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Abstract

In this work, we propose and realize three different design strategies to implement an

optical cavity in GaAs thin film solar cells in order to confine its internal luminescence

and hence to exploit photon recycling. The strategies are based on the definition of a

highly reflective and very conductive back side, whereas front side light extraction is

limited by total internal reflection. We show characterization results on the internal

reflectivity of the back reflector and on the contact resistance at the rear side, impor-

tant quantities for a good functioning of the final solar cell. First, a back side using

only metal was optimized with a pure Ag layer leading to an internal reflectivity

of 95.2% and a contact resistance of 1.0 × 10−4 Ω for a 1 cm2 device. With a

metal‐dielectric stack at the back side and electrical contacts made by metals via

point‐contacts, a second approach led to averaged internal reflectivity of 98.0% and

contact resistance of 1.8 × 10−4 Ω for a 1 cm2 device. A third strategy in which a

transparent conductive oxide in combination with a metal layer was used did not

show the expected results in optical and electrical properties. We fabricated and

characterized solar cells with the most promising back sides. When comparing with

an ordinary reference GaAs solar cell, external radiative efficiency increased by

factors of 150% and 90% for the thin film solar cells with pure Ag and with the

metal‐dielectric stack at the back side, allowing enhancements of 19 and 13 mV in

VOC, respectively.
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1 | INTRODUCTION

In recent years, the efficiency of single‐junction photovoltaic devices

for 1‐sun applications has been pushed closer to the well‐known

Shockley‐Queisser limit1 by managing the photon flux within the active

regions of solar cells, a concept known as photon management.

Radiatively limited solar cells, fabricated out of high quality GaAs2-5

and GaInP6 material, benefit from a strong enhancement in open‐circuit

voltage (VOC) if photon recycling effects are exploited. Multi‐junction
wileyonlinelibrary.com/
solar cells can also benefit from photon management through lumines-

cence coupling amongst its junctions and photon recycling effects

which would ultimately improve energy conversion efficiency by bet-

ter current matching conditions and VOC increase.7-9 Photon manage-

ment also brings advantages to nanostructured devices in which

several repetitions of active layers of quantum wells or quantum dots

are commonly necessary to boost optical properties.10,11 Furthermore,

as a general benefit of photon management, cost of materials can also

be reduced. If the incoming sunlight is confined in the active region of
© 2018 John Wiley & Sons, Ltd.journal/pip 1
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a device, less volume of material is required for absorption. In addition,

short circuit current density (JSC) can be increased as well as the energy

conversion efficiency.12-14

The maximum benefit of the photon recycling concept relies on

the minimization of the photon flux emitted by the solar cell to its

external environment.8,15-18 Since this flux is omnidirectional, it can

be contained within the solar cell active region by limiting the front

surface escape cone and reducing the flux transmitted through the

rear of the cell. Thus, this light confinement approach increases the

photon path length of the luminescence light which effectively

reduces the radiative recombination component of the cell's satura-

tion current,19 increasing VOC.

From thermodynamic principles,16 it is possible to correlate VOC

with the external radiative efficiency (ERE) of a solar cell through

Equation 1:

VOC ¼ VOC
ideal þ kT

e
ln EREð Þ (1)

in which VOC
ideal is the detailed balance limited VOC of an ideal solar

cell, k is the Boltzmann constant, T is the cell temperature, and e is

the elementary charge. From Equation 1, it is possible to conclude that

a higher ERE shifts the solar cell closer to its detailed balance limit for

VOC, which is 1.145 V for a GaAs device. On the other hand, ERE can

be calculated by the solar cell figures of merit and its spectral external

quantum efficiency (EQE), as in Equation 2.20

ERE ¼ 2πe

h3c2
·

1
JSC

� �
· exp

eVOC

kT

� �
·∫

∞

EG

EQE·E2

exp E=kTð Þ − 1
dE (2)

In Equation 2, h denotes the Planck constant, c the speed of light, EG

the active material bandgap energy, and EQE is the weighted value

of EQE over all angles of incident light. According to Green,20 this

can be well approximated to its perpendicular value for a high‐quality

device.

Figure 1 shows the timeline for the figures of merit of GaAs thin

film solar cells (TFSC) from 1993 to 2018. It is remarkable that VOC

has been the most important factor in the raise of efficiency over

the last years. In the same way, GaAs solar cells' ERE has followed

the rapid historical increase of VOC going from 1.1% in 2005 and

1.7% in 2009 with the devices fabricated by the Radboud University

group to 22.5% in 2011 and 54% in 2012 achieved with the TFSC of

Alta Devices Inc. (according to Equation 2 applied to data from Green
FIGURE 1 Timeline of the performance metrics of GaAs thin film solar ce
viewed at wileyonlinelibrary.com]
et al and Bauhuis et al,21,22,28,29 respectively). Along with a better

material quality, a photon management method, such as the use of

very reflective back side reflectors, has also been implemented to real-

ize such improvement in ERE. In comparison, the best reported GaAs

solar cell without any photon management reached a VOC of

1030 mV and an ERE of 1.26%.20 For other devices' ERE and further

discussions, please see Green.20

The main objective of this paper is to show experimental results

on different technological design strategies to implement a very

reflective and conductive back side in GaAs TFSC. First, the strategies

are described in Section 2. In Section 3, the samples designed to inves-

tigate the electrical and optical properties of the back side technology

are described as well as the characterization results. Section 4 is ded-

icated to a description of the solar cells fabrication with the best back

side technologies described in the previous sections. The characteriza-

tion results of such devices and discussions follow in Section 5, and

the conclusions are given in Section 6.
2 | OPTICAL AND ELECTRICAL DESIGN
STRATEGIES TO THE BACK SIDE OF SOLAR
CELLS

A significant number of proposals have been made in literature on

how to form an optical cavity in which photons are confined to the

active region of a solar cell. This includes the design of the back and

the front sides of the device. For the back side, metallic mirrors, dif-

fraction gratings, photonic structures, and others7,29-33 have been

tested to reflect and/or diffuse the photon flux to be recycled back

to the active region of the cell. For any of these approaches, the for-

mation of a good reflector/diffusor must be conciliated with the pres-

ervation of a good electrical contact. For the front side, light directors,

photonic and plasmonic structures34-38 were proposed to manage the

outgoing light. Here, the trade‐off is between the benefits brought to

the device by light management and the shadowing losses.

In this work, the formation of an optical cavity in GaAs TFSC is

based on a planar back side reflector at the rear side and on the natu-

ral limited cone (θC ≈ 16o) for total internal reflection of the front side

semiconductor/ARC/air interface, as shown in Figure 2.

In order to achieve a high reflectivity and high electrical conduc-

tivity, three different design strategies for the back side of the device

were proposed and tested according to Figure 3: (A) a full area stack of
lls 21-27: A, efficiency and JSC; and B, FF and VOC [Colour figure can be

http://wileyonlinelibrary.com


FIGURE 2 Optical design for the back and the front side of a GaAs

thin film solar cell in order to create a cavity around the active
layers. FSC and ARC are abbreviations for front side contact and
anti‐reflective coating, respectively [Colour figure can be viewed at
wileyonlinelibrary.com]
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metal layers; (B) a full area transparent conductive oxide layer

followed by a full area metal layer; and (C) a metal‐dielectric stack with

point‐contacts. It is important to note that the substrate indicated in

Figures 2 and 3 is not the original substrate used for growth but any-

one defined during processing (after growth) to mechanically support

the devices and conduct the electrical current. In our case, the

substrates were defined by electroplating, as will be described in

Section 4.

Strategy (A) is based on the natural high reflectivity and high elec-

trical conductivity of metals.13,28,29 Here, the challenge is to find an

appropriate selection of low absorptive metals that make a good

ohmic contact to the adjacent semiconductor layer without the need

of high annealing temperatures which would cause diffusion and

would smear out the joint interface. Strategy (B) relies on the low

refractive index and on the electrical conductivity of a transparent

conductive oxide.39,40 Photons transmitted through the high reflective

interface between the oxide and the semiconductor would have a sec-

ond chance of getting reflected at the metal surface. However, to

increase the electrical conductivity of the transparent conductive

oxide, it is necessary to increase the oxide doping which changes its

transparency.41,42 This imposes a trade‐off between electrical and

optical properties. Finally, strategy (C) joins ideas of the two previous

approaches. Instead of a conductive oxide, as used in (B), a stack com-

posed of a highly transparent dielectric layer with low refractive index

followed by a highly reflective metal is deposited on the semiconduc-

tor.12,13 Afterwards, holes are opened in the dielectric by photolithog-

raphy in which a metal (or stack of metals) is deposited, defining

electrical point contacts. In this way, it is possible to choose the proper

metals to form an ohmic contact to the semiconductor independently

of the metal (s) used for reflection. In this approach, the trade‐off is

between the balancing of the areas for reflection and electrical

conduction.
FIGURE 3 Schematic representation of three design strategies for the bac
transparent conductive oxide and metals; and C, a metal‐dielectric stack [C
3 | REALIZATION AND
CHARACTERIZATION OF THE BACK SIDE
TECHNOLOGIES

Test samples were designed and grown by metal organic vapor phase

epitaxy for electrical and optical tests of the back side technology

prior to the final application in the solar cells.

The structure of the samples used for electrical conductivity tests

is composed of a 1000‐nm highly doped (5 × 1019 cm−3)

Al0.10Ga0.90As layer on top of a GaAs buffer layer. The Al content in

the alloy was chosen to avoid any parasitic absorption of the lumines-

cence coming from the active layer. The high doping level improves

the sheet resistance and the resistivity of the back side contact. Trans-

mission line method43 structures were manufactured to determine the

contact resistivity of the metals and/or transparent conductive oxides

deposited on the epitaxy films.

The reflectivity of the back side technology cannot be measured

directly in a structure similar to the final device, as the active material

(GaAs) would absorb the light in the wavelength range of interest

(800‐900 nm). So, a material with a bandgap energy higher than GaAs

was chosen to investigate the reflection. It is still important that this

material has a refractive index close to GaAs so that the reflectivity

being measured is very close to the real situation in the final devices.

The alloy Ga0.50In0.50P, which is lattice matched to GaAs and has a

cutoff wavelength of 670 nm and an average refractive index of

3.27 (10% lower than GaAs), was selected.

The samples used to investigate reflectivity have the structure

depicted in Figure 4A. Several steps are taken to fabricate such a

structure as follows according to the sequence in Figure 4B: (I) growth,

(II) deposition of the materials used as back side reflector on top of the

GaInP layer followed by attachment of the resulting structure to a

mechanical holder by gluing, and (III) removal of the substrate and

the etching stopping layers by chemical wet etching.

The GaInP surface is treated with a solution of ammonium

hydroxide immediately before the deposition of the back side reflector

to remove native oxides. The substrate is removed by selective wet

etching with a solution of NH4OH/H2O2 at 60°C. Finally, the removal

of the GaInP and GaAs etching stopping layers is also done with selec-

tive wet etching with HCl at room temperature, and with a solution of

citric acid/H2O/H2O2 at room temperature, respectively.

Reflectivity measurements were performed in a Cary 500i taking a

white standard as reference. In the experiment, light from a broad

band source impinges almost perpendicular to the test sample

(with an angle less than 2°) undergoes multiple reflection in an

integrating sphere until it is collected by a Si detector. By using a

procedure involving the transfer matrix method44 applied to the
k side technology of GaAs solar cells: A, a stack of metals; B, a stack of
olour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 A, Layer structure of the test sample used to probe optical reflectivity of the back side technologies. In (B), the fabrication steps are
shown [Colour figure can be viewed at wileyonlinelibrary.com]
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multilayered structures of the test samples, the reflectivity spectrum

(Ri) of the internal GaInP/reflector interface can be extracted. The

transfer matrix method code used (TMTool) was developed at

Fraunhofer ISE and is implemented in such a way to take into consid-

eration the n‐k (refractive index‐extinction coefficient) data for all the

materials used in the stacks. In this way, not only reflection of each

interface given by Fresnel laws is considered but absorption in the

materials as well.

Figure 5 illustrates the procedure mentioned above for a double

layer of Ti/Au: 1/150 nm used as back side reflector. Firstly, the

experimental external reflectivity data (black squares) are compared

with the simulated reflectivity spectrum (red dot‐dashed curve)

obtained by TMTool using the same nominal growth structure (inset

“a”) and optical data from various literature sources.45 As can be seen

in the figure, the theoretical result deviates from the experimental

data. Then, the layer thicknesses are optimized through trial and error

until the theoretical reflectivity shows a better agreement with the

experimental data. In this case, this occurred with a thickness of

1550 nm for the GaInP and 4 nm for the Ti layer. With the effective

structure defined, the incident medium is changed from air to GaInP

(inset “b”) in the simulations in order to obtain the internal reflectivity

spectrum (blue dashed curve).

Table 1 presents results on optical—internal reflectivity averaged

between 800 and 900 nm ⟨Ri⟩—and electrical—contact resistivity ρc—

properties of some material combinations tested as back side reflector
FIGURE 5 Representation of the procedure used to extract the
internal reflectivity of the back side reflector, in this case a double
layer of Ti/Au. The insets show the structures used in the simulation
to extract A, the external reflectivity and B, the internal reflectivity
[Colour figure can be viewed at wileyonlinelibrary.com]
for the three design strategies previously described. Two different

methods of material deposition were used: (1)—thermal evaporation,

and (2)—sputtering. For some material combinations, such as dielec-

trics and metals, it was necessary to combine both methods in

sequence because evaporation did not assure enough adhesion of

the stack to the semiconductor, as verified by tape tests. The results

reported in the table are for structures in which no high temperature

steps were taken to alloy the metals, as such processes showed to

degrade the optical performance. Electrical tests were done in which

the ohmic behavior was observed even without an annealing process

for all contacts shown in the table.

As an obvious choice of material for the back side reflector due to

its well‐known high reflectivity, pure Au was one of the tested metals

for strategy (A). However, due to insufficient adhesion, it was not pos-

sible to characterize the optical and electrical properties of such a

sample. This is the reason why a very thin adhesion promoter layer

of Ti was included which unfortunately lowers the reflectivity. The

insertion of Pd in between the two metals was to improve electrical

properties, which indeed happened as can be seen in Table 1. But

the optical properties were found to degrade with increasing thickness

of the Pd layer. For design strategy (A), only pure Ag showed the

required optical property to be used as a good back side reflector.

Pd/Zn/Pd/Au is shown in the table because it is a standard metal

stack for p‐type GaAs. Its reflectivity is not high enough for applica-

tion as design strategy (A) but is a good choice for the electrical con-

tact in strategy (C). Aluminum‐doped zinc oxide (AZO) was the

transparent conductive oxide used for design strategy (B). The exper-

imental results differ strongly from the simulated internal reflectivity,

which was around 97%. We attribute this to the roughening of the

AZO/semiconductor interface by the sputtering technique. Further-

more, it has been already shown in literature that plasmonic absorp-

tion is detrimental to the reflectivity of AZO/Ag in the relevant

wavelength range,46 which can also partially explain our result. Along

with that, electrical resistivity was very poor. A more thorough study

concerning the doping level and the thickness of the oxide layer as

well as the surface preparation may still be necessary to draw a com-

plete conclusion for this design strategy. Finally, materials tested for

strategy (C) showed very promising results. Reflectivity higher than

98% was obtained for all metal‐dielectric stack combinations. Here,

AZO was used as adherent material between dielectrics and Ag.

With Pd/Zn/Pd/Au as electrical contact covering around 1% of

the total area for design strategy (C), the resistance of the back

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 1 Optical and electrical characterization results of the material combinations tested in the three strategies designed for the back side
technology of GaAs TFSC. The deposition methods were 1—evaporation and 2—sputtering

Design Strategy Materials Thickness, nm Deposition Method ⟨Ri⟩, % ρC, 10−4Ωcm2

(a) Ti/Au 1/150 1 79.8 3.26 ± 0.04

(a) Ti/Pd/Au 1/20/150 1 48.0 2.250 ± 0.002

(a) Ti/Pd/Au 1/40/150 1 46.5 2.37 ± 0.02

(a/c) Pd/Zn/Pd/Au 20/20/30/200 1 30.0 0.018

(a) Ag 150 1 95.2 0.9 ± 0.1

(b) AZO/Ag 20/150 2 85.0 ~100

(b) AZO/Ag 90/150 2 85.0 ~100

(c) MgF2*/AZO**/Ag** 120/20/150 *1/**2 98.6 ‐

(c) SiO2*/AZO**/Ag** 120/20/150 *1/**2 98.6 ‐

(c) Al2O3*/AZO**/Ag** 90/20/150 *1/**2 98.6 ‐
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contact is 1.8 × 10−4 Ω for a 1‐cm2 device which is similar to the ones

using design strategy (A) of 1.0 × 10−4 Ω for a device with the same

area. At the same time, area for reflectivity is 99% of total area in such

a way to decrease the averaged reflectivity to 98.0%.

By finding proper materials for the back side technology, we

decided to follow on in the fabrication of the solar cells with design

strategy (A) using pure Ag as back side reflector and electrical contact

and with design strategy (C) using MgF2/AZO/Ag as back side reflec-

tor and Pd/Zn/Pd/Au as electrical contact.
4 | SOLAR CELL STRUCTURE AND DEVICES
FABRICATION

GaAs solar cells were grown by metal organic vapor phase epitaxy on

GaAs p‐type doped substrates according to the structure depicted in

Figure 6A. The active region of the devices is composed of an ordinary

structure of layers, such as cap, window, emitter, base, and back sur-

face field whose thicknesses and doping levels are detailed in the

figure.

Two different processes were applied to the materials in order to

generate the reference solar cell on the original substrate without a

back reflector (Figure 6B), hereafter named REFSC, and test solar cells

with a reflector defined in between a substrate and the active region

(Figure 6C), hereafter named TESTSC (x) in which x is for the used

design strategy. The front side processing of all devices follows the

same sequence of steps of photolithography, wet etching, and
FIGURE 6 Schematics of A, materials, thicknesses, and doping levels of so
structure of test solar cells. In D, a photograph of a 4″ GaAs wafer fully pro
be viewed at wileyonlinelibrary.com]
metallization to define mesa structures of 1 and 4 cm2 with a metal

grid of fingers in the front side contact covering 1.95% of the total

area and an MgF2/Ta2O5 anti‐reflective coating in the complementary

area. The back side of the REFSC was coated with a stack of Pd/Zn/

Pd/Au which after a thermal annealing defines a low resistance ohmic

contact to the GaAs substrate. To process the back side of theTESTSC

(x), the steps were as follow: (1) the wafer was temporary attached by

the front side to a sapphire holder by gluing, then (2) the original sub-

strate and the (3) Etch Stop layer were chemically removed. With the

back side of the solar cells exposed, (4) the materials for the back side

reflector/electrical contact were deposited (different in each strategy),

and (5) a new copper‐based substrate (ECP) was electroplated at the

rear side of the devices for mechanical support and electrical contact.

Figure 6D shows a full 4″ wafer processed under the aforementioned

sequence of steps. As the Cu substrate is very thin (≈ 30 μm), the

entire foil is flexible and lightweight. While a fully processed wafer

with cells on original substrate weights around 19 g, wafer with test

cells weighs only 2.0 g, almost 10 times lighter.
5 | SOLAR CELL CHARACTERIZATION

To certify that the effectiveness of the back side reflector holds at

device level, reflectivity measurements from the REFSC and the test

solar cells were taken in the same setup described in Section 3 used

for measuring the GaInP test samples reflectivity. Reflectivity curves

are represented as lines in Figure 7. EQE curves, represented by
lar cell layers, B, device structure of reference solar cell, and C, device
cessed as 1 and 4 cm2 thin film solar cells is shown [Colour figure can

http://wileyonlinelibrary.com


FIGURE 7 External quantum efficiency (EQE) and external frontal
reflectivity (R) of the solar cells [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Photon recycling related parameters of the solar cells

Solar Cell ERE, % δVOC
JV, mV δVOC

ERE, mV

REFSC 2.99 ‐ ‐

TESTSC (a) 7.29 19 23

TESTSC (c) 5.67 13 17
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symbols in the same figure, were taken under 25°C and short circuit

conditions.

In the wavelength range of 300 to 850 nm, reflectivity is very low

for all devices due to the inhibition of reflection by the anti‐reflective

coating and absorption by the active material—GaAs. For longer wave-

lengths, reflectivity stays low for the REFSC but is very high for both

TESTSC (A) and TESTSC (C), indicating the effectiveness of the back

side reflector and confirming the results previously obtained from

the test samples.

Current density‐voltage (JV) measurements were taken with a

solar simulator setup under standard test conditions, namely AM1.5 g

spectrum and 25°C. Table 2 summarizes the figures of merit extracted

from such curves.

From the longer wavelength range of experimental EQE, it is pos-

sible to understand the increase of as high as 1.4% in JSC for TESTSC

(A) and TESTSC (C) in comparison to the REFSC, as shown in Table 2.

Besides reflecting the luminescence light back to the solar cell, the

back side reflector also serves to enlarge the sunlight path inside the

device giving more chances to solar photons with energy close to

the bandgap to be absorbed.

The most important result to highlight though is the large boost in

VOC from 1056 mV for the REFSC to 1069 mV for theTESTSC (C) with

metal‐dielectric stack as back side reflector and to 1075 mV for the

TESTSC (A) with Ag as back side reflector. These gains are expected

to come from a better exploitation of photon recycling effect due to

the confinement of the luminescence light in the active region of the

solar cell. As discussed in Section 1, it is possible to correlate such

voltage improvements to enhancements in ERE. Table 3 shows the

calculated value of ERE using Equation 2 for all solar cells obtained

from JV parameters and EQE spectral data. It is also shown the differ-

ence in VOC in relation to the REFSC from experimental JV curves

(δVOC
JV) and the expected difference from Equation 1 (δVOC

ERE) in

which a good agreement is obtained. Here, it is important to
TABLE 2 Figures of merit of the solar cells extracted from JV curves

Solar Cell VOC, mV JSC, mA/cm2 FF, % Efficiency, %

REFSC 1056 29.23 82.16 25.35

TESTSC (a) 1075 29.57 79.95 25.41

TESTSC (c) 1069 29.65 80.47 25.51
differentiate the gain in VOC brought by photon recycling effects in

the test samples in contrast to the one brought by the pure increase

of the JSC (and the whole curve) due to a large sunlight path, which

is estimated to be less than 1 mV.

The higher ERE obtained in this study, 7.29% with TESTSC (A), is

still lower than the highest one reached by Alta Devices but can be

considered high in comparison to the other TFSC mentioned in

Section 1. Furthermore, even the ERE obtained for REFSC, namely

2.99%, is very high in comparison with other solar cells fabricated

using a similar technology.

Finally, although FF systematically decreased, the final values for

conversion efficiency for both test solar cells increased, despite very

slightly.
6 | CONCLUSIONS

Three different design strategies for a back side reflector used to

define an optical cavity in GaAs TFSCs were reported. Test samples

were planned and realized to investigate optical and electrical prop-

erties of several different material combinations. Higher reflectivities

and lower contact resistances were achieved with two of the three

design strategies: with a planar Ag layer that serves simultaneously

as back side reflector and electrical back contact, and with a

metal‐dielectric stack of MgF2/AZO/Ag as back side reflector, with

electrical point contacts defined by a stack of Pd/Zn/Pd/Au in 1%

of the total area. The most successful design strategies presented

an internal averaged reflectivity of 95.2% and 98.0% and a contact

resistance of 1.0 × 10−4 Ω and 1.8 × 10−4 Ω for a 1 cm2 device,

respectively.

GaAsTFSCs were fabricated and characterized with the best tech-

nology. The very reflective back side allows for the exploitation of

photon recycling. Indeed, the TFSC with planar Ag as back side

finishing has shown an ERE of 7.29%, 2.5 times larger than for the ref-

erence solar cell on a bulk GaAs substrate. The high radiative effi-

ciency leads to an increase of VOC of 19 mV from 1056 to 1075 mV,

exceeding the logarithmical increase of 1 mV expected from the shift

of the JV curve due to a higher JSC.

The fabricated TFSCs are flexible and almost 10 times lighter than

the reference solar cells kept on its original absorptive substrate. Fur-

thermore, they have shown higher efficiencies of up to 25.5% against

25.4% for the reference under the 1‐sun AM1.5 g spectrum. By aggre-

gating other technologies, such as epitaxial lift‐off, to the ones

described here, GaAs TFSCs can become more economically competi-

tive. Besides the costs and the final energy price, applications of this

kind of cell in which flexibility and lightness are necessary can be

benefited. The power to mass density for 1‐sun AM1.5 g is around

1.0 W/g whereas the projected value for AM0 is around 1.2 W/g,

http://wileyonlinelibrary.com
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even higher than the standard triple‐junction solar cell for space

applications.
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