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Abstract

Micro-concentrator photovoltaic (CPV), incorporating micro-scale solar cells within
concentrator photovoltaic modules, promises an inexpensive and highly efficient
technology that can mitigate the drawbacks that impede standard CPV, such as resis-
tive power losses. In this paper, we fabricate micro-scale multijunction solar cells
designed for micro-CPV applications. A generic process flow, including plasma etch-
ing steps, was developed for the fabrication of complete InGaP/InGaAs/Ge micro-
cells with rectangular, circular, and hexagonal active areas down to 0.089 mm?
(0.068-mm? mesa). Large cells (>1 mm?) demonstrate good electrical performance
under one sun AM1.5D illumination, but a degradation in the open-circuit voltage
(Vo) is observed on the smallest cells. This effect is attributed to perimeter recombi-
nation for which a passivation effect by the antireflective coating partially recovers
the Voc. The Voc penalty for small cells is also reduced under high-intensity illumina-
tion, from 3.8% under sun to 1.0% at 974 suns. High intensity illumination yields an
efficiency of 33.8% under 584 suns for a 0.25-mm? and microcells are expected to

show higher efficiency than standard cells under very high concentration.

KEYWORDS
device characterization, IlI-V semiconductors, microcells, micro-CPV, microfabrication,
multijunction solar cells, perimeter recombination, triple-junction solar cells

of conventional silicon flat-panel photovoltaic (PV) modules. Indeed,
CPV LCOE was evaluated between 94 $/MWh and 177 $/MWh in

Concentrator photovoltaic (CPV) systems are based on the use of high
efficiency multijunction solar cells (MJSC) and optical collectors that
typically concentrate the sunlight 300-1000 times to boost cell effi-
ciency and to reduce semiconductor area (typically 1 cm? down to a
few mm?). Although champion solar cells have reached efficiencies of
44.4% and 46.0% for three- and four-junction cells,® respectively,
CPV has not reached the targeted levelized cost of electricity (LCOE)

2017 whereas an average PV LCOE of 51 $/MWh was reached in
2019.23

In recent years, micro-scale concentrator photovoltaics
(micro-CPV) based on <1 mm? cells has emerged as an approach that
could offer an advantageous cost.* First, micro-CPV modules are
lighter and more compact than standard-CPV modules, facilitating

logistics and installation, and therefore leading to a reduced carbon
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footprint and balance of system cost.> The miniaturization of CPV
cells and modules also offers the opportunity to use simplified assem-
bly processes that can be borrowed from LED manufacturing for
example, as heat distribution on the carriers is more homogeneous
with smaller cells.® The module miniaturization also benefits to optical
elements: an increase of more than 5% in absolute optical efficiency is
expected for low-cost optics when reducing cell size from 1 mm to
100 pm on a side.” Finally, reducing the cell surface decreases the
total current, mitigating resistive losses that scale with the square of
the current.®? A fair indicator of the module integration success is the
module-to-cell efficiency ratio (MTC), calculated as the module effi-
ciency divided by the cell efficiency. While MTC of commercial stan-
dard CPV modules is typically between 65% and 75%, miniaturized
modules have shown MTC in the range 71%-87%.1° Consequently,
micro-CPV modules have already demonstrated high efficiency
(>35%) with a record of 41.7%.1*"*® A summary of existing high-
performance micro-CPV modules is reported in Table 1.

Although micro-CPV and microcells appear to be good candidates
for the next generation CPV, some challenges remain. Indeed, high-
performance fabrication techniques must be adapted to allow small
size together with low cost. Surface recombination along the side-wall
perimeter is known to have a greater performance impact on solar
cells with a high perimeter-to-area ratio (i.e., very small cells), mostly

—2) 19

due to a high density of surface states (i.e., >10*% cm The role of

perimeter recombination in cells, which particularly affects their volt-

age, was studied in single junction,2°-22

in the subcells that compose a
three-junction cell,® and in three-junction structures.'122* An effec-
tive reduction of GaAs surface states density can be obtained by sul-
fur passivation, plasma treatments, or atomic layer deposition (ALD).2°
In addition, Ref.?* showed that front contact pads used for typical
wirebonding assembly utilize a considerable fraction of the microcells
area. Metal contacts that shade 39% of the cell cause a reduction in
voltage equivalent to the effect of perimeter recombination in micro-
cells with a 0.11-mm? mesa area. However, such a high shading seems
impractical in real systems and therefore perimeter recombination is

the main loss to address in microcells. Due to these challenges, no

TABLE 1
Module Lens area (cm?)

Groups (year) efficiency /concentration (suns)
Panasonic, Solar Junction (2014) 34.7% 1x 1/N.C
Solar Junction, Panasonic (2014) 34.7% 1 x 1/N.C.
University of lllinois at Urbana- 36.5% 2 x 2/1000

Champaign, Semprius, Solar

Junction (2014)
Semprius Commercial (2016) 34.9% N.C/1111
Panasonic (2015) 35.9% 1 x 1/150
CEA-Liten (2017) 33.4% 19 x 19/1000
EPFL (2017) 36.4% 0.687/N.C.
NRL (2017) 41.2% 3.142/744

fully fabricated (i.e., singulated) three-junction solar cell with a total
area of less than 0.3 mm? has been reported in the literature, to the
author's knowledge.

In this paper, we report on the fabrication and the characteriza-
tion of high-efficiency three-junction solar cells with <1-mm? area. A
specific fabrication process based on microelectronic techniques was
developed to allow the fabrication of microcells with various geome-
tries (rectangular, circular, and hexagonal) and with area down to
0.068 mm?Z. We discuss the relevance of the developed process and
the impact of cell dimensions as well as the passivation effect of the
antireflective coating on electrical performance. Characterization is
done under one sun and high-intensity light. It is shown that perfor-
mance degrades with cell size reduction and is attributed to perimeter
recombination. A performance recovery is demonstrated when cells
are coated with an antireflective coating and operating under concen-
trated light. Flash measurements show good performance of the fabri-
cated microcells and the origin of the efficiency limitation under very
high concentration is not attributed to resistive losses.

2 | CELLFABRICATION

21 | Process flow

A process flow that was developed to fabricate microcells is illustrated
in Figure 1. We used commercial Ge wafers of three-junction lattice-
matched InGaP/InGaAs/Ge to develop the process in this study as
they are a standard baseline design in CPV (see Figure 1A). However,
all processes can be generalized to other materials used in multi-
junction cell structures. The first step is the evaporation of Pd/Ge/Ti/
Pd/Al (50/100/50/50/500 nm) metal stack, as developed in Huo and
Rey-Stolle,?® to form the front electrode. A lift-off process defines the
shape, grid pitch, and dimensions of these contacts, as shown in
Figure 1B and presented in Albert et al.2” Then, a Ti/Al (50/200 nm)
metallization is deposited on the backside of the wafer, resulting in
the base contact as illustrated in Figure 1C. Cells are then electrically

State-of-the-art for micro-CPV modules with associated efficiency, lens area and/or concentration, cell mesa area, and structure

Mesa area Cell structure Ref.
600 x 600 pm? 3 J cell: InGaP/GaAs/GalnNAsSb u
550 x 550 pm? 3 J cell: INnGaP/GaAs/GalnNAsSb 12
600 x 600 pm?  4-terminals, 4 J-stacked cell: InGaP/ 13

GaAs/GalnNAsSb on Ge

600 x 600 pm? 3 J cell: GaAs-based 14
970 x 970 ym? 3 J cell: INnGaP/GaAs/GalnNAsSb 15
600 x 600 pm? 3 J cell: InGaP/(In)GaAs/Ge 16
600 x 600 pm? 3 J cell: InGaP/GaAs/GalnNAsSb R
755 x 805 pm2 4-terminals, 5 J-stacked cell: InGaP/ L

GaAs/InGaAsNSb on GaSb/
InGaAsSb
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(D) Cell plasma isolation

FIGURE 1
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(C) Back contacts deposition

(F) Cell plasma singulation

Main steps in the microcell fabrication process flow [Colour figure can be viewed at wileyonlinelibrary.com]

Ini-v
heterostructure

2 um

Ge substrate

Scanning electron microscope (SEM) tilted views of cell sidewalls (mesas) isolated by (A) saw dicing (precut + chemical cleaning)

and (B) plasma etch (precut + chemical cleaning) [Colour figure can be viewed at wileyonlinelibrary.com]

isolated by forming mesas on the front face by plasma etching as
shown in Figure 1D and detailed in Section 2.2. A SiN,H,/SiO,H, bi-
layer is deposited then by plasma enhanced chemical vapor deposition
(PECVD) to passivate the surface and to ensure an effective anti-
reflective coating (ARC), thereby increasing electrical performance?®
(Figure 1E). The ARC is then opened by plasma etching on the busbars
to access the electrical pads. The plasma singulation ends the micro-
cell fabrication as seen in Figure 1F and detailed in Section 2.3.

2.2 | Cellisolation

In a standard process, cells are mechanically isolated and singulated in
a single step (fullcut only) or two steps (precut + fullcut) if a
passivation/antireflective coating is required on the cell sidewalls.
Saw dicing remains the mainstream method to isolate and separate
CPV cells, although laser (fullcut only), combination of wet etching
(pre-cut) and laser (full cut), or plasma technology can also be used to
implement this step. However, for microcell fabrication, saw dicing is

not applicable due to the reasons below.

First, the fragililty of the IlI-V/Ge cell structure is susceptible to
defect generation as a result of saw dicing. Chipping defects left by
the saw at the mesa sidewalls, as illustrated in Figure 2A (isolation
precut only), create recombination centers that can lead to electrical
performance degradation and reliability issues. Saw precut for cell iso-
lation is consequently not recommended and manufacturers suggest
the device-free zone to be ~2.5-3 times larger than the blade width.?’
Presently, dicing saw can be as narrow as 15 um but are typically
50-120 pm wide.*°

Second, the wafer yield decreases dramatically as cell size
decreases, as illustrated in Figure 3. With these parameters, saw dic-
ing of 0.068 mm? cells (the smallest area reported in this paper) would
produce a wafer yield of only 52.1%, which is unacceptable for such
expensive semiconductors. However, a yield of 65.9% and 89.4% are
achievable for laser dicing and plasma dicing, respectively.

Third, the probability of tearing chips off the wafer is increased
for small devices. Cooling water pressure together with mechanical
forces and vibrations generated by the saw rotation are harsh and
make the saw dicing difficult for very small chips. Whereas higher-

adhesion die attach tape can be envisaged, the further die picking is
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complicated due to the fragile materials involved in multijunction
structure.®! In addition, saw dicing generates linear channels that
force the fabricated cells to be rectangular, which may be inadequate
depending on the incoming light profile. Finally, large numbers of par-
ticles are not extracted by the water flow and can attach to the sur-
face of the diced chip.

Accordingly, isolation of microcells requires a soft advanced
microfabrication technique such as plasma etching, as developed in
the recent years in our group.3273¢ In this work, a Cl,/SiCls/H,-based
inductively coupled plasma etch was chosen for isolating the whole
heterostructure of Figure 1D. Indeed, the hydrogen present in the
plasma is known to partially passivate the etched surfaces, which
results in lower electrical losses in solar cells.>* The contact layer, a

Cell area (mm?)

1E-4 0.01 1 100
100 T T 100
Lost wafer area
80 -4 80
= 6 160 <
s 3
= =
) St
Q2 40 440 .2
20 |__1Plasma dicing, 15-um-dicing lin 20
|___]Laser dicing, 60-um-dicing line
5 | ]Saw dicing, 100-um-dicing line 0
0.01 0.1 1 10
Cell width (mm)
FIGURE 3 Wafer yield as a function of cell dimensions for

different dicing techniques. Plasma dicing lines are 15 pm (10-um cut
+ 2 x 2.5-pm-defect-free zone), laser dicing lines are 60 pm (40-pm
cut + 2 x 10-pm recast-and-defect-free zone), and saw dicing lines
are 100 pm (40-pm cut x 2.5 defect-free-zone factor)??2%38 [Colour
figure can be viewed at wileyonlinelibrary.com]

highly doped InGaAs film, is then chemically etched in a NH,OH:
H505:H,0 (9:9:240) solution for 45 s. Figure 2B shows a plasma-
etched cell mesa sidewall. First, the high anisotropy of the developed
process can be observed, generating a high verticality of the mesa
sidewalls, which is particularly important to ensure current matching
between the subcells of such small devices. This anisotropy is possible
since the process is highly ion-driven and the selectivity of the used
plasma chemistry to the various materials that compose the
heterostructure (~10 um) is very low. This parallel and fast process
(average etch rate >1 pm/min) also offers the possibility to achieve
photolithography-defined patterns and thus does not limit cells
shapes to rectangles. Such anisotropic isolation and versatile devices
shape is not possible with wet etching, due to the preferential etching
along crystalline directions of the different I1I-V materials.®” In addi-
tion, Figure 2B shows that the mesa sidewalls exhibit a smoother sur-
face than with saw dicing, suggesting the surface state density is
lower and therefore less surface recombination at the perimeter of
the cells is expected.

2.3 | Cell Singulation

The cell fabrication process ends with singulation to separate
the completed cells. Alternatives to diamond sawing are desirable
for the same reasons as the isolation cut. Laser ablation technology
offers the ability to dice non-rectangular small chips with a relatively
lower defect generation and thinner cut lines. However, a contamina-
tion of the diced wafer remains and heat generation during ablation
can cause defects.®® Wet etching for singulating cells was not consid-

).3? Moreover,

ered given the low etch rates of germanium (<1 pm/min
such isotropic etching would induce trenches width of at least
170 pm, which is hardly conceivable for microcells fabrication.
Whereas laser dicing provides a higher wafer yield than saw dicing, it
is lower than for plasma-diced small cells, as seen in Figure 3. Conse-
quently, in this work, we also proposed plasma etching for the

singulation step (full cut). The process involves a time multiplexed

FIGURE 4 Optical image of fabricated
microcells. The largest cell (square) is
12.53 mm? (12.25-mm? mesa) and the
smallest one (hexagonal) is 0.089 mm?
(0.068 mm?2-mesa) [Colour figure can be
viewed at wileyonlinelibrary.com]
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(Bosch) plasma process with alternative steps of etching with SFs/O»
and passivation with C4Fg to cut through the Ge wafer. This allows
deep etching with a relatively high etch rate (>3 um/min) of high
aspect ratio (AR) trenches (up to 17).3% Whereas in this work trenches
of 50 um-width were successfully etched through the 170-pm-thick
Ge substrate, trenches as small as 10 um can be etched without gen-
erating defects.3? After this final manufacturing step, devices are typi-
cally 20 pm wider than the cell mesa due to 10 pm photolithography
margins.

After the cells are singulated, they can be electrically character-
ized before being assembled in modules. Figure 4 shows a top view of
completed triple-junction solar cells where the largest mesa is 3.5 mm
on a side (square cell, 12.53-mm? total area, front contact shading =

10.3%) while the smallest mesa is 160 pm on a side (hexagonal cell,
0.089-mm? total area, front contact shading = 72.9%). Electro-optical
characterization of micro-CPV cells is not straightforward. Besides
setups (microscopes/cameras and probing for example) that need to
be adapted, solar simulators and flash testers must demonstrate a
highly homogeneous light and even AAA class facilities are unlikely to
meet requirements without additional effort. Indeed, a high light-

uniformity is required when considering microcells due to their

14 T T T T T

6 oY
¥)SUNLAB
AM1 3D spectrum 0.1W.cm’, 25°C

—=—— o- 1225 mm’

Current Density (mA.cm?)

5| —=—- o-0.64d mm’

0.076 mm’
o L 1 1
0.0 04 0.8 1.2
Voltage (V)
FIGURE 5 One-sun current density vs voltage characteristics of

rectangular cells depending on their mesa area (12.25, 0.64, and
0.076 mm?) and the presence of an ARC [Colour figure can be viewed
at wileyonlinelibrary.com]

TABLE 2 Electrical parameters of
fabricated rectangular cells with and
without ARC

Electrical parameter

Voc [V]

JSC [mA.cm‘z]

FF [%]

(AM1.5D, 0.1 W-cm~2, 25°C)

reduced surface to average the incoming light. A usual calibration of
solar simulators and flash testers, to ensure current-matching
between subcells, use isotype cells which dimensions are not compati-
ble with microcells for which local intensity and spectrum may vary.
Moreover, some measurements, such as quantum efficiency (QE),
which systems typically use >1-mm spots, require further develop-

ment to be applicable to microcells.

3 | CELLCHARACTERIZATION

3.1 | One sun measurements

The cells fabricated with the process described in Section 2 were
characterized under one sun at 25°C with AM1.5D (ASTM G173)
spectrum with an Oriel SOL3A-CPV class AAA solar simulator.
Figure 5 depicts the current density (J) vs voltage (V) characteristics of
rectangular cells with different sizes, and with and without a passivat-
ing ARC (one sample per size). The surface considered for current
density calculation is the active area, defined as the mesa area exclud-
ing busbars area. First, a standard-size cell (12.25-mm? mesa area)
with ARC shows good electrical performance under one sun (open-
circuit voltage Voc = 2.350 V; fill factor FF = 82.7%, short-circuit cur-
rent density Jsc = 12.40 mA cm™3) validating the fabrication process.
Without ARC, the 12.25 mm? cell generates 19.1% less current due
to higher reflection and the slight variations of Jsc between cells are
due to illumination non-uniformity, which particularly affects small
cells. The V¢ is also 53 mV lower than with ARC, which is attributed
to the lower short circuits current and to higher surface recombina-
tion on the non-passivated surfaces. When the dimensions of the
solar cell decreases from 12.25 mm? down to 0.076 mm?, the Voc of
the cells decreases from 2.35 V down to 2.096 V (—10.79%) for the
cell with ARC and from 2.297 V down to 1.995 V (-13.16%) for the
cell without ARC (see Tables 2 and 3). We can notice that such a
decrease is more pronounced on the cells without ARC, confirming
that the ARC partly passivates the surface of the cell sidewalls.

Figure 6 shows that the trend of V¢ of single rectangular solar
cells both with and without ARC, plotted against the perimeter-to-
area ratio (defined as Ppesa/Amesas Where Ppesq and Apesq are the mesa
perimeter and area, respectively) in a semi-logarithmic scale, has a
quasi-linear decrease. The same trend was observed for cells with
other geometries (see Appendix A).

Mesa area
Presence of ARC 12.25 mm? 0.64 mm? 0.076 mm?
NO ARC 2.297 2.142 1.995
WITH ARC 2.350 2213 2.096
NO ARC 9.90 9.84 9.77
WITH ARC 11.79 12.01 12.36
NO ARC 84.05 82.61 81.11

WITH ARC 82.78 85.02 83.65
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TABLE 3 Variation of open-circuit voltage of cells with mesa of 12.25 mm?, 1 mm? and 0.076 mm? depending on the presence of an ARC

Variation of open-circuit voltage
(AM1.5D, 0.1 W-cm™2, 25°C)

Comparison to the 12.25 mm?-mesa reference cell NO ARC
WITH ARC
ARC effect
24 T T T
-
. Fit slope =-0228 V-cm
~ 23}F0o. ) -
< Vi, N
=221 >, ' i
‘>: Fit slope =-0.268 V-cm” ~ _ Q . =S .y
.= ; \li @ ~ . --"‘\.____
g 2.1 (&) suNLAaB T u
& AML D spectrum, 01 W-en”, 25°C 8.,
- O NoARC N
~ 20F m WithARC ‘o A
— - -Linear fit on V. (no ARC)
———Linear fit on VOC (with ARC)
1.9 1 1 1
10 20 50 100 200

Perimeter-to-Area Ratio (cm™)

FIGURE 6 Open-circuit voltage as a function of perimeter-to-area
ratio (mesa) of fabricated rectangular cells without and with ARC
(one cell per size) [Colour figure can be viewed at wileyonlinelibrary.com]

Assuming the one-diode model for each subcell and neglecting
the resistances and the tunnel junction effects, one can express the
open-circuit voltage of a three-junction solar cell under one sun as

follows:

3 i i
n'kT |J
i=1 0

where n' is the diode ideality factor of subcell i in the multijunction
cell, k is the Boltzmann constant, T is absolute temperature, q is the
electron charge, Ji is the photogenerated current density of subcell i,
and JB is the saturation current density of subcell i. The quasi-linear
decrease of Voc VS 10810(Pmesa/Amesa) indicates that J{, varies inversely
proportional with the Ppesa/Amesa and is therefore strongly dominated
by recombination current at the junction perimeter. Indeed, based on
a two-diodes model for the subcells, the saturation current density in

a subcell is
P i i
Jo =Jo1 +Joz.srH T o2 per (2)

where Ji; is the saturation current of subcell i associated to drift/dif-
fusion (ideality factor of 1), JBZ,SRH is the saturation current density of
subcell i due to Shockley-Read-Hall recombinations (ideality factor of 2)

and ngvpe, is the is the saturation current density of subcell i due to

Mesa area

12.25 mm? 1 mm? 0.076 mm?
N/A -6.75% -13.16%
N/A -5.81% -10.79%
+2.30% +3.33% +5.10%

surface recombination (ideality factor of 2) at the perimeter of the cell
and can be expressed as follows:

i)Z,per = 2q52)"i9% (3>

'mesa

where S} is the surface recombination velocity at the perimeter and L§
is the diffusion length. The decrease of the slope observed for the
cells with passivating ARC indicates a reduction of the dark current of
(at least) one cell with high recombination current at the junction
perimeter, and therefore a decrease of the surface recombination
velocity for this cell. Nonetheless, the linear variation even with pas-
sivating ARC indicates that perimeter recombination remains the
dominating factor for (at least) one subcell even with passivating ARC.
Indeed, J5, and JiOZ,SRH are inherent to the bulk recombinations and do
not depend on perimeter effect. An optimized passivating ARC would

however lower the perimeter recombination rate.

3.2 | Measurements under concentration
Two rectangular cells having mesa areas of 0.25 mm? and 1 mm?,
both with ARC and 120 um grid pitch, were electrically characterized
under concentrated illumination at Fraunhofer Institute for Solar
Energy Systems (ISE) in Freiburg, Germany. Despite our efforts, the
full characterization under concentration of the 0.068 pm?-mesa cells
at either LN2, SUNLAB or ISE was not possible, mostly because of the
predominant contribution of light reflection from the measurement
probes and/or difficulty to get uniform spectral matching at the sub-
millimeter scale.

The I-V curves measured under concentrated sunlight for the
1 mm? and 0.25 mm? cells are presented in Figure 7. For concentra-
tion factors above 450 suns for the 1-mm? cell and 584 suns for the
0.25-mm? cell, a kink around 2.7 V was measured, significantly
decreasing the FF. This kink is representative of a current-density limi-
tation by a tunnel junction within this epitaxial structure, similar to the
behavior shown in Brunco et al.3%4°

Figure 7 illustrates the open-circuit voltage, fill factor, and effi-
ciency of a 0.25-mm? cell and a 1-mm? cell as a function of light con-
centration. The AVoc observed due to size difference, and so
perimeter recombination effect, is 3.8% under one sun and falls down
to 1.1% under ~970 suns (obtained by interpolation). This effect is
attributed to a saturation effect of perimeter states that makes

recombination less significant under high concentration.?* Using flash
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tests in open-circuit conditions at LN2, similar trends were observed
for cells with mesa area ranging from 1225 to 0.076 mm?
(see Appendix B).

Multiple effects seem to affect the FF including the tunnel junc-
tion limitations discussed above. It can be first seen that in both cells
the FF peaks at a very low concentration (highest FF = 87.4% under
35 suns for the 0.25-mm? cell and FF = 87.0% under 32 suns for the
1-mm? cell) and decreases slowly when the concentration increases.
When high concentration is reached (721 suns for 0.25 mm? cell and
687 suns for 1 mm? cell), the FF drops very rapidly when concentra-
tion is further increased and kinks start to be visible on the I-V curves.

The FF of the smaller cell is lower than the one of the 1-mm? cell for
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TABLE 4 Variation of open-circuit voltage of a 12.25-mm? cell and a 0.076-mm? cell (mesa area, rectangular cells) depending on the light
intensity (under 1 sun and approximately 1330 suns)

Mesa area
Variation of open-circuit voltage (AM1.5D, 1
sun = 0.1 W-cm2, 25°C) 12.25 mm? 0.076 mm? Difference due to mesa area
1 sun 2.350 2.096 -10.8%
~1330 suns 3.145 3.028 -3.7%
Difference due to light intensity +33.8% +44.5% N/A
concentration below 584 sun (except under 35 suns) and is larger ACKNOWLEDGEMENTS

afterward.

Finally, due to these FF variations, a maximum efficiency of
34.4% is reached under 450 suns by the 1-mm? cell and 33.8% under
584 suns by the 0.25-mm? cell (normalized by active area, i.e. mesa
area to which busbars area was excluded). Lower current and lower
series resistance in smaller cells are expected to shift the maximum
efficiency to higher concentration. This effect is observed in our data
but is partly hidden by the predominance of the tunnel junction limita-
tion under high concentration. It is however expected that both cells
could reach the highest efficiency under very high concentration

(>1000 suns) with adjusted tunnel junctions.

4 | CONCLUSION

Micro-modules are gaining interest over recent years as they promise
to exploit the high efficiency of microcells at a reduced LCOE. How-
ever, some hurdles remain on the way to their wide deployment. We
demonstrated InGaP/InGaAs/Ge solar cells with various shapes and
total surface down to 0.089 mm?, fully fabricated with a dedicated
microfabrication process that used plasma etching for isolation and
singulation steps. The improved wafer area utilization offered by
plasma dicing removes one of the major barriers of the development
of microcells. The fabricated cells have shown good electrical perfor-
mance with Voc = 2.350 V and FF = 82.7% for the 12.25-mm?-mesa
reference cell under one-sun illumination. However, a degradation of
the electrical performance was observed when reducing cell areas
with up to 10.2% drop in V¢ for cells without ARC. This tendency
confirmed the inherent impact of surface recombination at the perim-
eter of the cells. It was shown that the ARC can act as a passivation
film, diminishing the perimeter recombination impact on very small
cells under one sun illumination. Flash measurements have also shown
that limitation of the perimeter recombination impact is observed
under high intensity light. Finally, microcells have demonstrated good
electrical performance (33.8% under 584 suns for the 0.25 mm? cell),
which limitation under very high concentration was attributed to a
tunnel junction issue rather than resistive losses. Adjusted tunnel
junctions may therefore lead to a higher efficiency to be reached by
the microcells under very high concentration, opening the path for

their wide use in micro-CPV.
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APPENDIX A: Voc versus Ppesa/Amesa Of cells with various
geometries

In Figure 9 can be seen the open-circuit voltage of various geometries
and dimensions cells, plotted against the perimeter-to-area ratio of
mesas. Cells were made from the same sample. As observed in
Figure 6, a quasi-linear decrease of Voc VS. Presa/Amesa Can be
observed for each geometries. The various points for a given geome-
try and a given Ppesa/Amesa Stand for the various contact designs while
the mesa area is similar. The differences in Voc observed for a given
Presa/Amesa €Can therefore be attributed to large dark current density
due to the shading induced by the top contacts. For example, consid-
ering the Ppese/Amesa = 80 cm™?, the shading in rectangular active
area cells is comprised between 33.8% and 34.5%, while the one of
circular active area cells is comprised between 48.2% and 49.0% and
the shading in the hexagonal active area cell is 53.0%. Whereas this
shading was identified as one the major limitation in Wiesenfarth
et al,?* it can be seen in Figure 9 that the voltage losses due to perim-
eter effects is larger. For the given Ppesa/Amesa Of 80 cm™2, an average
reduction of 0.99% and 1.90% in Voc is measured when the metal
coverage proportion increases by 22.0% (circular active area) and

28.7% (hexagonal active area), respectively.

APPENDIX B: Effect of light intensity on V¢ depending on cell
area

In Table 4 is shown the variation of the open-circuit voltage of rectan-
gular cells with a 12.25-mm? mesa area and a 0.076-mm? mesa area.
Both cells have an ARC and were made from the same sample. As dis-
cussed in section 3.2, high-intensity measurements of microcells are
not straightforward. However, experiments have shown that mea-
surements at open-circuit conditions (Voc) tend to be more reliable
whereas fluctuations cannot be excluded. For this reason, the light
intensity presented is given to be approximately 1330 suns. In
Table 4, it can be seen that the variation in V¢ due to area decrease
falls from 10.8% under one sun to 3.7% under approximately 1,330
suns. This proves the limitation of the effects of perimeter recombina-
tion under high-intensity light, predominant under one sun illumina-
tion in microcells. This behavior is confirmed by observing the gain
when increasing the light intensity, which benefits more to the
0.076-mm? cell (with an increase of Vo of 44.5%) compared to the
12.25-mm? cell (with an increase of Voc of 33.8%).
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