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ABSTrACT: We studied the doping dependence of a nano-gap thermophotovoltaic device 
that utilises a p-on-n Si photovoltaic cell. The concentration of acceptor dopants, Na in the 
emitter region was varied from 1023 m−3 to 1025 m−3 while the donor concentration, Nd in the 
absorber region was varied from 1021 m−3 to 1024 m−3. The combination of Na and Nd that 
produces the highest conversion efficiency is Na = 1023 m−3 and Nd = 1022 m−3. However, the 
absorber doping concentration that produces the greatest output power is around 1023 m−3 

at all Na values. It is discovered that at higher Na values, the optical response of the device 
is less sensitive to Nd. It is shown that a decreasing diffusion length does not necessarily 
jeopardise performance especially when it already exceeds the absorber region thickness. 
This is due to the positive effects of a decreasing diffusion coefficient.

Keywords: Doping-dependence, nano-gap TPV, near-field heat transfer, silicon cell, 
thermophotovoltaics

1. INTrODUCTION

A nano-gap thermophotovoltaic (TPV) device is an energy generator that converts 
heat into electricity. The separation distance between the radiator and the TPV 
cell (receiver) is nanometric in size, hence the name. Just like conventional solar 
cells, it utilises photovoltaic (PV) cells to convert electromagnetic waves into 
electricity. When referring to TPV energy conversion, the term TPV cell is used to 
differentiate it from its solar-powered counterpart. 
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A basic PV cell design involves doping one section of an intrinsic material with 
acceptor dopants (p-type) and the other section with donor dopants (n-type) to form 
a p-n junction. Many studies have shown that varying the dopant concentration 
affects the performance of PV cells. One such study was conducted by Durán et al. 
in which they attempted to optimise the junction depth and doping concentration 
of solar cell emitters.1 The term “emitter” here refers to the top layer of the p-n 
junction and should not be confused with the TPV radiation source. They varied 
the emitter doping concentration from 8 × 1018 cm−3 to 1020 cm−3 and discovered that 
the cell efficiency increased with doping concentration up to an optimum value 
of 1.5 × 1019 cm−3 above which the efficiency decreased. Karazhanov studied the 
doping-dependence of a silicon, Si solar cell by varying the doping concentration 
of its p-type base region.2 As doping concentration is increased from 1016 cm−3 to 
1018 cm−3, the minority carrier diffusion length, short-circuit current (Jsc), open-
circuit voltage (Voc), fill factor (FF) and efficiency experience declined. They 
concluded that the optimal doping concentration should be less than 1017 cm−3. 
Relatively similar conclusions were made by Ouyang et al. in their experimental 
study of thin film polycrystalline Si solar cells.3 The doping concentration 
of the p-type base/absorber region was varied from around 2 × 1015 cm−3 to  
8 × 1017 cm−3. Their results show that Jsc values are greatest at lower doping 
concentrations while Voc and pseudo fill factor values peak at concentrations of 
1–2 × 1017 cm−3. They noted that Jsc is the dominating determinant of conversion 
efficiency, thus cell efficiency decreases as base doping concentration increases. 
Furthermore, they determined that the effective diffusion length (Leff) of minority 
carriers is one the major parameters that affect quantum efficiency. A high Leff 
would increase the collection probability of light-generated carriers, subsequently 
increasing efficiency. It has to be noted that these studies use an n-on-p cell 
configuration where the n-type layer is placed above the p-type layer with the 
n-type layer receiving light first. 

The doping concentration of a semiconductor also influences near-field heat 
transfer. Fu and Zhang studied the thermal energy transfer between Si parallel 
plates at different doping concentrations.4 Based on their calculations, an increase 
in doping concentration significantly increases the extinction coefficient of Si due 
to increased free carrier absorption. This increased contribution from free carriers 
causes greater spectral radiative heat flux at lower angular frequencies (below 
1014 rad s–1). Moreover, the net energy flux between two heavily doped Si plates 
is significantly higher than Si plates with lower doping concentrations. In another 
paper, the PV cell properties such as minority carrier mobility, diffusion coefficient, 
lifetime and depletion region length are all shown to be doping-dependent.5
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These studies allow us to safely conclude that changing the doping concentration 
of the TPV cell in a nano-gap TPV device would definitely affect its optical 
and electrical responses which in turn determine the performance of the entire 
system. Through this paper, we would like to shed more light on the relationship 
between doping concentration and the aforementioned responses of the device. It 
is hoped that this insight may allow researchers to make more informed decisions 
when conducting experimental studies on nano-gap TPV devices. The doping-
dependence of a nano-gap TPV device that utilises a p-on-n Si TPV cell will be 
studied. A p-on-n configuration is chosen to negate the possibility of a short circuit 
at the cell junction when a top ohmic contact is annealed to an n-type material.6 
The radiator is kept at 2000 K in order to produce a dominant wavelength of 1.5 μm 
(guaranteeing that any nanometric gap is within the near-field regime) while the 
TPV cell remains at 300 K (close to room temperature) with an arbitrarily chosen 
gap of 10 nm separating the two layers. We believe larger gaps would produce the 
same trends as long as the near-field regime is induced (the gap is smaller than the 
dominant wavelength of radiation). It has to be noted that the configuration used 
here is based on the work of Park et al.7

2. MODELLING AND SIMULATION
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Figure 1: Schematic diagram of a nano-gap TPV device.
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The nano-gap TPV device depicted in Figure 1 is simulated using the algorithm 
and simulation parameters described in Francoeur et al.8 Silicon carbide (SiC, a 
common infrared radiator) is used as the radiator (layer 0) while a Si (a common 
PV cell material) p-n junction (layers 2 and 3) is used as the TPV cell. Media 1 and 
4 are modelled as vacuum. The one-dimensional near-field heat transfer problem 
is solved using fluctuational electrodynamics where the Maxwell equations are 
solved using the fluctuation-dissipation theorem. The position-dependent spectral 
radiative heat flux is calculated using Equation 1 where l is the absorbing layer 
where the point of interest, zc is located. The analytical expression—in terms of the 
reflection coefficients— of the incident spectral heat flux transferred from a bulk 
radiator to an absorbing p-n junction is also derived and is calculated as the sum 
of Equations 2 and 3.9,10 The reflection coefficients of layers 2 and 3 are written as 
Equations 4 and 5, respectively. The interfacial Fresnel reflection coefficients are 
taken from Yeh.11 It has to be noted that the Fresnel transmission coefficients are 
negligible and so are not taken into account. The term Θ is the mean energy of a 
Planck oscillator.
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The TPV cell operation is modelled based on the work done in Vaillon et al. where 
the minority carrier transport is described by the minority carrier diffusion equation 
(Equation 6) which is used to determine the minority carrier densities, Δn.5,12 
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Equation 6 is solved using the Thomas algorithm with the inclusion of boundary 
conditions as described by Equations 7 and 8.13 The model uses the depletion 
region approximation which assumes that the depletion region is completely 
depleted of minority carriers and the regions on either side are quasi-neutral. 
Thus, the photocurrents can be calculated using Equations 9 to 11. Summing them 
up and integrating over all frequency values would yield the total photocurrent  
generated, Jph.
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Using this model, the J-V characteristic is generated by solving for the net current 
J(Vf) = Jph – J0(Vf) at increasing values of the forward bias, Vf and from there the 
maximum output power, Pm can be obtained. The dark current, J0 is obtained by 
solving the minority carrier diffusion equation in dark conditions, i.e., gω = 0. The 
boundary condition at the edges of the depletion region in the dark is described 
by Equation 12.5 The Jsc and Voc of the TPV cell are also obtained from the J-V 
characteristic. The efficiency of the nano-gap TPV device is calculated using 
Equation 13 where Pabs is the total radiative heat flux absorbed by the TPV cell. 
These quantities are used to evaluate the performance of the whole system. 

100 P
P

c
abs

m#h =  (13)

The SiC radiator is modelled as a damped harmonic oscillator (Equation 14) using 
the parameters (Table 1) found in Palik.14 The Si TPV cell’s dielectric function 
is described using a Drude model (Equation 15) detailed in Fu and Zhang with 
the addition of a lattice absorption model from Collins and Fan.4,15 The ionisation 
model of dopants used in our work is taken from Kuzmicz.16 
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Table 1: Parameters for modelling SiC.

ε∞ ωTO (rad s–1) ωLO (rad s–1) Γ (s−1)

6.7 1.494 ×1014 1.825 ×1014 8.966 × 1011
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The SiC radiator is kept at 2000 K while the TPV cell is kept at 300 K. The 
frequency range of the simulation starts from 5 × 1012 rad s–1 to 3.8 × 1015 rad s–1. 
The thickness of the p-type region is 0.4 μm while the n-type region is 10 μm thick 
as done in Park et al.7 It is unclear why Park et al. chose those thicknesses; it could 
be that those thicknesses were arbitrarily chosen as long as they were larger than 
the depletion region width. The diffusion lengths of minority electrons (p-type) 
and holes (n-type) could be another reason. Electrons have shorter diffusion 
lengths compared to holes. Furthermore, layers which are too thick would reduce 
the collection probability of those minority carriers. The surface recombination 
velocities of the TPV cell are taken from Vaillon et al. where Se = 10 m s–1 and  
Sh = 1 m s–1.5

3. rESULTS AND DISCUSSIONS

The doping concentration in the p-type region (acceptor), Na is varied from 1023 m−3 

to 1025 m−3. For each Na value, the n-type region doping concentration (donor), Nd 
is varied from 1021 m−3 to 1024 m−3. These values are chosen based on the doping 
concentrations used in past studies which are mentioned in the introduction. The 
results are presented in the following discussion.
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3.1 Performance
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Figure 2: Conversion efficiencies at different doping concentrations (note that only 
symbols represent actual data points. This is true for all figures with symbols).

As shown in Figure 2, the highest conversion efficiency among the simulated 
conditions occurs when Na = 1023 m−3 and Nd = 1022 m−3. It is interesting to note 
that as Na is increased, the optimum Nd for that particular Na value increases too 
up to Nd = 1023 m−3 where Pm is greatest, shown in Figure 3(b). This is because at 
higher Na values, the rise in Pabs in Figure 3(a) as Nd is increased dwindles causing 
the greatest efficiency to approach the point where Pm is greatest. Referring to 
Figure 4, Jsc and Voc are maximum at around Nd = 1023 m−3 which coincides with 
the point of maximum Pm. It is commonly reported that the doping concentration 
of the TPV cell base region needs to be as low as possible in order to maximise the 
effective minority carrier diffusion length, Leff in order to achieve greater Jsc values 
which should improve efficiency.3 However, the diffusion length may not be the 
only deciding factor, especially when TPV cells are relatively thin as is the case in 
this paper. The results shown in Figures 2 to 4 do seem to indicate that increasing 
Nd does improve performance up to a certain optimum value. This interesting 
observation will be analysed in Section 3.3.
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Figure 3: Plots of (a) total absorbed radiative heat flux and (b) maximum output power at 
different doping concentrations.
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3.2 Optical response

In this section, the optical response of the nano-gap TPV device is analysed. The 
effect of doping concentration on the spectral radiative heat flux profile is presented. 
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Figure 5: Monochromatic incident radiative heat flux as a function of angular frequency 
for (a) different combinations of Na and Nd and (b) when Nd is fixed at 1021 m−3.
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Based on Figure 5(b), as Na is increased, the incident spectral radiative heat flux 
increases significantly below the band gap frequency, ωbg while above band gap-
improvements are rather small. The narrow heat flux peak is caused by surface 
phonon-polariton resonance. The increase in heat flux can be explained by the 
greater absorption coefficient in highly doped silicon due to increased free carrier 
absorption.4 Greater absorption increases the so-called spectral absorptance 
(generalised emissivity), 1 R2

2

- ca k and Im R2c` j (in Equations 2 and 3) of the 
TPV cell.17−19 However, greater absorption below the band gap does not result 
in increased generation rate, thus the conversion efficiency of the nano-gap TPV 
device drops drastically as Na increases.

Referring to Figure 5(a), at lower Na values, as Nd increases, the heat flux sees 
noticeable increase between 1013 rad s–1 and 1.5×1014 rad s–1 due to increased free 
carrier absorption. However, at Na = 1025 m−3, the change in heat flux induced by 
the change in Nd becomes insignificant which explains the weaker rise in Pabs. This 
shows that at higher absorption coefficients, the optical response of the surface 
layer is the dominant factor in determining the incident heat flux. Thus, in order to 
achieve maximum radiative heat transfer, only a very thin layer at the surface of 
the TPV cell needs to be highly doped. It is interesting to note that even though the 
increase in Nd generates more unusable spectral heat flux, the conversion efficiency 
actually increases up to a certain optimum value which differs for different values 
of Na. This shows that the improvements brought about by increasing Nd outweighs 
its negative effects.

3.3 Electrical response

In this section, the effect of doping concentration on the electrical properties of 
the TPV cell and subsequently the generated photocurrent, Jph at short-circuit 
conditions is analysed and the reason for the improvements generated by increasing 
Nd is explained.
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Figure 6: Photocurrents of (a) Je, Jdp and (b) Jh at different doping concentrations.
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Table 2: Diffusion coefficient, lifetime and effective diffusion length of minority electrons 
at different acceptor concentrations.

Na (m−3) De (m2 s–1) τe (s) Leff,e (m)

1023 1.86 × 10−3 2.89 × 10−6 7.33 × 10−5

1024 6.91 × 10−4 2.82 × 10−7 1.40 × 10−5

1025 2.61 × 10−4 2.27 × 10−8 2.43 × 10−6

Table 3: Diffusion coefficient, lifetime and effective diffusion length of minority holes at 
different donor concentrations.

Nd (m−3) Dh (m2 s–1) τh (s) Leff,h (m)

1021 1.21 × 10−3 1.25 × 10−5 1.23 × 10−4

1022 1.10 × 10−3 1.25 × 10−5 1.17 × 10−4

1023 7.76 × 10−4 1.25 × 10−5 9.85 × 10−5

1024 3.70 × 10−4 1.04 × 10−6 1.96 × 10−5

3.3.1 Varying Na

Referring to Figure 6, as Na increases, Je experiences improvements while Jh 
declines. The increase in Je is due to the build-up of excess minority carriers, Δne 
shown in Figure 7(a) in the emitter region. This build-up is caused by greater 
electron-hole pair (EHP) generation as temit increases and the diffusion coefficient 
decreases (Table 2). The value of Jdp depends on the wideness of Ldp which is the 
sum of the depletion region width in both p and n-type regions. Furthermore, 
they are all functions of Na and Nd.12,20 Thus, a wider depletion region width 
generates more Jdp. When Nd is below 1022 m−3, an increasing Na widens Ldp. Above  
Nd = 1022 m−3, the opposite is true as the width becomes narrower which explains 
the decreasing Jdp in Figure 6(a). However, the depletion region width in the n-type 
region continues to increase (tabs decreases), causing less radiative heat flux to be 
absorbed in the absorber region thus generating less EHPs which reduces Jh albeit 
in small amounts. Overall, the increase in Je and Jdp causes Jph to increase as Na is 
increased from 1023 m−3 to 1025 m−3. 

3.3.2 Varying Nd

Referring to Figure 6, Je and Jdp decrease as Nd is increased. Greater Nd values 
cause the depletion region width in the p-type region to expand when Na is fixed. 
This reduces the thickness of the TPV cell emitter region, temit which subsequently 
reduces the amount of EHPs generated in this region, hence the declining Je. 
However, the overall width, Ldp shrinks causing less Jdp to be generated.
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Jh increases as Nd is increased from 1021 m−3 to 1023 m−3 but drops when Nd is 
increased further. Jh is proportional to Dh and also the excess minority carrier 
gradient at the depletion region boundary in the n-type region.5 The increase of Jh 
as doping concentration increases can be explained by the increase in the gradient 
due to the buildup of Δnh (Figure 7(b)) during illumination as a result of the lower 
Dh (Table 3) while τh remains largely unchanged, i.e., the recombination rate is 
hardly affected. This shows that a lower D is only useful when τ remains relatively 
constant. However, it has to be noted that Leff,h continues to decrease. At 1024 m−3, 
the effect of a much lower Dh on Jh outweighs the buildup of Δnh, hence the smaller 
Jh value. Furthermore, at 1024 m−3, τh experiences quite a significant decline which 
also compromises the buildup of Δnh. This ties in with the physical picture where 
a lower Dh and τh reduce the collection probability of EHPs, causing less current 
to be generated. However, it is clear that relying on Leff as a measure to predict 
performance is not sufficient especially when the TPV cell is thin to begin with. 
It would be wiser to include in the analysis the effects of D and τ as the interplay 
between these two parameters paints a more complete picture. Jh is the main 
contributor of photocurrent and thus the Jph profile matches the Jh profile.

3.3.3 Dark current
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Figure 8: Dark current as a function of applied voltage at different doping concentrations. 
Na is fixed at 1024 m−3.
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Based on Figure 8, as doping concentration increases, the dark current (diode 
current) decreases. As doping increases (greater majority carrier concentration), 
the dark saturation current due to recombination decreases as it is inversely 
proportional to the doping concentration.21 This is because recombination is limited 
by the equilibrium minority concentration, thus a lower minority concentration 
would reduce the recombination rate.22 However, at Nd = 1024 m−3, the trend 
reverses due to the much lower τh, which increases recombination. This explains 
the Voc and FF profiles in Figures 4(b) and 4(c). Thus, maximising the photocurrent 
should not be the only goal as reducing the dark current contributes towards the 
increase in efficiency.

4. CONCLUSION

We have studied the doping-dependence of a nano-gap TPV device that uses a 
p-on-n Si TPV cell. It is discovered that the highest conversion efficiency value 
is achieved when Na = 1023 m−3 (lowest Na simulated) and Nd = 1022 m−3 while 
the greatest output power is generated when Na = 1025 m−3 (highest Na simulated) 
and Nd = 1023 m−3. The optical response of the device depends very much on the 
doping concentration of the TPV cell. High doping levels would greatly increase 
free carrier absorption which causes greater radiative heat transfer between the 
radiator and the receiver especially at frequencies below the band gap. At high 
Na values, the optical response is less sensitive to the change in Nd. It is also 
discovered that the lowest donor concentration in the absorber region may not 
necessarily produce the best results despite the greater diffusion length. When the 
absorber thickness, tabs is smaller than Leff,h, the positive effects of a decreasing 
Dh outweigh its negatives until Nd is increased beyond an optimum value. This 
explains why Pm is greatest when Nd = 1023 m−3. A decreasing diffusion coefficient 
is also partly the reason behind the increasing Pm as Na is increased. Increasing the 
doping concentration also reduces the generation of dark current provided that the 
minority carrier lifetime is not too low. It is clear from the analysis done in this 
work that doping concentration has a heavy bearing on the performance of nano-
gap TPV devices and thus should be given great consideration when designing 
energy generators of this sort.
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