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ABSTRACT

Various spectral control techniques can be applied to improve the performance of a
thermophotovoltaic (TPV) device. For example, a back surface reflector (BSR) is a common structure
to improve the performance of TPV devices. A conventional metal BSR structure enhances the
photogeneration rate by increasing the absorption probability of photons via back surface reflections,
affording a second chance for absorption. However, the effects of surface passivation and external
luminescence introduced by BSR structures have been previously ignored, which potentially
decreases the performance of TPV devices. Recently, a back gapped reflector (BGR) structure was
proposed to greatly improve the performance of far-field TPV devices by reducing imperfect
reflections at the semiconductor-metal interface. In the present work, the performance improvement
on a thin-film, near-field InAs TPV device with a BGR is investigated, comparing its performance to
that with a conventional metal BSR. Surface passivation conditions are also investigated to further
improve the performance of TPV devices with back reflectors. The output power and efficiency are
calculated using an iterative model combining fluctuational electrodynamics and the full drift-
diffusion model. For the well-passivated condition, when the BSR is replaced by the BGR, the
calculated conversion efficiency of the near-field TPV was improved from 16.4% to 21% and the
output power was increased by 10%. Finally, the absorption of the back reflectors and external

luminescence loss are analyzed to explain the performance improvement.
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1. Introduction

Thermophotovoltaics (TPVs) convert thermal radiation into electricity from terrestrial heat
sources. A TPV device consists of three main components: an emitter that radiates photons by
consuming thermal energy from a heat source, a TPV cell that converts incident photons into
electricity, and a vacuum gap between the emitter and cell. With the benefits of compact size and
solid-state operation, TPV devices could achieve widespread applications enabling local thermal
energy storage [1, 2], waste heat recovery [3, 4], aerospace power generation [5, 6], nuclear power
conversion [7, 8], and direct solar energy conversion [9-16]. Among various applications, solar
thermophotovoltaics (STPVS) is a promising electricity generating technology that possesses a
high theoretical system efficiency of 54% without using concentration or a selective absorber [17],
and exceeds the Shockley-Queisser limit of 33.7%. Datas and Algora [16] developed a practical
STPV device using HfO> coated tungsten as the absorber and emitter, which exhibited 0.8%
system efficiency. Lenert et al. [10] experimentally demonstrated a multiwalled carbon nanotube
STPV device with 3.2% efficiency. Bierman et al. [15] further improved the solar-to-electrical
efficiency reaching 6.8% with a one-dimensional photonic crystal selective emitter and a tandem
plasma-interference optical filter. Recently, Bhatt et al. realized a STPV system with the overall
conversion efficiency of 8.4% by using a nanostructure-based selective emitter [18]. The primary
difference between the practical efficiency and theoretical efficiency of STPVs suggests that even
greater performance can be achieved.

Current efforts have been directed toward optimizing the photon emission and absorption
processes to match the bandgap energy of cell materials, which is the primary approach to realizing
high efficiency TPV devices [17, 19, 20]. Several research groups have achieved wavelength
selectivity and direction-insensitivity on TPV emitters using periodic nanostructures including
gratings [21-24], nanowires [25], and photonic crystals [26], which also exhibit enhanced
emittance by the excitations of surface polaritons and cavity resonance. Considering the working
temperature of TPV systems (e.g., 600-1300 K), narrow bandgap semiconductor materials are
preferred to produce larger output power density than regular solar cell materials [4, 14, 27].



Additionally, near-field radiation has been proposed as one of the promising mechanisms to greatly
enhance the performance of TPV devices by Whale and Carvalho [28]. When the vacuum gap
distance is reduced to the microscale or even nanoscale, additional coupled evanescent photons
tunnel through the gap and dominate the radiation exchange between the emitter and cell [29].
Significant experimental progress has been made in recent years [29-35]. To further optimize the
efficiency and boost the output power density of near-field TPV devices, the similar spectral

control techniques mentioned above can also be applied [36-39].

A back reflector is a common way to improve the performance of a TPV device by increasing
the interband absorption while recycling photons below the bandgap energy [40, 41]. Two different
BSRs were investigated for a far-field Ge TPV cell by Fernandez et al. [42]. The proposed
dielectric BSR can feature high infrared reflection and excellent surface passivation of the backside
of Ge TPV cells; however, the effect of the absorption of BSRs on the TPV performance has not
been discussed. A parametric study on the effects of a BSR and surface recombination on a near-
field InGaSb TPV device was performed by Bright et al. [41]. This parametric study used a
combined model that neglected the near-field effects on the dark current and internal
luminescence, which might be important for certain TPV devices [43, 44]. Recently, Fan et al.
[45] proposed a thin-film TPV cell design with a BGR, which can greatly enhance the performance
of a far-field InGaAs TPV device by reducing the absorption in the back reflector. Inoue et al.
investigated the performance improvement of non-contact reflectors on both sides of a Si-based
TPV device [46]. Similar structures have not been applied to near-field thin-film TPV devices,

which may see even greater improvements in device performance.

In this paper, a thin-film InAs TPV device with a BGR is investigated using a newly proposed
photon-charge coupled iterative model [44]. By comparing to a conventional metal BSR with
different surface passivation conditions, the performance enhancement potential of this BGR is
investigated for both far- and near-field regimes. The radiation exchange carried by propagating
waves and evanescent waves are separately discussed for different vacuum spacings. The back gap
thickness of the BGR is varied to optimize the efficiency of the InAs TPV device. The efficiency
reduction, due to imperfect reflections at the semiconductor-metal interface, and output power

loss, due to external luminescence and surface recombination, are also analyzed. Note, the loss



mechanisms also depend on the back gap thickness of the BGR, which can potentially guide the

design and optimization of TPV devices with higher efficiency and larger output power.

2. Methodology

A thin-film InAs TPV device with a BGR (TPV-BGR) is shown in Fig. 1a, which is compared
with a TPV device with a conventional BSR (TPV-BSR) shown in Fig. 1b. A vacuum gap with a
variable thickness (d) separates the tungsten emitter and InAs TPV cell. The tungsten emitter is
modeled as an infinitely thick bulk with temperature at Te = 900 K. The p-doped and n-doped InAs
layers with thicknesses of d, = dn = 200 nm, are respectively subdivided by a 50-layer nonuniform
mesh to consider the localization effect on photogeneration and photon chemical potential [44].
Au is used for both BGR and BSR, and the thickness day is chosen to be 100 nm to ensure all
incident photons are reflected or absorbed. The front metal grid and the back metal grid are ignored
in the radiation exchange due to the low shading area (less than 5%). The back metal grid in the
BGR structure is used to support the vacuum gap between the cell and the back reflector.
Consequently, the series resistance of the grid and the busbar is ignored in the charge transport
model. The temperature of the InAs cell (including BSR or BGR) is assumed to be room
temperature, Tc = 300 K. Both devices require a vacuum environment to minimize the convection

between the emitter and cell.

The charge transport equations for each layer are prescribed by full drift-diffusion model

expressed as [44]:
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where ¢, is the dielectric constant of the cell material, and &, is the vacuum permittivity. ¢ is
the electrostatic potential, and q is the elementary charge. N, and Np are the acceptor and donor

concentrations, respectively. Note that n and p are the electron and hole concentrations, which are
functions of time (t) and space. This transient model is used to solve the steady-state condition of
a TPV cell and detailed procedures can be found in Ref. [43].
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The net photogeneration rate per unit volume is uniformly distributed inside layer j, which is

solved by fluctuational electrodynamics with 100% internal quantum efficiency:
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where @ is the angular frequency, ay = Eg/ 72 is the frequency that corresponds to the bandgap
energy ( E4) with 7 being the reduced Planck constant, and T and x are the absolute temperature
and photon chemical potential of the corresponding layer, respectively. Az; is the thickness of

layer j. The function ¥ is the modified Bose-Einstein distribution [44]. The function Y is the

fraction of photons emitted at a given frequency from layer m that is absorbed by layer j and vice
versa. The detailed expression can be found in Ref. [44, 47]. Note, nonlocal effects of the optical
response are neglected in this model [48, 49].

The Auger recombination and the Shockley-Read-Hall (SRH) recombination rate are
calculated respectively as follows [44]:
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where C, and C,, are the Auger recombination coefficients for electrons and holes, n; is the

intrinsic carrier concentration, z, and z, are the bulk lifetimes for electrons and holes,

p

respectively. n., and p,, are the electron and hole trap concentrations that are set to be the same

as the n; in the modeling.

The charge current densities, J, and J,,, are modeled in terms of drift and diffusion forces as

follows:
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where v, and v, are the mobility of electrons and holes, respectively, and D, and D,, are the
diffusion coefficients, which are related to mobility according to Einstein’s relation D =uvkgT /q
for each type of carrier. The electron and hole mobilities are functions of temperature and doping
concentration, which is calculated by a Caughey-Thomas-like model [44, 50]. Ohmic contact is

assumed and governing equations (1), (2), and (3) are solved by applying the following boundary

conditions:
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where S, . Sy, ;. Sen.and Sy, are the surface recombination velocities for electrons and holes

e,n?
in the p and n regions, respectively, and n, and p, are the carrier concentrations at equilibrium.

Zs represents the location at the top surface of p-InAs and bottom surface of n-InAs.

Equation (4) is a function of the spatial profile of photon chemical potential, which is the
solution of Egs. (1), (2), and (3). Therefore, an iterative method is required to solve this coupled

transport problem. The general procedure of this iterative solver can be found in Ref. [44].

The net rate of absorbed energy of layer j from the tungsten emitter can be calculated by

emitter
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The total absorbed power for a practical TPV device should include the absorption by the back
reflector, since extra work is required to remove this parasitic heating. Therefore, the conversion

efficiency is calculated by

cell
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Here, the summation is over the InAs layers and the back reflectors. Therefore, the absorbed power
of the Au layer is taken into account in calculating the efficiencies.

3. Results and Discussion
The dielectric function of tungsten at Te is assumed to be identical to that at room temperature

[51]. The dielectric function of InAs is taken from Ref. [52] considering the lattice vibration



contributions and the free-carrier contributions with a fixed doping concentration. A Drude model

is used to describe the dielectric function of Au [29], 5(a))=gw—a)§/(a)2+i)/a)), where
£, =1, wp=1.37><1016 rad/s, and »=5.31x10" rad/s [41]. The doping concentrations of

acceptor and donor are set as N, =8x10"" cm™ and Ny =2x10* cm™, respectively [44]. The
difference of the InAs dielectric function caused by the different doping concentrations is

neglected. The intrinsic concentration is n, = 6.06 x10 cm~2 for InAs at room temperature. For

Auger and SRH recombination, the following parameters are used: C, =C,, = 2.26x107%" cm®s!

and 7, =7, =100 ns [53]. The values for mobilities in p- and n- regions are as follows:
v, =18300cm? Vs oy =166cm? Vst gy, =26800cm? Vs, and

Unn =370 cm™> V57! [44].

To distinguish the two vacuum gaps in the device, the vacuum spacing represents the distance
between the emitter and cells; while the gap thickness refers to the distance between the cell and
the back reflector. In the following, the vacuum spacing is chosen asd = 1 mm or d = 10 nm to
investigate the effect of this BGR on the TPV device under either the far- or near-field regime,
respectively. The gap thickness of the BGR is represented by h, which is parametrically swept
between 10 nm to 10 um. The maximum efficiency and maximum output power are calculated as
a function of the gap thickness of BGR for both working regimes. Surface passivation conditions
can potentially affect the performance of TPV devices [41, 42, 54, 55]. A well-passivated surface
usually has large surface recombination velocity for majority carriers and small surface
recombination velocity for minority carriers [56]. The surface recombination velocity for majority
carriers is set to be an extremely large number, e.g., 10° cm/s. The surface recombination velocity
for minority carriers can vary from 102 cm/s to 10* cm/s or larger depending on surface passivation
conditions [53]. Practically, a well passivated surface usually requires an additional layer, several
nanometers in thickness, of the selected dielectrics. For simplicity, this additional passivation layer
is neglected when modeling the passivated TPV configurations. In this paper, 10* cm/s and 102
cm/s are used to represent a non-passivated surface and a passivated surface, respectively. By
comparing the BGR with the BSR under the same passivation condition, the effect of the external

luminescence loss can be explicitly distinguished from that of surface passivation. The front



surfaces of four calculations are all assumed to be well-passivated. The surface recombination

velocities for each TPV cell are listed in Table 1.

Table 1. Surface recombination velocities for each TPV cell

TPV cells Sep (CM/S) Shp (Cm/s) Sen (cm/s) Shn (cm/s)
Passivated BSR/BGR 102 10° 10° 10?
Non-passivated BSR/BGR 102 10° 10° 104

3.1. Output electric power and photogeneration rate

We first investigate a far-field TPV device with a 1 mm vacuum spacing. The effects of the
back reflectors and surface passivation on the current density and voltage characteristic curves
(i.e., the J-V curve) of this TPV cell are shown in Fig. 2a. The passivated TPV devices exhibit
better J-V curves than those with a non-passivated condition. The generated current recombines at
the non-passivated surface; a passivated TPV has a larger generated current than that of the non-
passivated TPV. Under the same passivation conditions, the performance of TPV-BGR exceeds
that of TPV-BSR. The working voltage of the passivated TPV-BGR is 0.062 V, which is 0.008 V
larger than that of the passivated TPV-BSR. Hence, the passivated TPV-BGR can provide a
maximum output power of 0.0061 W/cm?, which is 38% larger than that of the passivated TPV-
BSR. The performance enhancement can be explained by plotting the spectral photogeneration
rates of these TPV devices shown in Fig. 2b. The spectral photogeneration rate of TPV-BGR is
larger than that of TPV-BSR for both passivated and non-passivated condition. The enhanced
spectrum of the photogeneration rates of TPV-BGR compared to that of TPV-BSR is 0.354 eV to
0.5 eV, because the external luminescence losses of TPV-BGR are greatly reduced. Moreover, the
reflections at the semiconductor-vacuum interface of TPVV-BGR is more efficient than those at the
semiconductor-metal interface of TPV-BSR, since fewer photons above the bandgap energy are
absorbed by the back metal. Note that the passivation condition has little effect on the

photogeneration rate of TPV-BGR since external luminescence is minimized in this structure.

The maximum output power and photogeneration rate of four far-field TPV configurations as
a function of the gap thickness are shown in Fig. 2c and 2d. As is clearly shown in Fig. 2c, the
maximum output power of TPV-BGR slightly increases to a saturated value as the gap thickness

increases. The enhancement effect on the output power of the TPV-BGR is demonstrated by



comparison with TPV-BSR. The maximum output power of TPV-BGR is 15%-40% higher,
compared to TPV-BSR for the passivated condition. Although the maximum output power of the
non-passivated condition is reduced by almost one third of the passivated condition, the maximum
output power of TPV-BGR is 5%-15% larger than that of TPV-BSR for the non-passivated
condition. Enhanced total net photogeneration rate and a well-passivated surface can greatly
improve the maximum output power of a TPV device. Shown in Fig. 2d, the total net
photogeneration rate of TPV-BGR exhibits a similar trend as Fig. 2c. As the total net
photogeneration rate increases with the gap thickness, more free electrons and holes are generated
in the TPV cell, which produces a larger output power than that of TPV-BSR. The total net
photogeneration rate of TPV-BGR (passivated/non-passivated) is 10%-25% greater than that of
the passivated TPV-BSR and 3%-15% larger than that of the non-passivated TPV-BSR. The
enhancement effect on the total net generation rate of the passivated TPV-BGR is lower than that
on the maximum output power, which is due to external luminescence at different photon chemical
potentials. The total net photogeneration rate of InAs can be expressed by subtracting external
luminescence from the net photogeneration rate between the emitter and the InAs. A good surface
passivation would result in a larger photon chemical potential, which can result in a larger external
luminescence. Although the total net photogeneration rate of the non-passivated TPV-BSR is
larger than that of the passivated TPV-BSR, the generated free carriers in the non-passivated TPV-
BSR recombine at the surfaces. Therefore, the passivated TPV-BSR has better performance than
the non-passivated case. In summary, TPV-BGR with good passivated surfaces can definitely

enhance the maximum output power at the far-field regime for different gap thicknesses.

The J-V curves and spectral photogeneration rates of a near-field TPV device with different
back reflectors and passivation conditions are shown in Fig. 3a and 3b. Although the difficulty of
fabricating a near-field TPV device with two 10 nm vacuum gaps is incredible, the back gap
thickness of TPV-BGR is chosen to be 10 nm for numerical demonstration purposes. As shown in
Fig. 3a, the open circuit voltages of the passivated TPVs are larger than that of the non-passivated
TPVs. The surface recombination effects become more significant in the near-field case because
a larger current density is generated and more free carriers recombine at the non-passivated
surfaces. The working voltage of the passivated TPV-BGR is 0.143 V, which is 0.007 V larger
than that of the passivated TPV-BSR. Hence, the passivated TPV-BGR exhibit a maximum output
power of 0.63 W/cm?, which 8% larger than that of the passivated TPV-BSR. Unlike the far-field
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case, the enhancement of the J-V curve by replacing a BSR with a BGR is rather limited, because
the photogeneration rate is dominated by the near-field radiation, which is not sensitive to the
structure of the back reflectors. As shown in Fig. 3a, a well-passivated surface can greatly improve
the maximum output power by increasing the open-circuit voltage for both the TPV-BGR and
TPV-BSR. As shown in Fig. 3c, the maximum output power of the TPV-BGR decreases as the
gap thickness increases for both passivated and non-passivated conditions. Whether TPV-BGR
can provide enhancement on the maximum output power compared to TPV-BSR depends on the
gap thickness. The largest enhancement provided by TPV-BGR is when the gap thickness equals
10 nm. The maximum output power generated by TPV-BGR has an 8% enhancement compared
to that of the passivated TPV-BSR. In addition, the maximum improvement of TPV-BGR is
reduced to 2.5% for the non-passivated condition. The surface passivation effect on the maximum
output power is more dominant than the effect brought by the back reflector structure. The trend
of the maximum output power of TPV-BGR matches well with the total net photogeneration rate,
shown in Fig. 3d. Unlike the far-field condition, the reduction of the total net photogeneration rate
as the gap thickness increases is not only due to the propagating photons but also the frustrated
photons, which is represented by the difference between BGR and BGR Prop in Fig. 3d. As the
gap thickness increases, the destructive absorption pattern causes a slight decrease in the total net
photogeneration for the near-field condition. To summarize the effect of the gap thickness for the
near-field condition, a BGR with a small gap thickness (comparable to vacuum spacing) is
preferred for larger output power.

3.2. Efficiency and cell absorbed power

The improvement of maximum conversion efficiency brought by the BGR structure is clearly
shown in Fig. 4. TPV-BGR exhibits improvement to the maximum conversion efficiency of TPV
devices. As seen in Fig. 4a, the conversion efficiency using a BGR is 1.05-1.34 times higher than
that using a BSR for non-passivated condition. The passivated TPV-BGR maximum efficiency
ranges between 5.7%-7.4%, which is a 1.18-1.62 times higher than that of the passivated TPV-
BSR when the gap thickness increases. This enhancement in efficiency is higher than that of the
output power (15%-40%) indicating that the efficiency improvement is a coupled effect of the
output power enhancement and parasitic absorption reduction. As clearly shown in Fig. 4b, the

cell absorbed power is inversely correlated with the maximum efficiency as the gap thickness
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increases. The reduction effect on cell absorbed power can be clearly seen by the difference
between BGR and BSR. The cell absorbed power is dominated by the emission from the emitter,
where the temperature is fixed at 900 K. The external luminescence from the InAs to vacuum at
the back is negligible. Therefore, the passivated conditions have little effect on the cell absorbed
power for both TPV-BSR and TPV-BGR. The same conclusion can be drawn for the near-field

condition.

For the near-field condition shown in Fig. 5a, the passivated TPV-BGR has an 18%-21%
maximum conversion efficiency when the gap thickness increases, which is higher than the 16.4%
for the passivated TPV-BSR. For the non-passivated scenario, TPV-BGR also possesses a 1.08-
1.19 times improvement when compared with TPV-BSR. As manifest in Fig. 5a, the maximum
efficiency of TPV-BGR increases by increasing the gap thickness. Since the maximum output
power of TPV-BGR is not a strong function of the gap thickness, the cell absorbed power of TPV-
BGR should be inversely proportional to gap thickness to match the efficiency enhancement,
which is exactly the trend of TPV-BGR shown in Fig. 5b. Compared to the propagating modes
represented by the dashed-diamond curve, the cell absorbed power of TPV-BGR carried by the
frustrated modes (the difference between the BGR and BGR Prop) is largely reduced in the near-
field scenario. Near-field radiation dominates the radiation exchange between the emitter and cell,
as the vacuum spacing decreases from Fig. 4b (d = 1 mm) to Fig. 5b (d = 10 nm). The efficiency

enhancement brought by the BGR structure is apparently large.
3.3. Imperfect reflections and external luminescence loss of the back reflectors

The generated power can be enhanced by adding a conventional metal BSR to a TPV cell [37,
41, 42]. An ideal back reflector reflects all incident photons. However, a perfect mirror for photons
of all wavelengths does not exist. The absorption of the back reflector occupies a significant
amount of the parasitic absorption, which requires extra cooling power to maintain the TPV cells
at a comfortable temperature range. Therefore, it is important to minimize the parasitic absorption
of TPV cells. When light transmits through the semiconductor-metal interface of a TPV-BSR, the
reflection is not perfect because most of the electromagnetic waves can easily transmit from an
optically rare medium to an optically dense medium. However, by adding a gap between the
semiconductor and the back reflector, most of the propagating photons reflect perfectly at the

semiconductor-air interface through total internal reflection. However, if the gap thickness is
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comparable to or less than the wavelength of transmitted photons, the photon tunneling effect
would also be present between the semiconductor and the back metal. Therefore, the gap thickness
is required to be larger than the characteristic wavelength to avoid photon tunneling effects and to
minimize the absorption of the back reflector. In Fig. 6a and 6b, it is shown that the absorption in
the BGR decreases significantly as the gap thickness increases for both far- and near-field regimes.
When one compares the absorbed power of the metal in Fig. 6a with the cell absorbed power in
Fig. 4b for TPV-BGR, the percentage of the absorbed power of the metal over the cell absorbed
power is reduced from 38% to 14% when the gap thickness is increased from 10 nm to 1 um.
Hence, increasing the gap thickness of the BGR structure can greatly reduce the metal absorption
to improve the performance of a far-field TPV device. As the gap thickness increases from 10 nm
to 1 um (or larger) in the near-field TPV-BGR in Fig. 6b, the percentage of the absorbed power of
the metal over the cell absorbed power is reduced from 17% to 1% and the absorbed power carried
by the frustrated modes are almost reduced to zero. This indicates that a TPV-BGR with a larger
back gap can effectively reduce the absorption of the metal. Note that thermal radiation from the
emitter and external luminescence from the InAs both contribute to the absorption of the back
metal. The absorption of the metal in the BGR structure is not affected by the passivation condition
because the incoming thermal radiation is dominating the absorption of the metal and external
luminescence has been minimized with the TPV-BGR. However, the surface passivation
conditions do affect the operating voltages of TPV-BSRs as shown in Fig. 2a and 2b, and external
luminescence is exponentially related with the photon chemical potential, which is equal to the
operating voltage times the elementary charge at low-level injection condition [44]. Therefore, the
metal absorbs more power due to a higher external luminescence in the passivated TPV-BSR than
the non-passivated case. This is shown for both far- and near-field condition in Fig. 6a and 6b,

respectively.

The spectral absorbed powers of the metal in different TPV configurations provides more
information about the reduction of the parasitic absorption, which are shown in Fig. 7a and 7b. For
both far-and near-field TPV devices, two key comparisons should be carefully considered: TPV-
BSR versus TPV-BGR and passivated TPV-BSR versus non-passivated TPV-BSR. For the far-
field condition shown in Fig. 7a, the spectral absorbed power of the metal in the non-passivated
TPV-BGR is lower than that in the non-passivated TPV-BSR, because the photon tunneling from
the InAs region to the metal is suppressed for photons of all wavelengths. The spectral absorbed
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power of the metal in the non-passivated TPV-BSR overlaps with the passivated TPV-BSR below
the bandgap energy, since the absorption of the sub-bandgap photons is not related with surface
passivation but the TPV structures. The external luminescence loss happens at the spectrum above
the bandgap. The passivated TPV-BSR has greater external luminescence losses than the non-
passivated case due to larger operating voltage. Therefore, the spectral absorbed power in the metal
is larger for the photons above bandgap energy. The same conclusion can be drawn for the near-
field condition shown in Fig. 7b. For both far- and near-field, the TPVV-BGR can greatly reduce
the absorption of the back reflectors, which is the key mechanism to improve the efficiency of a
TPV device.

In a working TPV cell, the more electron and hole pairs are generated, the more likely they
will recombine and generate external luminescence, similar to a biased LED [43, 44, 57]. The
energies of luminescent photons are larger than bandgap. It is illustrated that the external
luminescence intensity from a working TPV cell is exponentially proportional to the photon
chemical potential, which is usually assumed to be equal to the product of the working voltage and
elementary charge. The luminescent photons from the cell cannot be recycled when they are
absorbed by any object other than the emitter and cell; this is called external luminescence loss.
As one of the major loss mechanisms that deteriorates the performance of TPV devices working
at moderate temperatures, the external luminescence loss can also be minimized by the BGR
structure. As shown in Fig. 8a, at the maximum output power voltage (Vmax), the passivated TPV-
BGR at Vimax = 0.054 V would emit ~10% photons of the total net photogeneration rate at the same
condition. The external luminescent photon rate over the total net photogeneration rate is called
external luminescence loss ratio. Due to the dominant effects of surface recombination in the non-
passivated TPV-BSR, Vmax is only 0.022 V, which is much less than that of the passivated TPV-
BSR. Nevertheless, a 2% external luminescence loss ratio still exists in the non-passivated TPV-
BSR. However, the external luminescence loss can be reduced to 1% of the total net
photogeneration rate by introducing a 10 nm gap between the semiconductor and the back
reflector. As the gap thickness increases, the external luminescence loss ratio can be reduced to
less than 0.01%. Similar trends are exhibited in Fig 8b. The external luminescence loss ratio can
be effectively reduced to zero by the BGR structure for both the passivated and non-passivated
condition. Although Vmax increases when the vacuum spacing reduces, the BGR structure can still

reduce the external luminescence losses to negligible levels. Moreover, when the emitter
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temperature increases, the TPV devices will be working at a higher voltage, which means a larger
external luminescence would occur. Therefore, minimizing the external luminescence loss become
even more critical at high emitter temperatures and the BGR structure is definitely useful in
creating a high-performance TPV device.

3.4. Effect of the vacuum spacing on the maximum output power and maximum efficiency

To study the effect of the vacuum spacing on the TPV with different back reflectors, a
parametric analysis on the vacuum spacing is performed for the four TPV devices. To clearly show
the effect of the BGR structure on the performance of TPV devices, the back gap thickness is fixed
at 1 um, which is feasible for current fabrication technologies. In general, the maximum output
powers and maximum efficiency of all TPV devices decrease as the vacuum spacing increases
shown in Fig. 9a and 9b. The passivated cases exhibit better maximum output powers than the
non-passivated cases. The maximum output power of TPV devices can be improved by replacing
the BSR with the BGR (h =1 um) when the vacuum spacing is larger than hundreds of nanometers.
When the vacuum spacing is in the near-field regime (d < 100 nm), TPV-BGR does not provide
higher output powers when compared with the TPV-BSR. However, the maximum efficiency of
TPV devices can benefit from the BGR structure for both far- and near-field regimes. In summary,
the BGR structure can improve the performance of the far-field TPV devices; while in the near-
field condition, the back gap thickness should be carefully chosen to simultaneously increase the

maximum output power and efficiency of TPV devices.

4. Conclusions

This work theoretically demonstrates the performance improvement of a thin-film InAs TPV
device by replacing the conventional metal BSR with a BGR. A coupled photon-charge transport
model that accounts for surface recombination and external luminescence is used to model these
two TPV devices for both far- and near-field regimes. The performance improvement due to this
BGR structure is addressed when compared with the TPV-BSR. The results show that the output
power and efficiency are significantly improved for far-field TPV-BGR. Moreover, the near-field
InAs TPV devices with a BGR also exhibit a ~10% improvement of the output power and an
efficiency boost of 4.5% (absolute value) over BSR under well-passivation condition. The
performance enhancement brought by the well-passivated back surface is huge for both BSR and
BGR. The absorption of the metal is significantly reduced by adding a gap between the
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semiconductor and back reflector for both far- and near-field TPV devices. The external
luminescence loss is significantly reduced in TPV-BGR. The parametric sweeps on the gap
thickness of BGR and the vacuum spacing provide a clear direction for the design and optimization
for both far- and near-field TPV devices.
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Schematic of an InAs TPV device with (a) a BGR and (b) a conventional BSR.
Here, d is the vacuum spacing between the emitter and the cell, and h is the back
gap thickness. The TPV cell includes the InAs and the back reflector.

(@) Current density and voltage -characteristic curve and (b) spectral
photogeneration rate of TPV-BSR and TPV-BGR (h = 1 um) with different
passivation conditions when d = 1 mm. (¢) Maximum output power and (d) total
net photogeneration rate as a function of the gap thickness of a TPV cell with
different back reflectors and passivation conditions when d = 1 mm. To be noted
for Fig. 2 and Fig. 3, the spectral photogeneration rate and total net photogeneration
rate are calculated at the maximum output power condition for each TPV device.
The BGR curves in Fig. 2b, 2d, 3b and 3d represent both the passivated and non-
passivated TPV-BGR.

(@) Current density and voltage characteristic curve and (b) spectral
photogeneration rate of the TPV-BSR and TPV-BGR (h = 10 nm) with different
passivation conditions when d = 10 nm. (c) Maximum output power and (d) total
net photogeneration rate as a function of the gap thickness of a TPV cell with

different back reflectors and passivation conditions when d = 10 nm.

(a) Maximum conversion efficiency and (b) cell absorbed power as a function of
the gap thickness for TPV devices with different back reflectors and passivation
conditions when d = 1 mm. The surface passivation has little effect on the cell
absorbed power, therefore, the BGR and the BSR represent both the passivated and

non-passivated conditions in Fig. 4b and 5b.

(a) Maximum conversion efficiency and (b) cell absorbed power as a function of
the gap thickness for TPV devices with different back reflectors and passivation

conditions when d = 10 nm.

The absorbed power of the back metal (Qmetar) as a function of the gap thickness for
TPV devices with different back reflectors when (a) d =1 mm and (b) d = 10 nm.
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Fig. 7.

Fig. 8.

Fig. 9.

To be noted, the BGR and BGR Prop represent both passivated and non-passivated
condition since the surface passivation condition has little effect on the absorbed

power of the metal.

(a) Spectral absorbed powers of the metal in the TPV-BGR (h =1 um) and TPV-
BSR when d =1 mm. (b) Spectral absorbed powers of the metal in the TPV-BGR
(h =10 nm) and TPV-BSR when d = 10 nm. The passivation condition has little
effect on the spectral absorbed power of the TPV-BGR so that the BGR curves in

both Fig. 7a and 7b represent the passivation and non-passivated conditions.

External luminescence loss ratio as a function of the gap thickness for TPV devices
with different back reflectors when (a) d =1 mmand (b) d = 10 nm at the maximum

output power voltage.

(@) Maximum output power and (b) maximum efficiency as a function of the
vacuum spacing of a TPV device with different back reflectors and passivation
conditions. The gap thickness of the TPV-BGR is fixed ath = 1 um.
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