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Printing-based assembly of quadruple-junction
four-terminal microscale solar cells and their use
in high-efficiency modules

Xing Sheng'", Christopher A. Bower?, Salvatore Bonafede?, John W. Wilson?, Brent Fisher?,
Matthew Meitl%, Homan Yuen3, Shuodao Wang', Ling Shen?, Anthony R. Banks>,
Christopher J. Corcoran®, Ralph G. Nuzzo"®, Scott Burroughs?* and John A. Rogers"¢*

Expenses associated with shipping, installation, land, regu-
latory compliance and on-going maintenance and operations
of utility-scale photovoltaics can be significantly reduced by
increasing the power conversion efficiency of solar modules’
through improved materials, device designs and strategies for
light management?**. Single-junction cells have performance
constraints defined by their Shockley-Queisser limits°. Multi-
junction cells®' can achieve higher efficiencies, but epitax-
ial and current matching requirements between the single
junctions in the devices hinder progress. Mechanical stacking
of independent multi-junction cells™" circumvents these
disadvantages. Here we present a fabrication approach for
the realization of mechanically assembled multi-junction cells
using materials and techniques compatible with large-scale
manufacturing. The strategy involves printing-based stacking
of microscale solar cells, sol-gel processes for interlayers
with advanced optical, electrical and thermal properties, to-
gether with unusual packaging techniques, electrical matching
networks, and compact ultrahigh-concentration optics. We
demonstrate quadruple-junction, four-terminal solar cells with
measured efficiencies of 43.9% at concentrations exceeding
1,000 suns, and modules with efficiencies of 36.5%.

The photovoltaic module efficiency impacts almost every
component of the aggregate system cost, from materials to
manufacturing, to installation and operations'. Single-junction (S])
solar cells are already near theoretical efficiency limits defined
by thermalization losses and sub-bandgap transparency™. Parallel
use of multiple, separated SJ cells with spectral-splitting optical
elements®*?* can be attractive, but the complexity in manufacturing,
alignment and light management hinder prospects for practical
use. Devices that incorporate multiple junctions (that is, sub-
cells) in monolithic stacks, known as multi-junction (M]) cells®",
provide an attractive route to ultrahigh efficiency. Over the past
decade, increases in the absolute efficiency of MJ cells correspond
to nearly 1% per year, reaching values that are at present ~44%°"'2.
Further improvements, however, will require solutions to daunting
challenges in achieving lattice-matched”® or metamorphic®"
epitaxial growth in complex stacks and in maintaining current-
matched outputs from each of the sub-cells. Mechanical stacking

of separately grown SJ or MJ materials represents a well-explored
alternative route to MJ devices"> ™" that have recently demonstrated
very high efficiencies”. This process involves physical wafer
bonding, followed by eliminating the top and/or bottom wafers.
One option for bonding uses direct, high-temperature wafer
fusion techniques™™'°. The electrically conducting interface that
results, however, retains the requirement of current matching.
This demand becomes challenging to maintain as the number of
sub-cells in the MJ device increases, owing to natural variations
in the terrestrial solar spectrum. An alternative approach uses
thick, insulating organic adhesives, with double-sided, multilayer
antireflective coatings and multi-terminal connections'®"*. Here,
the resulting M] cells suffer from interface reflections, poor heat flow
characteristics and often unfavorable thermo-mechanical interface
stresses at high irradiance concentration. Despite research and
development during the past ~25 years, neither of these bonding
strategies at present offers a realistic means for manufacturing or
for viable multiple stacking operations.

This paper describes concepts to bypass many of the limitations
of these and other previously explored technologies. Here, printing-
based methods enable high-throughput physical assembly of arrays
of stacked, microscale MJ solar cells using high-performance,
released thin-film materials via epitaxial liftoff processes. An
infrared transparent and refractive-index-matched layer of a
chalcogenide glass (arsenic triselenide, As,Se;) serves as a thermally
conductive and electrically insulating interface layer in these stacks.
Advanced packaging techniques, electrical matching networks and
dual-stage imaging lenses yield modules with efficiencies of 36.5%.

Figure la schematically illustrates the structure and assembly
process for a quadruple-junction, four-terminal microscale solar
cell, with an active area of 600 x 600um?* (see Methods and
Supplementary Figs 1-10 for fabrication details). The top cell uses
a three-junction (3]) design based on InGaP/GaAs/InGaAsNSb
(bandgaps of 1.9eV/1.4eV/1.0eV) (ref. 7), grown lattice matched
on a GaAs substrate and released by eliminating a sacrificial
layer of AlInP at the base of the stack”™. A tri-layer anti-
reflective coating (ARC) ensures efficient transmission of light into
this 3] cell. The bottom cell (lateral dimensions matched to the
top cell) is a diffused-junction Ge device”. Figure 1b,c provides
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Figure 1| Schematic illustrations and images of quadruple-junction four-terminal microscale solar cells assembled using a printing-based method and
an As;Sejs interface material. a, Schematic illustration of a cell from a 3J thin-film stack of InGaP/GaAs/InGaAsNSb derived from epitaxial growth and
liftoff and a separate 1J Ge cell, before (left) and after (right) assembly by transfer printing. The As,Ses layer (light blue) and the recessed metal contact
lines on the top of the Ge cell ensure excellent optical, electrical and thermal properties at the interface. b,c, SEM images (top and magnified tilted views)
of a Ge cell before (b) and after (¢) printing a 3J cell on top. d, Optical micrograph of an array of 3J/Ge microscale solar cells. The bottom part of this image
shows alignment features for the printing process, and several bare Ge cells. e, SEM image (cross-sectional view) of a 3J/Ge cell, showing the aligned metal
contact lines and the As;Ses layer. Inset: High-magnification image of the interface region.

scanning electron microscope (SEM) images of a typical Ge cell
before and after delivery of a 3] cell onto its surface, respectively,
by transfer printing®. This assembly process occurs in a high-
throughput, parallel fashion, to allow simultaneous formation of
arrays of stacked M]J cells, in a fully automated step-and-repeat
mode with high yields (>95%) and accurate overlay registration
(<2 um), as illustrated by the optical microscope image in Fig. 1d.
The Ge cells use recessed grid metallization on the top surface
to enable high-quality contact and bonding at the interface. A
layer of As,Se; (~300nm thick) spin-cast on top of the Ge cell
using a sol-gel process” provides a low-loss optical interface, with
minimal thermal resistance and excellent electrical isolation, as
described in detail subsequently. The cross-sectional SEM images
in Fig. le illustrate the aligned and recessed metal contacts as well
as the As,Se; interface layer. In such a stacked 3J/Ge structure,
the top 3] cell captures light from 300 nm to 1,300 nm. Light from
1,300 nm to 1,700 nm passes through to the bottom Ge cell with
minimal interface reflections, owing to the high index of the As,Se;,
nearly independent of the thickness of this layer, over a wide
range. The 3] and Ge cells operate independently with separate
sets of terminals, without electrical crosstalk, thereby eliminating
constraints associated with current matching.

Figure 2 and Table 1 present the performance characteristics
measured from a completed microcell MJ device (see Methods for
details about measurements). The device includes lithographically
defined sidewall insulation and lithographically processed metal
contacts to the 3] and Ge cells (Fig. 2a). The thin-film geometry
of the 3] is beneficial because it allows wafer-level deposition
and photolithographic patterning of the interconnections. Current
and voltage characteristics measured from the 3] and Ge cells at
concentrations ranging from 1 sun (standard AM1.5D spectrum)
to ~1,200 suns are shown in Fig. 2b-e. Under 1 sun illumination,
the 3] cell and the Ge cell exhibit efficiencies of 32.2% and
0.722% respectively, thus corresponding to a summed efficiency
of 32.9%. As the concentration increases, the efficiencies of both
cells increase, ultimately reaching maximum values of 42.1% (3])
and 1.81% (Ge) at ~1,000 suns. The maximum total efficiency
is 43.9% (Fig. 2f). Measurements of each cell separately with the
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Table 1| Performance of a microscale 3J/Ge cell.

Jsc Voc FF n Total
(MAcm™2) (V) (%) (%) (%)
1sun 3cell 145 264 843 322
Gecell 6.99 0181 571 0722329
1,000 suns 3Jcell 14,500 347 837 421
Ge cell 6990 0374 693 181 439

other cell in different configurations (open circuit, short circuit and
maximum power) show little differences (Supplementary Fig. 24).
These results suggest that there is negligible photon or electron
coupling between the cells. For concentrations larger than 1,000
suns, the efficiencies decrease primarily as the result of a reduction
in the fill factor, probably associated with resistive losses (Fig. 2d,e).
Figure 2g quantitatively illustrates, in a manner consistent with
experimental data, the external quantum efficiency (EQE) spectra
for the integrated MJ device, showing absorption across the entire
solar spectrum, from 300 nm to 1,700 nm, with minimal reflection
losses. Modelling shows that the reflectance at wavelengths longer
than 1,200 nm arises, almost entirely, from limitations of the tri-
layer ARC, not from reflection at the interfaces with the As,Se;
(Supplementary Figs 19-23).

For reasons described previously, the interface materials in
these systems are critically important. Chalcogenide glasses such
as As,Se; are commonly employed in infrared optics™* but have
not been explored for the use reported here. The As,Se; glass
is attractive for present purposes because it offers the ability to
form smooth, uniform coatings by simple solution processing, a
high resistivity (10" ~ 10'> Q cm) and high electrical breakdown
strength (~10°* Vm™), a refractive index (~2.7) that approaches
that of the semiconductors in the cells (~3.4 for GaAs and ~4.3
for Ge at 1,300nm) and a relatively high thermal conductivity
(~1.0 WK m™); see Supplementary Figs 13-16 for details. The
role is as an electrically insulating layer to allow independent
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Figure 2 | Image of a packaged quadruple-junction microscale solar cell with separate terminal connections to the top 3J cell and the bottom Ge cell, and
key performance parameters. a, SEM image (top view) of an encapsulated and metallized 3J/Ge cell. b, Current density (J)-voltage (V) curves for the top
3J cell under 1sun and 1,000 suns illumination. ¢, J-V curves for the bottom Ge cell under the same conditions. In b and ¢ the presented Js. values are
normalized to an irradiance of 1,000 W m~2. d, Cell efficiency (), open-circuit voltage (Vo) and fill factor (FF) as a function of concentration for the top 3J
cell. e, n, Voc and FF as a function of concentration for the bottom Ge cell. Ind and e the measured Jsc is assumed to be linearly proportional to the
irradiance. f, Total, summed efficiency as a function of concentration. g, Schematic illustrations of the EQE and measurements of the reflectance spectra of

a 3J/Ge cell.

operation of the top and bottom cells, with sufficiently high thermal
conductivity and index of refraction to minimize barriers to heat
transport and losses due to optical reflection, respectively.
Previously explored stacked M] cells include thick organic
adhesives'®™" and directly bonded interfaces”*"*. Comparisons
of electrical, optical and thermal properties of these cases to
those enabled by As,Se; provide insights into the utility of
this material. Figure 3a summarizes the three structures. The
thicknesses of the As,Se; (300nm) and the organic adhesive
(NOA, 10um) are chosen to offer sufficient breakdown voltages
to support modules with many interconnected cells. Figure 3b
presents current-voltage measurements performed by biasing the
bottom p-contacts of the 3] cells relative to the top n-contacts of
the Ge cells. The direct bond case exhibits a non-insulating inter-
face (~0.1A at 1V). Cells with As,Se; and NOA show leakage
currents (~1077 A for As,Se; and ~107° A for NOA at up to
20V) much lower than the photocurrents generated under
concentration (~5 x 1072 A at ~1,000 suns), ensuring that 3] and
Ge cells can operate independently in an interconnected network.
Measured EQE curves in Fig. 3c indicate that the bottom Ge
cell with the As,Se; interface exhibits responses similar to those
in the direct bonded structure, both of which are significantly
higher than that of the structure with NOA (index = 1.56).
Integrating the EQE over a standard AM1.5D spectrum yields a
short-circuit current density (J.) for the Ge cell with As,Se; of
7.0mA cm™?, consistent with the measured J-V curves in Fig. 2c.
The Ge cell with NOA exhibits a calculated J,. of 5.3 mA cm~2. This
difference is consistent with both the measured optical reflectance
spectra from the surfaces of the top 3] cells (Fig. 3d) and the
simulated results (Fig. 3e). Thermal properties are also important,
especially for operation at high optical concentration. Here, the
interface material must not impede dissipation of heat away from
the 3] cell. As,Se; offers significant thermal advantages over the
types of organic layers that have been explored in the past. These
advantages follow from the combined effects of high breakdown
strength, which allows the use of thin-layer geometries, and high
thermal conductivity. Figure 3f,g show measured and simulated
steady-state temperature distributions at the surfaces of MJ cells
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during illumination with a laser beam (488 nm, 0.15 W) configured
to generate a thermal power density in the cell area similar to
that from irradiance at ~1,000 suns. The results suggest that the
As,Se; interface provides a thermal conductance (3 x 10° WK™)
comparable to the direct bond interface, whereas the thermal
conductance for the NOA interface is much lower (10* W K™!). The
maximum temperatures associated with the As,Se;, direct bond and
NOA structures are 39°C, 38 °C and 68 °C, respectively, consistent
with numerical simulations (see Supplementary Figs 26,27 for
details). The reduced temperatures improve performance and long-
term reliablity’.

The four-terminal MJ microscale cells can be integrated
with dual-stage imaging optics (Fig. 4a,b) based on a moulded
primary lens and a secondary, miniature ball lens. Ray tracing
results (Fig. 4c,d) show that such a system provides geometric
concentration ratios greater than 1,000 and a uniform irradiance
distribution on the cell surface®. In tests under direct sunlight
in North Carolina (Air Mass condition 1.8), the four-terminal
photovoltaic module exhibits an efficiency of 33.4% for the 3] cell
and 1.0% for the Ge cell, reaching a total efficiency of 34.4% (Fig. 4e).
The total module efficiency adjusted to standard test conditions (at
cell temperature 25°C) is 36.5% (see Supplementary Figs 28 and
29 for details). Matching networks enable two-terminal operation,
for practical applications". Figure 4f,g present two circuit designs,
one that that uses a voltage-matched array with ten MJ cells and
another that exploits a current-matched array with three MJ cells.
Experiments using related cells demonstrate the effectiveness of
these network architectures and validate the methods for calculation
(see Supplementary Fig. 35). Experimentally measured performance
variation data for separate 3] and Ge cells allow statistical prediction
of output currents, voltages and powers associated with the pro-
posed circuit networks (see Supplementary Figs 30-34 for details).
The results show that efficiencies of 35.9 £ 0.2% and 36.2 & 0.3%
are possible with current and voltage matching, respectively.

The results presented here clearly demonstrate that printing-
based assembly of epitaxially released, MJ thin films with optimized
interface materials provides microscale solar cells configured for
use with miniaturized concentration optics and matching networks
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Figure 3 | Schematic illustrations of microscale quadruple-junction structures assembled by printing with different interfaces, and comparisons of their
electrical, optical and thermal properties. a, Schematic illustrations of stacked 3J/Ge cells with different interfaces (300 nm As;Ses, 10 um organic
adhesive (NOA), and direct bond). b, Leakage currents measured between the bottom contact of the top 3J cell and the top contact of the bottom Ge cell,
as a function of applied voltage. ¢, EQE spectra measured from the Ge cells. d,e, Measured and simulated infrared reflectance spectra, respectively.

f.g, Measured and simulated temperature distributions, respectively, associated with irradiation of the structures with a laser beam (centre wavelength

488 nm, 0.15 W). Map size: 650 um x 650 um.

to yield ultrahigh-efficiency module-level photovoltaics. These
schemes can also apply immediately to more advanced systems,
including those that involve increased numbers of junctions and/or
stacking operations. Some possibilities are five- or even six-
junction cells, for which practical efficiencies might reach more than
45%. Straightforward improvements in the concentration optics

596

(for example, addition of ARC layers on the primary lens would
achieve an additional ~1% efficiency boost) and enhancements to
the ARC on the cell surface can lead to further increases in module
performance. Other types of chalcogenide glasses with refractive
indices (n > 3.0) higher than As,Se; can also be considered®.
Collectively, these and other readily achievable enhancements
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Figure 4 | Images and performance of completed quadruple-junction microscale solar cells with concentration optics. a, Optical images of a diced
stacked cell (left) and a cell with a secondary ball lens (right). b, Side view (left) and top view (right) of a cell in a module with a secondary ball lens and a
primary lens. ¢, Ray tracing analysis of a fully integrated module. d, Calculated irradiance distribution under the incidence of the AM1.5D spectrum (power
1,000 W m~2). e, Current (/)-voltage (V) curves of the module measured under direct exposure to sunlight. Measurements were taken at 13:09 on

14 November 2013 in Durham, North Carolina, USA. Air Mass condition is 1.8. f, Theoretically predicted /-V curve of a voltage-matched array with ten
interconnected cells. g, Theoretically predicted I-V curve of a current-matched array with three interconnected cells. Insets show circuit diagrams.

suggest promising paths to photovoltaic systems that use the
entire solar spectrum and approach the thermodynamic limits
in efficiency.

Methods

Device fabrication. The 3] (InGaP/GaAs/InGaAsNSb) cell is epitaxially grown
on a lattice-matched GaAs substrate’, with a total thickness of ~10 um that
includes the active materials and a GaAs current-spreading layer several
micrometres thick beneath them as well as a sacrificial layer of AlInP (ref. 24).
An anti-reflective coating (90 nm SiO,/45 nm Si;N,/30 nm TiO,) deposited on
the 3] cell minimizes reflection losses. The diffused-junction Ge cell is based on a
230 um p-Ge wafer with a lattice-matched n-GaAs epitaxial film (1.5 um) as a
transparent contact layer. Metal layers (Ge/Ni/Au) serve as contacts in recessed
geometries. The cell active area (600 x 600 um?), which is defined by the
photomasks used in lithographic process, is measured directly after fabrication.
To minimize the effects of shadowing, the metal contact lines in both the 3] and
the Ge cells adopt the same layout and are aligned to one another at the printing
step. A solution of As,Se; (powder from Alfa Aesar) dissolved in ethylenediamine
(concentration 0.2 gml™") is spin cast on the Ge cells, to form, on curing at
150°C for 10 h in an inert atmosphere, a 300 nm thick As,Se; glass film”. An
ultrathin (10 nm) adhesive layer (InterVia 8023-10) spin coated on the As,Se;
improves the printing yields. Etching the AlInP layer in hydrochloric acid*
releases the 3] cells to enable their printing onto the As,Se;-coated Ge cells with
the ultrathin adhesive. This process uses a poly(dimethylsiloxane) stamp mounted
in an automated set of equipment for aligning and printing® 100 cells, or more,
in a single step. The same printing process can produce structures with NOA
(NOAG61, by Norland Products, spin coated on bare Ge cells) and direct bond (no
adhesive, printing followed by heating at ~115°C for 10 min) interfaces. The
adhesion strength between the 3] cells and Ge cells for the case of As,Se; is
>200kPa. The printed 3]/Ge M]J cells are encapsulated in an epoxy layer
(InterVia 8023-10, thickness 10 um) and metallized to form contact pads.
Thermal cycling tests (rapid heating at 110 °C for 1 min and cooling at 20 °C for

1 min, 10 cycles) reveal no changes in the mechanical, optical, electrical or
photovoltaic characteristics of the devices (Supplementary Fig. 10).
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Device measurements. A four-probe set-up allows evaluation of current-voltage
responses. A solar simulator (Oriel 91192) with an AM1.5D filter yields 1 sun
illumination. EQE and reflectance spectra are measured using a
spectroradiometer system. Measurements of short-circuit current density (J.)
under blanket, 1 sun illumination are consistent with those that involve
integration of EQE measurements using an illuminating beam with a known area,
smaller than that of the cell. Such EQE measurements provide a method for
calculating concentrator cell efficiency that does not require precise measurement
of the active cell area. Coupling light from a Xenon arc lamp through an optical
fibre and a set of lenses yields concentrated illumination. The irradiance power is
assumed to be linearly proportional to the measured short-circuit current (I).
The concentration ratios are computed from the measured currents, using an
active cell area of 600 um x 600 um. The actual cell area involves slight
uncertainties due to processing effects, such as different etching rates of the
various sub-cells. These effects appear as uncertainties in the computed
concentration ratios. The measurements taken under direct exposure to sunlight
for the integrated solar module were taken at 13:09 on 14 November 2013 in
Durham, North Carolina, USA. Air Mass condition is 1.8.

Received 4 December 2013; accepted 14 March 2014;
published online 28 April 2014
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Figure S1. Process flow for fabricating 3J cells on a GaAs substrate with a
releasable AlInP sacrificial layer.
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Figure S2. Process flow for fabricating Ge cells.
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Figure S3. Process flow for fabricating 3J/Ge cells by transfer printing.
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Figure S4. Schematic illustration for encapsulating assembled 3J/Ge cells in
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Figure S5. Schematic illustrations and SEM images of (a) a bare Ge cell, (b) a
assembled 3J/Ge cell, and (c) an encapsulated 3J/Ge cell with metal contact pads.
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Figure S7. (a) Process flow for fabricating assembled 3J/Ge cells using transfer
printing. (b) SEM images (side view) of PDMS stamps with 3J cells, bare Ge cells
and printed 3J/Ge cells. Images for 3J cells are colorized. Insets show magnified
view of the cell structures. Reference for printing method: Carlson, A. et al. Shear-
enhanced adhesiveless transfer printing for use in deterministic materials
assembly. Appl. Phys. Lett. 98, 264104 (2011).



Figure S8. A photograph of the printing machine used to assemble the 3J/Ge
solar cells. Reference on parallel, wafer-scale transfer printing process: Justice, J.
et al. Wafer-scale integration of group IlI-V lasers on silicon using transfer printing
of epitaxial layers. Nature Photonics 6, 610-614 (2012).



Figure S9. Colorized infrared optical images of two assembled 3J/Ge cells with
As,Se; interface. Different colors indicate the difference in emissivity. (a) A cell
with a perfectly bonded interface; (b) A cell exhibiting air voids due to unwanted

particles at the interface during the printing process.



thermal
cycling

Figure $10. Colorized infrared optical images of an assembled 3J/Ge cell with
As,Se; interface, (a) before and (b) after thermal cycling. Different colors indicate
the difference in emissivity. The thermal cycling is performed by rapid heating (at
110 °C for 1 min on a hot plate) and cooling (at 20 °C for 1 min on a cold plate) for
10 cycles. No interface and performance degradations are observed.



Figure S11. Optical image of a bottle with As,Se; dissolved into ethylenediamine
solution (0.2 g/mL).
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Figure S$12. (a) AFM image of the back surface of a 3J cell. Measured RMS

roughness 0.12 nm. (b) AFM image of a 300 nm As,Se; film coated on a Ge cell.
Measured RMS roughness 1.0 nm.
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Figure S13. Measured transmission spectrum of a 807 nm thick As,Se; film
coated on 1 mm thick glass. The measured refractive index for As,Se; from 900
nm to 2000 nm is 2.67. Calculation is based on the method in: Swanepoel, R.
Determination of the thickness and optical constants of amorphous silicon. J.
Phys. E: Sci. Instrum. 16, 1214-1222 (1983).
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Figure S14. Differential scanning calorimetric (DSC) curve of As,Se; films,
showing glass transition temperature T, = 150 °C, crystallization temperature T, =
250 °C, and melting temperature T,, = 370 °C.
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Figure S15. Current-voltage curve of a 300 nm As,Se; film with gold contacts on
both sides, measured from -100 V to + 100 V. Measured resistivity is 103 ~ 10"
Q*cm.
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Figure $16. Properties of thin-film As,Se; reported in literature.
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Figure S17. Transmission spectrum of a 10 um thick InterVia 8023-10 film coated

on 1 mm thick glass. The material is transparent above 500 nm, and has a
refractive index of 1.56.



-
o) (=
9O

Transmission (%)

o r

500 1000 1500 2000
Wavelength (nm)

Figure S18. Measured transmission spectrum of NOA 61 (300 um free standing
film) by Norland Products Inc. Further information can be found in:
https://www.norlandprod.com/adhesives/noa%2061.html
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Figure $19. (a) Simulated reflection spectrum of a tri-layer ARC coated on GaAs.
(b) Layer structure used in the simulation.



100 100
—— As,Se, —— As,Se,
— 20 ——NOA — 20, ——NOA
é 80 —— direct bond é 80 —— direct bond
§ 604 | Experiment § 604| Simulation
£ 40- 5 40-
2 2
8 20 S 20,
0 A T T T 1 0'
1200 1400 1600 1800 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)
Material Index Thickness
air 1.0 infinite
SiO, 1.45 90 nm
Si;N, 2.0 45 nm
TiO, 2.3 30 nm
GaAs 3.6 10 um
As,Se, 2.7 300 nm
interface NOA 1.56 10 pm
(incoherent)
direct bond - -
GaAs 3.6 1.0 um
Ge 4.3 infinite

Figure S20. (a) Measured and simulated reflection spectra for assembled 3J/Ge
cells with different interfaces (also shown in Fig. 3d and 3f). (b) Layer structure
used in the simulation. A 10 um thick GaAs layer is used in the simulation model to
replace the actual 3J cell structure. Note that the 10 um thick NOA layer is
assumed to generate incoherent interference, due to the thickness non-uniformity.
Transfer matrix method is used. Reference: Troparevsky, M. C. Transfer-matrix
formalism for the calculation of optical response in multilayer systems: from
coherent to incoherent interference. Opt. Express 18, 24715-24721 (2010). Details
on the optical properties of different materials can be found in: Palik, E. Handbook
of optical constants of solids (Academic Press, 1998).
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As,Se; as interface) with and without 10 nm adhesive layer (InterVia 8023-10),
showing similar reflection responses. (b) Layer structure used in the simulation.



a 100

801

60+~

40}

20+

Average reflectance (%)

0

Simulation

W

o 200

400

600 800 1000

As2Se3 thickness (nm)

b
Material Index | Thickness
air 1.0 infinite
SiO, 1.45 90 nm
Si;N, 2.0 45 nm
TiO, 23 30 nm
GaAs 3.6 10 um
adhesive 1.56 10 nm
As,Se, 2.7 varied
GaAs 3.6 1.0 um
Ge 4.3 infinite

Figure S22. (a) Simulated reflectance (averaged between 1300 nm and 1700 nm)
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The results show that the interface reflection is slightly dependent on the As,Se,

thickness. (b) Layer structure used in the simulation.
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Figure S23. (a) Simulated reflection spectra for 3J/Ge cells with different
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structure used in the simulation.
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Figure S24. Measured current-voltage curves for each cell under concentrations
(~1000 suns), when the other cell is at I, V. or maximum power. The results

show that the 3J cell and Ge cell in the stack work independently without optical
and electronic coupling.



3J cell

intefface

Ge cell

b
10°
_3% V— As,Se;
107 —— organic
< 1 —— direct bond
=
§ 10 }
3 10'9}\ /
1 a4 ~
10" . . .
-20 -10 0 10 20
Voltage (V)
C
10°
|
-31 \ /
—_ 10 1 —— As,Se;
< 1 —— organic
w gl —— direct bond
S 10 }
3 10°]
| — ~—
1
10" . . .
-2 -1 0 1 2
Voltage (V)

Figure S25. (a) Measurements between the bottom p-contact for the 3J cell and
the top n-contact for the Ge cell, for cells with different interfaces (also shown in
Fig. 3b). (b) IV curves from - 20 Vto + 20 V. (c) IV curves from -2V to + 2 V. The
detection limits for the current meter are from 10-1° A to 10" A. The resistivities for
As,Se; and NOA are measured to be ~10'° Q*cm and ~10"" Q*cm, respectively.
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Figure S$26. (a) Experimental setup for temperature measurements under laser
heating. (b) Layer structure and material properties used in thermal simulations by
Finite Element Analysis (FEA). Experiment and simulation results are shown in
Fig. 3f and 3g, respectively. An interfacial thermal conductivity of 85000 W/K/m?
(very good thermal contact) is prescribed to simulate the contact interface between
the Ge substrates and the stainless steel based optical stage.



Figure S27. Simulated FEA results for Tresca stresses at the interface between
3J cells and its adjacent interface layers under laser heating, for the cases of (a)
300 nm As,Se;; (b) 10 um NOA,; (c) direct bonding. The unit shown in scale bars is
Pa.
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Figure S28. (a) Photograph of an assembled 3J/Ge cell module with concentration
optics (Fig. 4a and 4b) installed for testing under the sun. (b) I~V curves of the
module. A pair of curves, one for the 3J cell and the other for the Ge cell, were
collected under a range of air mass conditions corresponding to different times of
the day. (c) Total efficiency (3J + Ge) versus air mass as measured on sun by
comparison to simultaneously measured direct normal irradiance (DNI): efficiency
= P,... | (DNI*Aperture area). Measurement time, date and location: 13:00-16:00,
Nov. 14, 2013 at Durham, NC, USA.
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Figure S32. Designed voltage matching interconnected scheme and equivalent
circuit diagram for a module array with 10 3J/Ge cells.
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Figure S33. Designed current matching interconnected scheme and equivalent
circuit diagram for a module array with 3 3J/Ge cells.
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Figure S35. Demonstration of a current matching network using commercial
interconnected c-Si (single-crystalline Si) and 2J (double-junction InGaP/GaAs)
cells. (a) Measured /-V curves for the individual 2J and c-Si cells under one-sun
illumination (AM1.5D spectrum). The c-Si cells consist of several Si pn junctions
connected in series. (b) Experimental and (c) Calculated I~V curves for a current-
matching network formed with 3 2J cells and 3 c-Si cells, as illustrated in the circuit
schematics.
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