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Abstract: Transmissive concentrator multijunction (TCMJ) solar cells with over 47% in-band
power conversion efficiency (PCE) have been designed and realized. These TCMJ solar cells have
been characterized under 1 sun and concentrated 500 sun solar spectra, showing that the PCE for
in-band light (photon energies above the cell’s lowest bandgap) can reach up to 47.6% (29.5% for
the full solar spectrum). Temperature coefficients of electrical parameters (V,c, Jsc, FF) have been
derived from measurements within the temperature range of 20° C to 130° C, showing linear
variations versus temperature change. Optical measurements demonstrate that the cells show 76.5%
solar-weighted optical transmission for the out-of-band light (photon energy below the cell’s
lowest bandgap). This TCMJ solar cell exhibits promising spectrum splitting capability, which has
potential for use in hybrid photovoltaic-solar thermal applications.

Introduction

Solar cells composed of III-V materials have received significant attention in the last few decades
for their excellent efficiency, high reliability, and widely tunable bandgaps. They are not only well
known for their high performance in concentrator photovoltaic (CPV) modules'™, space-based
applications® °, and flexible formats®, but they also exhibit significant potential for being
implemented in hybrid photovoltaic-solar thermal (PV/T) systems’ . Many studies have shown
that greater than 40% power conversion efficiency has been achieved in concentrator
multijunction solar cells with bandgaps covering the ultraviolent (UV) to near-infrared (NIR)

portions of the solar spectrumlo’ 1

, and these cells are typically used in CPV systems. However,
these multijunction cells still do not absorb or utilize much of the NIR light, and in typical
three-junction cells, thermalization of higher energy photons is still significant. To more fully
utilize the full spectrum of incoming sunlight, it would be more suitable to split the solar spectrum
in a hybrid PV/T system, where the higher energy (and therefore higher value) photons are
directed to a multijunction solar cell that is tuned to those wavelengths, while the lost lower
energy NIR photons are diverted to a solar thermal receiver, which absorbs these wavelengths
with very high efficiency.

This paper describes the design and characterization of transmissive concentrator multijunction
(TCMJ) solar cells that split the spectrum efficiently between PV conversion to electricity and
thermal collection of NIR light. The thermal energy captured by such a system can be utilized
on-demand as a dispatchable source of renewable electricity or process heat. As illustrated in Fig.
1(a), the cell absorbs the ‘in-band light’, the light whose energy is above the minimum bandgap of
the TCMJ cells; meanwhile the ‘out-of-band light’, the light whose energy is below the minimum
bandgap of the TCMI cells, is transmitted straight through the cells to the thermal receiver. The
in-band light absorbed in the cell (mainly the ultraviolet (UV) and visible light) is directly
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converted to electricity with a power conversion efficiency around 47%, while the out-of-band
light is transmitted with an optical efficiency over 76%. This spectrum splitting TCMJ solar cell
has promising potential for a wide range of hybrid photovoltaic-solar thermal applications.

Cell Design

Figure 1(b) shows the schematic structure of the TCMJ solar cell. It consists of three sub-cells,
with the following bandgaps (and material composition): 2.098eV (Aly23Gaga6lngsiP) for CI,
1.675eV (Alg18Gag g,As) for C2, and 1.410eV (GaAs) for C3. The minimum bandgap selection of
1.410eV for C3 leads to an energy fraction of 0.62 for the in-band light and 0.38 for the
out-of-band light. The materials and bandgaps for C1 and C2 are selected to provide photocurrent
matching and lattice matching in the cell structure. GaAs is a convenient choice for C3 to provide
fairly even splitting of the spectrum while allowing for growth on GaAs substrates. However, by
utilizing epitaxial liftoff (ELO) to remove the substrate'?, a higher or lower cutoff bandgap may be
chosen to vary the fraction of PV vs. solar thermal energy captured in the system.

Each sub-cell is composed of a window layer, emitter layer, base layer, and back surface field
(BSF) layer. A low-doped, n-type GaAs (doping ~5¢16 cm'3) substrate is employed to minimize
parasitic absorption of transmitted out-of-band light and may be removed by epitaxial lift off
(ELO) in the future. The TCMIJ solar cells are epitaxially grown by metal-organic vapor phase
epitaxy (MOVPE) and fabricated using standard I1I-V solar cell fabrication techniques'', with the
exception that the back contact is composed of a busbar and sparse grid fingers instead of a
uniform metallic film. The cells are 5.5 mm X5.5 mm squares, with a thickness of 0.45 mm. The
spacing of the electrode grid is 0.14 mm for the front and 0.28 mm for the rear; these are aligned
to maximize overlap and minimize shadowing of transmitted out-of-band light. Grid fingers are 7
um wide by 3.5 um tall on the front and 9 pm wide by 5.5 um tall on the back. A single busbar is
utilized on each side that runs the length of the edge of the cell, with width of 180 um. The
fabrication also includes front-side and back-side anti-reflection coatings, where the front coating
is designed to minimize reflection for the full spectrum (300 nm to 2500 nm), while the back
coating is for the out-of-band light only (900 nm to 2500 nm); both coatings are designed to work
for the wide range of incident angles of light that are incoming from the concentrator™.

(a) (b)

n+ Cap layer
C1 Window
C1 Emitter (AlGalnP
= C1 Base (AlGaln

- -
//, Electricity Tunnel junction

L = + C2 Window
In-band light C2 Emitter (AlGaAs)

C2 Base (AlGaAs

TCMJ solar cell

2 Tunnel junction
Out-of-band light Heat C3 Window

(transmitted) C3 Emitter (GaAs)
C3 Base (GaAs

Tunnel junction/optional ELO layer
Buffer layer
Nucleation layer




Fig. 1. (a) TCMIJ solar cells more fully utilize the solar spectrum by splitting it — high energy

photons are absorbed in the cell, while low energy photons are transmitted to a thermal receiver. (b)
Schematic structure of the triple-junction solar cell (not to scale). The bandgap and composition of
each sub-cell are Cl: 2.098eV/Alg3GagaslngsP; C2: 1.675eV/Alg 13GaggrAs; and C3:

1.410eV/GaAs.

Results and discussion

The illuminated I-V curves derived from the TCMJ solar cells under 1 sun and 500 suns are both
shown in Fig. 2 for comparison. Both are measured at ~25°C. The 1 sun test is performed using a
continuous, multi-zone solar simulator (Unisim, TS-Space Systems), with total intensity of
0.09W/cm”. This simulator is calibrated to the AM1.5D spectrum by tuning two lamps and three
LEDs (matched to the three bandgaps for these cells) to achieve the correct number of photons
above each bandgap; this close AM1.5D match is confirmed using an independently calibrated
UV/Vis/NIR fiber spectrometer (Ocean Optics). The concentrated 500 sun measurement is
performed using a high-intensity, pulsed solar simulator (HIPSS, Spectrolab, Inc.), and the
intensity is set to be 50W/cm?, which is equal to 500 suns. Fig. 2 shows that the V. is 3.62V
under 1 sun and increases up to 4.23V at 500 suns, while the I boosts dramatically from 2.39mA
to 1.22A due to the highly concentrated incident light. The ratio of Ji to the light intensity
(Js/intensity) shows that the value is similar under both 1 sun (0.081A/W) and 500 suns
(0.082A/W). Higher V, at 500 suns scales logarithmically with the boost in photocurrent, as
expectedlo. On the other hand, the fill factor (FF) of the cell drops from 87.0% to 82.6% under
highly concentrated light, due to the increasing electrical resistance in the top and bottom grid
contacts. The power conversion efficiency reaches 29.5% for the full spectrum of light under 500
suns, which corresponds to 47.6% efficiency for converting the in-band light with bandgap cutoff
of 1.41eV. This latter efficiency metric is defined as
Electricity produced from cell

Mlinband = Energy of incident light above 1.41eV

and takes into account the separate use of the transmitted out-of-band photons for generating
usable energy in a thermal receiver.
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Fig. 2. Measured illuminated I-V characteristics for the TCMJ solar cells under 1 sun and the

concentrated 500-sun AM1.5D spectrum, both at room temperature. Inset table: Electrical
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parameters of the TCMIJ solar cells. The area of the cells is 0.29 cm®.

The high in-band efficiency enables the TCMJ solar cells to convert the UV and visible portions of
the spectrum, which they are designed to capture, into electricity with very high efficiency.
Compared to other conventional multijunction solar cells, such as germanium based ones, the
1914 The main difference between them is that the TCMJ
solar cells shown here have a much higher bandgap cutoff, which enables the out-of-band light to

in-band efficiency is very competitive

transmit through the cell and be captured as heat rather than being converted to electricity. The cell
temperature may be maintained below 110°C " while the thermal energy may be captured at
temperatures up to 600°C. This will significantly increase the dispatchability of the solar energy in
such a hybrid CPV/T system and provides higher exergy efficiency relative to low temperature

CPV/T systems that capture heat directly from the cells'® "

Furthermore, the use of higher
bandgap materials reduces thermalization losses in the cells and results in a higher voltage to
bandgap ratio due to the fairly constant W, at these bandgapslg. This drives the high in-band
efficiency of these devices.

The external quantum efficiency (EQE) of the TCMJ solar cells is measured at room temperature
and exhibited in Fig. 3 (a). The bandgap for each subcell is verified to be 2.098eV (591nm) for C1,
1.675eV (740nm) for C2, and 1.410eV (879nm) for C3, respectively. An excellent current match
between bandgaps is confirmed, with less than 0.7% mismatch.

These cells are anticipated to operate at temperatures up to 110°C in the field. In order to
investigate the performance of the TCMJ solar cells at elevated temperatures, a temperature
controlled stage (HFS600E, Linkam) is utilized with the 1-sun measurement to derive the
temperature dependent I-V performance of the TCMJ solar cells. Measured results are plotted in
Fig.3 (b), which shows a series of current density—voltage (J-V) curves from 20°C to 130°C. Due
to the expected decrease in bandgap energy vs. temperature, the open-circuit voltage V. decreases
with increasing temperature, while the short circuit current density J increases as the temperature

rises.
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Fig. 3. (a) Measured external quantum efficiency (EQE) of the TCMIJ solar cells. (b) Measured
J-V curves for different temperatures under 1 sun. (¢) Variance of cell performance parameters vs.
temperature and associated temperature coefficients under 1 sun. (d) Measured J-V curves vs.
temperature and relative temperature coefficients under 500 suns.

In order to gain further insight, the relative temperature coefficients of V., Js, fill factor (FF) and
the power conversion efficiency (1) under 1 sun are derived and exhibited in Fig. 3 (c). The V.
decrease vs. increasing temperature shows linear variation, and the coefficient is measured to be
-0.18%/K, which is similar to other values for III-V cells that are reported in literature™ '*. The J
slightly increases as the temperature goes up with a coefficient of 0.11%/K, showing a fairly linear
response, with minimal evidence of additional current mismatch between junctions due to the
shifting bandgap energies in this temperature range. On the other hand, the FF decreases at a rate
of -0.06%/K when the temperature increases, leading to a similar decline in 1 at -0.16%/K. This
results from an increase in the series resistance in the cell (sheet, contact, and electrode
resistances).

Furthermore, J-V curves and relative temperature coefficients under 500 suns are also measured
and shown in Fig. 3(d). The temperature coefficient of V. changes from -0.18%/K to -0.12%/K
when the concentration rises from 1 sun to 500 suns, which is an expected decrease with
concentration based on previous theoretical and experimental work"?. I increases vs. temperature
at a similar rate (0.08%/K) as under 1 sun. On the other hand, the FF and n barely change vs.
temperature when illuminated by 500 suns (with temperature coefficient of 0.03%/K and
-0.01%/K, respectively), showing that the cell has fairly consistent efficiency across the operating
temperature range and under expected concentration levels, as designed. The in-band cell
efficiency at the expected operating temperature of 70°C and concentration of 500 suns is 47.1%.

In addition to having high power conversion efficiency for in-band light, it is essential that the



TCMLJ solar cell has high optical transmission efficiency for the out-of-band light as well. In order
to investigate the optical performance, a white light source and a UV-Vis spectrometer (DH-2000,
Ocean Optics) are employed. The measured and the calculated results are both shown in Fig. 4.
The experiment matches our optical model, showing that the transmission is almost zero until
880nm (the bandgap cutoff, 1.41eV, for the triple junction cell), then dramatically increases to
around 80% for the rest of the out-of-band solar spectrum. The oscillation in the experimental
curve results from slight index mismatch and interference in the various epitaxial layers of the cell
that is not accounted for in our optical model. By integrating the experimental transmission curve
with the AM1.5D solar spectrum, the solar-weighted transmission efficiency is calculated to be
76.5% for the TCMI solar cell. This value is promising for many applications; however, there are
still a few factors that affect the transmission which may be improved, including further reduction
in shadowing loss from the busbar and the grid electrodes on the cell and reduced free carrier
absorption in the cell substrate and the tunnel junctions. In particular, it is believed that the
transmission may be significantly enhanced by applying an ELO process to remove the GaAs
substrate from the cell.
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Fig. 4. Measured and calculated optical transmission through the TCMJ solar cells.
Conclusion

In summary, a transmissive concentrator multijunction (TCMJ) solar cell with 47.6% in-band
power conversion efficiency (500 suns, 25°C) and 76.5% out-of-band optical transmission has
been proposed and experimentally demonstrated. The cell has an in-band efficiency of 47.1% at
the expected operating temperature of 70°C (under 500 suns). Temperature dependent
measurements show that the electrical parameters (Voe, Js, FF and n) vary linearly as the
temperature increases and that the variations are in an acceptable range. The TCMJ solar cells
exhibit promising potential for spectrum splitting applications, including deployment in a hybrid
photovoltaic-solar thermal system with significant dispatchability (of heat or electricity) and high
exergy efficiency.
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