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Thermophotovoltaic (TPV) devices, which convert infrared thermal radiation from a hot emitter into
electricity, hold great promise for applications in energy storage and waste heat recovery. While recent
advancements have developed TPV devices with high efficiency, much less attention has been focused
on improving the power density. Current TPV methods face challenges in significantly boosting the
power density using emitters at very high temperatures (>2000 °C) or using complex, costly
architectures such as near-field TPV. Here, we present the first experimental demonstration of a novel
far-field TPV concept called “zero-vacuum-gap TPV” that eliminates the vacuum or gas-filled gap in
conventional designs. By incorporating a high-index, infrared-transparent, and thermally insulating fused
quartz spacer, we achieved a two-fold increase in power density compared to the far-field counterpart
under identical conditions. Notably, in our experiment, the zero-vacuum-gap far-field design transforms
a less-optimized, low-power-density far-field device into one with one of the highest power densities
reported at moderate temperatures (700-1100 °C). Moreover, our measurements using a graphite

Received 7th October 2024, emitter surpass the blackbody limit for gap-integrated far-field devices and match the performance of
Accepted 12th December 2024 near-field TPV devices with an ultrathin 200-nm gap. Our findings suggest that zero-vacuum-gap TPV
DOI: 10.1039/d4ee04604h offers potential for cost-effective, scalable manufacturing using current technologies. Additionally, our

modelling predicts that further power enhancements over one order of magnitude are possible with
rsc.li/ees other spacer materials.

Broader context

Low-cost decarbonization through waste heat recovery represents one of the major challenges in renewable energy technologies. Solid-state energy conversion
methods, such as thermophotovoltaics (TPV), hold significant promise for producing cheap and clean electricity from a range of high-temperature industrial
processes, including concentrated solar power, nuclear reactors, and the production of chemicals, steel, cement, and glass, which typically operate in the
moderate temperature range below 1000 °C. However, current TPV technologies, although having high efficiencies, are limited in their ability to produce high
power density within this temperature range. This research presents an innovative approach, zero-vacuum-gap TPV, that fundamentally differs from previous
TPV methods and offers the first proof-of-concept experimental demonstration showing that the power density can be greatly enhanced without increasing
emitter temperature or relying on complex and expensive device structures. We anticipate that this new method, once optimized, will be applicable to a broad
array of untapped heat sources, addressing critical needs in waste heat recovery.

Introduction

Thermophotovoltaics (TPVs) is a solid-state energy conversion
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A typical TPV device, also known as “far-field TPV”, consists
of a thermal emitter and a photovoltaic (PV) cell, separated by a
macroscopic (mm to cm in thickness) vacuum or an air-filled
gap. The two key performance metrics in TPV energy conver-
sion are efficiency and power density. While many recent
studies®” 3> have reported TPV devices with high efficiencies
exceeding 30% (as high as 44% reported in air-bridge TPV) at
an operation temperature ranging from 1400 to 2400 °C,
improving power density has been a secondary focus. In fact,
there is no clear consensus on the standard for reporting and
comparing the measured power density. Unlike efficiency,
which is dimensionless, power density is a dimensional physi-
cal variable and depends on geometrical factors of the TPV
systems including view factors and areas of the emitter and PV
cell. Furthermore, reported power densities in recent literature
range from 1 to 4 W cm ™2 for various emitter-cell geometrical
configurations, typically achieved at high operating tempera-
tures (>1500 °C).>*2%3%3% However, at more moderate tem-
peratures (700 °C to 1100 °C),3%**33 the reported power density
remains much lower, often around 0.1 W cm > While high
temperatures are crucial for TPV-based energy storage applica-
tions, numerous domestic and industrial heat sources, such as
concentrated solar power, nuclear reactors, and waste heat
from chemical, steel, and glass industries, fall within low to
moderate temperatures. To enhance the potential for power
generation from these sources, higher power density TPV systems,
besides high efficiency, are required for effective energy conver-
sion applications.

In principle, the power density in far-field TPV devices is
fundamentally constrained by Planck’s blackbody radiation law
and Stefan-Boltzmann law, with an upper limit determined
when the emitter surface is assumed to be a blackbody at a
given temperature. This constraint is the key reason why
current TPV technologies face limited pathways to significantly
boost the power density. Typically, the enhanced power density
relies on heating the thermal emitters to even higher tempera-
tures, which greatly narrows the range of materials that can
function as thermally stable emitters at temperatures above
2000 °C.****7 Chemical degradation of emitters at ultrahigh
temperatures also compromises the device stability and short-
ens the lifespan of TPV systems.*?>®

One approach to improve TPV power density while main-
taining a moderate working temperature is to use near-field
TPV,**~*3 where the PV cell is brought in close proximity to the
thermal emitter so that the distance between them is much
smaller than the peak thermal wavelength derived from Wien’s
displacement law (¢, = 2.898 um K/T, which gives Ag, ~ 3 pm at
T = 1000 K). This results in enhanced near-field radiative heat
transfer due to coupling of evanescent waves near the emitter
interface, leading to a multi-fold increase in the TPV power
output compared to the far-field. Recent experiments**™# have
shown that power density in near-field devices with vacuum
gaps on the order of a few hundred nanometers can beat the
blackbody limit for gap-integrated far-field TPV devices.
Despite this potential, it is recognized that the development
of practical near-field TPV devices is hindered by the challenges
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in microfabrication and scaling up of the nanoscale vacuum
gap, often limiting the device dimension to a few hundreds of
pum? or at best a few mm?®. Furthermore, the stringent require-
ments for ultrasmooth and contamination-free emitter and PV
receiver surfaces create hurdles and increase the cost for system
level integration of near-field TPV devices.

In this work, we present the first experimental demonstration
of a novel far-field TPV concept called ‘“zero-vacuum-gap TPV”
(zTPV), which enhances the power density without increasing the
emitter temperature and also addresses the scalability limitations
of current near-field TPV devices. The performance improvement
is achieved through the use of a gapless structure, where the
vacuum or air gap in existing far-field and near-field devices is
replaced with a thermally insulating dielectric spacer layer. This
layer has a high refractive index and high infrared (IR) transpar-
ency which allows the transmission of high wave vector modes
that are prohibited in gap-based far-field TPV devices. By using
fused quartz as the proof-of-concept spacer material, tungsten
and graphite as the emitters, and InGaAs as the PV cell, our
experiment demonstrated a two-fold increase in power density
over conventional far-field devices, under identical measurement
conditions. We have shown that within the demonstrated tem-
perature range of 700 °C to 1100 °C, our results represent one of
the highest power densities reported for far-field TPV devices.
Moreover, the measured power density for the graphite emitter
exceeded the blackbody limit of gap-based far-field TPV devices,
comparable to those of near-field TPV devices with a 200-nm
vacuum gap. Our experimental findings align with our predic-
tions, which suggest that using other dielectric spacers such as
amorphous Si could result in power enhancements of over one
order of magnitude. Furthermore, by addressing heat conduc-
tion as a limiting factor in the performance of zero-vacuum-gap
TPV, we have demonstrated strategies to mitigate its impact,
revealing the potential to increase the power density and
efficiency simultaneously. As high-power capability relaxes the
constraints of ultrahigh emitter temperature and large hot
surface areas, we anticipate that this method, once optimized
and used in conjunction with the recently developed high
efficiency TPV cells, could unlock previously inaccessible heat
sources and TPV applications.

Results and discussion
Working principle

Fig. 1 illustrates the physical principle of zero-vacuum-gap TPV
in comparison with far-field and near-field devices. The
vacuum or air gap in a typical far-field device (Fig. 1a) allows
transmission of propagating waves with low wave vectors (k)
below k, = w/c, where o is the frequency and c is the speed of
light in a vacuum. In this configuration, the macroscale gap
prohibits the transmission of high-k (k > k,) evanescent waves,
which only exist near the emitter surface and decay exponen-
tially away from the interface. In contrast, near-field TPV
(Fig. 1b), by bringing the PV cell extremely close to the emitter
to allow the tunneling of evanescent photons across the
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Fig. 1 Principles of zero-vacuum-gap TPV (z-TPV) and conventional gap-integrated far-field TPV (f-TPV) and near-field TPV (n-TPV). Concepts of
radiative energy flow are shown for far-field (a) and near-field (b) TPVs between a thermal emitter (graphite) and a low-bandgap PV cell (InGaAs),
separated by a vacuum or an air gap. The macroscale gap in far-field TPV allows only the transmission of propagating waves with low parallel wavevectors
(k < ko, ko = w/c, where w is the photon frequency and c is the speed of light in a vacuum), while a nanoscale gap in near-field TPV allows the
transmission of high-k photons via coupling of evanescent waves. (c) Concept of z-TPV in which a transparent, thermally insulating dielectric spacer is
inserted between the emitter and the PV cell to turn vacuum-prohibited evanescent waves into high-k (ko < k < nko) propagating waves, where n is the
refractive index of the spacer. (d) Calculated spectral thermal radiation transmission for different TPV schemes. a.u., arbitrary units. The emitter
temperature is 1200 K. The gap size for near-field TPV is 300 nm. (e) Spectral heat flux of different TPV schemes. Fused quartz is used as the dielectric
spacer. The thermal radiation energy density in far-field TPV using a blackbody emitter is calculated for comparison. The values are normalized by the

maximum value of the z-TPV spectral radiative flux.

vacuum gap, can utilize the radiative power from the high-k
waves, leading to enhanced power generation in the PV cell.
Alternatively, zero-vacuum-gap TPV provides a different
approach from near-field TPV to access the high-k waves which
contain high thermal energy content for power generation.***°
As shown in Fig. 1c, when a dielectric medium with a refractive
index of n fills the gap, it opens an extra energy pathway
for high-k propagating waves (k, < k < nk,), which can be
harvested to generate more power in the PV cell. It is important
to note that the high-k waves here are propagating and not
evanescent; therefore, there is no decay in intensity inside the
transparent spacer layer. In this context, zero-vacuum-gap TPV
can be considered as a variant of far-field TPV as there is no
contribution from the near-field evanescent waves. However,
the contribution of high-k propagating waves is substantial.
Indeed, the calculated wave vector- and wavelength-dependent
energy transmission coefficients (Fig. 1d; see the ESIt for the
theoretical method) suggest that zero-vacuum-gap TPV allows a
broadband enhancement in radiative heat flux beyond k, while
near-field TPV increases energy flux by enhancing transmission
within a small interval of wavelengths and wave vectors.

1516 | Energy Environ. Sci.,, 2025, 18, 1514-1523

In our calculations, fused quartz was used as an example of
the dielectric spacer material due to its near-perfect transmit-
tance in near-IR (0.5-2 pum), relatively high refractive index
(n = 1.45), and low thermal conductivity (1.4 W m~" K ').>°
Fig. 1e shows the spectral power distribution of different TPV
devices operated using a 0.74-eV InGaAs cell with an integrated
Au back reflector. Both the near-field and zero-vacuum-gap TPV
devices have the potential to beat the far-field blackbody limit
for vacuum/air-gap TPV devices. Notably, the performance of
zero-vacuum-gap TPV when using fused quartz as the dielectric
spacer is comparable to that of a near-field TPV device with a
vacuum gap of approximately 200 nm.

Furthermore, it is important to note that the presented zero-
vacuum-gap TPV concept above shares similarities with a
historical TPV approach known as light-pipe TPV,”** which
also employs an intermediate spacer to enhance the power
density of TPV devices (see the ESIT for details). However, all
prior experimental demonstrations of light-pipe TPV featured
an air gap between the emitter and the PV cell, fundamentally
limiting the TPV power density to contributions only from low-k
modes. While in theory, the light-pipe TPV concept could be

This journal is © The Royal Society of Chemistry 2025
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adapted for a gapless structure, no experimental demonstra-
tions have been reported to date. In this work, we clarify these
two methods and use the term ‘‘zero-vacuum-gap TPV” to more
accurately describe the architecture of this different concept.

Device fabrication and power enhancement demonstration

To demonstrate the experimental feasibility of zero-vacuum-
gap TPV and its potential to break the vacuum-gap blackbody
limit, we fabricated zero-vacuum-gap TPV devices and charac-
terized their performance. Fig. 2 shows the schematic of the
experimental setup. To fabricate this device, we first sputtered
thick (>1 pm) emitter films (tungsten and graphite) on the
end-polished fused quartz rods with a roughness of ~1-5 nm.
Subsequently, the fused quartz rods were attached to the PV cell
using a very thin layer (~ 10 um) of an optical epoxy (EB-107LP-
2FL) with a similar index as fused quartz to seal the air gap
between the spacer layer and the grid line-covered PV cell
surface. During our measurements, the emitter was heated
using an electrical heater and the temperature of the emitter
was monitored using three thin film thermocouples (K-type
with a 25 um probe). To ensure excellent thermal contact,
a ceramic glue (Resbond 989F) was used to joint the heater
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Thermocouple

Deposited emitter

Fused quartz rod

Optical epoxy
Gold Electrode
I PV cell

v Thermocouple
Gold Electrode
Thermal paste
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Fig. 2 Schematics (not to scale) of the measurement setup.
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rod and the thermal emitter as well as these thermocouples.
The temperature of the PV cell was measured using two
thermocouples glued using a thermally conductive, electrically
non-conductive epoxy (H70E), with one positioned underneath
and another located on the side of the cell. The heat flux
flowing from the PV cell to the bottom heat sink was measured
using a heat flux sensor (HFS) placed between the cell and the
heat exchanger (M2 microchannel cold plate), secured with a
thermal paste (Shin Etsu X23). To thermally insulate the device,
two layers of thermal insulation were used on top of the heater
and underneath the device. The photovoltaic cell used in our
measurement is InGaAs with a bandgap E, of 0.74 eV and is
grown by metal-organic vapor phase epitaxy (see the ESIt and
Fig. S2) which is a commonly used method to produce high
quality, scalable III-V semiconductors in the commercial sec-
tor. Furthermore, to account for the view factor effect (see the
ESIT) due to the small size of the PV cell (~0.1 cm?), our
measurements were performed by first bringing the PV cell
~1 mm away from the combined spacer and emitter layers, to
obtain the far-field TPV results, and then closing the gap using
epoxy to characterize zero-vacuum-gap TPV cell performance
using the same set of emitters and PV cells. By doing so, the ratio
of power densities in two TPV methods can be obtained. It should
be noted here that our far-field TPV measurements, intermediated
with a transparent spacer but incorporating a thin air gap, are the
same as the light-pipe far-field TPV (see the ESIt).

The measured power generation from gap-integrated far-field
TPV and zero-vacuum-gap TPV for both tungsten and graphite
emitters at varying temperatures are shown in Fig. 3a and d.
We compared these results to our theoretical predictions as well
as the vacuum-gap blackbody limits. For both emitters, zero-
vacuum-gap TPV generates more power than the blackbody limit
for a vacuum-gap far-field device. Specifically, the power perfor-
mance is more pronounced for the graphite emitter (approxi-
mately 60% higher than the blackbody limit) since graphite has
a higher emissivity’**> compared to tungsten.*® Furthermore,
as shown in Fig. 3b and e, for both emitters, we observed that
adopting the zero-vacuum-gap architecture improves the TPV
power density by a factor of two. The similar enhancement ratio
for two different emitters suggests that the zero-vacuum-gap
architecture can be used as a universal approach to elevate the
power output of existing far-field TPV cells. It should be noted that
the power enhancement is less than the prediction of the upper
limit of the enhancement ratio which is around 2.65 for the fused
quartz spacer and is approximately independent of the emitter
temperature. This can be attributed to several energy loss mechan-
isms and the non-ideal device configuration used in our measure-
ment (see the ESIT). The current-voltage characteristics (J-V) of
both the zero-vacuum-gap and far-field TPV cells are measured
using a four-wire method to obtain Py, = Is.VocFF, where I is the
short-circuit current, V,. is the open-circuit voltage, and FF is the
fill factor (see the ESIT and Fig. S4). As shown in Fig. 3c and f, it is
found that zero-vacuum-gap TPV at lower emitter temperatures
can generate higher current densities than far-field TPV, even in
the presence of energy losses. This highlights the potential of
zero-vacuum-gap TPV to relax the high temperature requirements

Energy Environ. Sci., 2025, 18, 1514-1523 | 1517
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Fig. 3 Measured power density and current—voltage characteristics in zero-vacuum-gap and far-field TPVs using tungsten and graphite as thermal
emitters. (a) and (d) Measured and calculated power density of zero-vacuum-gap and far-field TPV devices at different emitter temperatures. The red
shaded area represents the uncertainty of calculated power due to various energy losses. (b) and (e) Power enhancement ratio between the measured
zero-vacuum-gap and far-field TPV devices for graphite and tungsten emitters, respectively. (c) and (f) J-V characteristics of zero-vacuum-gap and

far-field TPV devices at different temperatures.

in current TPV devices as achieving equivalent power output
density at lower emitter temperatures is of great importance for
many TPV applications with material and temperature constraints.
The power density of TPV devices is a function of several
physical factors, including the emitter temperature, view factor
between the cell and the emitter, and the area and emissivity of
both the emitter and PV cell. It is important to note that unlike
efficiency, which can be compared across different experi-
mental configurations with minimal adjustments, extra care
is required when comparing reported values of power density.
Here, we adopt the concept of the power density figure of merit
proposed by Giteau et al.’” and use two dimensionless power
densities (P,; and P,,) based on two different normalization
factors to enable fair comparisons among various TPV schemes
reported in the literature. P,; and P,, are expressed as

P
Pyh=— 1
M Ao TA (1)

P
Pp=——+ 2
" AcFeeo T ( )

where ¢ is the Stefan-Boltzmann constant, T is the tempera-
ture, A, is the area of the emitter, F. is the view factor between
the cell and the emitter, and subscripts of e and c are the
emitter and the cell, respectively. According to eqn (1) and (2),
the measured power density (P/A.) is normalized either by the
total radiative thermal energy available in any far-field TPV

1518 | Energy Environ. Sci., 2025, 18, 1514-1523

system at a given temperature (¢7.") or by incorporating an
additional view factor (F._.) which accounts for radiation losses
that reduce the overall system efficiency. It should be noted
that the second normalization method (with respect to the view
factor) assumes minimal performance variation with an
increasing view factor. In practice, TPV cells with high series
resistance may experience reduced performance under full TPV
irradiance (view factor = 1) due to increased ohmic losses.

As shown in Fig. 4, the performance of zero-vacuum-gap
TPV, evaluated using both normalization metrics, is among the
highest reported power densities at moderate working tempera-
tures (700-1100 °C) when compared to high-performance far-
field TPV devices demonstrated over the past two decades using
PV cells with a similar bandgap (~0.7 eV). Furthermore,
our measured power density using conventional far-field design
with our PV cells is relatively low compared to nearly all
reported results, reflecting the fact that the PV cells in our
measurement are not optimized and exhibit significant losses
(i.e., high series resistance, as discussed below). However,
the adoption of the zero-vacuum-gap TPV design significantly
improved performance.

As both zero-vacuum-gap and near-field TPV are promising
methods to achieve high power densities at moderate tempera-
tures, we compare their power densities in Fig. 5. As shown in
Fig. 5a, z-TPV achieves a power density comparable to the best
of near-field TPVs reported in the literature. Notably, the PV cell
used in both our work and in the study by Mittapally et al.*® is

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Comparison between zero-vacuum-gap TPV and near-field TPV devices. (a) The normalized power generation density as a function of the
emitter temperature is used to compare the zero-vacuum-gap TPV with near-field TPV in recent experiments including Mittapally et al.,*® Inoue et al.,®*
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Three different gap sizes of 200, 250, and 300 nm are selected. The PV cell in both experiments is InGaAs.

InGaAs, allowing for a detailed comparison. We specifically
compare the enhancement ratio of zero-vacuum-gap TPV with
that of nearfield TPV, as reported by Mittapally et al,*® at
different nanogap sizes. As shown, zero-vacuum-gap TPV with
fused quartz as the spacer achieves a similar enhancement ratio
to near-field TPV with a vacuum gap between 200 and 250 nm.
We also performed the simulation for near-field TPV using the
same emitter and PV cell as in our zero-vacuum-gap TPV experi-
ment and found that the power performance of our fabricated
device matches that of the near-field device at the same tempera-
ture with a vacuum gap of 175 nm (see the ESIt). Given that both
methods can achieve high power densities at moderate tempera-
tures, our results suggest that zero-vacuum-gap TPV devices could
overcome the scalability challenges faced by near-field TPV,
enabling high power output for large-scale applications.

Efficiency characterization and effects of heat conduction

One of the limitations of zero-vacuum-gap TPV devices is the
heat conduction through the dielectric spacer layer, which

This journal is © The Royal Society of Chemistry 2025

causes energy loss and may lead to unwanted heating of the
PV cell. It is important to note here that the device configu-
ration of z-TPV is similar to that of thermoelectric devices,
where heat conduction through the semiconductor materials
needs to be accounted for in device design and minimized to
reach high efficiency.®®> However, z-TPV has the advantage of
using any low thermal conductivity, thermally insulating mate-
rials as the intermediate layer (e.g., fused quartz and amor-
phous silicon), which are not constrained by the semiconductor
materials in thermoelectrics.

The figure of merit we used to evaluate zero-vacuum-gap
TPV is the efficiency on the PV cell side (ie., cell energy
conversion efficiency), # = Pyen/(Qraa + Qcona); Where Pge,, is
the generated power from the PV cell and Q;aq and Qconq are the
heat radiation and conduction that reach the PV cell which are
measured using a heat flux sensor underneath the cell. Fig. 6a
shows the measured efficiency of our zero-vacuum-gap devices
for the fused quartz spacer with different lengths. See the ESI{
for details about the efficiency measurement. For a 2-cm long
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Fig. 6 Measured and calculated cell energy conversion efficiency and
predicted performance using other dielectric spacer materials for achiev-
ing even higher power density (all calculations assumed graphite as the
thermal emitter). (a) Measured and calculated efficiency of far-field TPV
and zero-vacuum-gap TPV (with fused quartz spacer thicknesses of 2 and
10 cm) at different temperatures. The optimal efficiency for different TPV
schemes is calculated using optimized PV cell parameters extracted from
the recently demonstrated high efficiency InGaAs cell with minimal
optoelectronic losses. The vacuum gap size in near-field TPV is 200 nm.
The spacer thickness for modelling zero-vacuum-gap TPV is 10 cm.
(b) Estimated power density of zero-vacuum-gap TPV using amorphous-
Si as the dielectric spacer material and compared with the far-field TPV.
The dashed red line between a-Si corresponds to near-field TPV with a gap
size of 25 nm.

dielectric spacer, the efficiency is low (less than 5% at 1290 K)
due to the dominant role of heat conduction. However, increas-
ing the dielectric spacer to 10 cm significantly suppresses
the conduction contribution and improves the efficiency to
nearly 19%. It should be noted that although the power density
in zero-vacuum-gap TPV is enhanced by a factor of 2 compared
to conventional far-field TPV, the measured efficiencies of
both TPV architectures are comparable. This is because zero-
vacuum-gap TPV increases power generation by extracting a
proportionally similar additional amount of thermal radiation
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from the emitter, primarily through the high-k modes. Further-
more, efficiency improves as the emitter temperature increases,
which can be explained by the improved spectral matching
between the thermal emission spectrum and the PV cell band-
gap, as well as the significant rise in radiative power, which
increases at a higher rate (~7*) compared to conductive heat
transfer (~7). As shown in Fig. S7 (ESI{), thermal radiation
dominates over the contributing heat conduction in the total
heat flux at above 1200 K for the fused quartz spacer.

Furthermore, we have performed characterization of the PV
cell temperature, and our experiments suggest that the heating
of the PV cell due to both radiative absorption and conduction
has marginal adverse effects on the TPV power performance
(see the ESIt and Fig. S8).

The measured efficiency of zero-vacuum-gap TPV agrees well
with our theoretical calculations when accounting for several
loss mechanisms, such as series resistance (see the ESIt). It is
worth noting that a recent experiment by some of us using a
similar type of InGaAs cell that has much lower series resis-
tance and reported nearly 40% efficiency by effectively mini-
mizing losses.’® However, even in that study, the efficiency
decreases to around 25% when the emitter temperature
reduces to 1000 °C.

To optimize the power density and efficiency of the z-TPV
devices, it is critical to manage the energy losses, including
radiation escaping due to light traveling in an oblique angle
and leaving the side surface of the spacer, optical losses inside
the spacer, energy transmission losses of the high-k modes,
heat conduction and convection losses, and optoelectronic
losses inside the PV cell. According to our estimation, the
escaped radiation and optical losses in the fused quartz dom-
inate in our current devices as fused quartz has a modest
refraction index (thus a higher percentage of light leaving
the side wall without undergoing total internal reflection).
However, several methods can be adopted to optimize effi-
ciency while maintaining the high-power density, including
using an alternative dielectric spacer with a higher refractive
index, or using a cylinder shape TPV device (see the ESIt).
Furthermore, the heat transfer losses in the z-TPV structure can
be managed by using a spacer material that has low thermal
conductivity and using a device shape that is more immune
to an external thermal environment such as a cylindrical
TPV device used in many TPV applications such as a fuel-
combustion power generator and grid energy storage. In addi-
tion, reducing the optoelectronic losses in the PV cell due to
high series resistance is critical to further improve the effi-
ciency of z-TPV devices. Moreover, to improve the efficiency at
medium temperatures, a PV cell with a bandgap below 0.7 eV
should be used to have a better spectral match with the thermal
radiation spectrum. We expect that the same optimization in
PV cell fabrication and using a low band-gap PV cell can be
employed to improve the efficiency of the current zero-vacuum-
gap TPV devices. Indeed, using the physical parameters derived
from the optimized InGaAs cells, we found that a possible
upper efficiency value for zero-vacuum-gap TPV could reach
around 30% at 1200 K (Fig. 6a). These results indicate that

This journal is © The Royal Society of Chemistry 2025
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zero-vacuum-gap TPV does not inherently come with compro-
mised efficiency due to the existence of thermal losses. Further-
more, it is also important to note that the cell energy efficiency
reported here does not account for the transmission optical
losses because of the sub-bandgap photon absorption in the
dielectric spacer. As a proof-of-concept demonstration, we
chose fused quartz due to its low cost and simple integration
into the z-TPV architecture. The near-transparent transmission
band of fused quartz is in the near infrared (0.5-2 pm). This is
great for demonstrating the power enhancement mechanism of
zero-vacuum-gap TPV as we are using a 0.74 eV cell, meaning
most of the above-bandgap thermal radiation photons from the
emitters can be used to enhance power generation. However,
the optical losses due to the non-transparent below-bandgap
photons of the fused quartz are also important for practical
implementations of z-TPV as they limit the overall efficiency of
the device. These photons do not contribute to power genera-
tion and are instead converted to heat. For fused quartz and the
PV cell used in this work, this loss is more than half of the
incoming radiation. However, this loss can be mitigated by
using other mechanisms such as the selective emitter, the
embedded structure on the emitter as an optical filter, or using
alternative dielectric spacer materials with broad spectral infra-
red transparency to improve the overall efficiency of the system.

Theoretical potential of zero-vacuum-gap TPV

To obtain further insights into our results and answer the
question of whether even higher power densities could be
achieved using zero-vacuum-gap TPV, we performed theoretical
predictions with other spacer materials. See the ESIf for details
on our consideration of different materials. Specifically, we
considered amorphous silicon (a-Si) due to its high refractive
indices (>3), high infrared transparency, and low thermal
conductivity (a-Si®® is close to fused quartz®’). As shown in
Fig. 6b, a-Si establishes a 17-fold higher power enhancement
when compared with the far-field TPV devices using the same
emitter and the PV cell. This high-power level is equivalent to
that of near-field TPV for a <30-nm vacuum gap, which is
nearly impossible to achieve using current microfabrication
techniques. Furthermore, the power output of a far-field TPV
device at 1000 °C can be reached using a zero-vacuum-gap
architecture at only 650 °C if a-Si is used as the dielectric
spacer, suggesting the potential of zero-vacuum-gap TPV for
harvesting low-to-moderate quality heat that can be found in
many heavy-emission industrial processes.

Conclusions

We presented here the first demonstration of a novel zero-
vacuum-gap TPV architecture that is different from existing far-
field and near-field devices and showcased its power enhance-
ment capability using a fused quartz dielectric spacer. It is
anticipated that this method, once optimized, can elevate
TPV power density to levels unattainable by both conventional
far-field and near-field TPV devices. Our experiments showed

This journal is © The Royal Society of Chemistry 2025
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the enhancement of TPV power density that could exceed the
blackbody limit in air-gap far-field devices. Furthermore, given
the potential for high-power density in zero-vacuum-gap TPV
and compatibility with the scalable manufacturing methods,
this method overcomes the dilemma facing the near-field TPV
devices of the tradeoff between high power density and scal-
ability. Our calculations further suggested that by properly
choosing the spacer material in combination with PV cells that
have been recently demonstrated with minimal thermal and
optical losses, even higher power density can be achieved. The
advances gained in this work set the stage to systematically
investigate the zero-vacuum-gap concept and potentially unlock
a wide range of low-to-moderate temperature heat sources
that have not been exploited in many TPV energy conversion
applications such as lightweight heat power co-generators, and
concentrated solar TPV paired with moderate temperature
thermal storage systems.
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