ARTICLE IN PRESS

UNCORRECTED PROOF

S1293-2558(06)00006-9/FLA AID:2640 Vol. •••(•••) [+model] P.1 (1-4) SSSCIE:m5+ v 1.50 Prn:27/01/2006; 10:40 ssscie2640 by:R.M. p. 1

Solid State Sciences ••• (••••) •••–••• www.elsevier.com/locate/ssscie

1 58 2 59 3 60 4 61 5 62 6 63 7 64 8 65 9 66 10 67 11 68 12 69 13 70 14 71 15 72 16 73 17 74 18 75 19 76 20 77 21 78 22 79 23 80 24 81 25 82 26 83 27 84 28 85 29 86 30 87 31 88 32 89 33 90 34 91 35 92 36 93 37 94 38 95 39 96 40 97 41 98 42 99 43 100 44 101 45 102 46 103 47 104 48 105 49 106 50 107 51 108 52 109 53 110 54 111 55 112 56 113 57 114

Modelling and simulation of InGaP solar cells under solar concentration: Series resistance measurement and prediction

A. Cheknane^a, H.S. Hilal^{b,∗}, J.P. Charles^c, B. Benyoucef^a, G. Campet^d

a Unité de Recherche des Matériaux et Energies Renouvelables, Université Abou Bakr Belkaid Tlemcen, Algérie b An-Najah N. University, P.O. Box 7, Nablus, West Bank, Palestine c MOPS, SUPELEC, 2 rue Edouard Belin, 57070 Metz, France d CNRS, Université Bordeaux I, Château Brivazac, Ave du Dr. A. Schweitzer, 33600 Pessac, France Received 12 November 2005; received in revised form 27 December 2005; accepted 3 January 2006

Abstract

One of the important parameters, that commonly affect solar cell performances, is the series resistance. Such effect becomes more pronounced when working under higher illumination intensities due to higher generated photocurrents. Therefore, it is necessary to predict series resistance effects under such conditions. To know more about the series resistance effect and its interpretation, InGaP based solar cell performances were investigated, using high solar concentration levels (73.36 X, 201.19 X). To facilitate the prediction of series resistance effect, as a function of insolation level, a computerised analytical model, using neural network, is presented. � 2006 Published by Elsevier SAS. Keywords: InGaP; Series resistance; Neural network; Concentrator solar cells

1. Introduction

InGaP based solar cells are reported in both photovoltaic [1–4] and photoelectrochemical [5–8] devices. For concentrator cells designed for high solar illumination intensities, e.g., several hundred suns or more, it is essential that Ohmic losses in the cell be very small. Expressed in terms of an effective series resistance, the series resistance-area product typically should not exceed a few m� cm^2. The series resistance in a solar cell may seriously affect its maximum conversion efficiency [9–11]. Earlier studies, conducted under varying illumination intensities, used a set value of series resistance R_S. The concept of an effective series resistance parameter, R_S, is only based on an approximate model. Despite that, the model provides a practical method to estimate Ohmic losses and to design concentrator solar cells. For this reason, it is important to be able to measure R_S with reasonable accuracy.

* Corresponding author. Fax: +970 9 2944082.

E-mail address: hikmathilal@yahoo.com (H.S. Hilal).

The purpose of this paper is to study the series resistance effect on InGaP based solar cell efficiencies. In order to predict the series resistance effects, an analytical model using the neural network may be employed, as described here. 2. Experimental

P–n InGaP junctions were prepared by n-doping on a p-type wafer originally grown on a 200 μm Ge substrate by epitaxy. The n-type side was 200 nm thick, with doping density 2 × 10^{18} Si atoms/ cm^3. The p-type side was 800 nm thick, with doping density 2 × 10^{17} Zn atoms/ cm^3.

The InGaP cells (∼ 2 cm × 2 cm) were coated with Ag metal. The front grid was made of 2 bus bars, 1 mm wide, with about 80 fingers of 5 μm between them. Contact thickness was 2.5 μm, while sheet resistance was 900 �/ 1 . The cells were mounted on Thermalclad substrates, which are commonly used for hybrid electronic circuits. The contacts were made by pressure on one of the two bus bars, with two spring arrows, as shown in Fig. 1.

All conversion measurements were conducted under solar radiation. The concentrator system used, Fig. 2, is advantageous

1293-2558/$ – see front matter � 2006 Published by Elsevier SAS. doi:10.1016/j.solidstatesciences.2006.01.001

ARTICLE IN PRESS

UNCORRECTED PROOF

S1293-2558(06)00006-9/FLA AID:2640 Vol. •••(•••) [+model] P.2 (1-4) SSSCIE:m5+ v 1.50 Prn:27/01/2006; 10:40 ssscie2640 by:R.M. p. 2 2 A. Cheknane et al. / Solid State Sciences••• (••••) •••–•••

1 58 2 59 3 60 4 61 5 62 6 63 7 64 8 65 9 66 10 67 11 68 12 69 13 70 14 71 15 72 16 73 17 74 18 75 19 76 20 77 21 78 22 79 23 80 24 81 25 82 26 83 27 84 28 85 29 86 30 87 31 88 32 89 33 90 34 91 35 92 36 93 37 94 38 95 39 96 40 97 41 98 42 99 43 100 44 101 45 102 46 103 47 104 48 105 49 106 50 107 51 108 52 109 53 110 54 111 55 112 56 113 57 114

Fig. 1. InGaP solar cell display.

Fig. 2. The experimental Bloc.

for giving good illumination uniformity at the focus. The focus was 2 cm× 2 cm in area and was slightly larger than the dimensions of the tested cells.

A four-wire measurement was conducted. The four wires were contacted to two copper foils soldered at the substrate. A Kepco external voltage supply was used to counterbalance the voltage drop on the wires under short circuit conditions.

Cooling was performed using a Peltier heat pump. The hot side was cooled down by a high-efficiency heat exchanger with forced air. The Peltier was powered by a (3 A – 12 V) power supply.

The measured parasitic resistance introduced by this set-up was in the order of 20 m� . It is a minimal contribution for the tested cells. Under same experimental conditions, a good concentration solar cell shows only little degradation as a result of such parasitic effect. 3. Results and discussion 3.1. Temperature and series resistance effects

Enhancement, of solar cell conversion efficiencies, demands maximization of the three main cell photovoltaic parameters, namely: short-circuit photo-current density (J_{SC}), open-circuit voltage (V_{OC}) and cell fill factor (CFF). As the insolation level is increased (by a factor of C), in J_{SC}, V_{OC} increases logarithmically according to Eq. (1): (1) (V_{OC})_C = (V_{OC})_{1SUN} + U_T ln C where U_T is the thermal voltage, typically 26 mV at 28^∘C.

Generally CFF increases as V_{OC} increases, mostly because of reduced diode current. However, CFF is most dependent on parasitic factors, such as shunt resistance and, most importantly at high illumination levels, series resistance.

The efficiency-concentration relation is described [12] by Eq. (2): (2) η(C)_{Rs} = η(C)_{Rs= 0} −

P_{Rs}(C) CP_i

= η(C)_{Rs= 0} −

R_sC^2I^2_{SC} CP_i which after rearrangement becomes: (3) η(C)_{Rs} = η( 1) � 1 + n_fkT qV_{OC}(1)

Log(C) −

R_sC^2I^2_{SC} CP_i �

where • η( 1), V_{OC}(1) are respectively the efficiency and the opencircuit voltage under one sun.

• C is the concentration ratio • q is the electron charge, • P_i is the incident power, • n_f the diode ideality factor, • I_{SC} is the short-circuit current, •^{kT}_q = U_T is the thermal voltage. Practically, the efficiency increases with solar concentration, according to Eq. (3), reaches a maximum and decreases (Fig. 3). The efficiency lowering is due to two parameters: the temperature and the series resistance. 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 ones. It is well known that temperature affects performances of single junction [13] and

Fig. 3. Variation of the efficiency with solar concentration for different series resistances.

ARTICLE IN PRESS

UNCORRECTED PROOF

S1293-2558(06)00006-9/FLA AID:2640 Vol. •••(•••) [+model] P.3 (1-4) SSSCIE:m5+ v 1.50 Prn:27/01/2006; 10:40 ssscie2640 by:R.M. p. 3 A. Cheknane et al. / Solid State Sciences••• (••••) •••–••• 3

1 58 2 59 3 60 4 61 5 62 6 63 7 64 8 65 9 66 10 67 11 68 12 69 13 70 14 71 15 72 16 73 17 74 18 75 19 76 20 77 21 78 22 79 23 80 24 81 25 82 26 83 27 84 28 85 29 86 30 87 31 88 32 89 33 90 34 91 35 92 36 93 37 94 38 95 39 96 40 97 41 98 42 99 43 100 44 101 45 102 46 103 47 104 48 105 49 106 50 107 51 108 52 109 53 110 54 111 55 112 56 113 57 114

Fig. 4. Temperature effect on the device performance.

tandem [14] solar cells. The effect of temperature on lowering GaInP/GaAs solar cell efficiencies is reported in literature [2]. Such lowering is exhibited in lowering V_{OC} value as temperature increases. Passive and active cooling techniques are competing for heat removal from high-illumination photovoltaic cells, used with sunlight concentrators, to increase their output powers. Fig. 4 shows that effectively cooling retains solar cell efficiency. The primary dependence of efficiency is due to temperature dependence of V_{OC}. The temperature dependence of V_{OC} is shown in Eq. (4): (4) V_{OC} = nkT q ln � J_{SC} J_0 �

where J_0 is the diode saturation current density (A m^{− 2}).

As the concentration ratio increases, the attendant increase in short-circuit current causes the detrimental effects of the cell series resistance to become progressively more important. The series resistance will reduce the efficiency in two ways [12]. Firstly, some of the electrical power which is generated by the intrinsic device is dissipated as Joule heat in the resistive regions. Secondly, the presence of the later resistive voltage drop in the emitter causes the junction potential to be a function of position. Similar behaviours have been reported for single junction and tandem solar cells [2,15].

In order to minimize the series resistance effect, the grid dimensions could be optimized for maximum cell output power. The cell design must cope, however, with some problems related to the high energy flux under concentration. In particular, the high current density, in the cells, leads to collection losses that are mostly prominent in concentrated solar light cells [16]. The various power losses caused by the grid are [17–19]:

• losses due to the grid shadow, • losses in grain boundaries due to the metal/semiconductor contact, • power dissipated in the resistance of layer between bars, and • losses in the grid metallization.

Fig. 5. Schematic neural network bloc.

Fig. 6. Predicted and measured series resistance values at different solar concentrations.

3.2. Series resistance prediction and neural network bloc In order to predict the series resistance effect, on device performance, as a function of insolation level, we employ a computer program using neural network, as shown in Fig. 5.

Typically, a neural network is initially “trained” or fed with large amounts of data and rules about data relationships. In addition, neural networks provide very close approximations of the correct answer with high speed.

Our multilayer perceptron neural network, using a supervised learning algorithm, includes three layers, where the inputs are: V_{OC}, I_{SC} and C: the solar concentration level. The target (output) is the series resistance. Thus, the proposed neural network predicts the series resistance value. The network itself evaluates the influence and dynamically readapts it depending on the obtained results in the learning and training process. The simulation was conducted with a good error of 2.3%, which is improvable if an appropriate choice of neural network model is chosen. The simulation results are illustrated in Fig. 6. 4. Conclusions

InGaP based solar cells, used in concentration systems, exhibit rapid efficiency lowering with higher temperatures, while working at low insolation levels. Moreover, the series resistance

ARTICLE IN PRESS

UNCORRECTED PROOF

S1293-2558(06)00006-9/FLA AID:2640 Vol. •••(•••) [+model] P.4 (1-4) SSSCIE:m5+ v 1.50 Prn:27/01/2006; 10:40 ssscie2640 by:R.M. p. 4 4 A. Cheknane et al. / Solid State Sciences••• (••••) •••–•••

1 58 2 59 3 60 4 61 5 62 6 63 7 64 8 65 9 66 10 67 11 68 12 69 13 70 14 71 15 72 16 73 17 74 18 75 19 76 20 77 21 78 22 79 23 80 24 81 25 82 26 83 27 84 28 85 29 86 30 87 31 88 32 89 33 90 34 91 35 92 36 93 37 94 38 95 39 96 40 97 41 98 42 99 43 100 44 101 45 102 46 103 47 104 48 105 49 106 50 107 51 108 52 109 53 110 54 111 55 112 56 113 57 114

is concentration level dependent. Therefore, prediction of this detrimental parameter is necessary to estimate Ohmic losses and to design concentrator solar cells. Furthermore, careful processing control must be realized, as it may facilitate characterizing concentrator solar cells. An analytical model, using the neural network, was developed to predict the series resistance effect. The model was successfully applied to conventional In- GaP based concentrator solar cells, as the predicted series resistance values showed good agreement with measured values. Such a model may also well be extended to other devices. References

[1] M.B. Chen, Field-aided collection in GaInP2 top solar cells, Sol. Ener.

Mater. Sol. Cells 80 (2003) 265–272.

[2] M.Y. Feteha, G.M. Eldallal, The effects of temperature and light concentration on the GaInP/GaAs multijunction solar cell’s performance, Renewable Energy 28 (2003) 1097–1104.

[3] Research Trends, Effects of temperature and light concentration on

GaInP/GaAs multijunction solar cell performance, Photovoltaics Bulletin 203 (2003) 9.

[4] M. Hein, F. Dimroth, G. Siefer, A.W. Bett, Characterisation of a 300×

photovoltaic concentrator system with one-axis tracking, Sol. Ener. Mater. Sol. Cells 75 (2003) 277–283.

[5] X. Gao, Sh. Kocha, A.J. Frank, J.A. Turner, Photoelectrochemical decomposition of water using modified monolithic tandem cells, Internat. J. Hydrogen Energy 24 (1999) 319–325.

[6] Sh.S. Kocha, J.A. Turner, Impedance analysis of surface modified

Ga0.5In0.5P—aqueous electrolyte interface, Electrochimica Acta 41 (1996) 1295–1304.

[7] H.S. Hilal, J.A. Turner, A.J. Frank, Surface-modified n-GaAs with tetra (-4-pyridyl)porphirinatomanganese(III), in: 185th Meeting of the Electrochemical Soc., San Francisco, CA, May 22–27, 1994.

[8] S. Kocha, M. Peterson, H.S. Hilal, D. Arent, J. Turner, Photochemical based direct conversion systems, in: Proceedings of the USA Department of Energy/NREL Hydrogen Program Review, April 18–21, 1994.

[9] D. Wöhrle, D. Meissner, Adv. Mater. 3 (1991) 129.

[10] C.J. Brabec, N.S. Sariciftci, J.C. Hummelen, Adv. Funct. Mater. 11 (2001) 15. [11] C.W. Tang, Appl. Phys. Lett. 48 (1986) 2.

[12] A. Cheknane, B. Benyoucef, J.P. Charles, R. Zerdoum, Optimisation et conception d’une grille collectrice appliquée aux photopiles fonctionnant sous haute concentration solaire, Rev. Energ. Ren. 7 (2004) 95–108.

[13] J. Fan, et al., Theoretical temperature dependence of solar cell parameters, Solar Cells 17 (1986) 309–315.

[14] R. Adlhelm, et al., Temperature coefficients of tandem solar cells under appropriate spectra, in: Proc. 14th EC PVSEC, Spain, 1997, pp. 1736– 1742.

[15] I. Stollwerck, et al., Highest efficiency GaAs/GaSb tandem concentrator module, in: Proceedings of the 2nd World Conference on Photovoltaic Solar Energy Conversion, Austria, 1998, pp. 268–271.

[16] R.J. Schwartz, Review of silicon solar cells for high concentrations, Solar Cells 6 (1982) 17–38.

[17] A. Antonini, M. Stefancich, D. Vincenzi, C. Malagù, F. Bizzi, A. Ronzoni, G. Martinelli, Contact grid optimization methodology for front contact concentration solar cells, Sol. Ener. Mater. Sol. Cells 80 (2003) 155–166.

[18] A. Cheknane, B. Benyoucef, J.-P. Charles, R. Zerdoum, M. Trari, Minimization of the effect of the collecting grid in a silicon-based solar cell, Sol. Ener. Mater. Sol. Cells 87 (2005) 557–565.

[19] A. Cheknane, B. Benyoucef, J.-P. Charles, R. Zerdoum, Minimization of the series resistance in a solar cell having a circular grid design under high illumination, Act. Pass. Elect. Comp. 1 (2005) 1–11.