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Abstract. In this article a theoretical framework for mechanically stacked four-terminal solar photovoltaic 
(FTSPV) system has been proposed. In a mechanical stack arrangement, a semitransparent CdTe panel has been 
used as a top sub-module, whereas a μc-Si solar panel has been used as bottom sub-module. Theoretical 
modeling has been done to analyze the physical processes in the system and to estimate reliable prediction of the 
performance. To incorporate the effect of material, the band gap and the absorption coefficient data for CdTe 
and μc-Si panels have been considered. The electrical performance of the top and bottom panels operated in a 
mechanical stack has been obtained experimentally for various inter-panel separations in the range of 0-3 cm. 
Maximum output power density has been obtained for a separation of 0.75 cm. The mean value of output power 
density from CdTe (top panel) has been calculated as 32.3 Wm-2 and the mean value of output power density 
from μc-Si, the bottom panel of four-terminal photovoltaic system has been calculated as ~3.5 Wm-2. Results 
reported in this study reveal the potential of mechanically stacked four-terminal tandem solar photovoltaic 
system towards an energy-efficient configuration. 

INTRODUCTION 

Solar energy is the major fraction of renewable energy with the energy radiated by Sun at a rate of 4.3 × 1020 
J/hr [1]. Solar photovoltaic (PV) panels are used for direct conversion of solar energy into electrical energy. The 
crystalline silicon (c-Si) solar PV technology has been dominating the solar energy market for several decades, 
with a current market share of ~90% [2]. During last decade there has been only marginal increase in the 
efficiency of the crystalline silicon solar PV technology. Energy conversion efficiency as high as 25.6% has 
been obtained using amorphous silicon (a-Si)/c-Si heterojunction technology [3]. Recently an efficiency of 
26.3% has been obtained on 180 cm2 crystalline silicon solar cell [4], which is close to the theoretical maximum 
efficiency of 29.4% [5]. In order to utilize solar spectrum to a greater extent and obtain high efficiency at a 
lower cost, tandem approaches have been proposed by many researchers [6-12]. In tandem approach, which 
combines small band-gap and large band-gap solar energy absorber materials to utilize the solar spectrum up to 
greater extent, the large bandgap solar cell is generally placed as top subcell, and small bandgap solar cell is 
generally placed as bottom subcell. There are two major approaches to fabricating Si based tandem solar cells: 
epitaxial growth [13-18] and mechanical stacking [19-27]. Compared to the common 2-terminal tandem 
structure in monolithic series connection, the 4-terminal tandem structure has several advantages: no need of 
current or lattice matching, simple mechanical stacking, and more freedom for choosing the top and bottom 
cells. Most of the available literature reports the data on the development of tandem structure at the solar cell 
level, whereas there are few reports on the mechanically stacked 4-terminal solar PV module performance. This 
article aims to develop theoretical framework for analyzing the outdoor electrical performance of the 
mechanically stacked 4-terminal solar PV module technology. For realistic calculations, an example of currently 
commercialized thin-film technology based modules made of cadmium telluride (CdTe) and micro-crystalline 
silicon (μc-Si) have been chosen in this study. The reported theoretical model can also be used for electrical 
performance assessment of the other solar PV technologies.    
 

THEORETICAL BACKGROUND 
 

The P-N junction diode based equations have been used for electrical performance evaluation of 
mechanically stacked solar PV modules. The theoretical model uses the charge carrier transport properties of 
each semiconductor material and its light absorption profile. It is assumed that the P-N junction behaves 
according to the ideal single diode model where each absorbed photon creates one electron-hole pair and the 
generated charge carriers are prone to recombination losses. It is important to note that this theoretical model 
includes optical losses due to reflection at the surface and the interface of the solar PV modules. 
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The light generated current density, JPH (mAcm-2), in a thin-film PV module can be determined using the AM1.5 
Direct Solar Spectrum from the ASTM G-173-03 reference standard [28]. The photon flux (ϕ(λ), #photons m-2s-

1) incident on a solar panel has been calculated using Eq. (1), where I0is the power (W m-2 nm-1) of the AM1.5 
Direct Solar spectrum at wavelength λ (nm): 

           (1) 

The semiconductor material absorption coefficient (α) data with respect to the wavelength (λ) and the thickness 
(x) in the solar PV module have been used to calculate JPH. The absorption coefficient data as shown in Fig. 3 
have been taken from the literature [29, 30].The light generated current density, JPH, is related to the incident 
number of photons absorbed across the entire thickness of the absorbing layer using Eq. (2) [31]: 
 
      (2) 
 
where, q represents the electron charge and R(λ) represents the reflected part of incident spectrum from the 
surface or interface of the mechanical stack. For the case of mechanically stacked 4-terminal arrangement of 
solar PV modules based on CdTe and μc-Si technology, it is considered that the part of incident spectrum on the 
second module has been adjusted for absorption in the first module through the Eq. (3) [31]: 
 
         (3) 

where, I1 represents the part of incident spectral power on second module of mechanical stack, I0 represents the 
incident spectral power on first module. The value of spectral power can be used in Eq. (1) to find 
corresponding photon flux and then the light generated current density can be calculated from Eq. (2). The 
spectral power distribution with respect to the wavelength and in comparison to the absorption coefficients of 
CdTe and μc-Si is shown in Fig. 1.  

Figure 1: The spectral power distribution with respect to the wavelength and in comparison to absorption coefficients of 
CdTe and μc-Si. 
 
The Shockley single-diode equation for electrically homogeneous semiconductor absorber material can be 
written as [32, 33]:  
       (4) 

where, J represents the current density measured across the terminal electrodes, V represents the voltage 
measured across the terminal electrodes, JPH represents the photo-generated current density, J0 represents the 
reverse saturation current density, q represents the electron’s charge, RS represents the series resistance, RSH 
represents the shunt resistance, kB represents the Boltzmann constant, T represents the absolute temperature, and 
n represents the diode-ideality factor.The reverse saturation current density, J0, has been calculated as the sum of 
the contributions of the n- and p-type materials assuming uniform doping in each one of them and expressed as 
given below [34]: 
 

030035-2



 

         (5) 

where, ni represents the intrinsic carrier concentration, De represents the diffusion coefficient of electrons, Dh 
represents the diffusion coefficient of holes, NA represents the acceptor concentration in the n-type material, ND 
represents the donor concentration in the p-type material, Le and Lh represent the diffusion lengths of electrons 
and holes respectively.The open-circuit voltage (VOC) and fill factor (FF) of the solar panels under illumination 
are expressed as below for the ideal conditions, i.e. RS → 0 and RSH → ∞: 
 
          (6) 

         (7) 

The maximum power output of the solar panel is related to short-circuit current, JSC and FF as per following 
expression: 
 
          (8) 

Individual solar panels in a mechanical stack arrangement are generally connected in parallel so as to allow 
separate load control of each panel [31]. 

EXPERIMENTAL DETAILS 

Experiments have been performed at Samroli village, Navsari, India with longitude of 73.04074° and 
latitude of 20.77575°. The values of irradiance and ambient temperature have been recorded as 500±50 Wm-2 
and 31 °C respectively. Semi-transparent CdTe and μc-Si solar panels have been purchased from the market and 
arranged in a manner shown in Fig. 2. The performance parameters of the semi-transparent CdTe and μc-Si 
panels under standard test conditions (STC, 25 °C, 1000 Wm-2) are listed in Table 1. 

 

 
Figure 2: Schematic representation of mechanical stack arrangement of four-terminal photovoltaic system to extract 
experimental data. 
 
Table 1: Performance parameters of the semitransparent CdTe and μc-Si panels under standard test conditions. 
 

Parameter  CdTe Panel μc-Si Panel 
Area (m2) 0.7200 0.7905 
Transmission (%) 50 40 
ISC (A) 0.62 0.75 
VOC (V) 116 79 
FF (%) 55 59 
PMAX (W) 40 35 
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RESULTS AND DISCUSSION 

The output power density of cadmium telluride (CdTe) and microcrystalline silicon (μc-Si) panels have been 
measured in four-terminal arrangement as shown in Fig. 3. Small variation in the output of the top panel has 
been recorded due to the variation in the intensity of light due to the presence of very thin layer of clouds during 
the measurements. In order to calculate overall effect, the mean value of output power density has been 
considered and marked in Fig. 3. The mean value of output power density from CdTe (top panel) has been 
calculated as 32.3 Wm-2 and the mean value of output power density from μc-Si, the bottom panel of four-
terminal photovoltaic system has been calculated as ~3.5 Wm-2. The mean value of total output power density of 
the four-terminal photovoltaic system has been calculated as 35.8 Wm-2. The measurements have been 
performed for various values of inter-panel separation varied in the range of 0-3 cm. It is clearly observed from 
these measurements that the bottom panel performs best for an inter-panel separation of 0.75 cm, which can be 
confirmed from further analysis. In order to further understand the effect of inter-panel separation, the 
performance parameters (JSC, VOC, FF and PMAX) have been plotted with respect to the separation. The variation 
of short-circuit current density from μc-Si panel placed below CdTe panel with respect to the space between 
CdTe and μc-Si panels is shown in Fig. 3. The percentage deviation in the measurements has been found to be 
within ±10% of the mean value. 

 
Figure 3: Output power density of cadmium telluride (CdTe) and microcrystalline silicon (μc-Si) panels in four-terminal 
arrangement. Error bars represent standard deviation from mean value. Dashed line represent mean value (32.3 Wm-2) of 
power output from CdTe (top) and dotted line represent mean value (35.8 Wm-2) of power output from four-terminal 
photovoltaic system with μc-Si as a bottom panel. 
 
 

 
Figure 4: (a) Experimental and theoretical J-V curve of CdTe panel and (b) Experimental and theoretical J-V curve of μc-Si 
panel. 
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Figures 4(a) and 4(b) showcombined experimental and theoretical J-V curves of CdTe and μc-Si panels 
respectively. The theoretical curves have been generated by fitting experimental data using Eq. (4). In order to 
fit experimental data of CdTe panel, JPH, J0, RS, RSH, and n havebeen taken as 0.86 Am-2, 1.1×10-4 Am-2,0.015 Ω, 
3000 Ω, and 4.1 respectively. The J-V curve has been generated for an illumination intensity of 48 Wm-2. 
Further, in order to fit experimental data of μc-Si panel, JPH, J0, RS, RSH, and n havebeen taken as 1.04 Am-2, 
2.4×10-4 Am-2, 0.015 Ω, 1000 Ω, and 3.6 respectively. The J-V curve has been generated for an illumination 
intensity of 117Wm-2. Table 2 lists out various parameters of Eq. (5) to calculate the values of J0 for both the 
panels. 
 
Table 2: Various parameters to calculate reverse saturation current density J0 
 

Parameter CdTe Panel μc-Si Panel 
De (cm2/s) 27                   [34] 3.75              [37] 
Dh(cm2/s) 2.6                  [34] 12.5              [37] 
NA (m-3) 1.8×1020[35] 1×1020          [38] 
ND(m-3) 2.24×1020[35] 1×1020           [38] 
ni(m-3)       7×1015                  [36] 8.3×1015        [39] 
Lh(μm) 1                     [34] 0.6                 [37] 
Le(μm) 1                     [34] 0.6                 [37] 
J0 (mA-2) 1.1×10-4 2.4×10-4 

 
In Fig. 5 (a) and 5(b) the performance parameternamely short-circuit density and open-circuit voltage has been 
plotted as a function of separation space between the panels. In Fig. 4(a), the short-circuit current density 
remains constant for a separation space of up to 1.5 cm and starts decreasing beyond this separation. This trend 
is attributed to the reduction in the light intensity, while light passes through the top panel. After passing 
through the top panel, the light diverges and effective intensity per unit area decreases, which results in the 
reduction of short-circuit current density of the bottom panel. The observed behavior is in accordance with the 
known linear dependence of the JSC on the intensity of illumination [33]. The open-circuit voltage is plotted with 
respect to the space between the CdTe and μc-Si panels in Fig. 5(b). VOC is found to decrease slowly with 
increasing separation beyond 1.5 cm, which may be attributed to the logarithmic dependence of VOC on the 
intensity of illumination. The decrease in the intensity of illumination has already been confirmed from the JSC 
data. Logarithmic dependence of VOC on illumination intensity has been well documented [34]. A decrease 
beyond the logarithmic limits has not been observed in the VOC, which confirms that there is no additional 
mechanism in this decrease of VOC. 
 

 
Figure 5:  (a) Variation of short-circuit current density from μc-Si panel placed below CdTe panel with respect to the space 
between CdTe and μc-Si panels, (b)Variation of open-circuit voltage of μc-Si panel placed below CdTe panel with respect to 
the space between CdTe and μc-Si panels. Error bars represent a deviation of ±5%. 
 

The variation of fill factor and power output density has been plotted with respect to the space between CdTe 
and μc-Si panels in Fig. 5. There is no significant variation in the fill factor with respect to the space between 
CdTe and μc-Si panels as shown in Fig. 5(a). This observation confirms that the fill factor of the thin film μc-Si 
based panel is insensitive to the small variation in the intensity of illumination. Further, the maximum output 
power density of the μc-Si panel placed below the CdTe panel has been plotted with respect to the space 
between these panels and shown in Fig. 5(b).  

 

(a) (b)
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Figure 6: (a) Variation of fill factor of μc-Si panel placed below CdTe panel with respect to the space between CdTe and μc-
Si panels, (b) Variation of output power density of μc-Si panel placed below CdTe panel with respect to the space between 
CdTe and μc-Si panels. Error bars represent a deviation of ±5%. 

 
Maximum output power density is governed by the Eq. (8) and depends on the JSC, VOC and FF. A combined 
effect of all the three parameters has been observed on the power density, but it is dominated by the trend of JSC, 
which can be seen by comparing Fig. 6 (b) with Fig. 5 (a). A decreasing trend of power density beyond a 
separation of 1.5 cm confirms the effect linear dependence of JSC on intensity of illumination. Maximum output 
power density has been obtained for a separation of 0.75 cm. 

CONCLUSIONS 

A theoretical framework for mechanically stacked four-terminal solar photovoltaic (FTSPV) system has been 
established. Theoretical modeling has been done to analyze the physical processes in the system and to estimate 
reliable predictions of the performance. The electrical performance of the top and bottom panels operated in a 
mechanical stack has been obtained experimentally for various inter-panel separations in the range of 0-3 cm. 
Maximum output power density has been obtained for a separation of 0.75 cm. The mean value of output power 
density from CdTe (top panel) has been calculated as 32.3 Wm-2 and the mean value of output power density 
from μc-Si, the bottom panel of four-terminal photovoltaic system has been calculated as ~3.5 Wm-2. Results 
reported in this study reveal the potential of mechanically stacked four-terminal tandem solar photovoltaic 
system towards an energy-efficient configuration. 
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