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Abstract—The design, fabrication, and performance of InGaAs
and InGaP/GaAs microcells are presented. These cells are inte-
grated with a Si wafer providing a path for insertion in hybrid con-
centrated photovoltaic modules. Comparisons are made between
bonded cells and cells fabricated on their native wafer. The bonded
cells showed no evidence of degradation in spite of the integration
process that involved significant processing including the removal
of the III-V substrate.
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1. INTRODUCTION

HE marrying of disparate material systems through hybrid
T integration leads to more innovative devices. This is par-
ticularly true in optoelectronic devices where the electrical as
well as optical properties of the devices must be taken into con-
sideration. There have been reports of combining Si and III-V
devices for communications and here we discuss the hybrid in-
tegration of Si and III-V photovoltaics for high efficiency solar
modules in a variety of environmental conditions.

The path to higher solar cell efficiencies has focused on col-
lecting photons as close to their energy level as possible to
minimize the solar energy lost to heat. This has been done with
multi-junction cell stacks of varying bandgaps spanning the
entire solar spectrum. The typical method of integrating these
junctions is monolithic epitaxial integration requiring current
matching through all the junctions. These types of cells have
demonstrated the highest efficiencies to date [1]-[3]. However,
as the number of junctions increase beyond three to four or more
epitaxial growth becomes more difficult due to lattice mismatch
between materials. Also, current matching becomes more chal-
lenging. Although there have been demonstrations of the growth
of lattice mismatched materials on the same substrate to form
multijunction cells [1], [4], this approach requires tradeoffs in
the material quality and achievable bandgaps. Such limitations
can be overcome through direct wafer bonding or wafer bonding
using a dielectric bond layer.

Most of the demonstrations of hybrid integration of solar
cells have focused on using the integration as a means to
achieve higher efficiencies in traditional concentrated photo-
voltaic (CPV) systems. However, these integration techniques
can also be used to enable new CPV systems applicable to a
wider variety of environments than traditional CPV. Sandia and
others have explored new PV modules and systems by scaling
down the size of the photovoltaic cells below 1 mm dimen-
sions [4]-[9]. These smaller cells enable new optical designs
based on refractive optics and advanced module architectures
which allow for a larger field of view, higher concentrations,
reduced heating, and higher efficiencies. When coupled with a
diffuse collection system, these architectures have the potential
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to make concentrated photovoltaics viable in areas beyond the
typical high DNI (direct normal incidence) areas such as the
southwest United States. In some cases, these systems could be
replacements for Si flat plate panels with much higher energy
production. Two proposed examples of these systems include
hybrid microscale photovoltaic systems as described in [5], [8]
with separately connected junctions for maximum efficiency.
Another concept is wafer integrated photovoltaics [9] which
utilizes a multi-functional Si platform which acts as a cell, opti-
cal concentration element and integration platform for a molded
lens array [10], a multi-junction micro-cell array and the inter-
connection layer. Calculations presented in [8] have shown that
compared to conventional flat plate PV and CPV, there is the po-
tential for an energy production boost of 40-50% and 15-40%
across the U.S., respectively, with the collection of diffuse light
as well as direct light in a concentrated system.

High-performance, multi-junction microcells are key to the
feasibility of these module approaches. However, these systems
push unique requirements on the microcells. Intimate integration
is required between the III-V cells and Si cells including low-
loss optical transparent transitions between cells and electrical
connections to a common interconnection plane. Cost models
[11] for such systems require the judicious use of the expensive
compound semiconductor material meaning only the epitaxial
layers are used in the module while the substrate should be
available for reuse. The optical designs push to smaller and
smaller cell sizes. Wafer level bonding of cells or solder bump
bonding of III-V cells to Si provides a path to achieving these
requirements.

In this paper we discuss important aspects of microcell de-
sign in Section II. In Sections III and IV demonstrations of
GaAs/InGaP dual junction cells and InGaAs single-junction
cells respectively are presented. Data from cells fabricated on
their native growth wafer are compared to cells bonded to Si in
both instances.

II. MICROCELL DESIGN

Two things drive unique design considerations for microcells—
the small size and the integration with a holding platform. The
small size of the cell and its intimate integration with Si pushes
towards cells with gridless designs and therefore the spreading
resistance of cells contact layers need to be considered. Prop-
erly designing the cell contact layers to take this into account
can mitigate the resistive losses. Since most designs don’t lend
themselves well to backside processing even if optical trans-
parency isn’t an issue — the spreading resistance is important for
both the top and bottom contacts. These resistance sources are
seen in Fig. 1. We have done extensive analysis of the effects
of spreading resistance with cell size. There is a tradeoff in the
thickness of the window and contact layers to minimize resis-
tance and the absorption characteristics which effect the overall
device efficiency. A simulation of the resistive power losses for
a gridless circular cell as a function of device size and total
resistance is shown in Fig. 2. Figs. 5 and 9 show the chosen epi-
taxial layer structures to balance these effects. A more complete
analysis of these effects is reported in [12].
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Fig. 1. Diagram of the sources of excess resistance in a single junction for a
stacked junction solar cell. The extra resistance includes contact and spreading
resistance for both the p-contact and n-contact.
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Fig. 2. Simulated power lost due to spreading resistance vs. optical aperture
radius. Simulation assumes maximum current extraction from an InGaP/GaAs
dual junction cell with a gridless circular aperture.

The parasitic dark current contributions from the sidewall
and non-illuminated areas under the contacts can become quite
significant in microcells due to their small size. The semicon-
ductor contact area should be reduced to the smallest feasible
area as dictated by lithography and resistance. This will also
reduce the overall III-V material used which is important for
cost considerations. The contact area may also shade the cell,
further reducing overall module efficiency.

The sidewall can also play a significant role in contribut-
ing to parasitic dark current which reduces the cell efficiency.
The sidewall is particularly sensitive to fabrication processes
including the methods used to etch the cell mesa and how the
sidewall is encapsulated. A study of the effects of encapsulating
the sidewall was run. This study looked at InGaAs cells from
two process runs. In the first, the mesa was dry etched and the
sample went through another lithography process prior to pro-
tecting the sidewalls with SiN. In the second process variation,
the sidewalls were immediately protected with SiN after being
defined with dry etch. The dark current at —0.3 V was then
recorded for cells with radiuses ranging from 50 to 1200 pm.
The dark current recorded for the smallest cells was an order of
magnitude less for the cells with the immediate encapsulation
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Fig. 3. Comparison of dark leakage current density for InGaAs cells fabri-
cation with an immediate SiN passivation following the mesa etch (diamonds)
and for a delayed passivation (squares). Leakage current is recorded at a bias
voltage of —0.3 V for both cell types.

(a)

Fig. 4. (a) Micrograph InGaP/GaAs cell bonded to Si substrate. (b) Micro-
graph InGaP/GaAs cell for solder bump integration.

of the sidewalls. This shows the importance of sidewall passi-
vation as the cells continue through the process. These results
are shown in Fig. 3.

III. DUAL JUNCTION INGAP/GAAS CELLS

Sandia has designed and fabricated InGaP/GaAs dual junc-
tion cells for integration via solder bump bonding as well as
wafer bonding. Fig. 4(a) shows InGaP/GaAs cells wafer bonded
to Si and Fig. 4(b) shows an image of InGaP/GaAs cells for in-
tegration with Si for integration using solder bump bonds. The
cell epitaxial design was an n-on-p design with an n-type emitter
for both cells and a tunnel junction between the two cells. The
epitaxial structure for the two cells is nominally the same, al-
though as grown the structure was flipped for the bonded cell so
the cell would be right side up following bonding. The epitaxial
structure of the cell is shown in Fig. 5. This configuration pre-
vents a direct comparison between bonded and unbonded cells
with the same epitaxy. However, since the cells share nominally
the same epitaxy they can be compared to look at the effects of
bonding on cell performance.

For the cell bonded to Si, the cell mesas were defined prior to
bonding using a combination of wet and dry etches. The cells
are bonded to the Si wafer with a SiN dielectric bond interface
which allows for electrical isolation between the InGaP/GaAs
cell and the Si. A 30 nm layer of PECVD SiN was deposited
on the InGaP/GaAs cell wafer. While a 10 nm layer of thermal
oxide was grown on the Si wafer. The dielectric on both wafers
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Layer Material | Thickness (nm)
InGaP cell contact n-GaAs 800
InGaP cell window n-AllnP 20

InGaP emitter n-InGaP 100
InGaP base p-InGaP 760
InGaP BSF p-AlGalnP 40

Tunnel Junction

GaAs window n-AlGaAs 40

GaAs emitter n-GaAs 100
GaAs base p-GaAs 3100
GaAs BSF p-AlGaAs 50

GaAs contact p-GaAs 1500

Fig. 5. InGaP/GaAs cell epitaxial structure.

were activated with an Oy plasma in an RIE. The two wafers
were then bonded together at room temperature forming a Van
der Waals bond. This bond was strengthened by using a blad-
der bonder to apply pressure of 25 psi and heating to 150 °C
for 12 hours. The thickness of the dielectric bond interface was
designed to have reflective losses of <3% across the relevant
solar spectrum. The GaAs substrate was then removed by etch-
ing an InAlP sacrificial layer to release the cells. The cell design
employs a topside n-GaAs contact layer which is designed to
accommodate the diffusion of AuGe/Ni/Au contacts and a bot-
tom p-type contact layer of GaAs with a Ti/Pt/Au metallization.
A citric acid wet etch is used to remove the GaAs contact layer
and expose the AllnP window layer in the optical aperture due
the high selectivity between GaAs and AllnP. The cells fab-
ricated on their native GaAs substrate used the same contact
metallization. The cell mesas were defined using a dry etch.
Following fabrication, the cells were tested in a solar simula-
tor to access the cell performance. The one sun measurements
were done using an OAI class AAA solar simulator (from 300 to
1800 nm) with an intensity of 1 sun and spectrum AM 1.5 cali-
brated using a silicon reference solar cell. The output of the cell
was measured using an Agilent B1500a semiconductor device
parameter analyzer. Cell efficiency, open circuit voltage (Vo)
and short circuit current density (Ji.) were extracted from the
current-voltage curves obtained for each device. The current
density vs. voltage curves for bonded and on-substrate cells are
shown in Fig. 6. The bonded cell has a circular aperture with
a radius of 125 pm for an optical aperture area of 0.049 mm?,
the on-substrate cell has a 1 mm? optical aperture. The bonded
cell efficiency, fill factor, open circuit voltage, V., and short
circuit current density, J,., were measured to be 24.4%, 82.4%,
2.13 V and 13.9 mA/cm? respectively. The on-wafer cell effi-
ciency, fill factor, open circuit voltage, V,., and short circuit
current density, Js., were measured to be 25.4%, 82.3%, 2.22 V
and 13.8 mA/cm? respectively. The curves are very similar in
shape with nearly identical fill factors and short circuit cur-
rent densities. The increase in V,. and thus efficiency for the
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Current Density vs. Voltage for InGaP/GaAs cells
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Fig. 6. InGaP/GaAs micro-cell bonded on Si (red solid line) and on-wafer
(blue dashed line) one sun J-V measurement curves.
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Fig. 7. Normalized external quantum efficiency measurement for

InGaP/GaAs cells bonded on Si.

on-wafer cell can be attributed to the larger cell size. As outlined
in Section II, the contribution for bulk dark current is signifi-
cant for the 250 pm radius device as the junction area under the
contact metal outside the optical aperture accounts for 15.5%
of the device junction area while this area accounts for 44.5%
of the junction area for 1 mm square on-substrate device. This
increased bulk dark current contribution results in the lower V.
seen for the smaller cell. This is all consistent with the InGaAs
data shown in Section I'V.

The bonded cells were also tested under concentration and
the measurements are shown in Fig. 8. The scatter in the con-
centration data at low concentrations is due to the single cell
measured current being near the noise floor of the current me-
ter. A fit is applied to the efficiency data and used to extract
a maximum efficiency of 29.5% at 200 suns. As expected the
open circuit voltage increases with concentration. The decrease
in fill factor observed with higher concentration is expected due
to spreading resistance in the optical aperture. We have previ-
ously reported on the tradeoffs of cell size with resistance under
concentration and showed the advantages of micro-scale cells
with concentration without reducing the cell efficiency due to
shading of electrical gridlines [13]. The external quantum effi-
ciency of the cells was measured and is shown in Fig. 7. The
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Fig. 8. InGaP/GaAs bonded cell performance measurements under concen-

tration. The scatter in the data at low concentration is due to the current being
near the noise limit of the current meter as is seen with the larger measurement
error bars. (a) # suns vs. efficiency. Line is a fit to the data. (b) # suns vs. V.,
(c) # of suns vs. fill factor.

efficiencies of these bonded cells match the design very closely
and there isn’t any obvious degradation from the bonding and
substrate removal of the cells. This is also shown in the InGaAs
cells as is discussed in Section I'V.

IV. INGAAS CELLS

InGaAs cells were designed for integration below an active Si
cell to provide an added boost of efficiency at long wavelength
IR. These cells would be especially relevant in hybrid microscale
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Layer Material Thickness (nm)
. 100 (Structure 1)
Window n-InGaAsP 30 (Structure 2)
Emitter n-InGaAs 300
Base p-InGaAs 3,000
BSF p-InAlGaAs 50
Contact p-InGaAs 1,400

Fig. 9.
structure.

Cross section of bonded InGaAs cell including the epitaxial layer

(b)

Fig. 10. (a) Bottomside micrograph of InGaAs cell bonded to Si. (b) Topside
micrograph of InGaAs cell fabricated on InP substrate.

systems where the Si cell is used in the stack. They could also
be an important component of a multi-junction wafer stack.

Two single junction InGaAs solar cells were fabricated [11].
One design was optimized for on wafer fabrication and testing.
The other design was for cells bonded to a Si wafer. Although
both material stacks are similar, there were differences in ma-
terial thicknesses and doping levels to accommodate the fabri-
cation differences. The epitaxial layer structure of the bonded
cells (Structure 1) and on substrate cells (Structure 2) is shown
in Fig. 9. Both stacks were an n-on-p design with an n-type
emitter. Micrographs of both cell types are shown in Fig. 10.

Initially, the overall material stack shared by both will be
discussed. The entire material stack is designed to be lattice
matched to the InP substrate. This improves the overall material
quality and allows for the smooth surfaces needed for bonding
cells. The absorber is lattice-matched InGaAs with a bandgap
of 0.75 eV. The thickness of the layer was chosen based on
the absorption of light between the Si and InGaAs bandgaps,
growth limitations, and carrier diffusion lengths. The 3.3 pum
thick absorber will absorb 95% of the available light without
being limited by the diffusion length.

The window layer is lattice-matched InGaAsP with a bandgap
of 1.11 eV. InGaAsP is chosen for its high valance band offset
with InGaAs while maintaining a modest conduction band off-
set for the electrons. In the bonded cell design, the window
layer also acts as the n-contact layer. Therefore, it is signifi-
cantly thicker to reduce the spreading resistance and to main-
tain mechanical strength when the layer is exposed for electrical
contacts.

The back-surface field (BSF) layer is lattice-matched InAl-
GaAs with a bandgap of 1.11 eV. This is chosen over InGaAsP
for the higher conduction band offset with the InGaAs absorber.
In both cell designs the InAlGaAs layer was a 40 nm thick.
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The p-contact layer for both cells was lattice matched InGaAs.
Since this layer is below the absorber, excess optical absorption
is not an issue and p-type InGaAs is a good choice for its ability
to produce a high quality ohmic contact. The final epitaxial
layers were InGaAs and an InP etch stop below the cell to
facilitate substrate removal.

A PECVD SiN layer of 40 nm was deposited on the InP
wafer containing Cell Structure 1. A 10 nm layer of thermal
oxide was grown on an inactive Si wafer. The dielectric on
both wafers were activated with an Oy plasma in an RIE. The
two wafers were then bonded together at room temperature
forming a Van der Waals bond. This bond was strengthened by
using a bladder bonder to apply pressure of 25 psi and heat-
ing to 150 °C for 12 hours. Subsequently, the entire InP sub-
strate was removed using a selective HCl:H3PO, wet etchant
which stops on the InGaAs stop etch layer. Individual hexago-
nal cells were defined with a wet selective etch, stopping on the
1.2-eV InGaAsP window layer. Hexagonal cell shapes were
chosen for their close approximation to the circular aperture of
mating optics and to reduce the number of crystal faces exposed
to the mesa wet etchant. The small size of the cells allows us
to make contacts around the cell perimeter and to avoid the
necessity of having electrical connections through the bonding
interface. Cells ranging from 50 to 1200 pum were generated to
evaluate the effect of cell size on performance. Contacts around
the mesa perimeter were made to the n-type InGaAsP window
using Ti\Au\Ag\Au. The p-type InGaAs layer was contacted
using Ti\Pt\ Au. Plated Au was used for probe pads and to ensure
step coverage down the mesa. A single layer SiN anti-reflection
(AR) coating was applied to the topside of the Si substrate to
improve coupling of the light into the cell.

Cell Structure 2 was fabricated on substrate. The mesa was
dry etched using HBr:Ns to expose the buried p-contact. The
n-type InGaAs contact layer was removed from the window area
using a selective wet etch. Contacts were deposited using e-beam
deposition with Ti/Au/Ag/Au for the n-contact and Ti/Pt/Au for
the p-contact. Plated Au was used for the probe pads and to
ensure step coverage down the mesa. A metal on BCB was used
to create a more accurately defined optical aperture for improved
characterization.

Both sets of cells were characterized for quantum efficiency
and performance with one sun illumination. For Cell Structure 1,
all the measurements were done with the Si substrate side up.
This causes the substrate to act like an optical filter and the
InGaAs cell performance is the same as one would expect with
an active Si cell above the InGaAs cell. For Cell Structure 2,
the measurements were done without any filtering between the
optical aperture and the light sources.

The external quantum efficiency of both cells was taken and
data is shown in Fig. 11. A large 4 mm by 4 mm square cell was
used for this measurement to ensure under filling the aperture
with the 1.5 mm spot size. The change in shape of the bonded
cell compared with the on-substrate cell can be attributed to the
imperfect single layer AR coating on the Si, the Si absorption
and the bonding dielectric layer. Once these have been accounted
for there is still about a 10% difference in the expected quan-
tum efficiency. This is attributed to small bubbles in the bond
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and cells fabricated on substrate (1 sun with AM1.5 Global).

interface which has a broadband transmission of ~70%. There-
fore, the low hanging fruit to increase the device efficiency
would be to improve the bond interface and use a broadband,
multi-layer top AR coating.

The one sun measurements were done using an OAI class
AAA solar simulator (from 300 to 1800 nm) with an intensity
of 1 sun and spectrum AM 1.5 calibrated using a silicon ref-
erence solar cell. The output of the cell was measured using
an Agilent B1500a semiconductor device parameter analyzer.
Cell efficiency, fill factor, open circuit voltage (V,.) and short
circuit current density (Ji.) were extracted from the current-
voltage curves obtained for each device. These parameters were
then plotted as a function of device area for both cell structures
(Figs. 12-15).

Cell Structure 1 shows little variation in short circuit current
density with area as one would expect. However, Structure 2
shows an increase in Ji. for smaller device areas. This is due
to the cells absorbing light from outside of the optical aperture,
including light that is reflected off the substrate. The metal
aperture mask was an attempt to alleviate this effect, but the
results indicate that the light scatter is beyond the mask extent.
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Fig. 13.  Device area vs. open circuit voltage for bonded cells and cells fabri-
cated on substrate (1 sun with AM1.5 Global).
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Fig. 14.  Device area vs. efficiency for bonded cells and cells fabricated on

substrate (1 sun with AM1.5 Global).

The much lower Jsc for Structure 1 is due to the portion of the
spectrum absorbed by the Si substrate before the InGaAs cell.

Both cell structures demonstrate a reduction in Voc as the
device area decreases. This can be attributed to two separate ef-
fects: perimeter current and excess dark current from absorber
under the contacts. Cell Structure 2 has unilluminated absorber
regions under the n-contact which contributes to the dark cur-
rent. This area is proportionally larger as the cell size decreases.
This is not applicable in Cell Structure 1 because there are
no absorber areas shaded with contacts since the cell is back-
contacted. The second cause for the decrease in V. is perimeter
dark currents which is applicable to both cells. The perimeter
to area ratio increases as the cell size decreases leading to a
larger relative contribution by these dark currents and causing
the decrease in V.. Fill factors and efficiency follow the same
trends as V.. The lower efficiency for Structure 1 is again due
to the optical filtering by the Si wafer.

A theoretical maximum efficiency of 6% was expected for
the Structure 1 cells. These cells demonstrated efficiencies of
2.25-3% mostly limited by the low open circuit voltage and fill
factor. However, we know this comes from the material or cell
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Fig. 15. Device active area vs. fill factor for bonded cells and cells fabricated
on substrate (1 sun with AM1.5 Global).

design performance limitations since similar devices fabricated
on substrate exhibit similar V. and fill factors.

Simulations were done to calculate the maximum short circuit
current from the cell taking into account reflection losses from
the air-Si interface, absorption in the Si substrate and absorption
in the cell itself. The anti-reflection coating reduces the reflec-
tion losses to 1.75% of the solar spectrum with energy below the
bandgap of Si. There will also be some loss associated with
the bonded interface although that is not taken into account in
the simulations. From these calculations, the expected cur-
rent from the cell with an ideal global AMI1.5 spectrum is
13.2 mA/cm?. However, our testing lamp deviates from ideal and
adjusting the spectrum according to the manufactures data gives
an expected current of 14 mA/cm?. This correlates well with the
12.5-13.6 mA/cm? measured in the actual devices indicating
the bonded interface has maintained a low loss optical path.

V. CONCLUSION

Unique design considerations for microcells were introduced
including how to design around the potentially increased spread-
ing resistance from thin contact layers with perimeter con-
tacts and parasitic dark current contributions from etched mesa
perimeters. We have demonstrated III-V microcells intimately
integrated with Si which could be utilized in next generation con-
centrated photovoltaic modules. Results from InGaP/GaAs and
InGaAs hybrid cell configurations were reported. These cells
employed integration techniques including wafer level bonding
of processed cells and solder bonding of the cells. The cells
themselves showed no evidence of degradation despite the inte-
gration process, which involved significant processing includ-
ing the removal of the III-V substrate. It is expected that such
integration approaches could be extended to more advanced
multi-junction cells such as triple junction solar cells.

ACKNOWLEDGMENT

Sandia National Laboratories is a multimission laboratory
managed and operated by National Technology and Engineering

4000109

Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International, Inc., for the under contract U.S.
Department of Energy’s National Nuclear Security Administra-
tion under contract DE-NA0003525.

REFERENCES

[11 M. A. Green et al., “Solar cell efficiency tables (version 49),” Prog. Pho-
tovolt., Res. Appl., vol. 25, pp. 3—13, 2017, doi: 10.1002/pip.2855.

[2] K. Sasaki, T. Agui, K. Nakaido, N. Takahashi, R. Onitsuka, and T.
Takamoto, “Development of InGaP/GaAs/InGaAs inverted triple junction
concentrator solar cells,” in Proc. 9th Int. Conf. Concentrating Photovolt.
Syst., Miyazaki, Japan, 2013, pp. 22-25.

[3] P. T. Chiu et al., “Direct semiconductor bonded 5J cell for space and
terrestrial applications,” IEEE J. Photovolt., vol. 4, no. 1, pp. 493—497,
Jan. 2014.

[4] X. Sheng et al., “Printing-based assembly of quadruple-junction four-
terminal microscale solar cells and their use in high-efficiency modules,”
Nature Mater., vol. 13, no. 6, pp. 593-598, 2014.

[5] G. N. Nielson et al., “Leveraging scale effects to create next-generation
photovoltaic systems through micro- and nanotechnologies,” Proc. SPIE,
vol. 8373, pp. 837317-1-837317-10, 2012.

[6] G. N. Nielson et al., “Microscale PV cells for concentrated PV applica-
tions,” in Proc. 24th Eur. Photovolt. Sol. Energy Conf., 2009, pp. 170-173.

[7] A. L. Lentine, G. N. Nielson, M. Okandan, W. C. Sweatt, J. L. Cruz-
Campa, and V. P. Gupta, “Optimal cell connections for improved shading,
reliability, and spectral performance of microsystem enabled photovoltaic
(MEPV) modules,” in Proc. 35th IEEE Photovolt. Spec. Conf., 2010,
pp. 003048-003054.

[8] M.W. Haney, T. Gu, and G. Agrawal, “Hybrid micro-scale CPV/PV archi-

tecture,” in Proc. 40th IEEE Photovolt. Spec. Conf., 2014, pp. 2122-2126.

T. Gu et al., “Wafer-level integrated micro-concentrating photovoltaics,”

in Proc. Light, Energy, Environ., 2016, Paper PTh3A.1.

B. Jared et al., “Micro-concentrators for a microsystems-enabled photo-

voltaic system,” Opt. Express, vol. 22, no. 102, pp. A521-A527, 2014.

S. Paap et al., “Cost analysis of flat-plate concentrators employing mi-

croscale photovoltaic cells for high energy per unit area applications, in

Proc. 40th IEEE Photovolt. Spec. Conf., 2014, pp. 2926-2929.

J. L. Cruz-Campa et al., “Power maximization in III-V sub-millimeter,

radial front contacted cells for thin micro-concentrators,” presented at the

Photovoltaics Specialists Conf., Denver, CO, USA, June 2014, Paper 154.

A. Tauke-Pedretti et al., “Bonded InGaAs cells for microsystems enabled

photovoltaic,” presented at the Photovoltaics Specialists Conf., Denver,

CO, USA, Jun. 2014, Paper 172.

[9

—

[10]

(1]

[12]

[13]

Anna Tauke-Pedretti (S’02-M’08-SM’15) re-
ceived the B.S. degree in physics and the B.S.E. de-
gree in electrical engineering from the University of
Towa, Iowa City, IA, USA, in 2001, and the M.S. and
Ph.D. degrees in electrical and computer engineering
from the University of California, Santa Barbara, CA,
USA, in 2002 and 2007, respectively.

In 2008, she joined the Technical Staff at Sandia
National Laboratories, Albuquerque, NM, USA, and
has worked on a variety of compound semiconductor
optoelectronic devices. Her work has included opti-
cal injection locking, high-speed modulators, high-efficiency solar cells, and
infrared detectors. She has more than 60 conference and journal articles and has
been awarded 7 patents.

Jeffrey G. Cederberg received the B.S. degree in chemical engineering from
Montana State University, Bozeman, MT, USA, in 1994 and the Ph.D. degree in
chemical engineering from the University of Wisconsin—Madison, Madison,
WI, USA, in 2000. He was employed with Sandia National Laboratories,
Albuquerque, NM, USA, from 2000 to 2015. While at Sandia, he was involved
with many aspects of the materials science and device physics associated with
thin film semiconductors. In 2015, he joined MIT Lincoln Laboratory as a Staff
Member to continue work on compound semiconductor devices, focusing on
semiconductor lasers and their applications.

Authorized licensed use limited to: Westlake University. Downloaded on September 13,2021 at 00:48:00 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1002/pip.2855

4000109

Jose L. Cruz-Campa (M’07) received the B.S. de-
gree in mechanical engineering from “Universidad
Autonoma Metropolitana,” Mexico City, Mexico, in
2003, and the M.S. degree in physics and the Ph.D.
degree in electrical engineering from the University
of Texas at El Paso, El Paso, TX, USA, in 2007 and
2010, respectively.

He currently is a Senior Process Engineer lead-
ing the texturing efforts in 1366 Technologies since
2016 following a year of entrepreneurship in 2015.
From 2008 to 2014, he worked at Sandia National
Laboratories, Albuquerque, NM, USA. His work has fused the areas of micro-
electronics with solar technologies performing research in simulation, design,
fabrication, processing, characterization, and testing of photovoltaic materi-
als such as silicon, III-V and II-VI. He is author/co-author in 26 journals,
21 patents, 31 conference proceedings, and 31 presentations.

Charles Alford, photograph and biography not available at the time of
publication.

Carlos A. Sanchez, photograph and biography not available at the time of
publication.

Gregory N. Nielson received the B.S degree from Utah State University, Logan,
UT, USA, and the M.S. and Ph.D. degrees from the Massachusetts Institute of
Technology, Cambridge, MA, USA. He is currently a Chief Scientist for Vivint
Solar. He supervises product R&D for all solar power system components in
collaboration with product suppliers, system engineering and optimization, and
data analytics for the 100,000+ Vivint Solar systems in the field. Previously,
he was a Principal Member of Technical Staff at Sandia National Laboratories,
Albuquerque, NM, USA. He was with Sandia from 2004 to 2015 and has
experience working in all aspects of solar power from basic cell R&D through
system design, installation, and finance.

Murat Okandan, photograph and biography not available at the time of
publication.

William Sweatt received the Ph.D. degree in optical sciences from the Uni-
versity of Arizona, Tucson, AZ, USA, in 1977. Since then, he has been do-
ing optical engineering and system design at Sandia and the other National
Labs. His favorite projects have been the design of microsolar PV optics, the
first extreme-UV lithography system, designing of the laser isotope separation
systems, several optical computing architectures, lithographically patterned mi-
crooptics, etc.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 2, MARCH/APRIL 2018

Bradley H. Jared received the M.S. and Ph.D.
degrees in mechanical engineering from North
Carolina State University, Raleigh, NC, USA, in 1996
and 1999, respectively. He is a Principal Member of
Technical Staff at Sandia National Laboratories, Al-
buquerque, NM, USA, where he leads research efforts
in precision engineering and advanced manufactur-
ing. He spent almost a decade in industry prior to
joining Sandia in 2007 and has performed, presented
and/or published work in the fields of ultraprecision
diamond turning, micromachining, ultrafast pulsed
laser processing, and additive manufacturing.

Michael Saavedra, photograph and biography not available at the time of
publication.

William Miller, photograph and biography not available at the time of
publication.

Gordon A. Keeler received the H.B.Sc. degree in
physics from Lakehead University, Thunder Bay, ON,
USA, in 1996, and the M.S. and Ph.D. degrees
in applied physics from Stanford University,
Stanford, CA, USA, in 1998, and 2003, respec-
tively. He is a Principal Member of Technical Staff at
Sandia National Laboratories, Albuquerque, NM,
USA. His current research interests include the
physics and engineering of micro- and nanoscale
semiconductor optoelectronic devices, and the
development of optical microsystems through het-
erogeneous integration. He has coauthored more than 100 journal publications,
conference proceedings, and patents, and is a Senior Member of the IEEE.

Scott Paap received the B.S. degree in chemical engineering from the Uni-
versity of Wisconsin-Madison, Madison, WI, USA, and the Ph.D. degree in
chemical engineering from the Massachusetts Institute of Technology, Cam-
bridge, MA, USA. He is a Principal Member of the Technical Staff at Sandia
National Laboratories, Albuquerque, NM, USA. As a member of Sandia’s Sys-
tems Analysis group, he has extensive experience in modeling and analysis of
early-stage energy technologies based on cradle-to-grave economic and envi-
ronmental metrics. He has led techno-economic analyses of photovoltaic and
solar thermal electricity generation technologies, biofuels and hydrogen pro-
duction processes, and novel materials for air separation and water purification
for customers in industry and DOE/EERE.

Authorized licensed use limited to: Westlake University. Downloaded on September 13,2021 at 00:48:00 UTC from IEEE Xplore. Restrictions apply.



TAUKE-PEDRETTI et al.: HYBRID INTEGRATION OF III-V SOLAR MICROCELLS FOR HIGH-EFFICIENCY

John Mudrick, photograph and biography not available at the time of
publication.

Anthony Lentine, photograph and biography not available at the time of
publication.

Paul Resnick, photograph and biography not available at the time of publication.

Vipin Gupta, photograph and biography not available at the time of publication. -

4000109

Duanhui Li received the B.S. degree in material
science and engineering from Tsinghua University,
Beijing, China. He is currently working toward the
Ph.D. degree in the Department of Materials Science
and Engineering, Massachusetts Institute of Technol-
ogy, Cambridge, MA, USA. His research interests
include developing low-cost integrated microoptics
systems for renewable energy.

Tian Gu received the B.S. degree in electrical en-
gineering from the Beijing Institute of Technology,
Beijing, China, and the Ph.D. degree in electrical
and computer engineering from the University of
Delaware, Newark, DE, USA. He is currently a Re-
search Scientist with Materials Processing Center and
the Department of Materials Science and Engineer-
ing, Massachusetts Institute of Technology, Cam-
bridge, MA, USA. His research interests include
nano- and micro-photonics and integrated photonic
systems for energy conversion, chip-scale infrared

spectroscopy, flexible photonics, data communications, and metamaterials.

Jeffrey Nelson, photograph and biography not available at the time of
publication.

Lan Li received the B.S. degree from the University of Science and Technol-
ogy of China, Hefei, China, in 2010, and the Ph.D. degree from the Univer-
sity of Delaware, Newark, DE, USA, in 2016, both in materials science and
engineering. Currently, she works as a Postdoctoral Associate with the Mas-
sachusetts Institute of Technology, Cambridge, MA, USA. Her research interest
includes microptic and nanophotonic device design and fabrication, infrared
optical glass materials, and integrated flexible photonics, etc.

Juejun Hu received the B.S. degree from Tsinghua
University, China, in 2004, and the Ph.D. degree from
the Massachusetts Institute of Technology (MIT),
Cambridge, MA, USA, in 2009, and both in materials
science and engineering. He is currently the Merton
C. Flemings Career Development Associate Profes-
sor at Department of Materials Science and Engi-
neering, MIT. His primary research interests include
enhanced photon—matter interactions in nanopho-
tonic structures. Prior to joining the MIT, he was an
Assistant Professor with the University of Delaware
from 2010 to 2014.

Authorized licensed use limited to: Westlake University. Downloaded on September 13,2021 at 00:48:00 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


