
PHYSICAL REVIEW APPLIED 19, 034099 (2023)
Editors’ Suggestion

Limits to the Energy-Conversion Efficiency of Air-Bridge Thermophotovoltaics

Jihun Lim1 and Stephen R. Forrest 1,2,*

1
Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, Michigan

48109, USA
2
Department of Physics and Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan

48109, USA

 (Received 15 November 2022; revised 29 January 2023; accepted 21 February 2023; published 31 March 2023)

Air-bridge thermophotovoltaic (ABTPV) devices demonstrate near-99% utilization of photons whose
energy is less than the semiconductor band gap (known as out-of-band, OOB, photons). Here, we deter-
mine 55.5% is the thermodynamic limit at an emitter temperature of 1400 K for single junction ABTPVs
based on detailed balance, which compares to a thus-far reported efficiency of 32%. A technology
computer-aided design model for the (In,Ga)As diode predicts that suppressing the surface-recombination
velocity to <200 cm/s significantly improves the open-circuit voltage and the shunt resistance, resulting
in 48.6% as the practical efficiency limit. We find that a 1% OOB loss due to free-carrier absorption in
doped regions of the TPV can drastically decrease the efficiency at larger band gaps and lower emitter
temperature. We also analyze the effects of shadowing by metal grids, which generally introduces only
minor losses in TPV performance.
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I. INTRODUCTION

Fossil fuels are the primary source of energy consump-
tion in buildings, transportation, and manufacturing [1–3].
However, the usage of these fuels accelerates climate
change, deforestation, and scarcity of resources [3–5]. This
has attracted increasing interest in non-fossil-fuel sources
for the generation of electricity, as exemplified by solar
photovoltaic (PV) cells [6–12]. A significant challenge
to using renewables, however, is the need for very-low-
cost energy storage. Recovery of excess energy stored
as heat is one way to eliminate, or augment, commonly
used electrochemical or pumped water storage. Specifi-
cally, power generation using thermophotovoltaic (TPV)
cells has the advantage of employing low-maintenance-
cost thermal storage with high power density and without
constraints as to their location [13–18].

The basic architecture of a TPV cell is that it has a
high efficiency for converting above-band-gap (in band,
IB) photons to electrons, while reflecting out-of-band
(OOB) low-energy photons back to the source. This design
requires a back-surface reflector (BSR) with near-unity
reflectivity. The recently introduced air-bridge (AB) TPV
provides a unique means to maximize the reuse of OOB
photons via loss-free Fresnel reflections [16,19]. Under-
standing the limits to various approaches to TPV design
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is necessary to develop guidelines that lead to enhanced
energy conversion. In a TPV system design, we must
consider three factors: (1) the radiative path between the
heat source (the emitter) and the cell; (2) the temper-
atures of the emitter and the cell; and (3) IB photon
absorption efficiency, OOB reflection efficiency, and par-
asitic photon losses. Among several attempts to more
closely approach the TPV thermodynamic efficiency lim-
its, Baldasaro et al. stress the importance of parasitic
loss of photons and spectral control limitations, which
result in a trade-off between the cell band gap and its
efficiency [20].

Here, we analyze the efficiency limits of the ABTPV
cell based on detailed balance. We employ the Drude
model for III-V materials, which quantifies the spec-
tral efficiency (SE) loss due to free-carrier absorption
(FCA) in undepleted regions of the cell. We then calcu-
late the efficiency limits of a lattice-matched (In,Ga)As
diode, and the SE determined by the active PV mem-
branes suspended between conductive gridlines to form air
bridges. We employ a technology computer-aided design
(TCAD) model for (In,Ga)As ABTPV cells to include
recombination losses that degrade the open-circuit volt-
age (VOC), shunt-path losses, and the influence of the
cell fill factor (FF) and the geometric fill factor (GFF).
Finally, we determine the thermodynamic efficiency lim-
its based on a detailed balance and the dependence of
OOB photon loss as a function of band gap and emitter
temperature.
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FIG. 1. Schematic illustration of a thermophotovoltaic system
composed of a heat emitter, an air-bridge photovoltaic cell with
metal grids, and a substrate attached to a heat sink. The PV cell
comprises five epilayers of (In,Ga)As and InP.

II. EFFICIENCY LIMITS AND LOSSES IN ABTPVS

Figure 1 illustrates the components of an ABTPV.
The PV cell comprises an (In,Ga)As (In : Ga = 0.53:0.47)
active region grown by molecular beam epitaxy (MBE)
lattice-matched on (100) InP. The transfer of the epitaxy
to the Si substrate is achieved via Au-Au cold-weld bond-
ing to the BSR [21]. The top gold metal is deposited by
e-beam evaporation, followed by patterning it and the p-
type (In,Ga)As contact layer. The blackbody emitter and
PV cell are at temperatures of Th and Tc, respectively,
while the substrate temperature (Ts) is also at Tc [19,22].
The paths for photon flux have contributions from the
emitter, Θh

in, and from the BSR, Θb
in. The flux is reduced

by absorption and parasitic loss in the PV cell, expressed
by Θh

in = α1
PV + Θb

out, where α1
PV comprises the parasitic

losses at the metal-semiconductor interface and absorp-
tion by the reflector, and Θb

out is the photon flux reaching
the reflector. An air cavity minimizes the losses, thereby
leading to Θb

in ≈ Θb
out and Θb

in = α2
PV + Θh

out, where α2
PV is

photon absorption in the PV, giving a total absorption of
αPV = α1

PV + α2
PV.

The subband gap, or OOB reflectance, is ROOB = Θh
in −

Θh
out. The view factor, VF, is the ratio of overlap of the

emitter and detector areas. Since the two blackbodies are
planar with areas larger than their separation, VF = 1. The
absorption in the PV is the sum of radiative and nonradia-
tive terms, where the nonradiative term is primarily due to
defects in the band gap and FCA, which, in turn, decreases
SE and the output power of the PV cell (Pout). Under illu-
mination, the top and bottom metal gridlines conduct free
charges to electrodes at the periphery of the cell. The geo-
metric fill factor, which is the ratio of the metal grid to
the total device area, is GFF ≤ 1. This contributes to an
additional reduction of SE.

To calculate the maximum achievable energy-
conversion efficiency based on detailed balance (i.e., the
thermodynamic limit) of ABTPVs for a TPV having unity
external quantum efficiency (EQE), we assume that Tc

TABLE I. Parameters used for the ideal and practical
(In,Ga)As ABTPV cells.

Parameters
Thermodynamic

limit Practical
limit

Practical
case [16]

ROOB (%) 100 98.62 97.84
Rs (m� cm2) 0 12 26
Rc (� cm2) 0 ≤2 × 10−7 2.0 × 10−5

Rsh (� cm2) ∞ ∞ 127.7
νsurf (cm/s) 0 0 2 × 105

EQE (%) 100 68 68
IQE (%) 100 100 98

is fixed at 293 K and ROOB= 100%. Table I compares
parameters used to estimate the maximum and practi-
cal power-conversion efficiencies (PCEs) of a previously
reported (In,Ga)As ABTPV cell [16]. For the practical cell,
we include the loss of OOB photons by FCA; series resis-
tance (Rs), including contact resistance (Rc) and junction
shunt resistance (Rsh); internal quantum efficiency (IQE);
and EQE. The practical efficiency limit is calculated by
assuming three extrinsic sources: ROOB loss of the cav-
ity mode, less than unity EQE, and ohmic losses. In this
approximation, FCA, Rc losses, and Shockley-Reed-Hall
(SRH) recombination are neglected. Finally, we consider
shadowing by top metal grids, causing additional photon
loss.

A. Efficiency limit of a thermophotovoltaic cell

The SE is given by

SE =
Eg ∫∞

Eg
εeff(E)Φ(E)dE

∫∞
0 εeff(E)EΦ(E)dE

, (1)

where Φ(E) is the photon flux from the emitter and εeff
is the effective emissivity [16,18,23], which is given by
[23,24]

εeff(E) = 1 − Re(E)

1 − Re(E)Rcell(E)
αPV. (2)

Here, Re = 1 − εe and Rcell are the spectral reflectances of
the emitter and the cell, respectively. Next, PCE is given
by [20,25]

PCE = Pout

Pabs
= VOCJSCFF

qVF ∫∞
0 εeff(E)E�(E)dE

= SE × IQE
VOC

Eg
FF, (3)
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where Pabs is the TPV-cell absorbed power, and J SC is the
short-circuit current. The current-density–voltage charac-
teristics are as follows:

J = J1

[
exp

(
q(V − RsJ )

kBTc

)
− 1

]

+ J2

[
exp

(
q(V − RsJ )

2kBTc

)
− 1

]
+ V − RsJ

Rsh
− Jph,

(4)

where J 1 and J 2 are the saturation current densities
for diffusion- and recombination-limited current sources
(including bulk and surface recombination), respectively;
J ph is the photocurrent density; and kB is the Boltzmann
constant. In the thermodynamic limit, the photocurrent
density is given by

Jph = qVF
∫ λg

0

εe(λ)

1 − Re(λ)Rcell(λ)
IQE(λ)αcell(λ)Φ(λ)dλ.

(5)

Here, J ph= J SC and IQE = 100%. From Eq. (4), VOC is
expressed by

V rad
OC = kBTc

q
ln

(
JSC−(VOC/Rsh)

J1 + J2 exp(−(qVOC/2kBTc))

)

∼= kBTc

q
ln

(
JSC−(VOC/Rsh)

J1

)
, (6)

Including nonradiative (NR) recombination, the voltage is
decreased by


Vloss = V rad
OC − VNR

OC

= kBTc

q
ln

(
J rad

SC

J NR
SC − (VNR

OC/Rsh)

J NR
1

J rad
1

)
. (7)

The origin of 
Vloss in the AB device is understood using
the diode-current equation:

JD = JSC + q
Dn2

i

NdWd
[exp(qV/kbTc) − 1]

∣∣∣∣
rad

+ qniWd

τSRH
(exp(qV/2kBTc) − 1)

∣∣∣∣
NR

, (8)

where Nd = 1017/cm3 is the carrier concentration in the
(In,Ga)As active layer, Wd is the depletion width at the p-
n junction, D is the diffusion coefficient of minority-carrier
holes, ni is the intrinsic carrier concentration, and τ SRH is
the SRH recombination time [26]. Equation (8) is identical
to Eq. (4), where V → V − RsJD, and implies the impor-
tance of the depletion width, affecting both the radiative
and nonradiative terms. VOC at JD = 0 is determined by

Nd, which varies with Wd and τSRH. The recombination
lifetime (τc) is given by

1
τc

∼= 1
τSRH

+ 1
τrad

∼= (τSRH
−1 + BNd), (9)

where B is the radiative-recombination coefficient:

Brad = 2π

n2
i h3c2

∫ ∞

Eg

E2α(E)exp(−(E/kBT))dE, (10)

where ni is the intrinsic carrier concentration, c is
the velocity of light, and α = 4πkr/λ [27]. We obtain
Brad= 2.0 × 10−10 cm3 s−1 [28,29] and τc = 30 ns [30,
31] using TCAD. This matches other reports (17–70 ns)
on (In,Ga)As [28,32]. The practical limit assumes that
τSRH → ∞ and Brad= 4.1 × 10−12 cm3 s−1. Rewriting Eq.
(6), J SC is expressed by

JSC ≈ exp(qVOC/kBTc)

[
q

Dn2
i

NdWd
+ qniWd

τSRH
(e−qVOC/2kBTc)

]
,

(11)

where the first term in square brackets is about
10−8 A/cm2. At τ SRH > 1 μs, the second term is
<10−10 A/cm2, and hence, is negligible.

Finally, the open-circuit voltage of the (In,Ga)As TPV
in the thermodynamic limit is VOC= 0.63 V (Tc = 293 K,
Th = 1450 K, Eg = 0.74 eV) given by [20,33,34]

V rad
OC = kBTc ln

(
JSC

J0
+ 1

)∣∣∣∣
rad

= Eg

(
1 − Tc

Th
+ kBTc

Eg
ln

(
Th

Tc

))
. (12)

As Rsh decreases, 
Vloss increases from Eq. (7) [22].
Figure 2(a) shows the thermodynamic limited J -V char-

acteristics (blue circles) corresponding to Rsh → ∞ and
Rs → 0. Also shown is the measured dark current from the
ABTPV in Ref. [16], along with a fit to Eq. (4) (red solid
line), yielding Rsh= 1 M� cm2, Rc = 2.02 × 10−5 � cm2,
and Rs = 26 m� cm2. The gray-filled symbols show the
practical limit where the SRH recombination is negligible,
resulting in Rs = 12 m� cm2 and Rc → 0, whereas, at the
thermodynamic limit, we have Rs = 0 and Rsh= ∞.

From Eq. (5), the J SC is calculated for a blackbody
spectrum of 1500 K as a function of VF, as shown in
Fig. 2(b), which agrees with experimental results (filled
circles), suggesting that the IQE approaches 100% [16,25].
The ABTPV in Ref. [1] has EQE = 68%, which is lim-
ited by the Fabry-Perot cavity oscillations and the TPV
thickness [35]. For EQE = 100%, J SC is increased by 62%
compared to the solid line. The (In,Ga)As ABTPV shows

Vloss= 0.15 V with Rsh= 200 � cm2 under Th = 1470 K
[36], as shown in Fig. 2(c).
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(a) (b)

(c) (d)

FIG. 2. (a) Dark current-density–voltage (J -V) characteristics of an (In,Ga)As/InP ABTPV cell. The low-bias region (<0.1 V)
is governed by the junction shunt resistance (Rsh), and the high-bias region (>0.4 V) is dominated by series resistance (Rs). Open
circles are for the (In,Ga)As ABTPV cell from Ref. [16]; triangles are from the TCAD model; diamonds show the practical limits
of the (In,Ga)As ABTPVs, where contact resistance (Rc), Rsh, and SRH recombination are negligible; and filled circles are for the
thermodynamic (radiative) limit (Rs = 0, Rsh=∞). Solid curves are fits using Eq. (4). (b) Photocurrent density (J ph) calculated as a
function of VF. Solid dots are from the device in Ref. [16]. Yellow, white, and black dashed lines assume EQE of 80%, 90%, and
100%, respectively. (c) Open-circuit voltage (VOC) and electrical output power (Pout) as functions of the short-circuit current density
(J SC) calculated using a TCAD method for the air-bridge (In,Ga)As TPV [16]. Filled triangles are the calculated VOC, assuming
Vloss= 0.15 V using Eq. (7). (d) J -V characteristics for the (In,Ga)As ABTPV cell simulated using TCAD. Black squares follow the
model fit to Ref. [16]. Remaining curves are simulated for various surface-recombination velocities (νsurf) and radiative-recombination
coefficients (B) noted in the legend. Blue solid line indicates the limiting performance with νsurf= 0 cm/s and B = 4.09 × 10−12 cm3/s.
Red solid line and circles are the thermodynamic limits simulated using Eq. (4) and TCAD modeling.

Figure 2(d) compares the different fourth-quadrant J -
V characteristics for Th = 1500 K at the thermodynamic
limit compared with those of the practical (In,Ga)As
ABTPV. The model ignores nonradiative recombination
[36]. However, Pout increases by more than 53% compared
to the model based on measured ABTPV performance
for a surface-recombination velocity of νsurf= 200 cm/s
and B = Brad. The red circles represent the thermodynamic
limit calculated using Eq. (4), and the TCAD solution in
which the limit to the dark current density is calculated by
integrating the blackbody spectrum (Tc = 293 K) over the
in-band region [20]. Pout increases by only 7% compared to
the blue stars, implying that shunt currents strongly affect
diode performance. The J SC difference is only 3% between
the ideal and the practical cases.

B. Spectral efficiency loss from free-carrier absorption

At infrared wavelengths, the interaction of free carri-
ers with infrared photons results in a decreased ROOB. The
Drude model is used to calculate the extinction coefficient
[37,38]:

kr = 1
4π

(λγ Cn), (13)

where λ is the wavelength, γ and C are parameters depen-
dent on the sample reflectance, and n is the free-carrier
concentration. The parameters for (In,Ga)As and InP are
listed in Table II. The theory is based on the scatter-
ing time of a free charge, which, in turn, depends on
the carrier concentration, charge mobility, and temperature
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TABLE II. Drude model parameters for (In,Ga)As and InP.

Material γ C

(In,Ga)As 3.04 3.33 × 10−18

InP 3.13 3.71 × 10−18

(see S2 within the Supplemental Material for the Drude
theory [49]) [38]. For our study, therefore, γ is empiri-
cally determined. The dashed and dotted lines in Fig. 3(a)
indicate the Fourier-transform infrared spectroscopic mea-
surements for a Au BSR (In,Ga)As TPV cell. The solid line
and shaded area are from simulations using the transfer-
matrix method (TMM). In the absence of FCA, the kr
at sub-band-gap energies of <0.74 eV is zero, and kr is
calculated to fit the measured Fourier-transform infrared
spectroscopy (FTIR) results using Eq. (13) in the presence
of FCA. From simulations, ROOB= 94.4% at photon ener-
gies of Eph= 0.12–0.74 eV, without FCA, and 91.3% when
it is included, giving an excess loss of 
ROOB= 3.1%.
A large portion of the loss is due to the undepleted lay-
ers (with n > 1018/cm3). The Fabry-Perot oscillations are
determined by the total PV thickness.

Figure 3(b) shows the relationship between SE and ROOB
for the TPV in Fig. 1, assuming an effective emitter emis-
sivity of unity. The trend reveals that a relatively high
ROOB leads to higher efficiency, although the improvement
decreases with Th.

C. Losses due to out-of-band photon mirroring by the
air-bridge reflector

Figure 4(a) shows the calculated absorption spectrum
of the (In,Ga)As ABTPV structure with an air gap
of 0.6 μm [16]. Once more neglecting FCA, we find
ROOB= 98.6% for λ = 1.68–15 μm. The additional loss
of 
ROOB= 1.4% is due to modal oscillations in the air

cavity. ROOB= 97.8% (corresponding to 
ROOB= 0.8%)
when FCA is included (FCA-1). When FCA is negligi-
ble, ROOB is reduced to 98.1% (
ROOB= 0.5%) (FCA-
2). In this case, the reduction is largely due to the
relatively-highly-doped InP layers. Figure 4(b) compares
ROOB for AB and Au-BSR TPVs using the same diode
structure. ROOB is weighted by the blackbody emission
spectrum as a function of temperature following ROOB =∫ Eg

0 (1 − Ac)H(E, Th)dE/
∫ Eg

0 H(E, Th)dE, where Ac is the
cell absorption and H is the spectral power density of
a blackbody. The shaded region indicates the improve-
ment in reflectivity achieved by replacing the Au BSR
with an air bridge, resulting in a significant increase in
ROOB by 2.5% to 3.7%. The dashed regions are the loss,

ROOB, due to FCA, which is about 1% at Th > 1300 K
for the ABTPV. In Fig. 4(c), we observe that the rela-
tionship between SE and ROOB becomes important at a
relatively low Th, where the difference in SE between the
AB and Au BSR devices is 23% at Th = 900 K, but it is
reduced to less than 3% at Th > 1700 K. Figure 4(d) shows
the dependence of PCE on SE as a function of Th and
ROOB, where the diode is assumed to exhibit only radia-
tive recombination of charge carriers. Compared to the Au
BSR, the ABTPV cell leads to >40% increase in efficiency
for Th > 900 K. For ROOB= 1, PCE exceeds 40%, even at
the lowest temperatures.

D. Loss due to the geometric fill factor

The current density in TPVs is typically much higher
than in solar PVs due to the proximity of the thermal
source. For this reason, it is important to use conductive
gridlines to extract the photocurrent with minimum resis-
tance loss. Hence, there is a trade-off in efficiency between
gridline shadowing and series resistance. The area occu-
pied by the gridlines is the geometric fill factor, GFF =

(a) (b)

FIG. 3. (a) Measured and simulated FTIR spectrum for Au BSR (In,Ga)As TPV. FTIR measurements are performed using two dif-
ferent lenses [quartz (λ= 1.0–3.57 μm) and KBr (1.70–15.4 μm)]. Drude-model simulation fits the measured spectrum. (b) Calculation
of spectral efficiency as a function of ROOB for several emitter temperatures, Th.
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(a) (b)

(c) (d)

FIG. 4. (a) Simulated power-distribution spectrum for the (In,Ga)As air-bridge TPV in Fig. 1. FCA-1 corresponds to doped
(In,Ga)As and InP, whereas FCA-2 assumes doping only in InP. Dotted line is the 1500-K blackbody (BB) spectrum. (b) Calcu-
lated ROOB versus Th. Cross-hatched region is the loss due to FCA, and shaded region is due to improvements in ROOB achieved by
replacing the Au BSR with air. (c) Contour plot of SE as a function of ROOB and Th. With decreasing ROOB, SE significantly drops at
a relatively low Th (left bottom), implying that the importance of a high ROOB increases at a low Th. (d) Contour plot of the maximum
PCE as a function of ROOB and Th. As ROOB increases, variation of the PCE becomes less sensitive to Th.

[(WPV − WM )WPV]/(WPV)2, assuming a square cell con-
figuration, where WPV is the open cell width, and WM is

the area occupied by the gridlines [see Fig. 5(a)]. The metal
grid reduces the SE as follows [cf. Eq. (1)]:

SE =
GFFEg ∫∞

Eg
εeff(E)Φ(E)dE

∣∣∣
PV

GFF ∫∞
0 εeff,PV(E)EΦ(E)dE

∣∣
PV + (1 − GFF) ∫∞

0 εeff,M (E)EΦ(E)dE
∣∣
metal

, (14)

where εeff,PV and εeff,M are the effective emissivities of the
active area and metal grid, respectively. The numerator
is the absorption in the PV region, and the denominator
expresses the total reflected photons from the BSR and the
gridlines.

Since εeff,M < 1, there are losses from light reflected
from the metal surface. Figures 5(b) and 5(c) show the
SE and cell efficiencies for 1%, 5%, and 10% reflectance
losses by the gridlines, and GFF = 83% for the (In,Ga)As
ABTPV cell in Ref. [16]. The reflectance loss can
be higher than 10%, depending on the materials and

gridline structures. The edge of the shaded region shows
the limit of the (In,Ga)As ABTPV in Ref. [16]. The
reflectance loss is particularly significant at low Th. Figure
5(d) illustrates the trade-off between cell resistance and
GFF using the TCAD-simulated FF, Pout, and PCE. The
dashed line is the calculated PCE at Th = 1500 K, corre-
sponding to the upper limit of the SE in Fig. 5(b). The
triangle and circle symbols are the PCE using the SE
limited by reflectance losses by the gridlines of 1% and
10%, respectively. While an optimal Pout is found at GFF
between 0.82 and 0.85, an optimized PCE is found at a
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(a) (b)

(c) (d)

FIG. 5. (a) Device geometry used to calculate the GFF. WM is the metal-grid width, and WPV is the width and length of the device. (b)
Spectral efficiency of the air-bridge (In,Ga)As TPV calculated as a function of emitter temperature for WPV= 80 μm and WM = 8 μm.
Shaded region indicates the SE limit for the (In,Ga)As ABTPV structure in Ref. [16]. (c) PCE versus Th. Shaded region assumes perfect
reflectivity of the metal-grid lines. (d) Left axis, FF (diamonds) and Pout (squares) using TCAD to model the (In,Ga)As ABTPV cell.
Right axis, calculated PCE assuming Rloss= 1% (triangles) and 10% (circles). Dashed line is the practical efficiency limit assuming
GFF = 100%.

relatively smaller GFF to maximize PCETPV= IQEVOCFF
[see Eq. (3)]. In the TCAD simulations, we change the GFF
by varying only the spacing between gridlines.

III. DISCUSSION

Figure 6(a) shows the PCE versus Th, including
the effects of different loss mechanisms discussed in
Sec. II. The upper boundary shows the thermodynamic
limit of the single junction (In,Ga)As ABTPV efficiency
with ROOB= 100% and EQE = 100%, where maximum
PCE = 57.2%. The practical (In,Ga)As ABTPV structure
has maximum EQE = 68%, resulting in the second bound-
ary line with ROOB= 100% and IQE = 100%. The absorp-
tion oscillations in the OOB [see Fig. 4(a)] introduce “cav-
ity loss.” The dotted line indicates the boundary at Rs = 0,
such that the yellow region indicates the ohmic losses. The
practical limit of the (In,Ga)As cell assumes negligible
Rc and SRH, and Rs = 12 m� cm2, leading to maximum
PCE = 48.6%. The upper boundary of the orange region is
the maximum PCE in the absence of nonradiative recom-
bination, the suppression of which is clearly critical to
achieving high efficiency. The bottom solid line is for the
(In,Ga)As ABTPV, where the red dashed line indicates the
(In,Ga)As model with VF = 0.3, corresponding to the con-
ditions used for the device indicated by the star [16]. The
violet-colored region is the loss due to a contact resistance

of Rc = 2 × 10−5 � cm2, with the loss becoming negligi-
ble for Rc ≤ 2 × 10−7 � cm2. Among the different losses,
recombination is the largest contributor. At a relatively
high temperature, the ohmic loss due to metal grids and Rc
causes another large loss. In a practical TPV system, the
photon-recycling efficiency depends on the effective emis-
sivity, εeff, determined by the emitter and detector materials
and reflectivities [see Eq. (2)]. This can produce additional
loss that is not considered in Fig. 6(a), where we assume
εeff = 1 for both the detector and emitter.

Figure 6(b) shows the PCE limit (EQE = 1% and
ROOB= 100%) as a function of Eg and Th. The dashed
line addresses the maximum PCE versus the normalized
band gap, Eg/kT, where the corresponding Th decreases
with band gap. Figure 6(c) shows the dependence of the
maximum PCE versus Eg/kTh for various ROOB. A ROOB
decrease from 100% to 96% results in a reduced PCE for
an increasing band gap. Larger band gaps (Eg > 1.0 eV)
are useful at high emitter temperatures (1900–2400 °C)
commonly found in low-cost thermal-energy grid stor-
age [39,40]. Recently, however, the efficient conversion of
low-temperature heat to electricity has also become impor-
tant [41]. The symbols in Fig. 6(c) represent published
PCE results [16,19,25,39,42–48]. The air-bridge TPV cell
(red star) apparently achieves the highest efficiency among
single-junction TPVs. The large gap between current

034099-7



JIHUN LIM and STEPHEN R. FORREST PHYS. REV. APPLIED 19, 034099 (2023)

(a) (b)

(c)

FIG. 6. (a) Calculation of the air-bridge PCE limits with the relative effects of various losses. Maximum PCE limit corresponds to
EQE = 100% and ROOB= 100%. Cavity OOB loss is calculated using ROOB, ignoring FCA in Fig. 4(a). The practical limit corresponds
to the case where the contact resistance (Rc) and bulk recombination are negligible. The orange region includes loss from surface recom-
bination. The violet-shaded region is the power loss due to the device contact resistance, and the gray-shaded region is due to FCA
loss. The bottom solid line indicates expectations for practical ABTPVs. The dashed line is the model for the device in Ref. [1], where
VF = 0.3. Red star is the maximum PCE achieved for the (In,Ga)As ABTPV in Ref. [1]. (b) Contour plot of the PCE at ROOB= 100%
with the thermodynamic limit as a function of band gap and emitter temperature. The dashed line is the maximum PCE, showing that
the normalized band gap (Eg /kTh) increases with Eg . (c) PCE as a function of Eg /kTh for previous results (symbols) reported in the
literature. Solid lines are the calculated maximum PCE at ROOB= 100% with the thermodynamic limit with various ROOB. The band
gap (Eg) is varied from 0.6 to 1.4 eV. Dashed lines indicate the calculated ideal PCE and practical limits for the (In,Ga)As ABTPV
cell [16].

device performance and the thermodynamic limit suggests
the possibility of achieving considerably higher single-
junction ABTPV efficiencies, particularly if recombination
is reduced.

IV. CONCLUSIONS

We analyze the performance of the (In,Ga)As ABTPV
cell by identifying various losses, including FCA, non-
radiative, and ohmic losses, and metal-grid shadow-
ing. The free carriers in relatively-highly-doped semi-
conductors primarily lead to the loss of ROOB. With

ROOB= 2%, large-band-gap semiconductors (e.g., Si and
GaAs) become highly inefficient at low Th. The largest
PCE loss results from recombination at the semiconduc-
tor surface. The (In,Ga)As diode model indicates that
νsurf < 2 × 105 cm/s leads to a voltage loss of 0.15 V and
approaches zero at νsurf ≤ 200 cm/s. This results in effi-
ciency improvement of 12%–17% at Th = 900–2000 K.
At Th = 1400 K, the maximum efficiency at the ther-
modynamic limit of an (In,Ga)As ABTPV is 55.5%.
Trade-offs between cell resistance and shadowing by the

metal grid leads to an optimal (In,Ga)As ABTPV Pout for
GFF = 84%. In conclusion, the voltage loss by recombi-
nation results in a significant fraction of efficiency loss
compared to the practical PCE limit, implying that the
device surface must be improved to reach even higher
efficiencies than the highest-performing single-junction
ABTPV cells reported to date. This can be achieved
by high-purity epitaxial growth (e.g., via metal-organic
CVD vs MBE) to reduce recombination in the depletion
region, and the suppression of junction shunt paths at the
insulator-semiconductor interface.
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APPENDIX: TCAD SIMULATION

The air-bridge (In,Ga)As TPV simulations are per-
formed using Synopsys Sentaurus (Version S-2021.06),
which simulates the charge-carrier distribution and trans-
port by solving the charge continuity, Poisson, and drift-
diffusion equations. In the simulator (Sentaurus Device),
the SRH model is included to account for nonradiative
recombination. Also, the TMM solver calculates light
propagation under the blackbody spectrum. The Drude
model reflects the FCA effect during light propagation.
We use the Sentaurus default material database (DB) for
In0.53Ga0.47As, InP, and metals. In the DB, the physics
parameters of InxGa1−xAs follow the linear interpolation
method using corner materials (InAs, GaAs). In the DB,
the material air is not built-in, and therefore, its mate-
rial properties are added manually. Parameters for air:
permittivity constant (ε) = 1, refractive index = 1, com-
plex refractive index (nr and kr) = 1 and 0, resistivity
(� cm) = 1013. The whole set of J -V fitting curves are
given in Fig. S1 within the Supplemental Material [49].
Figure S2 within the Supplemental Material [49] shows the
J -V curves used for Fig. 5(d). The GFF is varied from 0.38
to 0.93.
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