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Abstract – SiC-based and Al2O3-based Si solar cells, together with a single p-n (Si) homo-junction solar cell, have been investigated. Open-circuit voltage, short circuit current and cell efficiency for each solar cell have been measured, under different solar concentrations.  The parameters for all cells were improved with higher concentration levels.  The open circuit voltage reached a maximum value under 500 sun concentration for each cell.  Efficiency values of 31.4%, 27.5% and 20% for the SiC-based cell, Al2O3-based cell and the homo-junction cell, respectively, have been obtained, when appropriate cooling systems were used. Such difference is presumably due to the more efficient cooling mechanism of the substrates, being more efficient for SiC.  This characteristic, together with cost considerations and mechanical properties, makes the SiC substrate a good candidate to support Si thin film solar cells.
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I. Introduction

The promise of performance improvements and low cost are the mjor forces driving the development and commercialization of new solar cells. The appeal of advanced ceramics in various applications is due to a combination of excellent properties such as wear resistance, hardness, stiffness, corrosion resistance and relatively low density. A major attraction of ceramics is its relatively high mechanical strength at high temperatures.
Despite the tremendous R&D success in p-n Si homo-junction solar cells, their technology is becoming more costly. Viz, the production of such systems at pure level demands relatively high energy and special techniques. Moreover, the single junction may suffer defects when used under harsh conditions in solar energy production. Thin-film solar cells are recently being fabricated by depositing thin layers of silicon on insoluble substrates, such as Al2O3, SiC, glass, and other ceramics. Such technique enables a dramatic reduction in the amount of silicon raw material used to approximately one hundredth the amount used in single crystalline solar cells. It also reduces production process time and lowers production costs [1]-[12]. 
In addition to cost, ceramic based thin Si film solar cells must satisfy other requirements: high mechanical stability under elevated temperatures, suitable thermal expansion, high chemical stability and suitable optical properties [2]. Therefore, more research needs to be done on supported Si solar cells.
Under high solar concentrations, solar cell show higher efficiencies than under lower concentrations.  Unfortunately this effect is sharply offset by the increased temperature. Earlier studies, using mono-crystalline and plastic solar cells, showed that series resistance, and consequently efficiency, are sharply lowered with temperature increase associated with higher concentration levels [7], [10]-[12]. To maximize efficiency and minimize series resistance, under high concentrations, cooling may become essential [7]-[9].
Similar studies are needed for substrate-supported solar cells. In our search for the best substrate-supported solar cells, we have studied the efficiency of Si systems supported onto two different materials. In this work, we investigate Al2O3-based and SiC-based Si solar cells, together with p-n (Si) homo-junctions, in terms of efficiency and durability under different solar concentration levels, up to 1000 suns, while cooling.
II. Experimental procedures
II.1.  SiAl2O3 ceramic substrate
The most widely used technical ceramic material is Al2O3. It is the least expensive available ceramic material [3], [4]. Si films can be deposited onto Al2O3 ceramics. Fig. 1 shows the surface of as-delivered commercial Al2O3 ceramics and the surface of the silicon layer deposited onto that substrate [2]-[5].
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Fig.1. SEM picture of the surface of the Al2O3 ceramics as delivered (left) and surface of the silicon layer on that substrate (right) [3]-[5].

Alumina (microcrystalline aluminium oxide) and mullite (mixture of SiO2 and Al2O3) were reported as substrates for solar cells [2]. The results presented here were obtained with alumina substrates as follows:
The substrates used were alumina ADS996, from CoorsTek. Double layers of Al and amorphous silicon were deposited, one after another, allowing the aluminium layer to get oxidized between the two depositions by a 2 min exposure to air. The aluminium deposition was done in an electron-beam, high-vacuum evaporator. The amorphous Si layer was either deposited in the same evaporator, or in a parallel plate plasma-enhanced CVD system from silane decomposition. A typical stack was 200 nm Al and 230 nm Si. These structures were then annealed in a tube furnace under nitrogen ambient at 500 °C for a period of 30 min to 4 hours. During annealing, crystalline silicon grains are formed in the bottom layer while Al atoms move to the top surface, eventually resulting in a layer exchange. The top Al layer is then removed in a chemical solution based on phosphoric acid.
II.2. SiSiC ceramic substrate
Crystalline silicon thin-film solar cells on SiC based ceramic were described earlier [6].  SiSiC substrates, which have been formed and polished from commercial ceramic blocks vended by Technical Ceramics TeCe Company in Selb, Germany, have been used here. SiSiC is a material whose properties are similar to silicon, due to its high (~40%) silicon content.

The thermal expansion coefficient of SiSiC deviates only slightly from that of silicon.  It is thermally stable up to the melting point Tm=1420°C of silicon, and due to its SiC-matrix, the SiSiC substrate does not completely loose its stability at temperatures higher than 1420°C.
III. Results and discussions
Three different types of Si solar cells have been studied here, namely SiC-based, Al2O3-based and p-n (Si) homo-junction systems. Each system has been studied under different solar concentrations, ranging from 10 to more than 1000 sun levels. The short-circuit current, the open-circuit photovoltage and the efficiency have been measured for each system under different illumination intensities. 

Figs. 2 and 3 show, respectively, the efficiency and the open-circuit voltage variations of Al2O3-based solar cell, SiC-based solar cell and a conventional solar cell under different solar concentration. Among the three systems, the SiC-based cell showed highest efficiency and highest open circuit voltage values over the used concentration range. The differences have been more pronounced when using higher concentrations. Fig. 2 shows that the p-n (Si) cell efficiency curved down after reaching 600 sun, while the Al2O3-based cell efficiency curved down at higher than 1000 concentration. The SiC-based cell efficiency curved down slowly at higher than 1000 concentrations.

Fig. 3 showed similar behaviour in open-circuit voltage values. At concentration levels in the range 400 – 1000 suns, both SiC-based and Al2O3-based cells showed higher open circuit voltage than the homo-junction counterpart. The SiC-based cell showed the best open circuit voltage among the three systems.  All cells showed maximum open circuit voltage values under about 500 sun concentration level. 
For comparison purposes, values of short-circuit current, open-circuit voltage and efficiency have been measured and tabulated.  Table I presents the output parameter values for each of the three different solar cells, measured under 500 sun concentration, using a Fresnil lens concentrator system. The 500 sun concentration level was chosen because the open-circuit voltage reached a maximum value at this concentration level, Fig. 3. It is clear from the Table that the efficiency is highest for SiC-based solar cell as compared to other counterparts.
Practically, the efficiency increases with solar concentration, until it reaches a maximum after which it curves down, Figs. 2 -3. This is due to two parameters: the temperature and the series resistance [7]. The temperature dependence of the cell efficiency is of critical concern in a concentrator cell. This is because high insolation levels may elevate the cell temperatures well above ambient values. It is well known that temperature affects performances of single homo-junctions [4]-[9]. Such lowering is exhibited in lowering the open-circuit voltage VOC. Fortunately, the effect in supported cells is lower than in the single homo-junction here.
Passive and active cooling techniques are competing for heat removal from high-illumination photovoltaic cells [7]-[9], used with sunlight concentrators, to increase their output powers.
Using an appropriate substrate to solar cell under solar concentration seems to enhance its thermal performance significantly. The reduction of heat loss factor values were 0.5 W.m-2. °C-1  for the SiC-based and Al2O3-based cells, and 0.7 W.m-2. °C-1 for the single homo-junction cell. 
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Fig.2. Efficiency versus concentration for  a solar cell mounted on a ceramic substrate


[image: image3.wmf]10

100

1000

0,5

1,0

1,5

2,0

2,5

3,0

V

OC

(V)

Solar concentration

 Single-junction Si solar cell

 Based-Al

2

O

3

 solar cell

 Based-SiC solar cell


Fig.3. The open-circuit voltage as a function of solar concentration based-Al2O3 solar cell based-SiC solar cell and a single- junction Si solar cell.
Table I

Output parameters for Al2O3-based,  SiC-based and single  homo-junction Si solar cells under  500 suns, using a concentrator kit with Fresnel lens.

	Cell parameters
	Al2O3-based solar cell
	SiC-based solar cell
	Single-junction Si solar cell

	ISC(mA)
	6.2
	6.9
	6

	VOC(V)
	2.93
	2.98
	2.8

	Efficiency (%)
	23.2
	24.5
	22.2


IV. Conclusion
In this work, we have studied Al2O3-based and SiC-based Si solar cells together with single p-n (Si) homo-junction, under different concentration levels, up to higher than 1000 suns. The output parameters for the three different solar cells, using a concentrator kit with a Fresnel lens, have been measured. The SiC-based solar cell showed the best parameters. The Al2O3-based cell was also better than the single p-n (Si) homo-junction. Therefore, very good efficiencies may be obtained on SiC substrates. The cooling ability of the SiC substrate, in addition to its other mechanical properties, makes it a good candidate to support thin-film Si solar cells. 
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