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Microsystems Enabled Photovoltaics
(MEPV)

1. Developer Information
A. Primary Submitting Organization
Vipin P. Gupta

Principal Member of Technical Staff
Sandia National Laboratories
P.0. Box 5800, MS 1080
Albuquerque, NM 87185-1080

USA

Tel: (505) 844-5876 NMicrosysterns
Fax: (505) 844-7786 Enabled

Email: vpgupta@sandia.gov PthOVD‘tEiGS

Web: http://mepv.sandia.gov

B. Joint Submitter(s)

None. For a video summary of Sandia’s microsystems enabled
photovoltaics, go to http://mepv.sandia.gov or click the image
above to play.

2. Product Information
A. Product Name
Microsystems Enabled Photovoltaics (MEPV).

B. Product Photo

Figure 1. Scanning electron microscope image of two microscale crystalline silicon photovoltaic cells
with radial contacts on the back side. (Source: Sandia)

2


http://mepv.sandia.gov

@ Sandia National Laboratories

SANDIA NATIONAL LABORATORIES  R&D 100 2012 « ENTRY SUBMISSION

3. Brief Description

Microscale photovoltaic cells that harness energy from a variety of light sources
and power devices in flexible, moldable, or flat-plate formats.

4. First Marketed

Sandia’s MEPV technology was made available for licensing on June 16, 2011
(See Appendix G).

5. Has this product or an eatrlier version been entered in the
R&D 100 awards competition previously?

No.

6. Principal Investigator

Gregory N. Nielson

Principal Member of Technical Staff
Sandia National Laboratories

P.0. Box 5800, MS 1080
Albuquerque, NM 87185-1080

USA

Tel: (505) 284-6378

Fax: (505) 844-2081

Email: gnniels@sandia.gov

7. Product Price

Our team has conducted cost modeling at the cell, module, and system level
to estimate the pricing of this photovoltaic cell technology for the most likely
application market sectors. Based on this work, the team anticipates product
pricing — including profit margin — to be:

* Under $10/Wattyeak for the mobile powering of consumer electronics.

* Less than $0.60/Wattpeak for concentrated photovoltaic (CPV) modules on big

box and warehouse rooftops for production of retail electricity.
* Less than $0.40/Wattpeak for CPV modules on power utility farms for

production of wholesale electricity.
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“In my role as
Director of the
Arizona Research
Institute for Solar
Energy, I have seen
many photovoltaic
and concentrator
photovoltaic
technologies and
many designs for
new technologies.
Sandia’s microscale
photovoltaics is
one with a highly
innovative approach
and a significant
chance for a
paradigm-shifting

»
success.

— Joe Simmons,
Director of the Arizona
Research Institute

for Solar Energy,

Professor of Materials Science
and Engineering,

and Professor of

Optical Sciences,

University of Arizona

8. Patents Pending

US Patent Application #11/933,458, November 1, 2007, PHOTOVOLTAIC SOLAR
CONCENTRATOR, Gregory N. Nielson, Vipin Gupta, Murat Okandan, Michael Watts

US Patent Application #12/882,976, September 15, 2010, PHOTOVOLTAIC SOLAR
CONCENTRATOR, Gregory N. Nielson, Vipin Gupta, Murat Okandan, Michael Watts

US Patent Application #12/894,772, September 30, 2010, SOLAR PHOTOVOLTAIC
REFLECTIVE TROUGH COLLECTION STRUCTURE, Gregory N. Nielson, William C.
Sweatt, Benjamin Anderson, Murat Okandan

US Patent Application #12/914,441, October 28, 2010, MICROSYSTEM ENABLED
PHOTOVOLTAIC MODULES AND SYSTEMS, Gregory N. Nielson, William C. Sweatt,
Murat Okandan

US Patent Application #12/957,082, November 30, 2010, PHOTOVOLTAIC SOLAR
CONCENTRATOR, Gregory N. Nielson, Murat Okandan, Paul Resnick, Jose Luis Cruz-
Campa

US Patent Application #13/164,017, June 20, 2011, SOLAR CELL WITH BACK SIDE
CONTACTS, Gregory N. Nielson, Murat Okandan, Paul Resnick, Peggy Clews, Jose
Luis Cruz-Campa, Mark Wanlass

US Patent Application #13/164,483, June 20, 2011, PHOTOVOLTAIC SYSTEM,
Anthony Lentine, Gregory N. Nielson, William C. Sweatt, Murat Okandan, Sean
Hearne, Paul Clem, Paul Davids, Dale Huber, Jeffrey Nelson, Christopher Apblett

US Patent Application #13/239,181, September 21, 2011, STRUCTURED WAFER FOR
DEVICE PROCESSING, Gregory N. Nielson, Murat Okandan

US Patent Application #13/240,127, September 22, 2011, MOLDABLE
PHOTOVOLTAIC SOLAR CELL MODULE, Gregory N. Nielson, Murat Okandan, Jose Luis
Cruz-Campa, Vipin Gupta, Paul Resnick, Carlos Anthony Sanchez, Peggy Clews

US Patent Application #13/240,520, September 22, 2011, PHOTOVOLTAIC SOLAR

CONCENTRATOR, Gregory N. Nielson, Murat Okandan, Jose Luis Cruz-Campa, Vipin
Gupta, Paul Resnick, Carlos Anthony Sanchez, Peggy Clews
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With
dimensions

as small as
100-um wide
and 1-um
thick, these
miniaturized
photovoltaic cells
convert photons
[from the sun
or any other
light source into
electricizy.

US Patent Application #13/240,354, September 22, 2011, MICROSCALE
AUTONOMOUS SENSOR AND COMMUNICATIONS MODULE, Gregory N. Nielson, Murat
Okandan

US Patent Application #61/594776, February 3, 2012, PARALLEL INTERLEAVED
INVERTERS, Anthony Lentine, Brian Johnson

9. Primary Function

Sandia’s MEPV team has developed microscale photovoltaic (PV) cells using
microsystems tools and manufacturing techniques familiar to the semiconductor
industry. With dimensions as small as 100-um wide and 1-um thick, these
miniaturized PV cells convert photons from the sun or any other light source into
electricity. As with microelectronic components, the small size of the PV cells
enables the packaging and integration of the energy system into a variety of formats
that conform to the shapes and contours of the powered device and blend into the
device’s look, feel, and functionality.

To date, we have developed three microscale PV cell designs:

1. Assilicon back-contacted interdigitated finger pattern. This cell design is
particularly well-suited for sunlight-to-electricity conversion without optical
concentration. The back contact design eases the on-wafer placement of solder
bump bonds that can be assembled onto flat surfaces with semiconductor pick-
and-place tools (e.g., CPV modules or sheets).

2. Assilicon back-contacted radial pattern. Also well-suited for converting
sunlight to electricity without optical concentration, the symmetry of the radial
back-contacted pattern enables the use of self-assembly approaches without
the need for rotational orientation of the cell.

3. An ultrathin single-junction gallium arsenide (GaAs) cell with back contacts.
This cell design is particularly useful for concentrated photovoltaic designs
or for the conversion of diffuse, ambient light to electricity for high value
applications (e.g., mobile power, space power). At thicknesses of 1-3 um, these
microscale PV cells can generate more watts per gram and watts per unit area
than their crystalline silicon (c-Si) counterparts.

All of the enumerated microscale PV cell designs can be embedded into highly
flexible PV modules, incorporated into low-cost microconcentrator modules, or built
into consumer electronic products. And because there are no electrical contacts on
the front side, these microscale PV cells can be integrated in aesthetically pleasing

patterns that may not even reveal the cells’ electricity generation capability.
5
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c) d)

" v

Figure 2. Pictures of our microscale PV cells: a) Scanning electron microscope (SEM) perspective view
of a 250-um c-Si PV cell released through an anisotropic potassium hydroxide (KOH) under-etch with
lateral interdigitated fingers, b) SEM image of a 250-um wide crystalline silicon (c-Si) PV cell released
using a buried silicon dioxide layer with radial contacts; ¢) Magnified image of a 250-um GaAs PV
cell released using a buried aluminum arsenide layer; d) flexible mechanical model with embedded
microscale photovoltaic cells. (Source: Sandia)

Figure 2 shows optical and scanning electron microscope (SEM) images of these
three microscale PV designs. This figure also shows c-Si PV cells embedded in
silicone.

With these three microscale PV cell designs, the Sandia MEPV team has developed
a new class of microsystem-based multijunction PV cells that do not have the
operational handicaps of lattice and current matching found in traditional
multijunction I11-V PV cells. Using three-dimensional (3D) integration processes for
stacking with independent electrical connections, our team has developed dual-
junction, microscale PV cells with leveled back contacts as well as triple-junction,
microscale PV cells combining c-Si, GaAs, and indium gallium phosphide (InGaP)

junctions.
6
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Figure 3. Left: Magnified image of 750-um wide, 6-um thick GaAs/InGaP PV cell with leveled back
contacts. Right: Front side of microscale GaAs/InGaP PV cell. (Source: Sandia)

The stacked cell designs are particularly well suited for power applications that
require high-watt production per unit area or weight (e.g., manned or unmanned
aircraft, satellites, and CPV).

10. How Does It Operate?

These microscale PV cells generate electricity through the photoelectric effect.
When light shines on the semiconductor, electrons are excited, drift and diffus in
the material, and then are collected at the terminals.

To fabricate these cells, Sandia’s MEPV team combine microfabrication techniques
from several microsystem technologies. Our process flow uses standard equipment
and standard wafer thicknesses and allows all high-temperature processing to

be performed prior to cell release. In addition, the remaining post-release wafer
can be reprocessed and reused resulting in an order-of-magnitude increase in the
number of watts generated per gram of expensive semiconductor material (see
Comparison Matrix in Section 12B). The c-Si PV cell junctions are created using a
backside point-contact PV cell process. The GaAs PV cells have an epitaxially grown
junction. Despite the horizontal junction, these cells also are backside contacted,
which enables the fabrication of uniform, aesthetically pleasing front sides
without electrical lines.

To characterize the operation of the microscale PV cells, our technologists
packaged and connected them for performance testing. Current-Voltage (J-V)
curves were obtained under American Society for Test Materials (ASTM) one-sun
illuminating conditions. We used a Spectrolab model XT-10 with a 1 kW, short
arc, xenon lamp, class A solar simulator normalized to 1000 W/m? using a silicon



@ Sandia National Laboratories

SANDIA NATIONAL LABORATORIES  R&D 100 2012 « ENTRY SUBMISSION

reference cell. The beam is an 8”x 8” square, and the chuck is temperature
controlled using thermoelectrics. The microscale PV cells were connected to
a Keithley source meter instrument by the four wire method to obtain the J-V
curves. Figure 4 shows the J-V curves of our GaAs and ¢-Si PV cells to date.

As shown in Figure 4, Sandia’s 250-um wide, 14-um thick c-Si PV cells have
achieved 14.9% conversion efficiency. This level of performance is comparable
to the conversion efficiency in the majority of commercially produced c-Si PV
cells that are 10—15x thicker. For the single-junction GaAs cell, the conversion
efficiency of 11.36% can be boosted to 20-25% with the addition of an anti-
reflective coating and the absence of the 1-um thick InGaP window layer, which
our designers incorporated for a future microscale InGaP cell as part of a Ill-V
integrated multijunction PV cell design. For both c-Si and GaAs microscale PV
cells, the look, feel, and functional performance of the cells can be systematically
improved using the fabrication process developed by the Sandia MEPV team and
described in Section 11.

35 4
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Figure 4. PV cell results to date for different different materials, sizes, and release approaches.

(Source: Sandia) 3
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11. Building Blocks of Our Technology

Our manufacturing processes produce microscale PV cells in two different

types of crystalline Si and crystalline GaAs. Each cell type takes advantage of a

mechanism for detaching the first 1-20 um of material from the top of the wafer

to create the cells, leaving the rest of the material for future cell production runs

and boosting the watts-per-gram usage of the expensive semiconductor material

in the wafer by an order of magnitude. The c-Si PV cells are released using

either hydrofluoric acid (HF) with silicon-on-insulator (SOI) wafers, or potassium

hydroxide (KOH) with (111)-oriented wafers. The GaAs cells are released using

an aluminum arsenide (AlAs) release layer and HF release chemistry similar to
777656 d@Sl:gi’lS epitaxial lift-off (ELO), (see Appendix D for reference) but without the supporting

l- release handle that is typically used; this is a manufacturing technique that is
use Linear

interdigitated

mem/ COntact Production of Microscale Silicon-On-Insulator (SOI) c-Si PV Cells
Figure 5 illustrates the various designs for the SOI-based cells. The n-implantation
fingersto ° . o o .
. is in the center and the p-implantation is on the outer rim. Fingers of n-implanted
b?’l?’lg the dopants go from the center contact towards the edge without touching the edge,
6'0[[66'1'66[ and p-implanted fingers go from the edge towards the center without touching

familiar to the semiconductor industry.

. the center. The purpose of these fingers is to reduce the space between the p- and
carriers to

contacts on

either side of
the cell.

Figure 5. AutoCAD drawings of mask designs for the radial solar cells of various lateral sizes. (Source:
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n-areas and thus enhance carrier collection. The metal contact layer follows the
same shape as the implantations below, but only contacts the semiconductor in
very small areas (point contacts) through a nitride layer. Figure 6 shows a scanning
electron microscope (SEM) image and an optical profilometer image of a released
20-um-thick, 1-mm-wide c-Si PV cell.

Figure 6. SEM and optical profilometer image of a 20-um thick, 1-mm wide c-Si PV cell fabricated from
an SOI wafer. (Source: Sandia)

Production of Microscale (111) ¢-Si PV Cells

The second approach to fabricate c-Si PV cells uses the crystal plane selective
KOH silicon etchant. Compared to the SOI wafer process, this approach has an
additional photolithography mask and doesn’t require a buried silicon dioxide
(Si02) layer in the wafer.

Figure 7 illustrates the various designs for these cells. These designs use linear
interdigitated metal contact fingers to bring the collected carriers to contacts on
either side of the cell. The n- and p-type dopant implantations are performed at
alternating positions across the backside of the cell. There are two cell sizes with
variations on the size and spacing of the implantation locations for both cell sizes,

as shown in Figure 8 and Table 1.
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Figure 7. 250-um and 500-um linear contact cell designs with interdigitated fingers. (Source: Sandia)
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Figure 8. Left: Auto CAD design of a 250-um wide c-Si PV cell (backside contacted) with interdigitated
fingers. Right: Detail of the implantations and fingers. (Source: Sandia)
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Size of cell Distance Width of Diameter of Diameter of
and design between finger (um) implantation contact (um)
implantations (um)
(um)

250-um tight 13 8.9 6 3
250-um relaxed 21 13.9 8 3

500-um tight 12.2 8.6 4 2
500-um relaxed 15.3 11.5 8 3

Table 1. Linear Contact Cell Dimensions.

det | mode
51 mm |ETD| SE

Figure 9. SEM image of the front side (left) and back side (right) of a 250-um wide c-Si PV cell fabricated from a (111) oriented wafer. (Source: Sandia)

Figure 9 shows the front and back side of a cell
manufactured with this technique. Note that only 25 to
30 um of material from the original wafer were used to
create the cells, leaving 670 um of silicon for boosting
watts per gram wafer subsequent cell production runs.

Release of Microscale ¢-Si PV Cells with Bump Bonds
For both microscale SOI and (111) c-Si PV cell fabrication
processes, the finished cells can be released from the
wafer into a solution in no particular organization. In
order to produce organized arrays of microscale c-Si PV
MESA\uF ab 18kU  Sum x5, BOE cells, the Sandia MEPV team has developed a similar

process to the one presented for silicon-on-insulator

Figure 10. SEM image of the tether holding the microscale ¢-Si PV cell ~ CaS€S with the cells tethered to the substrate (Figure 10).
to the wafer. (Source: Sandia)

12
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In this manner, cells can be transferred onto tape for pick-and-place
assembly or directly placed onto an interconnected substrate to make
a functional module while maintaining the two-dimensional array
configuration.

The tethered cells are fabricated using SOI wafers. The junctions are
created with ion implantations through masking layers created with
photolithography. Once the junction is created, anchors that connect
the cell to the wafer are defined with a deep reactive ion etch (DRIE). A
prerelease step suspends the cells over the wafer handle. These anchors

allow passivation and antireflection (AR) coatings to be deposited on
the front, back, and sides of the cell while the cell is still attached to the
wafer. After passivation, the contact formation and metallization steps
follow.

The final process creates solder bumps that can be used for
mechanical and electrical connections to other substrates. The solder
bumps are created using standard wafer bumping processes available

to the microelectronics industry. In this process, a seed metal is

Figure 11. (top) An array of deposited and the photoresist layer is patterned across the wafer.
microscale PV cells with bump
bonds attached to the wafer;
(bottom) A detailed SEM image metal. Once the bumps are formed, the photoresist that was used as a template
of the cells with solder bumps.
(Source: Sandia)

Inside the features, copper and standard tin lead solder are plated over the seed

is removed. Figure 11 shows an array of microscale c-Si PV cells with bump
bonds attached to the wafer and a detailed SEM image of the cells with solder

‘ UV releasable tape or
pattern interconnected
substrate

.- T Solder bumps

Cells
™— Tethers
Handle wafer

bumps.

Figure 12. Detachment process of bumped cells onto tape or an interconnected substrate. (Source: Sandia)
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(a) (b)

Figure 13. (a) MEPV one- After the tethered cells with solder bumps are fabricated, the cells are transferred
sun module consisting

of S00.4m wide cells as onto a tape for pick-and-place assembly or direct placement. Figure 12 illustrates

measured from corner to this detachment process whereby the cells are attached to an ultraviolet (UV)
corner in the hexagon. (b) .
Magnified image of MEPV releasable tape or an interconnected substrate.

one-sun modqle,
SYE oy If a receiving substrate with metal interconnections is used (patterned polyimide
or another polymer), an alignment of the features in the cells with the metal
traces is necessary before detachment. After alignment, the receiving substrate
and the cells are heated up to 250°C to reflow the solder. After cooling, the
electrical and mechanical connections are in place. The final step is detaching the
handle wafer from the cells to leave the front of the cells exposed. Figure 13 shows
an operational MEPV module consisting of microscale c-Si PV cells interconnected
through the solder bumps. The receiving substrate has 14 columns of cells in

series, and each column has 47 cells in parallel.

Production of Gallium Arsenide Cells
The single-junction, crystalline GaAs cells are created through epitaxial growth
followed by processing to create the metallized contacts. This approach creates
a horizontal junction which normally requires a front and back metal contact.
By making the cells very small, it is possible to use a backside contact method
that moves all of the metal outside of the optical aperture. In addition to
avoiding optical losses, the backside contacts facilitate the packaging of the
cells since only one side needs to be interconnected. To our knowledge, these
are the first fully backside-contacted GaAs solar cells practically produced and
demonstrated.

14
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The initial epitaxial layers are illustrated in Figure 14. It should be noted that
the cell is designed to be inverted, which allows the backside of the cell to be
available for the microprocessing required to create backside contacts. The cell
is also designed to be incorporated into a 3D integrated multijunction stack with
a microscale InGaP cell above it. The epitaxy to create the layers comprising the
cell was performed at the National Renewable Energy Laboratory (NREL). The
In d&l’&l’iﬂO?’l microprocessing and cell release were performed at Sandia National Laboratories.
0 dl)Oidiﬂg Thfe re!ease of the cells is accompll.shed by |nclud|.ng an AIA% sacrificial Iay(?r in the
epitaxial stack. The AlAs was selectively etched using a solution of 49% HF in water

OPIfZCél[ 1055.65, with Tergitol™ added to reduce the surface adhesion effects that can cause cells to
Z'/7€ dekSZde stick to the wafer after release.

contacts
dci[itdte t/]é Because of the small size of the cells, the lift-off process can be completed in eight

! minutes (in contrast to the approximately day-long release times required for full
packaging of

the cells since
only one side

50nm GaAs p++ contact layer

needs to be 1.0 pm GalnP (confinement 1x10'%/cm?)
interconnected. )
3.0 um GaAs p (1x10"-1x10"/cm?)
1o our

100nm GaAs (n+ 1.5x10"%/cm’)
1.0 um GalnP (confinement layer 10"*/cm’?)

50 nm AlAs release layer
GaAs Buffer layer

knowledge, these
are the first
Sully backside-
contacted

GaAs solar

cells practically
produced and

demonstrated.

GaAs wafer

Figure 14. Epitaxial layer stack for the inverted GaAs single-junction cell. (Source: NREL)

wafer epitaxial liftoff. As with the c-Si processes, the watts-per-gram output can
be boosted dramatically by reprocessing the handle waferto grow and release
subsequent batches of cells.

Recent developments associated with Sandia’s microscale GaAs cells include a
new residual strain-balanced cell design to reduce the curvature of the cells after
release. Our IlI-V process engineers also increased the doping levels in the InGaP

15



@ Sandia National Laboratories

SANDIA NATIONAL LABORATORIES  R&D 100 2012 « ENTRY SUBMISSION

Figure 15. (a) An SEM image
of 250-um wide, single-
junction GaAs PV cells just
prior to release. (b) Magnified
image of 250-um wide GaAs
PV cells in the process of
being released from the wafer.
(Source: Sandia)

(a)

window layer used for one of the contacts; this led to reduced contact resistance
between the metallization and the InGaP layer resulting in improved performance

(i)
due to reduced contact resistance between the metallization and the InGaP

layer. Finally, our I11-V designers increased the thickness of the absorbing layer
of the GaAs cells yielding further performance improvements. Figure 15 shows

representative images of the single-junction GaAs PV cells fabricated at Sandia.

Packaging Microscale Photovoltaic Cells

Whichever of the three cell manufacturing processes is used, the fabricated cells
can be shipped using packaging methods that readily accommodate a variety of
end uses:

* Cells can be sent on wafer and released by the end user (i). In this case, the
end user would have special tools for cell release or for directly picking cells
off the wafer.

* Cells can be sent singulated and placed

(v)

in waffle packs (ii) which is a well-suited

delivery approach for sparse arrays, quality

(iii) . .
control testing, and sorting.

* Cells can be delivered on gel packs (iii) or
transferred onto tape (iv). In this format,
standard pick-and-place tools from the
integrated circuit and microsystems industry

can be used to incorporate the cells into

specific devices.

* Cells can be shipped in solution (v). This
may be the best form of delivery for end users who wish to operate the
cells in a liquid or use new types of directed self-assembly techniques
for massively parallel placement of the cells onto a receiving substrate.

16
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12. Product Comparison

A. List your product’s competitors by manufacturer, brand name, and
model number.

*Global Solar, PowerFLEX, BIPV300W
eUnisolar, PowerBond, PVL-144
*Konarka, Power Plastic 40, BIPV 300W Series 1140

*SunPower, E20 Series, 327
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B. Comparison Matrix

Non- Module S
Materials M.ICI‘OSC.a|e 3D Lattice Flexibility el Output Thickness Ll Pofefl LEL Watts/Kg
Dimensions Moldable Tolerance or Cell Efficiency
Matched Voltage g
Efficiency
Sandia ¢Siand v v v HIGH HIGH S5to  1-20 15% >50%  >400
MEPV -V 1000V um (cell)

Commercial Products

Global Solar ClGS x x x Low Low 53.9V 1.7 ym 12.6% 22-24% 30.3
(PowerFLEX (thin film) | (module)
BIPV 300W)

Unisolar a-Si x x x LOW-MED LOW 33V 1-5 um 6.7% 15-20% 18.7
(Power Bond (thin film) | (module)
PVL-144)

Konarka Organic x x x HIGH Low 15.2V 1-5um 1.7% 10-15% Not listed
(Power Plastic (thin film) | (module)
40 Series 1140)

SunPower cSi x x x NO Low 54.7V 180 um 20.1% 26-28% 17.6
(E20 327) (module)

R&D Activities

Alta Devices GaAs v x x LowW LowW Not listed | 1-2 um 28% (cell) | 28-30% Not listed

Semprius -v v x v NO Low ~50V 10 um 41% (cell) | 42-44% Not listed

Origin Energy K& v x x MED MED 40V 50 um ~18% (cell) | 26-28% 220

Rogers ¢-Siand v x x MED MED Not listed 15 um 4-8% (cell) | 26-28% Not listed
Research 1-v
Group,

Univ. of lllinois

Kyosemi cSi 0 0 x NO Not listed 6V 1-2 mm 6% 26-28% =10
(Spherlar (round)
F12-12S1P)

Ampulse c-Sion x x x LOW- MED Not listed Not listed | Not listed | Not listed  12-20% Not listed
Metal

Twin Creeks Cleaved ¢-Si | x x x MED Not listed Not listed | 10-20 um  Not listed | 15-22% Not listed

Si-Gen Cleaved ¢-Si = x x x MED Not listed Not listed | 20-100 um  Not listed  15-22% Not listed

National 1-v x x v NO Not listed Not listed 10 um 30-36.3% | 40-45% Not listed
Renewable (cell)
Energy Lab
(NREL)

The table above compares our microscale PV technology in 11 distinct categories with 13 products in the commercial or R&D stage. The
materials column refers to the main active material used to convert light into electricity: CIGS is copper indium gallium diselenide, a-Si is
amorphous silicon, c¢-Si is crystalline silicon, and 111-V refers to combinations of compound semiconductors made of elements from the third
and fifth column of the periodic table of elements such as GaAs, InGaP, AllnGaP, and GaN. The microscale dimensions column indicates
whether the PV cells have a width or length less than one millimeter. The 3D moldable column refers to the ability of the cells to be molded
into arbitrary shapes. Non-lattice match refers to the use of electrically decoupled, mechanically stacked cells. Flexibility refers to the smallest
radii of curvature obtainable without damaging the photovoltaic functionality of the cell: high flexibility refers to resulting radii of curvature
of 4 mm or less, med refers to radii of curvature from 5 mm to about 4 cm and low to greater than 4 cm. High shading tolerance indicates
that up to 75% of the module could be shaded and still be functional, medium tolerance is between 25 to 75% and low tolerance below
25%. Module output voltage is the voltage correspondent to the maximum power point of the module. The thickness column only considers
the active part of the cell. The shown cell or module efficiency was obtained from published data in journals or from vendor websites. The
potential efficiency was obtained from predictions in the literature and the Watts/kg was obtained from data sheets. 18
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C. Improvements over Competitive Products

Compared with existing commercial PV products and PV technologies under
development, Sandia’s microsystems enabled PV technology offers new
functionality, improved performance, and reduced cost.

New Functionality

In contrast with macroscale ¢-Si and I11-V PV cells, miniaturized c¢-Si and 111-V

PV cells can fit within the intricate shapes and contours of objects. Sandia’s
microscale PV cells can be incorporated into the molding process of rigid products
or incorporated into highly flexible substrates, providing built-in electricity
generation capability.

In addition, our microscale ¢-Si PV cells can be color customized through small
changes in the thickness of the deposited passivation/AR layer (see Figure 17).
While color ¢-Si PV cells have lower conversion efficiency than dark blue or black
¢-Si PV cells, the performance would still be superior to color organic PV cells

(see Konarka in Section 12B). More importantly, color customization would invite
architects, industrial designers, and marketers to integrate microscale c-Si PV cells
into products that presently don’t use commercial PV cells because of their “ugly”
look and feel.

Improved Performance

Miniaturizing PV cells open up new ways to enhance performance at the cell,
module, and system level. The Sandia MEPV team has created module designs
using microscale PV cells to generate high voltages (>100 V) within small areas
(<1 cm2). High voltage modules with our microscale PV cells can operate without

DC-to-DC converters, reducing

XY

resistive losses, improving
shading performance, and
enhancing robustness to
individual cell failures.

The miniaturized individual
cells also open up the design

space for developing high-

efficiency PV systems. Using 3D

Figure 16. MEPV sparse array under illumination
producing 4.5 Volts (45 V per cell) over an active area
of .18 cm2. The inset shows the MEPV module before microelectronics industry, our
illumination. (Source: Sandia)

integration processes from the
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Figure 17. Seven 500-um wide
microscale c-Si PV cells shown in a
variety of colors. The color variation
is set by different thicknesses of the

nitride layer deposited for passivation.

(Source: Sandia)
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microscale PV cells can be configured with independent electrical connections
thereby overcoming the operational handicaps of lattice and current matching
found in commercial multijunction PV cells. As a result, Sandia’s microscale
PV technology provides not only the building blocks, but also a viable path for
developing PV systems with greater than 50% conversion efficiency.

Reduced Cost

While there are multiple ventures attempting to reduce semiconductor material
usage and waste in PV cell fabrication (see Comparison Matrix in Section 12B),
semiconductor material costs are only 15-25% of the overall PV system cost. In
addition to reducing semiconductor material costs by boosting watts-per-kilogram
output to greater than 400 and increasing system efficiency to greater than 50%,
Sandia’s microscale PV technology can reduce costs through the adoption of
manufacturing processes familiar to the semiconductor, LCD, and microsystems
industry. Most of the ventures listed in the Comparison Matrix have to develop

PV production tools and processes that are particular to the technology they are
developing. Our microscale PV technology can take full advantage of the tools and
methods that have produced systematic and significant cost reductions in other
high-tech industries that also use ¢-Si and I11-V materials for the mass production
of electronic products (see Principal Applications and Benefits in Section 13A for

more technical details).
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‘At ARCH, we
like platform
technologies
(that is,
technologies
that can address
multiple
applications),
and this is
definitely

a platform
technology.”

—Clinton W. Bybee,
Co-Founder and Managing
Director, ARCH Venture
Partmers, July 13, 2009

D. Limitations of Microsystems Enabled Photovoltaics

While MEPV technology has increasingly become known for its versatility, the
adoption of this technology ultimately depends on the monetary value placed on
the electricity provided. This is illustrated in Figure 17, which is a cost model, zero
profit margin graph produced by our team for the MEPV technology.

For one-sun applications (i.e., no optical concentration), the dollar-per-watt cost
associated with our microscale PV technology is $3.50-$4.00/Wattpeak. At this
cost point, MEPV technology is most suitable for mobile power applications (e.g.,
handheld devices, soldier power, off-grid deployments) where the consumer has
already demonstrated a willingness to pay $20-$40/Wattpeak and the device
designers and manufacturers can yield a profit margin comparable with that of
the semiconductor industry (i.e., >20%). For residential rooftops which require a
$1.00-$2.00/Wattpeak price point to be competitive with grid power, MEPV is not
realistically viable for this market since homeowners prefer fixed PV systems over
sun tracking PV systems.

For 60-100 sun applications (i.e., moderate optical concentration), the dollar-per-
watt cost associated with our microscale PV technology reaches $0.40/Wattpeak
(see Figure 17). At this cost point, MEPV technology becomes financially compelling
for low profit margin utility farms that provide wholesale electricity as well as

big box and warehouse rooftops for production of retail electricity. For regional
markets with extremely low utility rates (e.g., Pennsylvania, Utah), MEPV even in
concentrating systems may not be the lowest cost electricity option.

4.00
— 16% $50
3.50 25% $50
% 300 16% $100
3L ——
&3 250 25% $100
(10 =]
%3% 2.00
€
E,‘% 1.50
E-E 1.00

0.50
0.00

0 20 40 &80 80 100
Concentration Level

Figure 18. Cost projections at zero profit margin for $100/m? and $50/m? panel assembly cost. These
assume 8 inch wafer production, 95% cell yield, 15% incoming light reduction due to diffuse light, 6%
optical loss (lens) and standard silicon processing tools. (Source: Sandia)
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“The introduction
of MEPV cells will
enable ground,
flight, and space
based units to
engineer the
geometry of their
power systems to

the constraints of

their platforms
and associated
payloads.”

— Jeffrey H. Hunt
Boeing Technical Fellow,
Editor-in-Chief of Boeing
Technical Journal, and
American Physical
Society Fellow at

the Boeing Company

13. Product Use

A. Principal Applications and Benefits

With the development of a decentralized electricity grid, the emerging electrification
of personal transportation, growing dependence on mobile devices, and persistent
concerns about atmospheric emissions from fossil fuel use, there is a drastic need
for clean and convenient ways to generate electricity. Our microscale PV cells have
the ability to produce this electricity from a variety of light sources, the scalability
for multi-megawatt to gigawatt electricity generation, and the versatility to be
incorporated directly into devices that need power. These building blocks can be
installed in flexible, moldable, or flat-plate formats in sizes that conform to the
shapes and contours of natural terrain, large structures, vehicles, and mobile
electronics. The benefits associated with miniaturizing photovoltaic cells to
microscale sizes can be seen at the cell, module, and system level.

At the cell level,

» Asingle 725 um thick, eight-inch wafer can be used as a base substrate to produce
multiple lots of microscale PV cells since only 5-25 um of the wafer are consumed
in each batch.

* Small scale hexagonal cells better utilize the available wafer area by reducing
edge die losses.

* The MEPV cell fabrication process eliminates the semiconductor material waste
that is an inherent part of wafer-saw PV production.

* Small cell dimensions with effective passivation improve carrier collection

 To facilitate handling, all high-temperature processing steps (patterning,

Temperature above ambient (°C)

- v v v

1 0.1 0.01 0.001
Cell area({cm®)

0.0001

Figure 19. Finite element analysis of thermal behavior of a 500X concentrator system, cooled by
convection. The figure gives the cell operating temperature above ambient for cells of decreasing size.
This indicates that for cells less than about T mm?, the operating temperature is essentially that of a

one- sun module. (Source: Sandia) 2
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“Sandia’s microscale
photovoltaics provide
a chance to create a
revolutionary change
in cost effective solar
generation that is
flexible enough for
large-scale utility
installations to
smaller distributed
applications.

This flexibilizy is
important to utilities
to best provide
renewable generation
at the best prices for

»
our customers.

— Jonathon Hawkins,
Manager of Advanced
Technology and Strategy,
Public Service Company

of New Mexico

diffusion, passivation, and metallization) are done on wafer using an MEPV
suspension and tethering process.

Semiconductor manufacturers can use any wafer size, enabling the use of
older fabrication lines that handle 4-8 inch wafers.

In contrast with present wafer silicon PV cell fabrication processes which
have inherent limitations on wafer size due to current collection and wafer
handling, microscale PV cell fabrication takes full advantage of the cost
benefits associated with ever larger wafer sizes.

At the module level,

Assembly can be performed at the rate of 130,000 parts per hour for
concentrator applications using standard pick-and-place tools for
microelectronics assembly.

Materials selection for the module is less temperature constrained, and can
therefore be lower cost, since all high-temperature processing can be done on
the wafer.

Concentration can be performed with 93-96% optically efficient refractive
microlens arrays instead of 75-80% efficient Fresnel lenses.

Microscale cell sizes decrease focal lengths for concentrating optics, allowing
direct lamination of optics to the PV cells.

Microscale PV cells operate at lower temperatures compared with macroscale
PV cells at the same concentration ratios thereby simplifying thermal
management (see Figure 18).

At the system level,

* High voltage output directly from modules is possible due to the use of up
to 15,000 cells/m?, eliminating the need for DC-to-DC converters as well as
thicker, more expensive system wiring.

* Incorporation of monitoring and power conditioning integrated circuits
within the device can be done using the same pick-and-place tools used for
the microscale PV cell assembly.

* Small relative displacements between the microscale PV cell array and the
microlens array can provide high accuracy and high-bandwidth sun tracking,
reducing the cost and complexity of sun tracking and providing pointing
accuracy in windy conditions (due to the low profile of single-axis tracking
and the high-speed response of in-plane tracking).

* Using these microscale PV cells, ultrathin (<20 um) and flexible c-Si sheets
can be created with the capability to bend at a radius of curvature of 2 mm

without damaging the silicon structure.
23
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B. Other Applications

In addition to being used as building blocks for larger PV devices incorporated

into devices and vehicles or installed on commercial rooftops and utility farms,
the small size offers new capabilities to utilize light for powering processes and
devices at microscales in a highly decentralized way.

“In my almost 40
years ofsolar cell Immersive Hydrogen Production
research, which When our cell release team immersed batches of microscale PV cells in fluid for

el creating 7rs safe and convenient transport, this piqued the curiosity of our applications team

AMPS computer

code used worldwide

members. Could electricity and electric fields generated by microscale PV cells
immersed in fluid do useful work? From this posed question, the chemist on our
team conducted an experiment where small patterned substrates (mimicking the
for solar cell design small distance between electrodes) were submersed in a saline solution. These
and the writing 0f substrates were connected to an external power source (9V battery) that provided
the book Solar Cell the necessary power for electrolysis, resulting in the production of hydrogen and
e P/?ysz'cs, i oxygen bubbling to the surface of the working fluid. In future experiments, our
jo8e seenfew truly team will immerse and connect several microscale PV cells in series to provide

)0 sufficient voltage and power for electrolytic production of hydrogen.
new visions for

improving solar cell
costs and efficiency;
Sandia’s microscale
photovoltaics is the
most recent one 1
place into this special
category.”

— Stephen Fonash,
Director of the Center for
Nanotechnology Education
and Utilization and the
Kunkle Chair Professor

of Engineering Sciences,
Pennsylvania State University

Figure 20. LED device powered by a Sandia MEPY module. (Source: Sandia)
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Miniaturized, Self-Powered Devices

The LED, integrated circuit, and microsystems industries have produced a variety
of miniaturized sensors, lights, and computational devices that are presently
tied to the grid or powered with batteries. Our team has designed semiconductor
assembly processes to integrate our microscale PV cells into these devices,
providing usable or storable power of indefinite duration. To demonstrate the
concept, our team has developed and tested ultrathin charge controllers that
could be used as part of the design for a miniaturized self-powered device.

To cite one example, the concept of miniaturized, self-powered devices has attracted
the interest of jewelry designers who would like to use microscale PV cells to power
the rotation of set gemstones, subtly enhancing the sparkle without revealing

the underlying power source. In addition to jewelry, microscale PV cells could be
designed to fit aesthetically or unnoticeably into any miniaturized object, providing
power automatically without human thought or attention. If designed with
semiconductor manufacturing techniques in mind, the powering of anything could

become as simple as exposing it to light.
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14. Summary

The world is filled with various shapes and contours: natural terrain, large
manmade structures, vehicles, handheld devices, and even the human body.
Miniaturized PV cells can be designed to fit aesthetically and cost effectively into
many of these objects, providing power automatically without human thought or
attention.

The Sandia team’s development of microsystems enabled PV shows specific ways
to use tools and techniques from the semiconductor, LCD, and microsystems
industries to design, simulate, fabricate, assemble, package, and characterize
microscale PV cells. Through this methodical process for mass production, the
conversion efficiency of commercial microscale PV cells can be improved to the
full potential of the semiconductor material and evolving system designs.

In addition, the material costs of the overall PV system can become of lesser
significance than manufacturing costs. If and when that happens, PV technology
can migrate from its currently shallow cost reduction trajectory to one that is
noticeably steeper as shown in Figure 21. While that transition may never attain
the cost reduction slope of the integrated circuit or LCD industry, it can ultimately
make microscale PV cells the lowest cost electricity option for at least three
application markets — mobile power, wholesale electricity from solar utility
farms, and retail electricity from flat commercial rooftops.
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Figure 21. Average selling price cost reduction of integrated circuit, PV, and LCD products (Source: R.
Singh, Journal of Nanophotonics, vol. 3, 2009)
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In contrast with the current policy- and subsidy-driven market for photovoltaics,
these three distinct applications provide a diversified and consequently less
capricious market to nurture the emergence of a microscale PV industry. Just as
lithium ion battery development for the laptop computer industry enabled the
migration of this energy storage technology to electric vehicles, microscale PV
products for these three distinct applications can provide the scale and necessary
revenue stream to develop new microscale PV technologies for other nascent
applications that presently reside only in our minds. If done right, the powering of
almost anything could become as simple as exposing it to light.
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15. Affirmation
By submitting this entry to R&D Magazine, | affirm that all information submitted
as a part of, or supplemental to, this entry is a fair and accurate representation of

this product.

L \_l'-.'-fv\,

Vipin P. Gupta

For a summary recap of Sandia’s microsystems enabled photovoltaics, watch the short video at:
http://mepv.sandia.gov or click the image above to play.
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July 13, 2009
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Photonics West
X ABSTRACT
Conference in
Microsystem-Enabled Photovoltaic (MEFV) cells allow solar PV systems to take advantage of scaling benefits that
. occur as solar cells are reduced in size. We have developed MEFV cells that are 5 to 20 microns thick and down to 250
Sél?’l F rancisco, CA microns across. We have developed and demonstrated crystalline silicon (¢-51) cells with solar conversion efficiencies of
14.9%, and gallium arsenide (GaAs) cells with a conversion efficiency of 11.36%. In pursuing this work, we have
identified over twenty scaling benefits that reduce PV system cost, improve performance, or allow new functionality.

To create these cells, we have combined microfabrication techniques from various microsystem technologies. We have
focused our development efforts on creating a process flow that uses standard equipment and standard wafer thicknesses,
allows all high-temperature processing to be performed prior to release, and allows the remaining post-release wafer to
be reprocessed and reused. The ¢-Si cell junctions are created using a backside point-contact PV cell process. The GaAs
cells have an epitaxially grown junction. Despite the horizontal junction, these cells also are backside contacted. We
provide recent developments and details for all steps of the process including junction creation, surface passivation,
metallization, and release.

Keywords: Microsystems enabled photovoltaics, micro solar cells, miniature solar cells, fabrication

1. INTRODUCTION

This paper describes the design and fabrication of mimature silicon solar cells that are created using microsystem tools
and techniques. These miniature solar cells create a new class of photovoltaics with potentially novel applications and
benefits such as dramatic reductions in cost, weight, and material usage.

We discuss the fabrication details of cells fabricated in two different types of crystalline silicon and crystalline GaAs.
Each cell type takes advantage of a mechanism for detaching the first 1-20 um of material from the top of the wafer to
create the cells, leaving the rest of the material for future reuse. The crystalline silicon cells are released using either
hydrofluoric acid (HF) with silicon-on-insulator (SOI) wafers (referred to as the radial electrode design), or potassium
hydroxide (KOH) with (111) oriented wafers (referred to as the linear electrode design). The gallium arsenide cells are
released using an aluminum arsenide release layer and a HF release chemistry, similar to epitaxial lift-off (ELO)', but
without the supporting release handle typically used. Figure 1 provides an image of a representative crystalline silicon
cell.

There 1s an obvious advantage to creating very thin solar cells, particularly with high-cost crystalline semiconductor
materials. By reducing the thickness to the minimum required to obtain adequate absorption, significant materials
savings can be realized. Figure 2 illustrates the cost savings realized by reducing the thickness of the silicon cells.

In addition, by reducing the lateral dimension of the solar cells, other scaling benefits are realized®**°. These benefits
improve PV cell, module, and system performance, lead to new functionality not available with traditional cell
technologies; and ultimately lead to multiple pathways to reduce cell, module, and system costs.

*gnniels(@sandia.gov; phone 1 505 284 6378, fax 1 505 844 2081,
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IEEE Journal of

Ultrathin Flexible Crystalline Silicon:
Microsystems-Enabled Photovoltaics

Jose L. Cruz-Campa, Gregory N, Nielson, Paul J. Resnick, Carlos A, Sanchez, Peggy J. Clews,
Murat Candan, Tom Fredmann, and Vipin P Gupta

Photovoltaics.
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Bafn walers with hicknesses between 180 aned 300 0. In nd-
dition, a sipnificant portion of the crystalline silicon mat
loat disrimg sawring. The effectiié material usape is equivalem
to o wafer with a thickness of 310475 pm depending on the
thickneas of the saw wire. Aside from the material and coss sav-
ings [ 1], there has heen an imierest in wsmg thin sthcon flnes doe
to other positive henefits such = inprovements of the speciral
response, open-circuil voltage, fill (setor, and higher toleranee
[or radialion in cuter space [ 2]
Allwugh tsere is a sioong cost driver (o use (hinper woders,
hemdling watiers thinner than 180 gm is challenging while main-

»revieed faly |5 Ml mcepied luby 1
Mgt 2, 2011, dete of ¢ & Gty
uppuned vy ihe Deparment of Energy Solar Bn
Progrun Seod Fasd wed by Sandin. o nmhipeogmm lsbonsony
8 Coparstinn, & Lockhood Warsm Comgpany, for e Usiled
Yiston Diepartmmst of Emon s NIWSA sader Contoat DE-ALGS S1ALES00
The wuitods s wih e Sal

Al | e
g, rernacpj

o e o e of 1he Aiguses lnthie paper e avallable caline
ai Ieip Moo, plong ooy
PHgial Cbgect Tdestifies 10 1 TOWNTPHOFTO 2071 2162973

lairing adequate :\.'w!.'l. Anather problem with thin walers 15 the
need Tar Iu.y_l:u.:l quality passvation. Dne 1o the closer proximity
of rerfaces to collection points in thin wafers, well-passivated
surfaces ure crucial for high efficiencies

Methods used o oreate thin walfers {or solar cells tnchude
uging detachment planes crested fromn thenmomeclanical siness
|3]. hydrogen implantatien |41 recrvslalization of polysilicon
deposited o an SH00/81 stack [5], and the ercation of a porous
Layer [6i]. [7]. In these approaches, Lirge-area wafers of thickness
ety 0 ad 50 pmare created with or witlat a supporing
trame, The methed propodad lsere i dilferent becanse |1 allows
for all the processing (inchiding high-tempersmre stops) done
o o Sandard thicknéss waler before the thim silicon 1% relexead

os film. This enahbes compatibilioy with current 1ok and en
hanees yield. In additon, the sempented structure allows For
1 very snall (3 mmd rackies of curvature 1 |L"-r|g il miome Nex-
by than other erystalline teclmologes. Wi intend w iimplanent
e leamned concepts presenied hese with & back-junction vell
tesipn wilh a sasperded "tructure 1o cnanle & highly Dexible
thin-film-like high-efficiency salar cell

oaystema-cnabled photovoltaics IMEPY) &2 a technique
e molr cells relying on tonls and techniques fram the mi-
croaystems and irtegrated circuit indwsiry [B]. The use of these
bl could TV wield, elficiency, & l.:ml'urru.::.' of salar

cells with a mare and scalable material biwe and processing
kricawJoow. Other groups in undversity [97 and indusey [10].]11]
oround e world have laken advantage of thess techmoues o
produce simall s thin solar cells with high efliciocios. Some
groups, like ours, have used silicon-co-insulator (50 wafiors
b exeate thin solar cells

In previous effarts | 2], cur proup procducad functsmsal ultra-
tiin silicon solar cells. Thelr swe ranged from 250 pmto 10mm
it ehameter with & thickness range of 14 20 el 'I'|_,j. I ghowsa
peannirg ebectron microxcope (SEM picture of 3 1 min by side,
20-prm-thick, back-contacied crystalline gilicon solar cell with
|r.h.1'|'!ipl.'-l::| radial comilacts,

Throuighout cur pesearch, i1 was seen ot one of e most erit
eal parameters for high efficiency in these ultrathin structures is
wur face pasxivation, 'The proceis on the Brst genertion of calls

wis only eapable of passivaling the backslde of the cell, leaving
the fromiside unpassivated. Farther processing of the ccll
releass was needed (o aréale a front passivation laver. Afer op-
timization of designs and passivation techmiques, we were able
Ly ohilain elficiencies o= Inu_;rl s 14.9% in (hacknesses == Lhin as
I-l-.mn [13]
Paszivating the frentof MEFY cells afler release is challeny

ing and cannod b done with stindard processing 1ools. Thus,

21536-323020.00 © 2011 EEE
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generated more than
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micron used in a

microscale 14 ym c-Si
PV cell.
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Crpstalline silicen salar oclls 10-15 times thinner than tradionl commercial e-5i odls with 14.9%
effickency are presented with modeling, fabmication, and testing details, These cells are 14 pm thick,
250 s wede, skl have achiewed 14.9% solin conversion élliency umndar AM 1.5 spectnans Figst,
medeling results illustrate the Importance of high-quality passivation 1o achicve high efficiency in thin
silion, back coniacied solar cells. Then, the medbodobegy vsed o Cabricaie these ulira ihin devices by
mcars of established microsystems processing fechrologies §s presented, Finally, the optimization

Enrword procedurs ta achieve high sificency 2 well as the results of the #xperiments cantied cut with alumina

Miniature sola cells

Miceoaystema ena'lind phodov ltaks
Nack confacted dnlar cell

Ulirathin solae celli

Sascom nstride optimeabion

1. Introduction

Reducing the amoeant of phatovoliaic material wsesd in solar
cell production ks a commen goal for the solar cell industry, due 1o
its signifticant contribution to the overall cost of a photovoliaic
(P} sysemn. Depositing thin flms on inexpensive. materials,
thinmng the walers, or using small cells in combination with
concentration optics are approaches taken to minimize the use
of the adive semiconductor material,

Systems based on silicon walers are currently the dominant
technology of the PV market [1]. Thus, in this paper, we present a
wafer compatible fabrication selution that saves up to 30 times
the amount of silicon used [including Kerl boss] as compared with
current crystalline slicon (c-5i) phatovoliaic madules. This paper
presencs the design, simulaton, labrication, optimizanen, and
testing of sub-millimeter and wlirathin selar cells

Presious research cfforis in the imlusiry amd acadermda hawve
showm imlerest for creating Lthin walers. As a prool of concepl, a

* Cogwripending acthor at Sandia Mational Laboeratocie, M3 10800 1505
Eubank Bhad. 5§, Albuquesque, M 37123, LBA Tel: # ] 5005 T84 4255,
Fa: o ) 506 B44 M)

E-mad adresses: joecampssy sbwoooom jloruzossandia gov (| L Cruz-Campal
makandaesandia pov (M, Okandan] reunicpiandia pov [F] Eeinack
piclewm@sandia gy (P Chews ), iy misandia gov (T. Huym),
rlgrubbdandia gov (ALK Grubbel v pradandia goe [V P Guptal
drusisPulepoale (0. fuba) pesclpsandiapov (G Sslsony

02 70248 5 - see Trond malber € 2010 Elievier BY. Al rights reserced.
don: WL D6 el st THIMERDTS

and ritride layers &5 passivation coatings ane discussed,

© 2010 Elsevier B, Al rights reserved.

47y thinned waler wsing a passivated emitter with rear becally
diffused design (FERL} was able tw obtain an effickency of 21.5%.[2]
Since Lhe waler was Lhinned, this technique dizl nol save material.
Another technigue, called direct transfer [3] produced 13.2%
efficient solar cell with 40 pm thick walers, This technigue saves
material through hydregen assisted cleaving, releasing only the
first thin kayer, Other groups [4] proposed a thermo-mechanical
pracess able to release silicon folls with a thickness berween 30
and 50 gum in a relatively large area [25 cm?]. Efficiencies around
10 woere reported. The disadvantages of such thin wafers are the
handling challenges introduced when processing them with
standare fabrication tools

Another appeoach is using small sflicon cells In cenjunction
wilth concentration optics 1o create low profile concentration
melubes with highly efficient solar cells from standand thickness
walers, In one technigue [5]. the die are cut with a saw o
23 %23 mm’. In order to reduce recombination at the sawed
edges, they are heavily doped to create an electnic fiebd that repels
carriers. This technique produced 184% efficient cells, with a
regular thickness, Currently, the recond for silicon cells uneler
COMCENTTation is at 27 4% using a small 1 cm? back contacted cell
under 92 suns [G]. Small slicon cells of standard thickness are
currently used by the industry to create low concentration, ke
profile modules [7]

Other efforts combine using thin substrates and small cells [8].
These effors report the production of small laeral dimension
rectangadar silicon cells with efficiencies bebween 4% aned 10%,
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10 the best of our
knowledge, this

BACK-CONTACTED AND SMALL FORM FACTOR GaAs SOLAR CELL

Cruz-Campa, J. L' Miedson, G N.'; Okandan, M."; Wanlass, M W°; Sanchez, C A",
Resnick. P, L' Clews, P, J."; Pluym, T."; Gupta, V. P
Sandm Mational Laboralonias, Albuguergue, MM, LISA
National Renewable Energy Laboratory, Golden, ©O, LISA

technical article

describes the first
practically produced
and demonstrated
fully backside-
contacted GaAs

PV cell.

ABSTRACT

We present a newly developed microsystermn enabled,
back-contacted, shade-free Gabs solar cell  Using
microsystemn tools, we created sturdy 3 pm thick devices.
with lalaral dirmensions of 250 pm, 500 pm, 1 mm, and 2
mm. The fabrication procedure and the resuks of
charactenzaton tests are discussed below The highest
alficency cell had a lateral size of 500 pm and a
conveersion efficiency of 10%, open circuit voltage of 0.8V
and a current density of 149 mdfem undeér ong-sun
illurrmation.

INTRODUCTION

Silicon solar cells that possess all back contacts have
been extensiely explored [1,2]. This bype of cell has the
advantage of all metallization residing on the back of the
cell, giving the opportundy o independently optimize the
front and back of the cell for optcal and electrical
performance, respectively [3). Back-contacted solar cells
are ideal for concentration applications and ressarchers
have been able to create 27.5% efficient silicon cells
under 100 suns [4]. This technology has been developed
for silicon, an indirect bandgap semiconductor, which
requires a thick layer of material to abscib the solar

specirum

Gafs, on the other hand, i a direct bandgap material
capable of absorbing 85% of the solar spectrum [above
1.42 &V) in the first few micrometers. Gads s used
extensively as one of the primary junchons for mult-
junction photovoltaic (FY) cells for space applcations and
concentralor modules. Despite the advantages outiined
above, Gahs cells with all back contacts have not been
widely explored or reported. Some of the impediments to
acheving a GaAs back-contacted solar cell are the
complex layered structure and the difficulties involved in
doping GaAs fram exdernal Sources

Micresysterms-enabled photovoltaics i an emerging area
that allews the application of rekable and precisa
manufaciuring processes used 0 the microsysiem arena
1o develop high quality, ultrathin, small form factor PV cells
[5]. At these small dimensions, the material wsage is
draslically reduced and carmier collection is improved [B]

Caher efforts o reduce the sze of the cells have been
undertaken by groups in industry [7,8] and academia
[9.10), aiming mainly to interface the smal scale cells with
mini-cencentraters. \sing our approach, the cells can be
used with micro-concentrators in even smaller packages
that woulkd be virtually fiat

B78-1-0244-5892-81 V5 25.00 ©2010 |EEE

I this paper, we present the fabrication, characterization,
and testing af a newly developed, all back-contacted GaAs
single junction solar cail

CELL FABRICATION

The initial semiconducior stack was grown by metal
organic vapor phase epitaxy at the National Renewable
Energy Laboratory (MREL). This structure is presented in
Figure 1. Absorption

50 nmi| GaAs jp+-+ joontact

1.6 um| Gaas] p 10" icm"| absorplion
100 nm Gads| n 1-5X10 “emjabsorplion
{ umi e ——

Buties layer

Figure 1. Initial GaAs layer stack for the solar cell
provided by NREL.

The design of the photolithographic masks that define the
shape, size, and metallization of the wafer was done using
AutoCAD 2008, Hexagonal solar cells were designed in 4
differant sizes: 2 ram, 1 mem, 500 prn, and 250 pm, Each
sze had two design vanations with different densities of
etch release holes, The release holes ane perforations that
go all the way from the front of the waler to the releass
layer 50 the chemistry can access the release layer. A
section of the AutoCAD design for 500 um cells B shown
in Figure 2. Each colored outhre in the ligure represents a
process pedformed to the stack to achieve a back-
cortacted solar cail

001246
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Microsystems-Enabled
Photovoltaics: A Path to the
Widespread Harnessing of

Solar Energy

Vipin Gupta, Jose Luis Cruz-Campa,
Murat Dkandan, Gregory M. Nielson
Sandla Natlonal Laboratorles

Abstract

If solar energy is ever going to become
a mainstream power source, the tech-
nologies for harmessing sunlight have to
become cheaper than all other forms of
energy, be easy and quick to install, and
work more safely, reliably and durably
than present-day grid power. Our
research team is striving to make this
happen by utilizing microdesign and
microfabrication techniques used in the
semiconductor, LCD and microsystem
industries. In this article, we describe
microsystems-enabled photovoltaic (MEPVY)
concepts that consist of the fabrication of
micro-scale crystalline silicon and GaAs
solar cells, the release of these cells into a
photovoltaic (PV) “ink" solution, and the
printing of these cells onto a substrate
using fluidic self-assembly approaches.
So far, we have produced 10 percent effi-
cient crystalline GaAs cells that are 3 pm
thick and 14.9 percent efficient crystalline
silicon cells that are 14 pm thick. The

| FUTURE PHOTOVOLTAICS Hay 2010

= - h , Fer) o

' The Solar Cell Assembly

@MMMW

(o) &

costs associated with this module assem-
bly approach in conjunction with optical
concentration can be well below
51.-"Wattpmk while retaining the superior
conversion efficiency and durability of
crystalline silicon and IlI-V materials.

Our Vision

With the emerging electrification of
personal transportation, decentralization
of energy generation in places that lack a
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This technical

OPTIMAL CELL CONNECTIONS FOR IMPROVED SHADING, RELIABILITY, AND
SPECTRAL PERFORMANCE OF MICROSYSTEM ENABLED PHOTOVOLTAIC (MEPV)
MODULES

article shows how
MEPYV cells can

be inte;ﬁconnected Anthony L. Lentine, Gregory N. Nielson, Murat Okandan, William C. Sweatt, Jose L. Cruz-Campa, Vipin Gupta

Sandia National Laboratories, Albuguerque, NM, 87123 USA

to generate high
voltages (>100V) in

small areas (<1 cm?)

reliably.

ABSTRACT

Microsystems enabled photovoltaics (MEPV) is a recently
developed concept that promises benefits in efficiency,
functionality, and cost compared to traditional PV
approaches. MEPV modules consist of heterogeneously
integrated arrays of ultra-thin (~2 to 20 um), small (~100
um to a few millimeters laterally) cells with either one-sun
or micro-optics concentration configurations, flexible
electrical configurations of individual cells, and potential
integration with electronic circuits. Cells may be
heterogeneously stacked and separated by dielectric
layers to realize multi-junction designs without the
constraints of lattice matching or series connections
between different cell types. With cell lateral dimensions of
a few millimeters or less, a module has tens to hundreds
of thousands of cells, in contrast to today's PV modules
with less than 100. Hence, MEPYV modules can operate at
high voltages without module DC to DC converters,
reducing resistive losses, improving shading performance,
and improving robustness to individual cell failures.

Because these ‘multi-junction’ cells are integrated
heterogeneously versus monolithically, different cell types
need not be directly connected in series, improving the
efficiency under conditions where different cell cutputs are
not ideally matched, for example with high incident angles
in late afterncon. Instead, different numbers of same cell
types are first connected in series, producing an
intermediate common voltage, and then these ‘micro-
strings’ of different cell types are connected in parallel.
Further series and parallel connections enable module
voltages of a few hundred volts in small areas (~ 18 x 20
cm) and allow nearly ideal linear degradation with shading
across an installation of multiple modules.

We present details of these cell interconnection designs
and performance under spectral and shading variations of
the incident solar radiation for MEPYV modules designed
with heterogeneocusly stacked cells and single cell
designs, and simulations of the relative efficiency of MEPV
modules versus the probability of open and shorted cells.

INTRODUCTION

Microsystem enabled photovoltaic (MEPV) modules,
comprised of many thin (few pmj), small (few hundred um
to few mm, laterally) cells, build on micro-fabrication
concepts developed in other technology areas (e g,
MEMS, ICs) to potentially yield modules with higher
efficiency, lower cost, and enhanced functionality
compared to today's photovoltaic modules [1,2]. One sun

and concentrating systems with integrated micro-optical
lenses have been proposed. Thin cells have been recently
fabricated using epitaxial-lift off in Si and GaAs with
efficiencies exceeding 10% [1,2]. Heterogeneously
integrating (i.e., vertically stacking) different cell types with
dielectric layers between them can yield high performance
‘multi-junction cells’ with superior performance by freeing
the designer of both the lattice matching and series
connection constraints of monolithic multi-junction cells.
MEPV systems also can offer better thermal management,
and new and simpler methods for optical solar tracking,
and concepts that allow large scale, low-cost assembly of
the cells into modules [2).

Here, we extend the cell connection concepts presented in
[3] for conventional PV arrays to electrically connecting the
cells within a MEPVY module that can achieve improved
performance under spectral and shading variations of the
incident solar radiation, and show simulated shading
performance of PV installations consisting of multiple
modules of these types. We will also present simulations
of the relative efficiency of an example MEPY module as a
function of probabilities of individual cell open and short
circuit failures.
CELL CONNECTIONS

It is well known that each cell type under solar radiation
will approximately operate at a given known voltage and
the cell's current will vary with solar intensity, With MEPV's
flexible connections, we can connect different numbers of
each cell type in series to arrive at a nearly matched
intermediate  higher voltage and connect those
independent cell micro-strings in parallel effectively adding
the currents. Further series and parallel connections
enable module voltages greater than a few hundred volts
in a small area (~ 18 x 20 cm) and allow nearly linear
degradation with shading across an installation of multiple
modules. An example MEPY module might be comprised

of the cells listed in Table 1.
Cell Eg Vop Ser Ideal Par Cells Ser Par
Type Cells v Str | /G Grp | Gp
Ge 07 03 36 10.8 2 72 20 4
Si A 0.57 18 10.26 4 72 20 4
GaAs 4 08 12 10.8 [: T 20 4
InGaP E:] 1.3 8 10.4 12 72 20 24

Table 1: Cell types, band gap, and operating voltages
forthe cells used in the analysis and simulations, and
a summary of the cell numbers and connections. The
module that was analyzed had 192 x 180 = 34560 cells
of each type and operated at 205.2V,

The first step is to pick the intermediate operating voltage
for a group of cells, so as to minimize the operating
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produced by our

team that showed the

performance results

[from our first batch of
Jfabricated microscale
PV cells.

ABSTRACT

We me eplonng fabication and mssembly concepls
developed for MorosystomaWEMS technciogy 1o reduce
the cosi ol solar PV powsss. Thess methods have the
potenta! b reduce many syslem level costs. ol curent PY
systers ncluding, among others, silcon matenal costs,
rodule assembly costs and insfallabon cosis We have
demonstraled a drect oS maleral  jedudion ol
approcimatedy 20X (including wwe-sew ke loss and
polshing loss) The cells hove achieved efficiencies of
almost 8% and .. of 30 mAdcm®. W ae curently wsing
mtegrated-cocull (IC) fabncadon iools that wil lead to
highet efficiencies and improved yield, These advantages
and the material mduchon are sxpected 1o eduoe the
curmer] module msnulachaing costs

1. INTRODUCTION

Sandad snglo-crystal or mub-crystaline solar cells
Saniurme Jpprooormately 380 (o 400 microns of maieral of
the ingol [combinng wafer thicknesa, polishing loss, and
kerf loss) Thin silicon photovaitaics hava acvanages ower
thair thick coumispans swech B8 nereassd  special
espOnss, open circuit vokage (V) and §l factor (FF)
mrainly dum bo a gecieasad bulk recombinaton [1] Among
the appeosches fownd in the hlealie 1o ceabe (hn
cryskalline siicon films are film growth on  natine
substrates [2-3) fim growth on foregn subshates (e
plata), and technigues thal creale a thin lilm separately
fram Ehe wader (which will be the staring maievial] eittes
by layer tranafer or #1-c [4 5]

Thin starbrsg matenal (=50 pm thick) may be vsed o
feduce the amounit of sibcon thal S requeed Tof PY cell
fabrication (8] However, thin  semicondudicr  lyers
resulling from thess lschniques réguine wmigue Labncation
technijies to creabe the firal PY cells. Large areas {=1mm
acress) of thim sdicon ane fragile and thus Rrard o handie
and process under normal solar cell procedunes

Two newly deveioped mathods have bean demonstiaied
in which the p-n junclion ks fabricated before cbiaining a
thin tayer. The first approach i the one used to produce
Shvar®d calls [7.5] In fhis method, e junclicn s created
n 052 mm thick walers. the waler is then processed o
Bormn niaimesy, paralisd irenches though e thckness of the
wafer, perpéndicular o the wafer surface Once the
procassng is finished, the Siver® cells s noleased from
the frame, IMerconnecisd, and eancapsulsied Mo &
module. The second approach creates thin PV cells
transdemed 10 8 substrabe with an elasiomanc stamp [¥]
The colls sre of 3 long reclasgular shape and ame
procassed and defined through ifhographic steps. This is
follewed by A portial under-sich that leaves the cell
“anchored™ to the waler The electrical inmerconnection is

67 B-1-4 204 2500 RIS 25, 00 L0000 |EEE

dene ard fmaly a stamp adheres (o the cals and breaks
them tree from the wafer The stamp provides & recéving
subsirate for the cells. Both approaches lead to calls with
thicknessas rom 20um 1o 50 pm

By uting processes that hove been adagted from
microslechiiomechanical systerms [MEMS) lechnologies,
w have created 14-20 pm ihick layers of o5 wth pn
|unchizra that function a8 PV celis (see Fig 1) Cur
approach performs as many steps as possible on full
thickness walers, alowing dimect use of curmently availabie
manufecdiring lools. In ths scheme doping, dffusam, and
metadization steps ane performed belome separating the
devices bram the o-5) waler subsirais

These cells are designed 1o be very small, on the order of
seveial hundréd microns across. This small form factor
allows the use ol sell-assembly methods that use snegy
minmazation concepts for the placement of small die onta
a substiale The benefits of this approach incude
significant reduction of o-Si usage, the use of inexpensive
“refl-lo-rol” module manufacturing available to than-flm PV
manufacturing, and high-efhoency and  high-reliabilty
pessibie with -5 PY colls We will also be able D use
corcentratan 19 Turther reduce costs (edher low
conceniraton with non-tacking o high-conoemratan wilh
tracking)

backside

i

~/0I7

k5 nrm

Fig. 1. Oplcyl! image of 500 moron wide, 20 meonon
thich cally

2 CELL FABRICATION

Thar process o create arbitrarily thin crysialine sicon PY
cells  uses  slandard  integiated  ocull  fabneation
technigues combned with MEMS release techniques. The
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Appendix C: Publications (cont.)

8. Cruz-Campa, J. L., Zubia, D., Okandan, M., Resnick. P. J., Grubbs, R. K., Clews, P.,
Pluym, T,, Young, R. W., Gupta, V. P,, Nielson, G. N., “Thin and small form factor
cells: simulated behavior,” Proc. 35th IEEE Photovoltaic Specialists Conference
(PVSC), 1348-1351 (2010).

9. Sweatt, W. C., Jared, B. H., Nielson, G. N., Okandan, M., Filatov, A., Sinclair, M.
B., Cruz-Campa, J. L., and Lentine, A. L., “Micro-optics for high-efficiency optical
performance and simplified tracking for concentrated photovoltaics (CPV),”
Proc. SPIE 7652, 765210-765217 (2010).

10. Jared, B. H., Gill, D., Sweatt, W. C., Nielson, G. N., Okandan, M., and Filatov, A.,
“The use of elastic averaging for fabrication of micro-optics in a high-efficiency
photovoltaic system,” Optical Fabrication and Testing, Optical Society of
America Technical Digest, Paper OWC4 (2010).

11. Nielson, G. N., Okandan M., Resnick, P., Cruz-Campa, J. L., “Microscale PV cells
for concentrated PV applications,” Conference Record of the 24th EU PVSEC
(2009), 170-173.
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Appendix D: Awards

FEDERAL LABORATORY CONSORTIUM FOR TECHNOLOGY TRANSFER
MID-CONTINENT REGION
Excellence in Technology Transfer

PR L C——

FLC

SmmNnmummmmEs
G. N. Nielson (P1), M. Okandan, J. Cruz-Campa,
V. Gupta, P. Resnick, C. Sanchez, A. Filatov, P. Clews,
W. Sweatt, A. Lentine, T. Pluym & J. Nelson

Solar Glitter — Microsystems-Enabled Photovoltaics
August 31, 2011

In recognition for Sandia’s Microsystems Enabled Photovoltaics project,
Physicist Vipin Gupta receives the 2011 Federal Lab Consortium Mid-
Continent Region Award for Excellence in Technology Transfer.

GREEN
PHOTONICS

2011 Green Phoronics Award

Gregory .\. '\d son, Mur nlll.u dun, Jose L. Cruz-Campa, i‘lul]
R wnick, Sandia N 1 (Unieed States);, Maek W, Wanluss,

MO f|\ e Energ Uniined Stanes); Peggy ). Clews,
famm\ C. Pluym, ( r| A Sanches, Vipin P2 Gupta, Sandia

For the conference submission titled “Microfabrication of microsystem-enabled photovoltaic (MEPV) cells,” Principal Investigator Greg N.
Nielson receives the 2011 Green Photonics Award from the International Society for Optics and Photonics (SPIE). Out of 292 entrants, SPIE
issued eight Green Photonics Awards at the 2011 Photonics West Conference in San Francisco, CA.
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Appendix E: Letter of Support From Three Years Ago

ARCH Venture Partners

July 13, 2009

U.5. Department of Energy

Re: Roll-to-Roll Mass Assembly of Ulira-Thin ¢-51 PV Cells inte Lower Cost PV Modules
Dear Distinguished Members of the Merit Review Committee:

On behalf of ARCH Venture Partners, 1 write in support of the application of Greg Mielson, Murat Okandan, and
Vipin Gupta to vou, My colleagues and [ have reviewed their work at Sandia National Laboratories and have met
with them several times over the past 13-months. We met them initially as parl of our DOE-EERE-sponsored
Entrepreneur-In-Residence effort at Sandia National Laboratories, 1 was initially skeptical of their work’s potential,
having looked in some depth at a private company pursuing fluidic self-assembly for semiconductor applications
{and ultimately other applications like RFIDY). [ shared my concems with Greg and Murat and have been impressed
that they have been able to address key issues of repeatability, manufacturability, and other practical aspects of the
technology that are essential for this approach to work at a commercial scale (something the private company never
achieved). Their progress to date has been impressive, and | am optimistic that with some additional funding and
focused effort on this, they could prove bevond question the workability of their approach. And | believe that if
their approach works at scale, it has the potential to be truly disruptive from a cost perspective. At ARCH, we like
platform technologies (that is, technologies that can address multiple applications), and this is definitely a platform
technology. In addition to a compelling application in thin, efficient, ¢-Si PV, this technology will have a number of
other interesting commercial applications,

Since we began in the mid- 19805 at the University of Chicago, ARCH Venture Partners has helped bring to market
over 120 companies formed around the work of leading scientists and academics. We have helped organize and
build companies out of the leading academic research universities and national laboratories in the 1.5, We now
manage over 1.5 billion in capital and operate with offices in Austin, Chicago, San Francisco, and Seattle, In
addition, we have an entreprencur-in-residence at Sandia National Laboratories as well as one at Los Alamos
Mational Laboratory. Our organization consists of 17 investment professionals with backgrounds in physical
sciences, information sciences, and life sciences.  Our focus is on finding world-class scientific innovations and
innowvators, and helping to organize and build successful enterprises out of that core scientific work. Our track
record is unmatched in this regard, We have significant expertise in semiconductor deviee technologices, assembly
capabilities, and solar technologies. Example portfolio companies include Semprius (UIUC), Innovalight (U Texas),
MicroOptical Devices (SNL), Alfalight (U Wisconsin), Surface Logix (Harvard), Amberwave (MIT), Nanosys
(Berkeley, Harvard), Mitronex (NC State) and Cambrios (UCSB, MIT). The work of Niglson, Okandan and Gupta
shares many of the same important characteristics of these successful companies. These guys are a talented bunch
and are the type of scientists we like 1o follow because they will absolutely produce something inleresting.

As a leading national seed and early-stage venture capital firm, we are interested in investing in this technology and
its commercial potential, provided it can demonstrate its capabilities,  The grant dollars that are subject of this
proposal are critical to making that happen.

Sincerely,

My

Clinton W, Bybee
Managing Director
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Appendix F: Letter of Interest Now

Seaitls, 00k, GH124

A wocmve

T (| ST TR E A T S S — S —— L S . S i ik e el TP L

April B, 2012
BET-AKE-12-040512

Vipin Gupta

Principal Member of Technieal Staff
rlaterals, Davices, aml Evergy Tevhnologies
P Boog 5800, ME-1080

Albisgesrguc, Whi 87185- 106D

vpgupta=mdia. gov
Bubject: Lemter of lnberast for Micragystems Enahbed Fhotovoltaics (MEFW)
Digar D, Gupta,

The Boeing Comparry, acting through its Beemg Reseasch & Technology business unit, is inkerested in your propossl and the
flicrosystemns Enabled Photowvoltnkes (MEPY) technology your team = developing. In particulzr, Bosing hes interest o Soliar
cells, intmodweing physical flexibifity in the phodoveinic application space, specifically ns the phobovaltness tied application
trangpartalicn or mobdle platformes. Fresent svstames stll rely on buge beyvy monolithie strectures, The resull is thil applications
to modsi1e grouid unit, airbeme platfrms, and space aseld continue o depend an engivesting te power 1o £l the sysiem, rater
than Jaglcally ting the power 1o e application reguiraments.

The microsystems snabbed photovoltale (METY ) cells are the only technolapy copable of bridpng this impomant techaleal gop
The introduction of micreseals photoreolinle celbs will enmble grownd, flight, end space bescd uniis 1o cnglneer the geomedry of
thair powsr sysiems toe the constraings of thelr plotform and sssociated paylonds, New technical oreas, sueh i aubommous
ground vehicles, long duration fiaed wing sysbens and microdmano setellites con hows thedr selor power syslem mede isto

——nrbitrary shapes, allowding for their inporparation ints the platforms strecters ingtend of hanging of T of 8 The misrestructure of
the colls, alang with scoompanying micro-wiring, greadly reduces the cost of engirscring, packeging ond fabricotion. In addition,
the Eendia team is enablisg muliisjenction devices, fully |_'|F||:il'|'|i|:l;|‘.| merass the solor spectrum, 5i that very high efficiencies will
became commonp o,

As a large systerns integrator, Bosing functipas 25 o systems developer or ag @ peneral eomBrectar, and is responsible for totel

systerm-nf-systems angineering and intagration; davelppment of the core netwark and architecture; and identifiention, selection,
and procuremert of the program’s major systems pnd sohsysterns. Az such we nre constantly leoking For techeologies that will
enhance the performance and lower the cost of these systems and the components and subsyctems hal compries thess gysems.

I ihie event Sandia MNational Laborstories moves to Phass 11 in it pMicresysiems Enabled Photovalales (MEPY'), and upen vour
invitation, Hoetng world be willing 1o consider sabmilting a propassl to yeo for Beedng®s specliie sapport of vour effort. Any
reenliing contracioal arrangement will be suboect tp mumally apreeable ierme and conditions within the Microsystems Enzhbled
Platovsltales (MEPY) program goldelmes, In addiion, a Propeletany Infosmation Agreement {FLA) iz required to bs executed
priog io any discusslors Invalving either party's proprictary of coatldentlal information: further, ITAR/Expoat Comirol
requiremszsnts will also eed 1o be satlsfied.

This Letter of Interest doss ol constitute 4 commitment, contrscl oF sgreement, not does it obligees the parties to perform any
actions menfioned herein.

We look forward to hearing from yow in the fomre, Please address technics questions to D, Jeffrey H. Huntat 3 00-335-0454 or
qugsibons of 4 contraciual or buslness nalure g undersigned at (425) 237-5217, emall amy.kkoblen@bosing.com.

4‘1—"&&]1'7‘. -

(aire i

r‘l.r:'l_'r I'E.. L

Contracts Mansger

Boetng Besearch & Techanology,
Ergineering, Operntions & Technnlogy
The Boelng Company

T ——
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Appendix G: MEPV Licensing Information

L5, DEFARTMENT OF Encrgy Ef‘ﬁcicncy & EERE Home | Program: sumer Information

ENERGY Renewable Energy

ENERGY INNOVATION PORTAL

Linking Energy Technologies with Market Opportunities

HOME BROWSE SEARCH HEWS & INFO WIDGETS FEEDBACK
EERE » Energy Innowaticn Portal » Browse » SHL » Marketing Summaries E Site Map @ Frintable Versicn E3 SHARE Be=E
Glitter™ Photovoltaic Technology )
Sandia National Laboratories
GO BACK

Technology Marketing Summary

Revolutionary microsaolar technology utilizes glitter-sized photovoltaic cells to change how we generate and use solar power. The significantly reduced size and 100 F'hots:\!'aoll-taic
times less silicon used, allows for increased versatility of photovoltaic applications. Traditional solar cells are 67 square wafers which
restricts location, performance, and manufacturing. Other unique factors to this technology include solar tracking, self assembly, and power

B Interested in this technology?
management techniques.

Contact Us »
Description
Despite the significantly reduced size, the cells perform comparably to traditional solar cells which can allow for installation in more non- Glitter Photovoltaic Technolo
conventional areas such as tents and possibly clothing to recharge small electronics while in the field or outdoor recreation. The glitter- A (1,057 KB)

sized cells can also be used on more traditional applications such as roofing.

Benefits
+ 10 times thinner than conventional solar cells
+ More versatility
+ Highly efficient microsolar devices
+ Lower costs in manufacturing and installation
+ Can be fabricated from any size of commercial wafer
+ More resilient and reliable

Applications and Industries

+ Solar energy generation

Energy storage

Battery charging applications

Satellites

Remote Sensing

Integrated solar on unusual, non-traditional items
Solar energy harvesting

More Information
Multiple patents pending.

Technology 1D
SDs: 10496, 10510, 10610, 10631, 10787,10957, 11242, 11288, 11337, 11339, 11345, 11371, 11387, 11451, 11510, 11511, 11515, 11540, 11543, 11600, 11608

Development Stage
Prototype - Sandia estimates the TRL at approximately 3-4. Early laboratory prototypes exist which demonstrate “proof-of-concept” and that the key elements work together.

Availability
Available - Various license and partnering options are available. Please contact the Intellectual Property department to discuss.

Published
06/16/2011

Last Updated
021412012

Availability
Available - Various license and partnering options are available. Please contact the Intellectual Property department to discuss.

Published
06/16/2011
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Appendix H: Process Flow for the Creation and Release of c-Si
PV Cells Using an SOI Wafer

The microscale design for the radial ¢-Si PV cell requires five photolithographic
masks for the SOl wafer process. The first and second masks define the p- and
n-implantation areas, respectively; the third defines the small windows that
allow the metal to contact the implanted silicon areas through the silicon nitride
passivation layer; the fourth defines the radial interdigitated metal contact
pattern; and the fifth defines the lateral size and hexagonal shape of the cell.

The fabrication process is illustrated in Figure A-1 and begins with a six-inch, SOI
wafer, 20-30 Q-cm, p-type, (100)-oriented wafer to create the junctions. The device
layer is 20-um thick and the buried oxide layer (BOX) is 1-um thick.

The first two process steps are the p- and n-type dopant implants. Implantations
of boron (energy = 45 keV) and phosphorus (energy = 120 keV) are made with

a dose of 3x10'™ cm?, tilt of 7°, and range of 0.15-um for both dopants. A
dielectric stack is deposited that consists of a 300 nm low pressure chemical vapor
deposited (LPCVD) silicon nitride on top of a 500 nm CVD silicon oxide. Then, a
photolithographically patterned 1.8 um thick photoresist layer is used to mask the
implantations selectively. A drive-in step is performed for 30 minutes at 900°C in
an N, atmosphere.

The third process step uses a reactive ion etch (RIE) to open windows in the
dielectric stack for the electrical point contacts to the silicon below. Once the
windows are opened, the metallization layer is deposited by sputtering. The
metallization is a stack of titanium silicide (titanium is deposited and then
annealed to react with the silicon), aluminum/silicon, and titanium nitride (52 nm,
720 nm, and 50 nm in thickness, respectively). Titanium silicide reduces contact
resistance and provides a barrier to avoid spiking of aluminum through the doped
silicon contact. Aluminum/silicon is the main conductor, and titanium nitride
serves as protection from the subsequent wet HF release etch. The metal stack is

patterned and etched to define the radial interdigitated metal contacts.
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Figure A-1. Cross section illustration of the process flow for the creation and release of the cell using an
SOl wafer. (Source: Sandia)

The fourth process step is a deep reactive ion etch (DRIE), or “Bosch process,” to
define the sidewalls of the cells. The etch process, optimized for an etch depth of
20 um, uses sulfur hexafluoride (SF¢) as the etchant, and a 2.2-um thick patterned
photoresist as a mask. The etch is designed to land on the buried oxide layer
without substantial overetch to avoid footing effects.

After metallization and the creation of the 20-um-deep trench, the final release
etch is performed. For this step, the wafer is submerged in a 49% HF solution with
Tergitol™ (non-ionic surfactant used to wet silicon surfaces). The solution accesses
the buried oxide through the trenches and release holes. Depending on the spacing
between the trenches and etch release holes, the release can take from 30 to 90
minutes. The substrate is suspended so that the cells fall away from the substrate
due to gravity. Finally, the cells are filtered and rinsed with water until the pH is

neutral and then transferred to a vial with isopropyl alcohol.
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Appendix I: Process Flow for the Creation and Release of c-Si PV
Cells Using a (111) Oriented Wafer

The microscale design to fabricate ¢-Si PV cells with the KOH silicon etchant requires
six photolithographic masks. The first mask defines small, circular p-implantation
areas, while the second defines the n-implantation areas. The third mask defines
the sidewalls of the cell, the fourth the windows for the point contacts from the
metal to the implanted areas through the passivation layer, and the fifth the linear
interdigitated metal contact pattern. The sixth mask defines the KOH access trenches
for the subsequent release.

The fabrication process for the linear contact cells, illustrated in Figure A-2, begins
by implanting alternating p- and n-type dopants into regions of the sizes indicated in
Table 1 on a 6-inch, 700-um thick, 3-20 Q, Czochralski grown, semiconductor grade,
p-type, (111)-oriented wafer to create the junctions. Implantations of boron (energy
= 45 keV) and phosphorus (energy = 120 keV) are used with a dose of 1x10™ cm?, tilt
of 7°, and range of 0.15 um for both dopants. A photolithography-patterned 2.2-um-
thick photoresist is used to mask the implantations selectively. A drive-in step is
performed for 30 minutes at 900°C in an N, atmosphere.

After the junction is completed, a deep reactive ion etch (DRIE) step is performed
with a target depth of 20 um using SFg as the etchant and a 2.2-um thick,
photolithography patterned photoresist as a mask. This etch creates trenches that are
1.5-um wide, which define the sidewalls of the cells. These trenches are filled with

a 1-um thick, conformal silicon nitride (SiN) layer deposited by LPCVD. The objective
of this film is twofold: (1) form the wall that protects the cell from the wet chemistry
during the KOH release etch, and (2) passivate the sidewalls of the cell.

The next process step is a reactive ion etch of the SiN layer through a 1.8-um thick
patterned photoresist mask. This opens small windows for the metal contacts to be
made to the doped silicon regions. After the windows are opened, a 200-nm layer of
low-stress tungsten is deposited using plasma enhanced chemical vapor deposition
(PECVD). The tungsten is subsequently patterned and reactive ion etched to define the
interdigitated metallization structure on the cell.

The next step of the process is a second DRIE etch with a targeted depth of 25 um.
This etch uses a 1.8-um thick layer of photoresist and a 500 nm oxide layer, creating a
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trench around the periphery of each cell to allow the release etchant access to the
sacrificial silicon.

The release of the silicon cells is accomplished by submerging the wafer in a

KOH 6M solution held at 85°C for three hours and 45 minutes and then left for

24 hours at room temperature to detach the cells from the wafers. The solution
accesses the unprotected silicon through the channels formed during the third
etch. Due to the orientation-dependent etch rates, the (111) planes (parallel to the
surface of the wafer) are etched very slowly. The SiN walls defined earlier protect
the silicon that ultimately becomes the microscale PV cell. The average etch rate
selectivity observed between the (111) and other crystal planes was 1:19, making
the fabricated cells 13.7 um thick.

Implanted p and n-type dopants

Y LN\
VYW WYV WU W AAAJINARILAAI

6 inch, p-type (111) oriented wafer

A) First etch defines the size of the cell B) Low pressure CVD nitride depositior
C) Second etch creates point contacts D) Tungsten CVD metal deposition

saasnas o BN AT s T g

E) Third etch patterns metal F) Fourth etch creates an etch front

KOH KOH KOH
Metal contact
JL Nitride protection
against etch
Doped __|
G) Fifth etch releases the cell egion
Etch front

Figure A-2. Cross section illustration of the process flow for the creation and release of the cells using a
(111) oriented wafer. (Source: Sandia)




250-um wide GaAs PV cells
on wafer with electrical leads
attached for quality control
testing (Source: Sandia)

O swallows, swallows, poems are not

The point. Finding again the world,

That is the point, where loveliness
Adorns intelligible things

Because the minds eye lit the sun.

— Howard Nemerov,

The Blue Swallows, 1967

To see the minds behind Sandia’s microsystems
enabled photovoltaics, watch their short story
at: http://mepv.sandia.gov
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