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The electro-and photoluminescence spectra of amorphous silicon / crystalline silicon heterostructures and solar cells are determined by emission from the crystalline-silicon layer and are computed with Kirchhoff's generalised law. The interface defect density strongly influences the luminescence yield which may be used to monitor the interface quality. Based on a comparison between numerical and analytically determined spectra, the temperature dependence of experimental electroluminescence and photoluminescence spectra of these silicon heterostructures is analysed. We find a clear indication of the validity of Kirchhoff's generalised law for the luminescence emission from these silicon structures and conclude that it can be applied between 112 K and 363 K without further modification in order to account for the indirect nature of the optical transitions in crystalline silicon.

Introduction

Since the report by Spear and LeComber [1] on substitutional doping of hydrogenated amorphous silicon (a-Si:H) quite a number of a-Si:H based device types have been developed. Spear's group published a first paper on a fully amorphous-silicon pn-junction device [2] and it was concluded that the photovoltaic response was qualitatively similar to a monocrystalline silicon diode. However, because of the short diffusion lengths in the doped amorphous layers, a fully amorphous solar cell requires a pin-type device with an intrinsic amorphous layer with low defect density. In a pn-junction solar cell, the amorphous film as the emitter consists only of a doped layer of a few nanometer thickness, deposited on a standard monocrystalline (c-Si) silicon wafer as the absorber with opposite doping. More sophisticated structures involve additional amorphous layers at the front and rear interface of the wafer. These heterojunction silicon solar cells have reached photovoltaic efficiencies in excess of 22% [3]. In this Sanyo HIT solar cell, an intrinsic thin layer is deposited between the wafer and the doped amorphous layer.

The optimisation of these heterostructures depends on a large degree on the control of properties of the interface between the front a-Si:H layers and the c-Si wafer. Here, both the wafer pre-treatment prior to the amorphous silicon deposition and the a-Si:H deposition itself, typically by plasma enhanced chemical vapour deposition (PECVD), are important, e.g. [3][START_REF] Maydell | European Photovoltaic Solar Energy Conference[END_REF][START_REF] Ribeyron | Proc. 22nd European Photovoltaic Solar Energy Conference[END_REF][START_REF] Branz | [END_REF][START_REF] Olibet | Proceedings of the 17th Workshop on Crystalline Silicon Solar Cells and Modules: Materials and Processes[END_REF].

In addition, the back-contact properties have been investigated and improved.

In order to assist in the understanding of the device physics and optimisation, device simulation gives an insight into the device properties. For this reason, simulation programmes have been developed, namely SC-Simul [START_REF] Rösch | [END_REF][START_REF] Brüggemann | [END_REF] and AFORS-HET [START_REF] Froitzheim | Proc. 3rd World Conference on Photovoltaic Energy Conversion[END_REF][START_REF] Stangl | Proc. 19th European Photovoltaic Solar Energy Conference[END_REF] with particular emphasis on the simulation of a-Si:H/c-Si heterojunction solar cells with their thick c-Si layers. For example, the influence of interface defects on the device in the dark and under illumination can be studied. Based on the numerical results, it was shown [START_REF] Rösch | 2nd World Conference on Photovoltaic Solar Energy Conversion[END_REF] that the a- In the present work, we apply numerical modelling to investigate the analytical description for luminescence emission from these structures. We relate the electroluminescence efficiency to the interface quality. We re-examine recent findings of the mismatch between experimental electroluminescence spectra and Kirchhoff's generalised law [15]. Here, we demonstrate that Kirchhoff's generalised law [START_REF] Würfel | [END_REF]14] can be applied to describe the luminescent photon flux from these amorphous silicon / crystalline silicon heterostructures without modifications.

Theory

According to Stern and Lasher [16], the spontaneous band-to-band radiative recombination rate per energy interval for recombination between conduction-band electrons and valenceband holes is given by
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where n r is the refractive index, c 0 the vacuum light velocity, α is the absorption coefficient, k is the Boltzmann constant, T is the temperature and the quasi-Fermi levels of the conductionband electrons and the valence-band holes are ε Fn and ε Fp . The emitted photon flux density into one hemisphere can then be described by this quasi-Fermi level splitting, ε Fn -ε Fp , and the absorptivity A of the sample by [START_REF] Würfel | [END_REF] 2 )
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with the reflection coefficient of the air/wafer interface, R int and the sample thickness d.

Multiple reflections are taken into account here.

In Eq. ( 2), the assumption has been made that ε Fn -ε Fp is spatially constant across the wafer. The spectral shape of the emitted radiation is thus mainly determined by the product of the energy-dependent Boltzmann term and the absorptivity of the sample structure under study. The height of the spectrum is scaled by the exponential dependence on ε Fn -ε Fp , which reflects the product of the free electron and hole densities, together with the intrinsic carrier density and kT term.

The term for A is modified for a solar cell with a rear-side mirror-like contact. With the nominally photon-energy dependent front-reflection coefficient R f and the back-reflection coefficient R b the absorptivity reads ( ) ( )
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For non-homogeneous carrier distributions and thus a non-constant quasi-Fermi level splitting, a more complicated version of Eq. ( 2) involves an integral term to take into account the non-homogeneous generation and propagation of the luminescence photons. For emission through the front interface at z = d and the rear interface at z = 0 the photon current density into the hemisphere reads
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where again the "-1" in the Bose-term has been neglected. applied voltage V a . Würfel [14] pointed out that for a luminescent pn diode at forward bias, with the quasi-Fermi level splitting being almost constant in space, ε Fn -ε Fp in the whole volume equals eV a , and thus from Eq. ( 2) it follows that
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The emitted photon flux thus depends exponentially on the applied voltage if no series resistance applies and scales linearly with the current in a Shockley diode.

For the photoluminescence experiment, Eqs. ( 2) or ( 5) may also be applied. Here the splitting of the quasi-Fermi levels is also determined by the local photogeneration rate together with the transport properties of the excess carriers and ε Fn -ε Fp is almost constant for long diffusion lengths with respect to absorber thickness.

Simulation

The simulation software SC-Simul [START_REF] Ribeyron | Proc. 22nd European Photovoltaic Solar Energy Conference[END_REF][START_REF] Branz | [END_REF] solves the transport equations and Poisson's equation and allows the device modelling of heterojunction solar cells with different layers.

The programme determines all the physical properties of interest, e.g., the quasi-Fermi levels or the free electron and hole densities, the electrostatic potential and other properties like recombination rates. The input parameters are the semiconductor properties of the different layers with which a structure is built, like the band gap E g , effective densities of states in the band, free carrier mobilities, electron affinity, capture coefficients for defect states and parameters for defect densities and distributions. Eq. ( 5) is applied to calculate the luminescence spectrum from the numerical solution of the device equations. 

Experimental details

In the electroluminescence experiment, the luminescent radiation from the solar cell, driven by a Keithley 2400 sourcemeter, is collected and dispersed by a monochromator and measured by a liquid-nitrogen cooled InGaAs diode. For photoluminescence experiments the sample is illuminated with a laser of suitable photon energy. The setup is calibrated with a tungsten band lamp for determining absolute photon fluxes.

Simulation

Results

Figure 1 shows simulation results of the electroluminescence spectra of a 300 µm thick heterojunction (n)a-Si:H/(p)c-Si solar cell with 5 nm a-Si:H layer at a current density of 111 mA cm -2 at an applied voltage of 0.74 V. For simplicity, the values for R f and R b are 0 and 1.

The electron diffusion length is 815 µm, exceeding the thickness. The complete description with Eq. ( 5) is applied to the numerical solution of the quasi-Fermi level splitting to calculate the spectrum, given by the symbols. The analytical solution of Eq. ( 6) is given by a full line, i.e. it is calculated under the assumption of constant quasi-Fermi level splitting. The additional line gives the spectrum according to [START_REF] Bauer | Organic photovoltaics[END_REF] for the case of no re-absorption if the absorption coefficient α instead of the absorption A is used, which is, because of the backreflection, adjusted here for the low-energy data where A is 2αd. Fig. 2 shows the analytical electroluminescence spectra at 0.74 V of the 300 µm thick cell of Fig. 1 and the cell with the same parameters but 70 µm thickness. As the high energy wing is determined by the absorption, the spectra become identical for photon energies at about > 1.3 eV at which A saturates also for the thin sample. The increase in the interface defect density N if results in a decrease in the electroluminescence emission output of the heterojunction cell. Fig. 4 shows this decrease for two solar cells where the spectra have been numerically calculated with SC-Simul at the same current density of 111 mA cm -2 . The drop in the EL quantum efficiency, defined by the ratio of emitted photon per flowing electron, e Φ / j, is about a factor of 23, where the integral of the spectra has been evaluated. In additional evaluations, the open-circuit voltages V oc have been determined with the higher N if resulting in a drop of V oc .

Discussion

The full solution for the spectrum in Fig. 1, based on the numerical solution by SC-Simul and Eq. ( 5), shows almost perfect agreement with the simple analytical form of Eq. (2). The shape of the spectrum, assigned to the c-Si absorber, is an image of the absorption coefficient in the low-energy range where A ∝ α. In the high-energy range the slope is related to (kT) -1 (apart from the 2 ( ) ω h term) as A becomes 1 -R f . If α only and not A is used for the calculation of the spectrum, the discrepancy at high photon energies is obvious. The calculated photon flux here is too high because reabsorption is neglected. The overall emission output is larger for the 300 µm sample but the enhancement is less than the volume factor because of the reabsorption of the high-energy photons, generated in the deeper regions of the cell. Photon recycling in c-Si is negligible so that the simulated spectra are close together in this energy range.

Fig. 3 shows that photoluminescence and electroluminescence output can be comparable as both depend on the quasi-Fermi level splitting which has been taken the same for the two structures, connected by the applied voltage. For the symmetrical structure, photons in the low energy part are missing because they are emitted to the other side of the wafer that does not face the detector. Matching the maxima of the EL and PL spectra results in a mismatch at higher photon energies.

Fig. 4 shows the strong influence of increasing N if on the electroluminescence output of the heterojunction cell. A drop in the EL efficiency is easily achieved with increasing N if . This decrease is complementary to the decrease in the open-circuit voltage with increasing N if [START_REF] Bauer | Organic photovoltaics[END_REF] and the present computations show that it is also related to the increase in dark-saturation current with increasing N if . The ratio in dark-saturation currents is the same as the ratio of the EL efficiencies and also related to exp[∆V oc /(kT)], where ∆V oc is the difference in the two V oc .

Experiment

Results

Fig. 5 shows experimental results of the photoluminescence spectra for different temperatures from a symmetrical c-Si wafer structure passivated with a-Si:H layers. The experimental data have been compared with the analytical presentation of Eq. ( 2) with a suitable value of R int from an reflection experiment. The analytical expression can be plotted for a limited energy range, respectively, because the optical absorption coefficient is not available for wider ranges. Fig. 6 shows temperature-dependent experimental electroluminescence spectra of a heterojunction test cell [19]. The experimental spectra have been compared with the analytical presentation of Eq. ( 6) in the energy ranges for which the optical absorption coefficient from transmission and reflection measurements was available.

Discussion

The results in Figs. 5 and6 are a demonstration that Kirchhoff's generalised law is valid for the emission from the c-Si absorber of these amorphous silicon / crystalline silicon heterostructures, for which the a-Si:H layers are so thin that they do not contribute to the signal and for which the photo-and electroluminescence results reflect the optoelectronic properties of the c-Si absorber layer. In the figures, the spectral shape in the high energy range is well reproduced for temperatures between 363 K and 112 K. In the high-energy range the spectra become steeper with decreasing temperature -as it should be according to Eq. ( 2). In the low energy-range the steeper absorption coefficient -known from optical experimentsresults in a steeper spectrum so that the spectra become narrower with decreasing temperature.

Our good agreement between Kirchhoff's generalised law to describe the experimental spectra, which represent the luminescence of c-Si, is in agreement with the findings in [14] but in contrast to a recent report in the literature [15], in which the experimental electroluminescence spectra from a-Si:H/c-Si solar cells were compared with the spectra from the numerical simulation with AFORS-HET, indicating too high values for the simulated spectra in the high-energy range [15], similar to the dashed curve in Fig. 1. Inspection and computation showed [21] that the digitised room-temperature experimental spectra of [15] can be matched with the analytical description of Kirchhoff's generalised law outlined above. In contrast to the conclusions in [15], our fits indicated that no modification was necessary to take extra account of the indirect nature of the optical transitions in crystalline silicon. It is 2) or ( 6) do not longer hold. Then the spectral shape is also an image of these profiles and may be used for further analysis and evaluation [22].

Conclusion

The comparison of the full numerical solution for the electroluminescence spectrum with an analytical form under the assumption of constant quasi-Fermi level splitting shows good agreement so that our analysis of electroluminescence spectra confirms the simplification by assuming that ε Fn -ε Fp equals eV a . The details of the spectral shape are determined by the optical interface properties and the thickness-dependent absorption properties of the structure.

The experimental results for the luminescence spectra of c-Si show good agreement with the spectral shape that is determined analytically from Kirchhoff's generalised law under the assumption of constant quasi-Fermi level splitting. This agreement holds also, notably for the high-energy wings of the c-Si emission spectra, for different temperatures in the range between 112 K and 363 K. We thus report good agreement with Kirchhoff's generalised law for this temperature range, applied to amorphous silicon / crystalline silicon heterostructures, and we cannot reproduce the mismatch, reported in [15] for similar structures, between experimental spectra and those from Kirchhoff's generalised law. The overlapping full line shows the analytical spectrum according to Eq. ( 6). The dashed line gives the spectrum if the absorption coefficient α instead of the absorption A is used (adjusted for the low-energy data because A is 2αd). Then, in the high-energy range the emission is too large because reabsorption is neglected. The slope is then no longer related to (kT) -1 .

Fig. 2: Analytical electroluminescence spectrum with Eq. ( 6) of a 70 µm and 300 µm thick a-Si:H/c-Si solar cell at a current density of 111 mA cm -2 and an applied voltage of 0.74 V. The latter is identical with that of Fig. 1. The values for R f and R b are 0 and 1. There is only an increased output in the low-energy range due to the larger volume and because of the reabsorption of the emitted luminescence photons at higher energies. The full lines are representations of the spectra, calculated with Eq. ( 6). The data are more noisy because of the smaller emitted photon flux, after [20]. 

  /c-Si heterostructure based on n-type wafers with holes as minority carriers is less affected by the interface defects than p-type wafer structures, because of the reduced minority-carrier related interface-recombination rate related to the interface-defect charge in the former.
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 131 Fig.1: Electroluminescence spectrum of a 300 µm thick a-Si:H/c-Si solar cell at a current density of 111 mA cm -2 and an applied voltage of 0.74 V. The values for R f and R b are 0 and 1.The symbols show the result of the computer experiment in which the spectrum is calculated from the nominally spatially dependent electron and hole distributions with Eq. (5).
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 34 Fig.3: Analytical photoluminescence spectrum of a 300 µm thick c-Si wafer with R int = 0 and a quasi-Fermi level splitting of 0.74 eV (dashed line) and electroluminescence spectrum of the 300 µm cell of Fig.1(applied voltage of 0.74 V). The dotted line results from shifting the dashed line for adjusting the maxima of the spectra. The PL spectrum of the cell would be identical to the EL spectrum if the quasi-Fermi level splittings were the same.

Fig. 5 :Fig. 6 :

 56 Fig. 5: Temperature-dependent experimental photoluminescence of a polished c-Si wafer, passivated on both sides by a thin a-Si:H layer. The full lines are representations of the spectra, calculated with Eq. (2) and constant quasi-Fermi level splitting. The temperaturedependent absorption coefficient determines A at the different temperatures, after[19].
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