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Abstract 10 

In thin film silicon solar cells on opaque substrates in n-i-p deposition sequence where 11 
the textured transparent conductive oxide (TCO) layer serves as a back reflector, one 12 
can independently optimize the morphology of the TCO layer without compromise on 13 

transparency and conductivity of this layer and further adjust the electro-optical 14 

properties of the back contact by using additional layers on top of the textured TCO. In 15 
the present work, we use this strategy to obtain textured back reflectors for solar cells in 16 
n-i-p deposition sequence on non-transparent flexible plastic foils. Gallium doped ZnO 17 
(ZnO:Ga) films were deposited on polyimide substrates by DC magnetron sputtering at 18 
a temperature of 200 °C. A wet-chemical etching step was performed by dipping the 19 

ZnO:Ga covered foil into a diluted HCl solution. The textured ZnO:Ga is then coated 20 
with a highly reflective Ag/ZnO double layer. On this back reflector, we develop thin 21 

film silicon solar cells with a microcrystalline silicon absorber layer. The current 22 
density for the cell with the textured ZnO:Ga layer is ~ 23 mA/cm2, 4 mA/cm2 higher 23 
than the one without such layer, and a maximum efficiency of 7.5% is obtained for a 24 

1 cm2 cell. 25 
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 29 

1. Introduction 30 

Flexible thin film silicon solar cells are usually fabricated in the n-i-p deposition 31 

sequence in substrate configuration because it allows the use of opaque, light weight 32 

substrates, such as plastic sheets or metallic foils [1,2]. The use of such substrates is of 33 

interest in thin film silicon solar cell technology because it reduces manufacturing cost 34 

by enabling roll-to-roll production [3]. Besides it opens possibilities for applications 35 
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like better integration into buildings and textiles. The most used substrate materials for 36 

the fabrication of flexible thin film silicon-based solar cells include stainless steel 37 

substrates [4,5], polyimide (PI) [6], polyethylene terephthalate and polyethylene 38 

naphthalate [7,8]. Among the organic polymer substrates, PI has the advantage of a 39 

higher melting point and glass transition temperature, with a smaller thermal shrinkage 40 

[9]. 41 

For high efficiency of amorphous (a-Si:H) and microcrystalline (µc-Si:H) thin film 42 

silicon solar cells, light trapping of the incident light within the silicon absorber layers 43 

becomes crucial in order to further reduce the cell thickness, which leads to reduction of 44 

the light-induced degradation effects for a-Si:H material [10] and higher throughput in 45 

production for both a-Si:H and µc-Si:H solar cells [2]. Light scattering at the interfaces 46 

is usually achieved by texturing the front transparent conductive oxide (TCO) electrodes 47 

and/or the back reflectors [11–14]. Some TCO materials already have a suitable texture 48 

in the as-deposited state. On plastic foils, ZnO textured in the as-deposited state 49 

obtained by low pressure chemical vapor deposition or 2D periodic structures have been 50 

used to provide light trapping in the active layers of n-i-p devices [2,7]. Sputter-51 

deposited ZnO can be textured by a post-deposition wet-chemical etching step [15,16]. 52 

For the n-i-p deposition sequence in substrate configuration where the textured TCO 53 

serves as a back reflector, this approach has the advantage of using an optimized 54 

morphology of the TCO layer, where the electro-optical properties can be adjusted by 55 

using additional layers on top of the textured TCO. This technique has been used for 56 

solar cells in both p-i-n and n-i-p deposition sequence on transparent glass substrates 57 

[11,17]. In the present work, we use this strategy to obtain textured back reflectors for 58 

n-i-p solar cells on flexible polyimide foil.  59 

 60 
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2. Experimental details 61 

Microcrystalline thin film silicon solar cells were prepared on 10x10 cm² and 125 62 

µm thick PI foils. The substrates for smooth cells were covered with a thermally 63 

evaporated 700 nm Ag layer and an 80 nm sputtered ZnO:Ga, both deposited at room 64 

temperature. In order to obtain rough cells, an 800 nm ZnO:Ga layer was deposited 65 

directly on PI by DC magnetron sputtering at a substrate temperature of 200 ºC, using a 66 

ZnO:Ga target (99/1 wt.%). The sputtering power density was 100 W. Both, the total 67 

gas pressure of 5x10-1 Pa as well as the total gas flow rate of 10 sccm were mainteined 68 

constant during the deposition process. This layer was textured by a post-deposition 69 

wet-chemical etching in a 0.5% water diluted HCl solution for 30 seconds. The back 70 

contact was finalized with an additional highly reflecting Ag(200 nm)/ZnO(80 nm) 71 

sputtered double layer that conformally covers the textured ZnO:Ga surface.  72 

The thin film silicon layers were deposited in n-i-p sequence by plasma enhanced 73 

chemical vapor deposition using very high frequency excitation (81.36 MHz). The 74 

substrate temperature was 200 ºC for intrinsic and doped layers. The power density and 75 

chamber pressure for deposition of intrinsic layers were 210 mW/cm2 and 100 Pa, 76 

respectively. Doped layers were deposited at power densities and pressures of 470 77 

mW/cm2 and 300 Pa for n-layers, and 140 mW/cm2 and 100 Pa for p-layers. The silane 78 

concentration ratio, defined as [SiH4] / ([SiH4]+[H2]), was varied between 5% and 7% 79 

for intrinsic layers. 80 

The front transparent contacts made of 70 nm thick indium tin oxide (ITO) layers 81 

were prepared by radio-frequency (RF) magnetron sputtering at room temperature using 82 

a In2O3:SnO2 target (95/5 wt.%) in an argon/oxygen atmosphere with relative oxygen 83 

content, defined as [O2] / [O2+Ar], of 0.1%. 84 
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The individual solar cells with an area of 1x1 cm2 were defined by using a shadow 85 

mask during ITO deposition on the 10x10 cm² substrate. Front metal finger electrodes 86 

were prepared by silver evaporation. Finally, standard annealing procedure of finished 87 

solar cells was performed in air at 160°C for 30 minutes. The complete device layer 88 

sequences were for smooth cells: PI/Ag/TCO/n-i-p/ITO and for rough cells: PI/textured 89 

ZnO:Ga/Ag/TCO/n-i-p/ITO. Fig. 1 shows schematics of the solar cells on PI on smooth 90 

(Fig. 1.a) and rough (Fig. 1.b) back reflectors. 91 

For comparison solar cells were also deposited on glass substrates with the same 92 

layer sequences. 93 

The solar cell parameters open circuit voltage (Voc), fill factor (FF) and short circuit 94 

current density (Jsc) were determined from current-voltage (I-V) measurements under 95 

simulated AM1.5G illumination at 25 ºC. The external quantum efficiency (EQE) was 96 

obtained from spectral response measurements in the range of 300-1100 nm. The 97 

integrated current from the EQE curves under short circuit conditions was used to 98 

calculate the conversion efficiency in order to avoid possible effects from current 99 

collection around the 1cm² solar cells or from imprecision in determination of the cell 100 

area.  101 

Raman spectroscopy was used to evaluate the crystalline volume fraction of the 102 

intrinsic layers in the solar cells. Raman measurements were performed directly on the 103 

solar cells using a Nd:YAG laser with excitation wavelength of 532 nm. 104 

 105 

3. Results and discussion 106 

Fig. 2 shows the performance parameters of solar cells deposited on the smooth 107 

PI/Ag(700 nm)/ZnO(80 nm) substrate as a function of silane concentration (SC) of the 108 

i-layer. For reference and in order to assess the effect of the substrate on the 109 
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performance of the solar cells, we prepared identical cells on smooth glass covered with 110 

a standard Ag/ZnO back reflector, optimized for glass substrate. We observed a similar 111 

trend of the performance parameters for the cells on PI when compared to the ones on 112 

glass. However, the Voc was around 20-40 mV lower for the cells on PI. A reason for the 113 

lower Voc could be the higher i-layer crystallinity of the cells deposited on PI as 114 

measured by Raman spectroscopy on the solar cells. This is shown in fig. 3. Why the PI 115 

substrate possibly promotes the growth of films with higher crystalline volume fraction 116 

is not clear at the moment. Despite of the apparent higher crystallinity in the i-layer of 117 

the solar cells prepared on PI with respect to the ones prepared on glass, the Jsc is lower 118 

for cells deposited at SC below 6% where one would instead expect higher absorption at 119 

higher crystallinity. We speculate that this results from absorption losses in the Ag/ZnO 120 

back contact [11], due to the higher roughness of the PI substrate compared to the glass 121 

one. The cell deposited with SC of 6.1% showed the highest Voc (505 mV) and FF of 122 

70.7%. For this reason we chose the deposition conditions of this cell for further 123 

optimization of the solar cells on PI with rough TCO. Fig. 4 shows the I-V curve of this 124 

solar cell on smooth PI and on glass substrate with an i-layer thickness of 1.8 µm 125 

deposited at SC = 6.1%, which yields a current density of 18.9 mA/cm2 on PI and 20.7 126 

mA/cm2 on glass.  127 

To further enhance the current of cells on PI, we developed ZnO:Ga layers for 128 

application as textured back reflector [18]. This development was first carried out on 129 

glass and later transferred to application on the PI substrate. 130 

Fig. 5 shows the EQE of a solar cell prepared on ZnO:Ga deposited on PI, textured 131 

by post-deposition wet-chemical etching in HCl solution for 30 seconds, and covered 132 

with a highly reflecting Ag/ZnO double layer. For comparison the EQE of the cell on 133 

flat PI is shown. We observe a strong increase in EQE especially above 600 nm for the 134 
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cell with the textured ZnO:Ga layer accompanied by efficient reduction of interference 135 

fringes.  The cell on structured TCO delivers a current density of  ~23 mA/cm2, more 136 

than 4 mA/cm2 higher than the one on flat PI, and an efficiency of 7.5% is achieved for 137 

a 1 cm² cell. However, the FF decreased from 70.7% to 68%, and the Voc was 30 mV 138 

lower. These reductions in FF and Voc are expected and related to the roughness of the 139 

substrate [19]. The improvement in current was observed essentially for wavelengths 140 

above 650 nm, corresponding to the light trapping region for microcrystalline solar cells 141 

[11]. Fig. 6 shows the corresponding IV curve of this cell and, for comparison, the curve 142 

of an identical cell deposited on a standard textured TCO/Ag/ZnO back reflector on 143 

glass.  144 

Results presented above and summarized in table 1 showed that the well-145 

established technology of post-deposition textured TCO films as a scattering layer to 146 

promote light trapping in thin film silicon solar cells can be transferred to application 147 

with flexible plastic substrates.  148 

 149 

 150 

4. Conclusions 151 

We have presented our development of microcrystalline single-junction n-i-p thin 152 

film silicon solar cells on flexible polyimide substrate. The results of solar cells on 153 

smooth PI showed similar behavior in terms of performance parameters in comparison 154 

to cells deposited on smooth glass. The Voc was around 20-40 mV lower for the cells on 155 

PI, which is related to higher i-layer crystallinity of cells on PI. We developed a 156 

textured ZnO:Ga layer to promote light trapping in the solar cells on PI that yield more 157 

than 23 mA/cm2 on absorbers of 1.8 µm thickness with cell efficiencies of up to 7.5%.  158 

 159 
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List of figure and table captions 224 

 225 

  

           (a)               (b) 

 226 

Fig. 1: Structures of the solar cells on PI without (a) and with (b) textured ZnO:Ga 227 

layer.  228 

 229 

 230 

Fig. 2: I-V parameters of solar cells with different i-layer silane concentrations 231 

deposited on PI/Ag/ZnO (full symbols) and glass/Ag/ZnO (open symbols). 232 

 233 
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 234 

Fig. 3: Raman crystallinity as a function of the i-layer silane concentration of solar cells 235 
deposited on PI (full symbols) and glass (open symbols). Lines are guides to the eye.  236 

 237 

 238 

Fig. 4: Comparison of the I-V curves of solar cells on PI/Ag/ZnO (plain curve) and 239 
glass/Ag/ZnO (dashed curve). 240 

 241 
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 242 

Fig. 5: Comparison of EQE’s of solar cells on PI/Ag/ZnO (dashed line) and PI/textured 243 
ZnO:Ga/Ag/ZnO (full line). 244 

 245 

 246 

Fig. 6: Comparison of the I-V curves of solar cells on PI/textured ZnO:Ga /Ag/ZnO 247 

(plain curve) and glass/textured TCO/Ag/ZnO (dashed curve). 248 

 249 

Table 1: I-V parameters of solar cells under AM1.5 illumination. 250 

Substrate type VOC (mV) JSC (mA/cm2) FF (%) η (%) 

Smooth glass 521 20.7 72.7 7.9 

Smooth PI 505 18.9 70.7 6.8 

Glass+rough TCO 525 22.8 71 8.5 

PI+rough ZnO:Ga 475 23.1 68 7.5 

 251 


