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Abstract 

We determine the limiting efficiency for monolithic tandem solar cells that employ crystalline silicon 

for the top-cell as well as for the bottom cell. In such a design, the top-cell extends over the region of 

very high generation rate that forms at the front of the device. Consequently, the design benefits 

from a high excess carrier density in the top-cell, resulting in a voltage in the tandem device that is 

more than twice the voltage of equally thick single junction solar cells. Considering Coulomb-

enhanced Auger recombination coefficient, we find a maximum efficiency of 30.7% for a total device 

thickness of 500 µm wherein the top cell thickness amounts to 2.15 µm, representing gain of 1.1% 

(abs) with respect to the limiting efficiency of single junction devices.  

Introduction 
In 1961, Schockley and Queisser presented a rigorous determination of the limiting efficiency of 

single junction solar cells with respect to the bandgap [1]. Based on detailed balance, they assumed 

radiative transitions as only fundamental recombination process and reported an efficiency limit of 

30% for the bandgap value of silicon. In 1984, Tiedje calculated the limiting efficiency of silicon solar 

cells, taking into account the indirect nature of its bandgap as well as Auger recombination [2]. For a 

cell thickness 𝑤, they expressed the 𝑗(𝑉) characteristics by 𝑗 = 𝑗𝐿 − 𝑞𝑤𝑅. The recombination rate 𝑅 

contains the applied bias voltage through the 𝑛𝑝 product which is given by 𝑛𝑝 = (𝑛0 + Δ𝑛)(𝑝0 +

Δ𝑛) = 𝑛𝑖
2 exp(𝑞𝑉/𝑘𝑇). For 𝑅, they used the free-particle parameters of Auger recombination, for 𝑗𝐿 

they implemented a simplified Lambertian model, and they separated the contributions of band-to-

band transitions and of free carrier absorption. Thus, they found an optimum efficiency of 29.8% for 

a 100 µm thick cell. Also in 1984, Green obtained the same value of 29.8% for a 100 µm thick cell 

based on an idealized model for current generation and transport; based on diffusive transport 

within the device, he obtained a practical efficiency limit of 25% for the wafer quality available at the 

time.  

In 2002, Kerr proposed a parametrisation of Coulomb enhanced Auger recombination [3]. 

Calculating 𝑗𝐿 with a ray-tracing approach, they found an optimum efficiency of 29.05% for a 90 µm 

thick cell of lowly doped material [4]. In 2006, Swanson gave a critical assessment how to bridge the 

gap between the idealized and the practical efficiency limit, putting the latter at 27% [5]. In 2012, 

Richter presented an updated parametrisation for Auger recombination [6]. Including the effects of 

band gap narrowing on 𝑛𝑖
2 [7] but sticking to the simplified optical model of Tiedje, they found an 

optimum efficiency of 29.43%. for a 110 µm thick cell [8]. In 2018, Schäfer extended Richter’s results 

by a rigorous treatment of Lambertian scattering and found an optimum efficiency of 29.56%. for a 

98 µm thick cell [9]. Also in 2018, Veith-Wolf proposed a different Auger parametrisation for n-type 

silicon which extrapolates to a lower bulk lifetime in lowly doped material; using the same 

Lambertian scattering model as Schäfer [9], they find an optimum efficiency of 29.47% [10]. In 2019, 



Bhattacharya proposed an optical design for photocurrents beyond the Lambertian limit, resulting in 

limiting efficiencies up to 31.07% [11] 

Even though silicon solar cells are limited by Auger recombination, we note that the limitation is not 

due to particularly high Auger coefficients (for example, those of GaAs are even higher [12]). 

Nevertheless, Auger recombination dominates because the indirect bandgap of silicon yields a very 

low radiative recombination coefficient and a very weak absorption. Thus, silicon solar cells need 

thick absorbers that spread the photogeneration over large volumes. As a result, the splitting of the 

quasi Fermi levels remains moderate and the voltage low compared to the bandgap. To avoid this 

issue, Green proposed monolithically integrated Si/Si tandem with a matched current density of 21.1 

mA/cm2 [13]. Based on the optimum thickness of single junction cells, he modelled a 100 µm thick 

device, projected the generation rates within current matched cells of 1.6 µm and 98.4 µm 

thickness, and used the free-particle Auger model to determine the component voltages under Voc 

conditions. Finally, using an empiric relation between𝑉𝑜𝑐  and 𝐹𝐹 [14], he estimated a limiting 

efficiency of 30.8% for the tandem device [13].  

In this contribution, we revisit the idea of a Si/Si tandem cell. We use current matching at the 

maximum power point (MPP) without the restriction to a single device thickness, considering band 

gap narrowing and Coulomb enhanced Auger recombination [6], [10], [15], and we take into account 

Lambertian light scattering with photon recycling.  

Methodology 
Our approach assumes a monolithic series-connection and follows the derivation of the efficiency 

limit of silicon single junction solar cells [2], [4], [8], [9]. Thus, we calculate the 𝑗(𝑉) characteristics 

according to 𝑗(𝑉) = 𝑗𝐿 − 𝑞𝑤𝑅 by setting a bias voltage 𝑉 and solving 𝑛𝑝 = (𝑛0 + Δ𝑛)(𝑝0 + Δ𝑛) =

𝑛𝑖
2 exp(𝑞𝑉/𝑘𝑇) for the resulting excess carrier density Δ𝑛. Here, the intrinsic carrier density 𝑛𝑖 

depends on Δ𝑛 due to band gap narrowing [7]. Next, we assess the absorbtance 𝐴(𝜆) which 

determines the photocurrent 𝑗𝐿, but also the probability for photon recycling 𝑃𝑃𝑅. To this end, we 

assume zero reflection at the front, full randomisation by Lambertian light scattering, attenuated 

propagation across the cell thickness 𝑤 as described by a transmission term 𝑇(𝛼𝑤), and perfect rear 

reflection. Upon its return to the front, light arriving within the escape-cone is coupled out, the 

remainder is subject to total internal reflection. For a single-junction device, multiple round-trips 

yield an infinite sum which is readily evaluated to the following expression [16]:  

𝐴(𝜆) =
𝛼𝑏𝑏

( 𝛼𝑏𝑏 + 𝛼𝐹𝐶𝐴)
⋅

(1 − 𝑇(𝛼𝑤)) + 𝑇(𝑤)(1 − 𝑇(𝛼𝑤))

1 − 𝑇2(𝛼𝑤)(1 − 1/𝑛𝑆𝑖
2 )

 
(1) 

We assume that the absorption coefficient 𝛼 is composed of 𝛼 = 𝛼𝑏𝑏 + 𝛼𝐹𝐶𝐴 to account for band-

to-band transitions and for parasitic absorption of the free carrier plasma, respectively. Thus, the 

leading factor in eq. (1) selects out of the total absorbance only the fraction that creates electron-

hole pairs. The ratio of out-coupled light is defined by 1/𝑛𝑆𝑖
2 , using the refractive index of silicon 𝑛𝑆𝑖. 

Both, 𝛼𝑏𝑏 and 𝑛𝑆𝑖 are tabulated for 300 K [17], therefore we use the temperature coefficients given 

in the same reference to extrapolate them to 298 K. For 𝛼𝐹𝐶𝐴, we use a recent parametrisation [18].  

The term 𝑇(𝛼𝑤) describes the fraction of the transmitted light intensity between two scattering 

events as illustrated in Figure 1. Lambertian light scattering is usually associated with a path length 

enhancement equal to 2. Thus, 𝑇(𝛼𝑤) is simply expressed as:  

𝑇(𝛼𝑤) = exp(−2𝛼𝑤) (2) 



Even though frequently used in the literature, eq. (2) is based on the assumption that the 

Lambertian distribution is maintained at all times. However, in the spectral region where silicon is 

strongly absorbing, light that is scattered into high angles is absorbed in a shallow region close to the 

interface whereas light scattered into the specular direction penetrates deeper into the material. 

Consequently, the angle resolved intensity distribution changes towards a more and more specular 

profile as illustrated in Figure 1. Upon scattering at the rear or at the front, the distribution is once 

again fully randomised. To cover weak as well as strong absorption, 𝑇(𝛼𝑤) is expressed with the 

exponential integral Ei(𝑥) as follows [19]–[21]:  

𝑇(𝛼𝑤) = exp(−𝛼𝑤) ⋅ (1 − 𝛼𝑤) + (𝛼𝑤)2Ei(𝛼𝑤) (3) 

Once the absorptance is defined in terms of 𝑇(𝛼𝑤), the photocurrent density 𝑗𝐿 is obtained by 

multiplication with the photon density in the illumination spectrum [22] and numerical integration 

over the wavelength range of interest. The absorptance gives also access to the probability of 

photon recycling [8]: 

𝑃𝑃𝑅 =
∫ 𝐴(𝜆) ⋅ 𝐵(𝐸)𝑑𝐸

∫ 𝐵(𝐸)𝑑𝐸
 

(4) 

Here, 𝐵(𝐸) is the spectral radiative recombination coefficient [23], [24] and we substitute 𝐸 = ℎ𝑐/𝜆 

to better comply with tabulated data. Thus, the effect of photon recycling is described by multiplying 

(1 − 𝑃𝑃𝑅,𝑚) to the radiative recombination coefficient 𝐵 that appears in the recombination rate 𝑅.  

Finally, we model Auger recombination according to a recent parametrisation that takes into 

account Coulomb-enhancement [6].  

 

Figure 1: Fraction of transmitted light between a scattering event (circle) and incidence at an interface (arrowhead). 
Weakly absorbed light maintains the angular distribution (left), for strongly absorbed light it sharpens until 
randomisation at the next interface (middle). The right panel illustrates a situation with different absorption coefficients 
above and below an interconnecting junction.  

Assuming a monolithic tandem structure with an interconnecting junction made of silicon, light 

scattering remains unchanged and the infinite sum leading to eq. (1) is readily generalised to express 

the absorptances in the two stacked component cells (𝑚 = 1,2) with their respective thicknesses 𝑤1 

and 𝑤2 = 𝑤 − 𝑤1:  

𝐴1 =
𝛼𝑏𝑏

 𝛼𝑏𝑏 + 𝛼𝐹𝐶𝐴,1
⋅

(1 − 𝑇(𝛼1𝑤1)) + 𝑇(𝛼1𝑤1 + 𝛼2𝑤2)(𝑇(𝛼2𝑤1) − 𝑇(𝛼1𝑤1 + 𝛼2𝑤2))

1 − 𝑇2(𝛼1𝑤1 + 𝛼2𝑤2)(1 − 1/𝑛𝑆𝑖
2 )

 
(5) 



𝐴2 =
𝛼𝑏𝑏

𝛼𝑏𝑏 + 𝛼𝐹𝐶𝐴,2
⋅

(𝑇(𝛼1𝑤1) − 𝑇(𝛼1𝑤1 + 𝛼2𝑤2)) + 𝑇(𝛼1𝑤1 + 𝛼2𝑤2)(1 − 𝑇(𝛼2𝑤2))

1 − 𝑇2(𝛼1𝑤1 + 𝛼2𝑤2)(1 − 1/𝑛𝑆𝑖
2 )

 
(6) 

After the calculation of 𝑅 and 𝑗𝐿, the procedure is looped through different bias voltages and the 

current-voltage characteristic is assembled. In case of the tandem cell, the form 𝑉𝑚(𝑗) is chosen and 

combined into 𝑉(𝑗) = 𝑉1(𝑗) + 𝑉2(𝑗). Subsequently, the maximum of 𝑃(𝑗) = 𝑗 ⋅ 𝑉(𝑗) is used to find a 

first approximation for the matched current density and for the voltages at MPP. These are used to 

adjust Δ𝑛 and 𝛼𝐹𝐶𝐴 in the component cells, and another iteration is initiated.  

Results 
The black characteristics in Figure 2 show projected efficiencies of single junction cells using 

undoped Si. Using the rigorous treatment of Lambertian scattering according to eq. (3), our 

implementation predicts a limiting value of 29.63% for a 100 µm thick cell as shown by the thick 

black line. The numerical value differs slightly from latter 29.56% as found by Schäfer [9], possibly 

due to differences in the implementation of the models. We note that the simplified transmission 

factor of eq. (2) overestimates the generation rate; it would yield an efficiency limit 29.68% for 100 

µm as indicated by the thin lines in Figure 2. Finally, the effect of photon recycling is generally 

assumed minor in silicon solar cells as the indirect bandgap yields a low luminescence efficiency. 

However, without this effect we obtain a limiting value of only 29.54% instead of 29.63 for the 100 

µm thick cell and the difference between the full and the dashed lines in Figure 2 illustrates that the 

effect becomes increasingly beneficial as the device thickness increases. 

 

Figure 2: Limiting efficiencies for Si single-junction (black) and Si/Si tandem solar cells (red) with respect to device 
thickness. Dashed and full and lines refer to modelling without and with photon recycling, respectively. As indicated by 
arrows, thin and thick lines represent 𝑻(𝜶𝒘) according to eq. (2) and eq. (3), respectively. The dash-dotted curve refers 
to the top-cell thickness (right scale). 

For Si/Si tandems, we find optimum values of 30.53% and 30.74% for the modelling without and 

with photon recycling, respectively, in both cases for a device thickness of 500 µm. Figure 2 shows 

that the simplified Lambertian model according to eq. (2) would yield noticeably higher values. As 

the overestimation of eq. (2) with respect to eq. (3) is more pronounced for short wavelengths, a 

lower top-cell thickness would be needed for matching and thus yield higher generation rate. 

Figure 3 illustrates the reason for the gain in the tandem configuration with respect to the single 

junction cell. Owing to the high level of photogeneration close to the front surface, the top-cell 

thickness required for current matching varies only between 1.6 and 2.7 µm for the whole range of 
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device thicknesses (between 1.4 and 2.2 µm if eq. (2) is used). Consequently, it maintains a high 

excess carrier density of ca. 2x1016 cm-3 and contributes more than 750 mV to the tandem at MPP. In 

the bottom cell, increasing thickness decreases the carrier density from 1x1016 cm-3 to 2x1015 cm-3. 

At MPP, it contributes 726 mV in the thinnest tandem, but only 640 mV for the thickest one. Figure 3 

shows that the MPP voltage of the tandem device varies only between 1.48 and 1.39 V whereas the 

variation in the single-junction cell resembles the strong drop of the bottom cell. The parameters of 

cells with optimum configuration are summarized in Table 1.  

 

Figure 3: Voltage at MPP of single junction cells (black) and tandem cells (red, divided by 2 for better illustration). 
Voltages of the component cells are shown in orange, dashed and full lines refer to modelling without and with photon 
recycling, respectively.  

Table 1: Parameters of the optimum cell configurations without and with the effect of photon recycling. The first four 
columns are based on the rigorous Lambertian model of eq. (3) and the last two columns refer to an optical model 
without light scattering in the top cell.  

 Single junction Tandem Tandem w/o scattering top 

 w/o PR with PR w/o PR with PR w/o PR with PR 

Thickness (µm) 100 100 2.15/500 2.15/500 4.3/500  

Voc (mV) 762 764 1532 1535 1525 1528 

jsc (mA/cm2) 43.4 43.4 22.3 22.4 22.4 22.4 

FF 89.1 89.3 89.4 89.4 88.9 89.3 

Efficiency 29.49 29.63 30.53 30.74 30.37 30.56 

Optical model 
Silicon solar cells require surface texture to reduce their primary reflection and to enhance the 

absorption length within the absorber. Usually, textures are obtained by caustic etching of 100-

oriented Si which yields square pyramids with 111-oriented facets and a typical size between 2 and 5 

µm. Thus, the top-cell should follow the texture conformally at a precisely defined depth and the 

photocurrent would be created essentially by a single passage of strongly absorbed light. As the 

photocurrent of the bottom cell is mainly created by weakly absorbed light, we may still assume 

randomisation of these wavelengths within the remainder of the device [13]. Thus, light scattering in 

the top-cell should be removed from eqns. (5) and (6), but it should be maintained for the bottom-

cell. As a result, the top cell thickness required for current matching is approximately doubled, and 

its generation rate is reduced accordingly. The limiting efficiencies for the tandem devices are thus 
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reduced by ca. 0.2% (abs) as shown in Table 1. The optical loss could be mitigated by introducing a 

modulated surface texture that provides scattering for short as well as for long wavelengths [25].  

Manufacturability 
The idea of using same-bandgap tandems is not a new one but was frequently used for a-Si/a-Si 

tandems made of amorphous silicon solar cells. Initially they were proposed to provide a potential 

similar to mercury cells [26], e.g. for solar-powered pocket calculators. Soon after, other advantages 

of same-bandgap tandems were noted [27]. First, the poor transport in a-Si implies a practical limit 

to the thickness of solar cells that is not sufficient for full absorption of the incident light. Two cells 

can be stacked to a larger total thickness and thus absorb more light. Second, tandem cells are less 

vulnerable to light-induced degradation as the strong drift field in the thin top cell maintains good 

carrier extraction even with the creation of light induced defects during operation. Finally, the a-

Si/a-Si tandem cells had a clear advantage for module integration as their reduced photocurrent 

density relaxed the requirement of conductivity in the transparent front contact layer[28], [29]. The 

concept was later extend to the micromorph tandem which covered a wider spectral range by 

combining different bandgaps in an amorphous top-cell and a nanocrystalline bottom-cell [30].  

In the domain of crystalline silicon, c-Si/c-Si tandems could also provide a benefit to module 

integration. The last years showed a steady increase in wafer size, accompanied by a trend towards 

module integration of cut cells [31]–[33]. The reduced current of half, or even smaller, cells requires 

less silver in the metallisation, but there is a penalty in efficiency because of surface damage along 

the cleaving edge. The use of c-Si/c-Si tandems would reduce the current without the losses 

associated to cleaving.  

In the monolithic integration that we considered here, the component-cells should be 

interconnected by a tunnelling-junction between the component-cells, requiring at least four regions 

with different doping type and concentration. This is well within the capabilities of silicon technology 

where pn/pn junctions are regularly made with triple-well CMOS processes. Triple-well processes 

were already used to integrate solar harvesters into self-powered circuits [34], [35]. However, the 

goal of these efforts was not to develop tandem cells but to provide a harvester as add-on to the 

circuit. Consequently, the dopant profiles were not necessarily ideal for efficient solar cells [34] and 

only the upper junction was used for a solar cell in single-junction configuration, whereas the 

underlying junction served to separate the cell from the circuitry [35].  

The fabrication of the tunnelling junction would be additionally complicated by the need for surface 

textures which are mandatory for absorption enhancement in solar cells. Two fabrication methods 

appear feasible; one could imagine to form a tunnelling junction at the textured surface [36], 

followed by epitaxy of the top cell and processing of another junction at the front. The issue here 

would clearly be the epitaxy of a layer with high bulk quality [37], even though the high excess 

carrier density in the top cell could tolerate a higher level of defect recombination than the bulk of 

the bottom cell [13]. Alternatively, one could imagine to process the tunnelling junction by deep 

implantation [38], taking into account the additional complication of implantation into a textured 

sample surface [39].  

Limiting efficiencies are generally calculated by assuming zero losses in the doped regions close to 

the contacts as well as perfect surface passivation. Here, we assumed the same for the tunnelling 

junction. Modelling of Si/Si tandem cells with PC1D suggested that the parasitic absorption in these 

regions remains manageable, but it revealed that there are substantial issues with surface 

recombination that ultimately limit the gain in operating voltage [40]. Figure 4 illustrates the issue 



schematically for the band diagram of a 𝑝-type tandem solar cell where each of the component-cells 

contain a highly doped 𝑛+ region at the front and a highly doped 𝑝+-region at the rear. Except for its 

high doping level, the interconnecting junction is a regular 𝑝-𝑛 junction in which the majority Fermi 

levels must align. The splitting of the minority Fermi levels cannot extend across the junction as this 

would indicate occupation of highly excited states that would immediately thermalize to the 

respective band edges. As a result, the bottom-cell acts for the top-cell like a metallic rear contact 

with infinite surface recombination velocity and vice-versa. One way to avoid this situation would be 

the insertion of a passivating oxide layer as demonstrated with passivating tunnelling junctions 

intended for tandems with perovskite top-cells [41], [42]. As the growth of a silicon top-cell on the 

tunnelling oxide appears challenging, the creation of a buried oxide as in silicon-on-insulator (SOI) 

technology appears more feasible. Surface recombination velocities between 500 and 1000 cm/s 

were reported for SOI structures [43], but their use in a Si/Si tandem device would either require 

contact openings in the oxide [13], and the low refractive index of the oxide would likely violate the 

assumption of undisturbed light scattering.  

 

Figure 4: Schematic band diagram of a monolithic tandem device under operating conditions (illumination and 𝑽 < 𝑽𝒐𝒄). 
Energies and distances not to scale.  

Alternatively, a variety of methods was proposed for the fabrication of thin silicon membranes and 

their processing into solar cells [44], [45]. Even though such cells could be contacted completely 

independently, there are several reasons in favour of a monolithic series connection. For example, 

applying four contact patterns would cancel the advantage of reduced silver consumption, and 

misaligned metallisation grids would lead to inacceptable shadowing losses. Moreover, very thin 

silicon membranes normally require attachment to a carrier substrate for handling [45]. Obviously, a 

crystalline silicon bottom-cell would be an ideal carrier.  

Conclusions 
We investigated the limiting efficiency of c-Si/c-Si tandem solar cells. Similar to c-Si single-junction 

solar cells, Auger recombination represents the main limitation. The configuration nevertheless 

bears an advantage because the top-cell contributes a high voltage due to the high generation rate 

close to the front surface. For a configuration with ideal Lambertian absorption enhancement, we 

find an optimum efficiency of 30.74% for a total thickness of 500 µm. This value is surprisingly close 

to the original estimate of 1986, but it emerges on the basis of different recombination statistics, a 

different optical model, and for a larger device thickness. The path enhancement in the top-cell is 

drastically reduced in more realistic cell configurations that employ 111-oriented pyramids at the 

front. For this case, we estimate that the optimum efficiency can still attain 30.56%. Manufacturing 

of such devices would require resolving several practical challenges, in particular the one of 

obtaining a quasi-perfect surface passivation for the buried tunnel junction.  
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