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ABSTRACT

Thermophotovoltaic (TPV) cells convert photons emitted from hot surfaces into electrical power.
Unlike solar cells, TPV cells can be placed in close proximity to the heat source, allowing below-
bandgap (i.e., out-of-band, OOB) photons to be reflected and re-absorbed by the emitter. As the
reflectance of OOB photons approaches unity, the spectral efficiency of the TPV becomes
increasingly insensitive to the bandgap of the cell and the source temperature. Here, we employ
air-bridge structures with a lateral junction Si TPV cell as a means of increasing OOB reflectivity,
which allows for efficient operation at low thermal source temperatures that were long inaccessible
to efficient Si TPV power generation. The devices exhibit an OOB reflectance of 98.0 + 0.1% and
an air-bridge scalability to at least 6 cm x 6 cm. Compared to devices with a Au back surface
reflector (BSR), devices featuring an air-bridge BSR exhibit a 25% relative increase in power
conversion efficiency at a thermal source temperature of 1988K. Such performance improvements
in TPV cells made with scalable and relatively low-cost Si can potentially expedite the widespread

use of TPV systems in both energy storage and generation systems.
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MAIN TEXT

Conversion of heat to electricity plays an important role in various energy applications including
waste heat scavenging!, distributed generation?*, thermal energy storage>® and direct solar energy
conversion.”!! TPV cells are used in such applications to convert radiated photons from high
temperature sources into electrical power via the photovoltaic effect. As the emitter and cell can
be placed in close proximity, reflecting and recycling photons with insufficient energy to excite
electronic transitions can produce a significant improvement in power conversion efficiency.!*"!3
Such wavelength-selective photon recovery can be achieved using a front surface filter (FSF), or
a back surface reflector (BSR).!? Calculations show that with an out-of-band (OOB) reflectance of

>99%, the spectral efficiency of the TPV system becomes increasingly insensitive to the emitter

temperature or cell bandgap.'*

While the OOB reflectance of metal BSRs'>!7, photonic crystals (PhC)'® and Bragg/plasma
filters'® remain below 95%, Fan, et al. recently demonstrated an Ino.s3Gao.47As (InGaAs) air-bridge
TPV cell with ~99% OOB reflectance, which resulted in an 8% increase in power conversion
efficiency compared to the same device with a Au BSR.!* With this high OOB reflectance, it was
suggested that efficient TPV cells based on low-cost, but higher bandgap semiconductors such as

Si can potentially be paired with relatively low temperature emitters (1000-1500K).

There are few previous works on Si TPV cells?*-** due to its relatively high bandgap compared
to InGaAs and GaSb. Reports on Si TPV include that of Yeng, et al.>> who demonstrated a power
conversion efficiency of 6.4% for a conventional Si PV cell with a PhC selective filter paired with
a 1660K 2D tantalum PhC emitter. Swanson'® reported a Si TPV cell with an SiO2/Ag BSR that

exhibited ~95% OOB reflectance and a power conversion efficiency of 29% using a 2300 K



broadband emitter. Dielectric spacers such as these can theoretically achieve a high Rou, but are

limited by absorption in the far infrared (see Supplemental Information).

Here, we demonstrate a Si TPV cell with an air-bridge BSR achieving an OOB reflectance of
98.0 + 0.1%. To minimize free carrier absorption (FCA), we use a lateral p-n junction along with
reflective Au contacts on the surface of a 300 pm thick p-type Si substrate with low doping (p ~
10" cm™). The wafer thickness is chosen for ease of handling during fabrication. Figures 1(a) and
(b) show schematic illustrations of the device cross-section and top view, respectively. The
interdigitated top contacts have a width, w = 20 pm, and spacing, d = 60 um, where d is smaller

than the electron diffusion length (100-250 pm) in p-type Si.?6-28
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Figure 1. (a) Cross-section schematic of the Si TPV cell structure. Here, w indicates the contact
finger width and d the spacing between contact fingers. (b) Top view of the contact design and

active area dimensions.

We fabricated a 6 cm x 6 cm Si air-bridge, supported by 7 pm wide Au grids spaced 100 pm
apart to verify the scalability of the fabrication process. Figure 2(a) shows the sample after cold-

weld bonding®® to a 4” Si handle wafer coated with Au. Figure 2(b) shows a scanning electron



microscope image of the cleaved air-bridge cross section and its uniformity over the sample. The

inset is a detailed image of the air-bridge support grids and air gap height.
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Figure 2. (a) Micrograph of a 6 cm x 6 cm air-bridge structure bonded onto a 4” Si handle wafer.
(b) Scanning electron microscope image of a cleaved cross section of the air-bridge. Inset:

Enlarged view of the air gap and Au grid support.

To minimize surface recombination loss common to lateral p-n junction structures, passivation
of the top surface is critical. For this purpose, we deposited a 165 nm thick SiOz layer via chemical
vapor deposition (CVD) at 425°C. This passivation layer also acts as a single layer anti-reflective
coating (ARC), which is optimized for long wavelength photons by calculating the thin-film

transmission via the transfer matrix method*® and weighting it to a 2300K blackbody spectrum.

As noted above, high OOB reflectance is critical for achieving high power conversion efficiency.
Reflectance is increased by introducing an air gap between the back of the cell and the Au
reflector.'* This maximizes the index mismatch at the reflecting interface compared to the Si-metal
interface of a metal BSR. Simulation results using the transfer matrix method® indicate a
maximum OOB reflectance of 98.9% for a 500nm thick air-bridge BSR at an emitter temperature

of 2300K, compared to the 96.1% achievable with a Au BSR.*!



Figure 3 shows the external quantum efficiency (EQE) for an air-bridge Si cell, the simulated
emission spectrum of a 2300K blackbody, and the device absorptance vs. wavelength measured
using Fourier-transform infrared (FTIR) spectroscopy. The spectrum shows a significant decrease
in the cell absorptance corresponding to an increase in OOB reflectance for the air-bridge. When
weighted by a 1988K blackbody emission spectrum, the air-bridge cell exhibits an average
reflectance of 98.0 £+ 0.1% compared to 95.3 = 0.5% for to the Au BSR cell — a difference that is
consistent with optical simulations. The air-bridge cell has a maximum EQFE = 83.5 £ 0.3% at a

wavelength of 0.75 um.
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Figure 3. Absorptance measured via FTIR for the air-bridge and Au back surface reflector (BSR)
devices, the external quantum efficiency (EQFE) of a 4 mm x 4 mm device with 20 um x 60 um

contact grids, and the simulated normalized spectrum of a 2300K blackbody emitter.

Current density-voltage (J-V) characteristics of the air-bridge and Au BSR devices were

measured at several temperatures (Th) of a SiC emitter (globar) at a constant view factor (Fv, auBsr



=0.3740.03 and Fv, air-bridge = 0.29 = 0.03). Figure 4(a) shows the J-V characteristics and generated
power density vs. voltage for a 4 cm x 4 cm active area air-bridge Si TPV cell with w =20 um and
d =60 um top contact grids at Th = 1988K, while Figure 4(b) shows the open circuit voltage (Voc)
vs. the short-circuit current density (Jsc) at several temperatures. As Th increases from 1639K to

1988K, Voc increases from 590 mV to 630 mV, and Jsc from 125 mA/cm? to 923 mA/cm?.

Py

The power conversion efficiency is calculated using n = P—PP, where Pwmpp is the measured
abs

power at the maximum power point, and Pabs is the power absorbed by the Si cell, which is equal
to the power incident minus the power reflected.!* This efficiency metric (referred to as “pairwise
efficiency” elsewhere®?) describes the power conversion efficiency of the device and emitter pair
without factoring in losses associated with a non-ideal TPV enclosure. In Figure 4(c), we compare
the efficiency of the air-bridge cell and the Au BSR cell with increasing temperature Th. For both
devices, we observe a nearly linear increase with Tn, with the air-bridge cell outperforming the Au
BSR cell at all temperatures. At 1988K, the air-bridge cell has an efficiency of 18.9 + 0.4%, which
is a 25% relative increase from the Au BSR cell efficiency of 15.1 + 0.3%. This improvement is

attributed to the increased OOB reflectance of the air-bridge architecture.

To compare the Si air-bridge cell to previous work, we calculate the spectral efficiency, SE (see
Methods), which describes how well the cells utilize the emitter spectrum.!'* Figure 4(d) shows the
calculated spectral efficiencies of the Si air-bridge and Au BSR cells vs. temperature and band
gap. At 1988K, the air-bridge cell shows a spectral efficiency of 63.2 + 0.1%, compared to 49.7 +
0.4% for the Au BSR cell. Notably, the air-bridge cell measured at Tn = 1988K outperforms the
56% spectral efficiency achieved by Swanson at Th = 2300K (star) and indicates a trend for even

higher spectral efficiency (~70%) at the same temperature.'® The spectral efficiency is related to



the power conversion efficiency vian = SE x IQF x vf < FF, where the internal quantum efficiency
(IQE) is the ratio of EQF to in-band absorption (Ain), the voltage factor, vf, is the ratio of open
circuit voltage Voc to the bandgap voltage V. The values of fill factor (FF) and Voc are extracted
from the J-V characteristics. When IQFE x vf x FF is held constant, the 13.5% (absolute) increase
in spectral efficiency from the Au BSR to the air-bridge accounts for a 4% (absolute) increase in
1, a value that is consistent with the measured results. Even with its higher spectral efficiency, the
air-bridge cell operates at only ~30% of the radiative limit at 1988K.** Improved material quality,
device passivation, and contact design, Si TPV cells could potentially approach 70% of the
radiative limit, as achieved by commercial solar cells.*> With this electrical performance, the
difference in spectral efficiency becomes more critical, accounting for a 9.5% increase in PCE
from the Au BSR to the air-bridge. For an air-bridge cell with a 98% OOB reflectance and
comparable carrier management to Si solar cells, a conversion efficiency of 45% at 2000K is

achievable.?
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Figure 4. (a) Current density and power density vs. voltage for the air-bridge Si TPV at 1988K.
(b) Short circuit current density (Jsc) vs. open circuit voltage (Voc) for several emitter
temperatures. (¢) TPV power conversion efficiency vs. temperature for air-bridge (squares) and
Au BSR (triangles) devices. (d) Spectral efficiency and conversion efficiency for air-bridge and
Au BSR devices vs. energy gap normalized to the thermal energy, E¢/ksT, where ks is Boltzmann’s
constant and 7 is temperature. Shaded regions depict limits for possible spectral efficiencies with

Rout =0, 0.95 and 0.98.

In conclusion, we demonstrated a Si TPV cell with an air-bridge back surface reflector,
increasing the average OOB reflectance from the 95.3 + 0.5% of a conventional Au BSR to 98.0
+ 0.1%. This OOB reflectance increase is responsible for a relative 25% increase in power

conversion efficiency at 1988K. By implementing the air-bridge BSR with low-cost, high-



scalability Si, this work provides a critical advance toward the widespread adoption of TPVs for a
range of applications. Combined with the optimized cell design techniques of industrial and
research-grade solar cells, the Si air-bridge TPV cell shows a near-term path for conversion

efficiencies as high as 45%.

EXPERIMENTAL METHODS

Device Fabrication

Before all oxidation or diffusion steps, the double-side polished p-type (p ~ 10'°> cm™) Si wafers
are subjected to a standard RCA cleaning process®* starting with a 10 min clean in NH4OH and
H202, followed by an HF dip and a final 10 min clean in HCl and H20.. Next, a thermal oxide
mask is grown via wet oxidation at 1000°C, and patterned using standard photolithography and
deep reactive ion etching (DRIE). Boron is diffused at 1050°C for 2 h using Techneglas GS139
boron sources. The oxide is stripped in HF and replaced by a second low pressure chemical vapor
deposited (LPCVD) oxide at 900°C, which is then patterned using standard photolithography and
DRIE. Phosphorous is diffused from a POCI3 source at 950°C for 30 min, followed by a 5 min
drive-in. After oxide removal in HF, a final low temperature LPCVD oxide is deposited at 425°C
to avoid further dopant migration. This oxide provides surface passivation and acts as an anti-
reflective coating (ARC). The oxide is patterned and wet etched in HF followed by e-beam
deposition of a Ti/Pt/Al/Pt/Au (5/30/1500/30/200 nm) contact layer that is patterned by metal lift-
off. Finally, a Ti/Au (5/500 nm) support grid is deposited on the back surface of the device and

bonded onto a Au/Si handle via cold welding®® under 2MPa at 150°C for 3 min to form the air-

10



bridge. The Au BSR control samples are formed by sputtering Au on the backside of the cell and

cold-weld bonding to the Au/Si handle.”

External Quantum Efficiency Measurement

The cells were placed under monochromatic illumination, chopped at 200Hz, and coupled into
a multimode SMA to a bare fiber optic cable patch. The light illumination power is calibrated
using a reference 818-UV/DB Si detector (Newport) from 400 to 1100nm, and the output signal
from the TPV cell is measured by an SR830 lock-in amplifier. The current was normalized to the

open area ratio to compensate for contact grid shadowing.

Spectral Reflectance

Fourier-transform infrared (FTIR) spectroscopy is used to measure the reflectance of the Si air-
bridge BSR and Au BSR cells. The range of incident angles is 18° —41°. The techniques used for

spectral averaging are described in !4,

INluminated J-V Characteristics

The J-V characteristics are measured using a Keithley 2401 source meter. Emitter temperature is
regulated by varying the electrical input power to a SiC Globar emitter, while the cell temperature
is maintained at 25°C using a chilled water loop containing water and ethylene glycol mixture. The
temperature of the emitter is determined through FTIR characterization and fitting of the emission

spectrum using previous procedures. '

Spectral Efficiency Calculation

Spectral efficiency is calculated using:

11
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where b(E, Tn) is the spectral photon flux of the emitter, £y is the absorber band gap, and &.¢¢

is the effective emissivity of the cavity formed by the emitter and the TPV cell. Effective emissivity
is calculated by previous procedures'* using the FTIR measurements over 18°—41° and emitter

emissivity measurements over 0°-30°.
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