for tandem cells.
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 1 Figure legends:

Figure 2 .

 2 Figure 2. The photosensitivity σ ph /σ d serves as a figure of merit for the optimization of solar cell absorbers. The figures a) to c) present σ ph /σ d of 1 µm thick films as a function of the hydrogen dilution ratio R = [H 2 ]/[SiH 4 ] for deposition temperatures T d = 40 o C and T d = 75 o C. a) Data for as-deposited films, b) after 16 hours annealing at T ann = 110 o C, c) after additional light-soaking with AM1.5-like illumination for 100 hours. The peaks in σ ph /σ d indicate the formation of pc-Si which yields best optoelectronic film properties at R t = 29 (T d = 75 o C) and R t = 45 (T d = 40 o C), resp. Please note the enhanced stability of pc-Si against light-induced degradation.

Figure 3 .

 3 Figure3. The constant photocurrent method CPM determines the optical absorption coefficient α of 400 nm thick undoped silicon films as a function of R. With increasing R, the spectrum exhibits minima in Urbach energy (E u = 54 meV) and in defect absorption at hν = 1.2 eV for R t = 17. Further rising R > 17 results in a mixed phase material whose bandgap is no longer well defined, and at R = 25 the CPM spectrum reflects a crystalline contribution with a smooth and steady increase in α(hν).

Figure 4 .

 4 Figure 4. Adjusting the hydrogen dilution R = [H 2 ]/[SiH 4 ]for optimum doping at low temperature, is not only crucial for nc-Si doped layers but also for amorphous ones. The dark conductivity σ d and photoconductivity σ ph of the 100 nm thick doped layers critically depend on R. Diborane doped p-type films attain high conductivity only if deposited from a VHF discharge (f exc = 80 MHz), whereas highly conductive n-type layers also grow from RF excitation (f exc = 13.56 MHz).

Figure 5 .

 5 Figure 5. The superior optoelectronic quality of pc-Si absorbers yields the highest conversion efficiency η of p-i-n solar cells on Asahi-U substrates at T d = 110 o C. a) Two different figures of merit mark the best absorber layer quality at R t = 17, namely the photo-to-dark conductivity ratio σ ph /σ d and the ambipolar diffusion length from SSPG measurements. b) Optimum absorber layer quality directly translates into a maximum solar cell efficiency η = 4.6 % at R t = 17. The initial efficiency η ini results from as-deposited measurements, while η denotes the stabilized efficiency after 100 hours of light-soaking under AM1.5-like illumination. Important to note, that the nc-Si absorbers at R = 25 do not degrade and still present a stable η = 4.2 %.

Figure 6 .

 6 Figure 6. Because low temperature pc-Si cells are generally limited by their absorber layer quality, multi-junction stacked cells can improve the overall PV performance. The background photograph shows solar cell test structures on PET foil. The J-V characteristics demonstrates that the efficiency of quadruple cells, measured after annealing and light-soaking, gets close to the one of tandem cells.

Figure 7 .

 7 Figure 7. After optimizing p-i-n cells at T d = 110 o C according to Fig.5b, those cell structures exhibit very similar performance on non-textured glass and on 50 µm thick PET foil. The J-V characteristics of 9 mm 2 test cells with a 250 nm thick pc-Si absorber yields short circuit current density J sc , open circuit voltage V oc , fill factor FF, and initial efficiency η ini as indicated.

Figure 8 .

 8 Figure 8. The photographs a) and b) show pc-Si cells on 23 µm thin PET foil, when looking a) at their metal back contacts, and b) from the front side in the direction of the incoming light. Since the active cell thickness is less than 1 µm, the PET superstrate controls mechanical stability and flexiblity. The photographs indicate that the test cells conformally follow textile wrinkles, but one has to keep in mind that additional protecting foils are mandatory for a durable clothing integration. c) The image gives an exampe of PV integration into clothing for powering a warning LED. d) Commercial flexible modules [11] in this jacket power portable electronic devices like mobile phones or MP3 players via a universal USB plug.

Figure 9 .

 9 Figure 9. In situ series connection of thin film solar cells by successive shading of the layer depositions. The schematic shows three neighbouring solar cells consisting of sequentially deposited metal back contact with ZnO buffer layer, n-i-p diode and ZnO front contact. In its initial position, the shading wire patterns the back contact into stripes. The wire shift #1 after n-type nc-Si deposition opens later access to the back contact and separates adjacent cells by masking the a-Si absorber deposition. Wire shift #2 occurs before p-type nc-Si deposition and enables the contact formation between the front and back contacts of adjacent cell stripes. A completed front-toback connection is depicted in the right-hand part of the figure; this tunnel junction connects top p-type nc-Si and bottom n-type nc-Si without introducing additional resistive losses.

Figure 10 .

 10 Figure 10. Operating principle of ISSC: a) Photograph of the ISSC substrate holder for stationary experiments in our MVS cluster tool. Figures b) to e) show a schematic cross-sectional view of the ISSC substrate holder displayed in Fig. a). b) Wire guides, springs and tension bar position and tightly attach the masking wires onto the surface of the substrate foil. c) Intimate mechanical contact between shading wire and substrate surface assures perfect patterning, even during plasma deposition of a-Si and nc-Si. d) The wire assembly is lifted for performing the wire shifts #1 and #2. e) Summary of the shading wire shift and re-positioning sequence for implementing ISSC in a side view to the setup of Figs. b) to d).

Figure 11 .

 11 Figure 11. First flexible modules demonstrate the function of the ISSC on a total area of 40 cm 2 . a) Photograph of a completed ISSC module that comprises nine a-Si solar cells with a cell width w C = 8.8 mm, and exhibits a total area efficiency η mod = 3%, open circuit voltage V OC = 9 V, fill factor FF mod = 46.2 %, and short circuit current I SC = 29 mA. The bright lines in the photograph show the interconnection gap (i.e. dead area) with a total width w G = 1.2 mm which results from the three adjacent lines

Figure 12 .

 12 Figure 12. Cross sectional view of the ISSC sequence of a flexible thin film module with tandem cells. At the beginning, the shading wires isolate the metal back contact, ZnO buffer layer and n-type nc-Si of adjacent cells. A wire shift #1 masks the back contact for p-type nc-Si and n-type nc-Si deposition. Shift #2 prevents shunting of the top cell, and shift #3 masks the back contact again. Shift #4 isolates adjacent tandem cells during p-type nc-Si PECVD and ZnO sputtering.
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