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Photovoltaic (PV) and thermoradiative (TR) devices are power generators that use the radiative
energy transfer between a hot and a cold reservoir. For PV devices, the semiconductor at the
cold side (PV cell) generates electric power; for TR devices, the semiconductor at the hot side
(TR cell) generates electric power. In this work, we compare the performance of the photovoltaic
and thermoradiative devices, with and without the non-radiative processes. Without non-radiative
processes, PV devices generally produce larger output powers than TR devices. However, when
non-radiative processes become important, the TR can outperform the PV devices. This conclusion
applies to both far-field and near-field based devices. A key difference in efficiency between PV and
TR devices is pointed out.



I. INTRODUCTION

Photovoltaic (PV) [1, 2] and thermoradiative (TR) devices [3-6] are two types of power generators that utilize
the radiative energy transfer between reservoirs maintained at different temperatures. The PV devices keep the
PV cell, a semiconductor, at the low temperature for power generation whereas the TR devices keep the TR cell,
also a semiconductor, at the high temperature for power generation. Recently, the far-field TR performance was
theoretically analyzed by Strandberg [3], and was demonstrated experimentally by Santhanam and Fan [5] with a
relatively low achieved efficiency. Motivated by thermophotovoltaic (TPV), where an emitter is placed between the
heat source and the cold PV cell to reshape the photon emission spectrum [7-15], placing a heat sink between the
hot TR cell and the cold environment is shown to enhance the performance of TR devices [6, 16, 17]. Using the
impedance matching condition derived from Coupled-Mode Theory [18-25], it is shown that the emitter and the PV
cell in the near-field setup should be designed as a whole to maximize the radiative energy transfer and therefore the
power output [15, 24, 26]. The same principle also applies to the TR devices, where the TR cell and the heat sink
should be considered together [16, 17].

In this work, we propose a framework to compare the performances of the PV and TR devices in both the near-field
and far-field configurations. The starting point is to describe the PV and TR radiative energy transfer in a unified
formalism [16], which involves the transmissivity between reservoirs [24] and the generalized Planck distribution [27—
29]. In this formalism, the far-field and near-field effects are encoded in the transmissivity, which can be computed
using the dyadic Green function [30, 31] and the fluctuation-dissipation relation [32]. The performance will be analyzed
through the current-voltage (I-V) relation, and non-radiative processes are taken into account by considering how the
I-V relation is modified. The comparison between PV and TR devices is mainly based on their maximum output
powers, given the same high and low reservoir temperatures 73, and 7;. The rest of the paper is organized as follows.
In Section II, the performance of PV and TR devices is compared considering only the radiative process. In Section
IT1, non-radiative processes are taken into account. The Auger process in an undoped cell is analyzed as a concrete
example. In section IV, we discuss our simulation results and stress a few important points, including a key difference
in efficiency between PV and TR devices. A brief conclusion is given in Section V.

II. RADIATIVE PROCESSES
A. Overview

To have a fair comparison between the PV and TR devices, the same semiconductor, characterized by the bandgap
E,, is used for PV and TR cell. The temperatures (T) of two reservoirs are fixed: for PV devices, the PV cell is kept
at a low temperature T' = Tj, whereas a heat source is kept at a high temperature 7' = T}; for TR devices, the TR
cell is kept at T = T}, whereas a heat sink is fixed at T = T;. In other words, the PV and TR devices, composed
minimally of a semiconductor and an environment, are physically identical; the only difference is the temperature
of each component. One key assumption in this setup is that, no matter how much/fast the energies are given to
or taken away from a reservoir, the temperature of that reservoir does not change. The maximum output power is
chosen to be the primary measure of the performance. From the practical point of view, the output power is perhaps
a more important factor to consider. As an extreme example, the TR cell can approach Carnot efficiency with an
infinitesimal (practically zero) output power [3, 16]. However, as the efficiency is a measure of the heat required per
unit output power during the heat-to-work conversion, it becomes important if the heat dissipation rate is not fast
enough to maintain the temperature (i.e., the temperature is considerably affected by the supplied heat). A more
detailed discussion about efficiency will be given in Section IV. In this work, we assume the bandgap is temperature
independent for model analysis; taking this effect into account is straightforward. T} and T; respectively represent
the temperatures of the high-temperature (high-T) and low-temperature (low-T) reservoirs; we shall fix T; = 300 K
and allow T}, to vary.
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FIG. 1. (a) The sign convention of a pn-junction. The forward-bias voltage and current direction are chosen to be '+,
and reverse-bias voltage and current direction to be -’. The photo-generated current is along the reverse-bias direction. (b)
Current-voltage relation for PV (red) and TR (blue) cells. The sign convention is given in (a). The areas represent the power
delivered by the PV and TR devices: the larger area gives the larger output power. (c) Current-voltage relation for PV (red)
cell where the sign of the current is opposite to (a), and TR (blue) cell where the sign of the voltage is opposite to (a). Using
this convention, both PV and TR are described in the first quadrant with a positive output power, facilitating the discussion.
Note that open-circuit voltages in (b) and (c) are not scaled but for illustration only. For a fixed temperature difference and a
semiconductor of bandgap Fg, the open-circuit voltage of PV is < Fy/|e|; whereas that of TR is a few times the Fy/|e|.

B. Thermal radiative energy transfer and current-voltage relation

Let us recapitulate the formalism of the radiative energy transfer between two reservoirs [24, 26]. A reservoir is
characterized by a temperature T and a voltage V = p/|e| (e is the electron charge and p is the photon chemical
potential; u and |e|V are used interchangeably). Considering two reservoirs, labeled as 1 and 2, fixed respectively at
(Th, p1) and (T3, p2), the photon number flux and energy flux from 1 to 2 are given by

Fia= [ @) O Thn) O T, )], &
P = /000 ;%M€12(w) ©(w; Th, p1) — O(w; T, p2)], (2)

where the generalized Planck distribution [27-29] is given as ©(w; T, ) = (exp [(hw — p)/T] — 1)~ ", with T' the tem-
perature measured in energy, i.e., the Boltzmann constant kg = 1. €12(w) = €(w) is the (dimensionless) transmissivity
between the reservoirs 1 and 2 [24]. In the planar configurations, it is more convenient to compute the transmissivity
per unit area. In this case, Eq. (1) and (2) provide the photon number flux density and the energy flux density (i.e.,
flux per unit area). To obtain the total photon or the energy flux, Egs. (1) and (2) are multiplied by the area where
two reservoirs exchange photons. The positive current and positive voltage are defined to be along the forward-bias
direction of a pn-junction, as illustrated in Fig. 1(a). In this convention, the photocurrent is negative.

The PV devices use the low-T reservoir (PV cell) to generate the power. The photocurrent generated in the PV
cell is

. © 4
I = el =lel [ 52e() [O(iTh0) - B(wiTi p)], 3)
0

The TR devices use the high-T reservoir (TR cell) to generate electric power. The photocurrent generated in the TR
cell is

. * dw
I = [e|Nr o, = |e] / $2 o) (O Ti,0) — O(w; Ty, )] (4)
0
As photons of below-gap energies do not contribute to the photocurrent generation, the lower bound of integral [Eq. (3)

and Eq. (4)] is taken to be the bandgap of the PV/TR cell. The Planck distribution, which decays exponentially in
the large w limit, gaurantees a converged integral.
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When the Planck distribution is approximated by the Boltzmann, —I. in Eq. (3) and Eq. (4) respectively reduce to
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Eq. (5) can be expressed as

JrvV) = G/ = 1) 4 oo = FT T - 1) - il

jTR(V) = (Th)(e‘el‘//Tl - 1) — Jse = j(Th)(e‘EIV/Th - 1) + |jsc| (7)
When Tj, = T} = T, jse = 0 and jpy (V) = jrr(V) = j(T)(elV/T — 1), recovering the I-V relation of a pn-junction in
the dark [33]. The Boltzmann distribution well approximates the Planck, i.e., 1/(e*—1) ~ e~*, when the argument z is
large. For x = 1.5, the error is about 25%; for x = 3, the error is about 5%. Large x corresponds to a low temperature
and/or a large bandgap. Therefore, if the bandgap of the PV/TR cell is small or if the temperature is high, the
Planck distribution should be used. In this work, we choose the semiconductor of a 0.2 eV bandgap, and the validity
of the “Boltzmann approximation” is shown in Fig. 2. For T' < 800 K, which is the temperature range of interest, the
Boltzmann distribution gives the maximum error of about 5%. For the blackbody, this error becomes smaller (< 1%)
because the contribution of integral in large-w region is better approximated by the Boltzmann distribution.

Egs. (7) are illustrated in Fig. 1(b). In Fig. 1(b), the y-axis, representing the current, is —I. defined in Egs. (3)
and (4), and the x-axis is the voltage V or u/|e|. The maximum generated power is the maximum rectangular area
enclosed by the I-V curves. The PV cells work in the fourth quadrant, i.e., V' > 0 and —I. < 0; the TR cells work in
the second quadrant, i.e., V < 0 and —I, > 0. For both PV and TR cells, the product of —I.V is negative, indicating
power generation.

To facilitate the performance comparison between PV and TR cell, the new sign convention is adopted so that
they both devices give positive I-V product in the first quadrant. For the PV cell, jpy = —jpy(V); for the TR cell,

Jrr(V) = jrr(=V), ie.,

Gpv (V) = ljsel 4 3(T)(1 = V1) = (1) [1 = a(Ti, T)el /| o
Fra(V) = 5T (VT 1) + [jso] = j(T) [TV — a(T, )|

with « = j(17)/7(Thn) < 1. Egs. (8) are illustrated in Fig. 1(c). In this new convention, the work done by the PV and
TR cells are respectively given by V x jpy (V) and V x jrr(V), which are the rectangular areas given in Fig. 1(c). Note
that jpy (V) has a negative second derivative whereas jrr(V) has a positive second derivative. When V' = 0, both
PV and TR have the short-circuit current |js.| = j(T) — j(73) > 0. The open-circuit voltages, given by j(V,,) = 0,
are V)V = Tilog(a™!) for PV cell, and VJ# = T}, log(a™!) for TR cell. This device-dependent convention will be
used for the rest of the paper except the first paragraph in Section III.A [Eq. (13)].

C. Blackbody and near-field resonant coupling

According to Egs. (8), once « is known, the ratio of maximum output power between TR and PV cell is fixed. «
is now computed using two forms of transimissivity. For the blackbody case, the transmissivity is given by [24]

fw) = — (¥

T 2mc
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FIG. 2. The ratio of maximum output power from the TR cell and that from PV cell as a function of temperature of high-T
reservoir (T}), assuming the blackbody transmissivity. The bandgap of the PV or TR cell is Fq = 0.2 €V, and the low-T reservoir
is fixed 77 = 300 K. When T}, is smaller than the corresponding F, using the Boltzmann distribution (red dashed curve) instead
of the exact Planck (black solid curve) gives a very good approximation. For a wide temperature range (75 < 6000 K in this
example), the PV has a larger output power. This ratio is at minimum when 7} ~ 730 K. Below T}, = 1500 K (< Ey), using
Boltzmann distribution gives almost identical results to those using the exact Planck distribution. (Bottom) The representative
I-V curves at different T,. The blue/red curve corresponds to TR/PV cell. The units are arbitrary, but the relative amplitudes
between PV and TR, for both current and voltage, are preserved. When T}, 2 T; (T, = 350 K, left one), both PV and TR
have similar open-circuit voltage, and their I-V curves are close to straight lines. PV has slightly larger output power because
its negative second derivative of I-V curves. When T} > T; (T = 3000 K, right one), the TR has a much larger open-circuit
voltage, allowing TR cell to have a comparable output power to PV cell.

Using Eq. (9), a has an analytical expression as

T ]3 e BT (By/Th)* + 2(Ey/Th) +2 (10)

E,T,,Ty) = | — .
5 (Eg, 1, Th) {Th % e~ Ee/Th x (Eg/Th)? +2(Ey/Th) + 2

The subscript ‘BB’ denotes the blackbody limit. In the case where the photon exchanges are dominated by the
near-field resonant coupling, the transmissivity can be approximated by a d-function [16], i.e.,

e(hw) = C8(Fw — hwy), (11)

with 7wy > E,; and C' some constant. For convenience, fuwy = E, is assumed. In this case, « has a simpler analytical
expression as

e*Eg/Tl

QNF(Eg7E7Th) = m

(12)
The subscript 'NF’ denotes the near-field coupling.
In both Eq. (10) and Eq. (12), when T}, > T}, the exponential factor e=Fs/Tt Je=Fs/Tr dominates and « is a very

small number; when T}, = T, « is slightly smaller than one. As agp and ayp have very similar behavior, their

respective comparison of PV and TR performances is also similar. Fig. 2 gives the ratio of maximum output power
from the TR cell and that from PV cell as a function of temperature of high-T reservoir (7},), assuming the blackbody
transmissivity [Eq. (9)] with E, = 0.2 eV, which is roughly the bandgap of InSb [34]. The low-T reservoir is fixed
T, = 300 K. For the whole practically feasible temperature range, the PV is found to produce a larger output power.
At the impractically high temperature (e.g. T, = 8000 K, not shown), the TR can produce a larger output power
due to its large open-circuit voltage. When T}, < 1500 K, the results of using the Boltzmann distribution and the

exact Planck distribution are very similar, justifying the validity of Egs. (5). We also mention that the J-function
transmissivity [Eq. (11)] gives a very similar behavior [see Fig. 4(a)].



D. Critical parameter and temperature regime of interest

Based on the preceding discussion, the most critical parameter to determine the relative performance of PV and TR
cells is a defined in Egs. (8). Due to the similar behavior of o computed from Eq. (10) and Eq. (12), the conclusion
that PV outperforms TR holds for both far-field and near-field based devices, as long as only the radiative process is
considered. However, one bears in mind that the near-field setup can give a much larger output power, for both PV

and TR devices. In terms of Eqs. (8), j(1},) affects the actual output power of PV and TR cell, but plays no role on
the ratio of PV and TR output power.

For realistic applications, the temperature of TR cell cannot be too high. The temperature of 4000 K is so high
that the existence or the stability of TR cells is doubtful. Also, increasing the temperature generally increases the
resistivity of the semiconductor, which is detrimental to the power generation. To be relevant to the practical interest,

only the temperature range T}, < 800 K (roughly the melting point of InSb) is considered for the remaining of our
discussion.

IIT. NON-RADIATIVE PROCESSES
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FIG. 3. (a) The I-V curve of PV cell, with (dashed curve) and without (solid curve) the non-radiative processes. (b) The
I-V curve of TR cell, with (dashed curve) and without (solid curve) the non-radiative processes. In both cases, including non-
radiative processes reduces the open-circuit voltage and the output power (indicated by the area). (c¢) The ratio of maximum
output power from the TR cell and that from PV cell, with (dashed curve) and without (solid curve) the non-radiative processes.
The non-radiative calculation is done using X; = 0.1, 61 = 1 (red dashed curve), X; = 0.1, §; = 1.5 (blue dotted curve), and

X1 =0.2, 61 =1 (green, dash-dot curve). With non-radiative processes, the TR output power can become larger than the PV
output power. All other parameters are same as those in Fig. 2.



A. Overview and the main picture

The inclusions of non-radiative processes affect the I-V curve. A non-radiative process provides one channel for
electrons and holes to recombine, and each has its own I-V characteristic given by [35, 36]

ji(NR)(V) = §(T)X(T)(e51eV/IT _ 1), (13)

with the sign convention defined in Fig. 1(a) and (b). Here ¢ labels the non-radiative process, T is the cell temperature,
X; is a dimensionless (but temperature-dependent) parameter that characterizes the relative strength between the
radiative and the non-radiative process, and §; specifies the voltage dependence. Short derivations of Eq. (13) for
impurity and Auger processes will be given in the Appendices. The basic physics picture is that, once the electron
and hole concentrations are different from their equilibrium values, a non-radiative process also produces a current
(in addition to the current generated by the radiative process). The exponential voltage dependence reflects the
dependence on electron and hole concentrations, and the -1 in the parenthesis ensures that there is no current at zero
voltage. The total I-V curve is the sum of Egs. (7) and Eq. (13).

Switching back to the sign convention given in Fig. 1(c), and adding Eq. (13) to Egs. (8), the total I-V curves for
both PV and TR cell are

jpv(V) = j(Th)

1— a(Tl,Th)ele\V/Tl + ZXi(l _ e6,-|e|V/Tl)]
i (14)
Jrr(V) = j(Th)

ef|e\V/Th _ Oé(Tl,Th) - ZXZ(]‘ o 65i|e|V/Th)] ,

Here i’s denote the non-radiative processes. Fig. 3(a) and (b) respectively compare the PV and TR I-V curves
with and without non-radiative processes. Including non-radiative processes reduces the open-circuit voltages and
the maximum output power, because some of photon-generated electron-hole pairs are recombined through those
processes.

Eq. (14) shows that jpy (V) has a negative second derivative (with respect to V) whereas jrr(V) positive [see
Fig. 3(a) and (b)]. Therefore, as the voltage V increases, the non-radiative process suppresses the current in PV
cell faster than in TR cell, which leads to a larger output power reduction in the PV cell than the TR. This general
behavior can be seen in Fig. 3(c), which shows the ratio of maximum output power from the TR cell and that from PV
cell, with the non-radiative processes specified by (X1,01) = (0.1,1), (0.1,1.5), and (0.2,1). For now the temperature
dependence on X; is ignored. All other parameters are same as those in Fig. 2. The inclusion of non-radiative
processes indeed favors the TR devices. When they are strong, the TR output power can be larger than the PV
output power. Egs. (14) provide the general framework on how to take the non-radiative processes into account, and
the next step is to estimate the parameters for the performance comparison between PV and TR cells.

B. Auger process in the undoped cell: output power

To more quantitatively model the non-radiative processes, the geometry of the PV or TR cell has to be specified.
We take the cell to be a slab, with a volume V,..;; = A; X L,. Here A; is the “photon-exchange” area through which
photons are absorbed or emitted, and L, is thickness of the cell. The other side of the slab is covered by a reflective
metal. A; multiplied by Egs. (7) or Egs. (8) give the total photocurrent, whereas V.;; multiplied by Eq. (A6) [37],
Eq. (A8) [36], or Eq. (A10) [35] gives the total current generated by the non-radiative process. To determine the X
of Eq. (13), only the thickness L, is needed. For a general geometry, L, is replaced by the cell volume divided by the
photon-exchange area. We also note that when non-radiative processes are considered, j(T},) affects the output power
ratio between PV and TR cell; this is not the case when considering only the radiative process [see Section II.C and
I1.D].

The non-radiative Auger process for an undoped semiconductor is now considered. From Appendix [see Eq. (A8)],
one gets

j(Th)XAuger = lel(Ae + Ah)nf X L., (15)



To be concrete, we consider InSb, with a bandgap of ~ 0.2 eV, an intrinsic carrier concentration of ~ 2-10' cm~—3 and
the Auger coefficient of (A, + Ap) ~5-10726 ¢cm™% s71 [38]. Taking L, = 250 nm, one gets |e|(A. + Ap)niL, ~ 1.6
A cm™2. For simplicity this value is assumed to be temperature independent over the temperature range of interest
[39].

j(Th) and X for both blackbody and near-field transmissivities are now computed. For the far-field blackbody

limit, Eq. (9) is used to obtain
\*|/E\? E
in(Th) ~ | =— —4 29 19
JiB(Th) (eV) (Th) + T, +
E,\° _E
(g> +2-2 +2

X AN
Auger,BB eV Th Th

In these expressions, T}, is understood as kpT and has the dimension of energy. For the near-field device, C in Eq. (11)
is taken to be 4.13 - 10% eV cm~2, a value estimated from Ref. [16]. The near-field j(7},) and X are accordingly

e Pa/Tn . 16-10* A cm™2

—1 (16)
} et Ba/Ti . 1074,

ine(Th) = e Pa/Th16-10* A cm—2 |
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FIG. 4. (a) The ratio of maximum output power from the TR cell and from PV cell, with (dashed curves) and without
(solid curves) the non-radiative Auger process. For the blackbody transmissivity (black curves), the Auger generated current
is large compared to the photocurrent generated by the blackbody transmissivity, the TR device is favored for the whole the
temperature range. For the near-field §-function transmissivity (red curves), the Auger generated current is small compared
to the photocurrent generated by the d-function transmissivity, the PV device is favored for the whole the temperature range.
(b) The efficiency of PV and TR devices with the Auger process [see two dashed curves in (a)]. Two black curves give the TR
(solid black) and PV (dashed black) efficiencies for blackbody, corresponding to the black dashed curve in (a); the TR has a
higher efficiency. Two red curves give the TR (solid red) and PV (dashed red) efficiencies for near-field, corresponding to the
red dashed curve in (a); the PV has a higher efficiency.

Fig. 4(a) shows the ratio of maximum output power from the TR cell and from PV cell, with and without the
non-radiative Auger process in the undoped PV and TR cells. For the blackbody transmissivity, the Auger generated
current is large compared to the photocurrent generated by the blackbody transmissivity (large X), the TR device is
favored for the whole the temperature range. For the near-field -function transmissivity, the Auger generated current
is small compared to the photocurrent generated by the d-function transmissivity (small X'), the PV device is favored
for the whole the temperature range. While only the intrinsic Auger process is explicitly considered here, our analysis
can be straightforwardly applied to any non-radiative processes.

IV. DISCUSSION

In this section, we discuss our simulation results, and comment on a few important points which are not included
in this work. First, our results show that including the non-radiative process generally favors the TR cell. Non-



radiative processes always suppress the output power, but they reduce TR output power less than PV output power.
Due to the small bandgap of the InSbh cell, the Auger generated current is large (originated from large n;). When
the photocurrent is small, such as the case of the blackbody transmissivity, the TR outperforms the PV device. In
the other limit where the photocurrent is large, such as the case of the near-field -function transmissivity, the PV
outperforms the TR device. Somewhere between these two limits, there exists a parameter regime where PV and TR
perform comparably. Second, one notes that the cell thickness L, has two opposite effects. On the one hand, large
L, increases the number of absorbed photons and thus the output power. On the other hand, large L, increases the
current generated by all non-radiative processes, reducing the output power. Generally, the L, is chosen to be a few
times larger than the inverse of the absorption coefficient.

We now comment on the efficiency of PV and TR devices. The efficiency n of a power generation device is given
by the ratio between the output power Pj,,q and the absorbed heat flux. For PV and TR devices, they are

Pload
Eabs - Erad
Pload
]Dload + Erad - Eabs .

npv = (18)

NTR = (19)
Here, E,qq and E,ps are respectively the energy flux radiated from and absorbed by the cell, and their difference
Emd — Eabs (positive for TR; negative for PV) is the net emission power from the cell, which can be computed
using Eq. (2). A key difference between nrr and npy is that the output power Pj,qq appears in both numerator and
denominator of nrgr, whereas only in numerator of npy. Consequently, the non-radiative reduction of Pj,.q suppresses
the PV efficiency npy more than the TR efficiency nrgr. This difference originates from the fact that in PV cells,
non-radiative recombinations are associated with a loss of energy, whereas in TR cells, non-radiative generations of
electron-hole pairs simply reduce the open-circuit voltage, but the energy is not lost but still present in the cell. When
comparing the PV and TR efficiency at the maximum-power point, the larger output power usually corresponds to a
higher efficiency. These results are illustrated in Fig. 4(b). Note that the maximum TR efficiency can be high (close
to Carnot efficiency), but with a very small output power [3]. This case is not of our interest and is not considered
here.

Finally, we remark on the free-carrier effect, which is not taken into account but is important in the high-
temperature, small bandgap devices. The free-carrier effect accounts for photon-induced intra-band transitions [40].
Due to the small photon momentum, the intra-band photon absorption and emission are always accompanied with
other scatterings such as phonons or impurities. A standard approach to include this effect is to add a small Drude
term to the dielectric function of the PV/TR cell (semiconductor) [15, 41], whose amplitude and decay rate are
temperature-dependent. As the free-carrier effect introduces an additional loss mechanism, it reduces the output
powers for PV /TR devices using the far-field setup. For the near-field setup, however, the loss can sometimes enhance
the radiative energy transfer [15, 16, 24], and a more detailed model is needed to quantify its effect.

V. CONCLUSION

To conclude, the main question we address and answer is: from the fundamental physics point of view, for a given
semiconductor, a high temperature T}, and a low temperature 7;, how to compare the PV with the TR as a power
generator? The maximum electric output power is chosen as the main metric for performance comparison. The
radiative energy transfer between the PV /TR cell and the environment is described by the transmissivity. The PV
and TR current-voltage relations, including both radiative and non-radiative processes, are then used to obtain the
maximum output power. The formalism applies to both far-field and near-field based devices. When only the radiative
process is considered, a dimensionless parameter « is identified that fully characterizes the relative performance of
PV and TR devices. Under this condition, PV devices produce larger output powers than TR devices in the feasible
(low) temperature range; the TR can outperform the PV at impractically high temperature. When the non-radiative
processes are included, an additional dimensionless parameter X; for each non-radiative process is needed. Non-
radiative processes generally favor the TR performance, in the sense that they suppress the PV output power and
efficiency more significantly than the TR. When non-radiative processes become important, the TR can outperform
the PV devices in the temperature range of interest. The conclusion applies to both far-field and near-field based
devices. Our analysis provides a guide on how to choose between PV and TR devices in an application.
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Appendix A: Impurity and Auger processes
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FIG. 5. (a) Electron generation and recombination via impurities. The electron generation rate is proportional to the impurity
level occupation; the electron recombination rate is proportional to the product of electron concentration and the probability
where an impurity is unoccupied. (b) Hole generation and recombination via impurities. The hole generation rate is proportional
to the probability where the impurity level is empty; the hole recombination rate is proportional to the product of hole
concentration and the probability where an impurity is occupied. The arrow indicates the transition of electron (filled circle).
(¢) The impact ionization and Auger recombination. The impact ionization generates an e-h pair from a high-energy electron.
For the Auger recombination, the photon generated by recombining an e-h pair is transfered to a low-energy electron. These
two processes are reverse to each other. Ev, Ec, Eimp are respectively the energies of valance band top, conduction band
bottom, and the impurity level.

In the Appendix we provide short derivations on the electron-hole (e-h) generation/recombination via impurities
and Auger processes. Using the sign convention defined in Fig. 1(a), the e-h generation provides the “negative”
current, whereas the e-h recombination the “positive” current. The goal is to obtain the current caused by these
processes under an external voltage.

1. e-h recombination and generation due to impurities

The impurity mediated combination is typically referred to as the Shockley-Read-Hall recombination [37]. The rate
equation for the electron concentration is [Fig.5(a)]
on e e
— = G( ) - R( ) - Cenimpf(Eimp) - aenenimp(l - f(Ezmp)) (Al)

ot imp imp

The electron generation rate is proportional to the impurity level occupation; the electron recombination rate is
proportional to the product of electron concentration and the probability where an impurity is unoccupied. Thermal
equilibrium (8(,;;6 = 0 and f(E) is the Fermi distribution) implies C, = aene)oe(Eimp—EF)/T = aeni, and Eq. (A1)
becomes % = eNimp [(Ne + 11) f(Eimp) — Ne). Similarly, the rate equation for the hole concentration is [Fig.5(b)]

on
i = Gimp = Rimy = Ctimp(1 = (Bimp)) = iy f (Fimp) (A2)

The hole generation rate is proportional to the probability where the impurity level is empty; the hole recombination
rate is proportional to the product of hole concentration and the probability where an impurity is occupied. Thermal

equilibrium implies C}, = ahnh’oe*(Eimp*EF)/T = aphi and Eq. (A2) becomes agth = apNimp [—(n + h1) f(Eimp) + ha].
The net electron generating rate is thus
On. _ Ony QeQpNimp(Neny — n?)

ot ot ae(ne +n1) + ap(ng + hy)’ (A3)



11

where n1h; = nf, with n; the electron (and hole) concentration of the intrinsic undoped semiconductor is used. The
net generating rate is only non-zero when n.n; — n? # 0; it always tends to recover the original e-h pair density, i.e.,
electrons and holes are generated when neny < n?; annihilated when n.n;, > nf

We would like to express Eq. (A3) in terms of quasi Fermi energies, Epc and Epy. In order to do this, it is
convenient to use the undoped Fermi energy F; as the reference energy, and the undoped electron concentration
n; = Nye~(Bc—E)/T — p e=(Ei—Ev)/T a5 the reference concentration. With some algebra, we get

ne = nje” FmEr)/T ) = e~ (Erv=EJ/T (A4)
ny = nie_(Ei_Eimp)/T’ hl — nie_(Eimp_Ei)/T
Inserting Egs. (A4) into Eq. (A3), we get
one  onj, n; [eBre=Brv)/T _ 1] (A5)
ot ot [e(EFO—Ei)/T + e(EimrEi)/T] /(@ Timp) + Te.min [e(E,-—EFV)/T + e(EifEimp)/T] J(@ettimp)”

To allow for an analytical expression, we assume E; = E;;,, and the electron-hole symmetry, i.e. a. = ) = o and
EFC — Ez = Ei — EFV = |€|V/2 to get

Gimp — Rimp (A6)

- e(Erc—Erv)/T _ | _ MympONy lelV 1
= —NimpQMN; e(Brc—E:)/T 4 o(Bi—Epv)/T 4 9 - 2 P o7 |

Here Epc — Epy = |e|V is used. Eq. (A6) gives the (el¢/V/(?T) — 1) voltage dependence of the current [2, 37].

2. Auger recombination and impact ionization

Here we describe the e-h generation via the impact ionization and the e-h recombination via the Auger recombination
[35, 36]. As illustrated in Fig. 5(c), the impact ionization generates a e-h pair from a high-energy electron. For the
Auger recombination, the photon generated by recombining a e-h pair is transfered to a low-energy electron. The
Auger recombination rate is

2 2
RAug = RAug,e + RAug,h, = Aenenh + Ahnenh = nenh(Aene + Ahnh)

_)nize(EFC*EFV)/T [Aenie(EFC*Ei)/T + Ahnie(Ei*EFv)/T (A7)

3le|V
2T

—n2elelV/T {Aemele‘v/(ﬂ) + ApngeldV/CT = (A, 4+ Ap)nd exp

A, and Ay, are the Auger coefficients for electrons and holes. The second line is still exact, but uses the parametrization
of Eqgs. (A4). The last line assumes Erc — FE; = E; — Epy = |e|V/2 as the impurity case. The corresponding impact
ionization rate can be obtained from the equilibrium situation: Gaugy = ne,o0nn,0(Aeneo + Annno) — n3(Ae + Ap).
The last expression assumes the intrinsic semiconductor n. o = np,0 = n,. Combining all the approximations, we have

on. Onp 3lelV

_ Zth _ - _ 3 —
ot - ot GAug RAug (A€+Ah)nl [exp 2T :| . (AS)

In the heavily n-doped limit, n. concentration is fixed by the doping concentration ne ~ Mmp.e > 1. In this case,
Auger recombination rate is

2 2 ~
RAug = RAug,e + RAug,h = Aenenh + Ahnenh = nenh(Aene + Ahnh) ~ nenh(Aenimp,e)

FErpc—F T 2 le|lV/T
Fo Fv)/ [Aenimp,e] = Aenimp,enie‘ v/

—n2el (A9)

Combining the corresponding impact ionization rate, we have

One _ Inn
ot ot

174
= Gaug — Raug = —Aenimp’enf {exp % — 1} (A10)



12

in the heavily n-doping limit. A similar expression can be obtained for the heavily p-doping case. Therefore, the
Auger process gives a (e31¢1V/(?T) — 1) voltage dependence in the intrinsic limit; a current of (ellV/T — 1) voltage
dependence in the heavily doped limit.
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