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Fabrication and Assembly of Ultrathin Silicon Solar Microcells Integrating
Electrical Passivation and Anti-reflection Coatings

Yuan Yao, Eric Brueckner, Lanfang and Ralph Nuzzo

Supplementary Information
Figure S1 shows a schematic overview of the fabaogrocess.
Cleaning

The process started with a boron-doped Czochrsilsgon wafer (“prime” grade,
3-inch diameter, (111) +0.1° orientation, 7.5-8Bcm, 380 um thickness, Silicon
Materials).Wafers were rinsed with acetone andrgoyg alcohol (IPA). Prior to all high
temperature processes, RCA cleaning proceduresugeck detailed below:

RCA1 Clean

Etch in RCAL1 solution (bD:NH3z-H,0O:H,O,= 5:1:1) at 80°C for 10 min

RCA2 Clean

Etch in RCAL1 solution (pD:HCI:H,0,= 5:1:1) at 80°C for 10 min
Native oxide on the wafer was removed by bufferedi® etchant (BOE 6:1, Transene)
before and after each cleaning step.
Phosphorus Doping

The cleaned wafers were first doped by solid-staterces of phosphorus (PH-
1000N, Saint Gobain). Etching the phosphosilicdssg (PSG) layer in BOE 10:1 and
RCA cleaning completed the doping process.

Phosphorous doping over a variety of temperat#68°C, 950°C, and 1000°C)

and times (5 min, 15 min, and 30 min) was condutbedltimately optimize conversion
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efficiency of theu-cells. To directly compare the effect of dopimgd and temperature
parameters, three batches of three wafers wereegged simultaneously, each wafer
within the batch doped for a different time (Batchl000°C, Batch 2: 950°C, Batch 3:
900°C). To eliminate possible variations in ligitisorption from the anti-reflective,
oxide layers (the thickness of oxide on deviceed#ffrom batch to batch), the p-cells
were immersed in BOE 6:1 to remove all oxide pitiortesting. Figure S2 shows
normalized efficiency vs. doping time for the thteenperatures of interest. The doping
conditions giving the highest conversion efficiemgyeach batch were 1000°C for 5 min,
950°C for 5 min, and 900°C for 15 min, giving shesdistance values of 220, 80Q/o,
and 78Q/o, respectively, measured by four point probe (Pr®#natone). These
conditions were then directly compared in a foustitch to eliminate batch-to-batch
variability. Figure S3A shows the doping profile®asured by quantitative secondary-
ion mass spectrometry (SIMS) and Figure S3B shawsaged-V curves of cells doped
at 900°C, 950°C, and 1000°C for 15 min, 5 min, &nichin, respectively. Table 1 and
Figure S4 shows the parameterslgf Vo, 7, andFF. The data shows that doping at
900°C for 15 min gives the highest conversion &ficy, leading us to adopt this as the

standard protocol far-cell fabrication.

Temp (°C) Jsc (MA/c?) Voe (V) n (%) FF
900 (15 min) 27.15 0.538 10.6 0.727
950 (5 min) 26.55 0.541 10.0 0.699
1000 (5 min) 23.83 0.543 9.3 0.719

Tablel
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Thermal Oxidation and Photolithography

A top oxide mask layer was then grown by wet oxatatit 1000 °C for 80-100
min under steam atmosphere (<0.2 LPMflOw through boiling DI water) in a quartz
tube furnace following RCA1 and RCA2 cleanings imeitl above. The lateral
dimensions of the p-cells were defined by standphdtolithographic processing
(AZ5214-E, AZ Electronic Materials):

Spin-coat hexamethyldisilazane (HMDS) at 5000 rpm30 sec

Spin-coat AZ5214-E at 5000 rpm for 30 sec

Softbake at 110°C for 60 sec

Expose 310 mJ/chat 320 nm (Karl Suss MJB3 mask aligner)

Develop in metal ion free (MIF) 327 for ~100 sec

O, descum (20 sccm, 250 mTorr, 50 W) for 60 sec

Hardbake at 110°C for 180 sec
The oxide not covered by the photoresist was tlnowved by BOE 6:1 (~12 min).
Inductively coupled plasma reactive ion etchingRiRIE, Surface Technology Systems)
was utilized to define the vertical depth of thenth structures. Standard Bosch
Processing conditions were used: chamber press@&®e®mTorr, etching for 7 sec/cycle
with 130 sccm Sgand 13 sccm @under 600 W coil power and 12 W platen power, then
passivating for 5 sec/cycle with 110 sccnfF£under 600 W coil power and 0 W platen
power. Etch times were controlled such that ah epth of 35-4Qum was achieved,
typically 75 cycles. The remaining photoresist vihen removed by sonicating in
acetone and RCAL1 cleaning.

Brief Undercut and Sidewall Oxidation
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A short anisotropic etching step of the wafer wasfgrmed in 25 wt.%
tetramethylammonium hydroxide solution (TMAH, Sigiklrich) at 70°C for 2 min to
achieve a canopy-type structure. The exposed sitke\{{110}) of cells etched at ~1
um/min according to cross-sectional SEM images shawrrigure 1B. After RCA
cleanings, a second wet oxidation step (1000 °€2in) formed an oxide layer on the
side and bottom of the trenches and increasedxiue thickness on top of the cells as
well, shown in Figure S5A.

Flood RIE and Under cut

The oxide on the bottom of the trenches was seldgtremoved by reactive-ion
etching (Plasma Therm 790 series) using €kK#O sccm) and ©(8 sccm) under 50
mtorr and 175 W for ~9 min. This dry etch is pssaahisotropic such that little oxide on
the sidewall was consumed (Figure S5B). After imsioe in BOE 6:1 for ~20 sec, the
wafer was immersed into 25% TMAH solution at 80%C £90 min to fully undercut the
p-cells and release them from the substrate exatepichor locations.

Boron Doping

After RCA cleaning, the back surface field was fedmby solid-source boron
doping (BN-975, Saint Gobain) at 1000 °C for 30 niiine borosilicate glass (BSG)
layer was etched in 20:1 HF for ~2 min. Oxide rammg on the top and sidewall
surfaces (Figure S5C) now serves as passivatiomuatindeflection layers.

Patterning Top Contacts

Square contacts (50m x50 um) were defined through photolithography with a

photoresist (AZ P4620, Clariant):

Spin-coat HMDS at 2000 rpm for 30 sec
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Spin-coat AZ5214-E at 1000 rpm 10 sec, then at 2p060for 30 sec

Softbake at 65°C for 5 min and then at 95°C fon#0,

Expose 410 mJ/chat 365 nm

Develop in 3:1 AZ400K(AZ Electronic Materials) fed min

Expose under UV-generated ozone for 2 min

Hardbake at 65°C for 30 min (ramp from 35°C wittamp rate of 0.5°C/min)
The oxide not protected by the photoresist was tharoved by BOE 6:1 (~5.5 min) and
Ti (10 nm) /Au (300 nm) contact pads were formed dpeam evaporation and
photoresist lift-off in acetone.
Statistical Analysisof Fabricated Si Solar p-Cells

To test the large-area reliability of the fabrioatiprocess, we transferr@ecells
from the entire patterned wafer area. Specificaiyery sixth device in all six rows was
picked-up with a PDMS stamp and transferred to asglsubstrate (discussed
subsequently) forl-V testing. Thep-cells were tested under simulated AM1.5D
illumination of 1000 Wm at room temperature prior to planarization ofjiheells on an
anodized Al plate to minimize reflection from thack plane. Using the top surface area
of thep-cells as the device area, the PV metricds@iVo, 7, andFF were measured and
plotted with histograms shown as insets (FigureigbFigure 2C).
Transfer Printing p-Cells

The receiving substrate was made by spin-coatidy-&urable polymer (NOA61,
Norland Products, 3000 rpm for 45 sec) on a prarad glass slide (5 cm x 5 cm x 2

mm ) and partially curing under UV light (1260 mmifcat 365 nm) with a Karl Suss
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MJIB3 mask aligner. Bottom electrodes were then siéga by e-beam evaporation of Ti
(20 nm) /Au (300 nm) through a shadow mask.

Microcells were selectively picked up by a PDMS:(16@atio of pre-polymer to
initiator, Sylgard 184, Dow Corning) stamp with pgmidal structures and printed on the
receiving substrate with an automated transfertipgnmachine. By applying modest
pressure on the inked stamp to the receiving satiestexcellent electrical contact was
achieved between the bottom electrode and deviegp &nd repeat printing allowed
formation of arrays with arbitrary configuration&he fabrication of the pyramid PDMS
stamp and the manipulation of the automated mackere described elsewhere (see Ref.
36).

After printing, the p-cells were tested and baketi=® °C on hotplate for 10 min.
This postbake step possibly caused the partialleccuNOA layer to reflow and
intimately coat the bottom side of thecell, preventing liquid pre-polymer to flow
underneath the device and block the back contéabeifiollowing planarization step.
Planarization

A flat PDMS block (10:1 ratio of pre-polymer to filator) was laminated on top
of the printed devices to achieve conformal convath the p-cells. Silica particles (30
pm diameter, SPI) were dispersed on the substrataa the device area to support the
PDMS stamp and avoid sagging. Another UV-curabléymer (NOA73, Norland
Products) was dispensed in a reservoir createdeiPDMS block with a 3 mm biopsy
punch. The liquid pre-polymer flowed by capillaagtion to fill the air gap between the
PDMS and substrate. The entire system was thensegponder UV light to cure the

NOA, before PDMS was peeled off from the substrigaying the p-cells embedded in
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the NOA matrix. A profilometry line scan (Figure ABof the resulting planarization
layer shows minimal topological variation betweeHsc(~5um).
| nter connection

Interconnecting the planarizedcells was accomplished by manually aligning a
stencil mask (two pieces of Scotch® tape) to fanmthape of the interconnect. A small
volume (~0.5 mL) of Ag paste (Ted Pella, PELCO® Qactive Silver 187) was
dispensed on one end, using a razor blade to “ggeédehe Ag paste over and into the
stencil mask. The Scotch® tape stencil mask wadedeaway immediately, leaving
behind a well-formed interconnection line ~145® wide and ~5@m tall (Figure S8B).
The Ag paste line was cured in air at room tempeeator 30 min prior to any electrical
measurements.
M easurements under Concentration

To aid thermal and electrical conduction due tense illumination and increased
photocurrent generation, respectively, from conedet solar flux, devices were
assembled differently than the procedure descréiexe. After device fabrication, the
p-cells were conformally contacted by a PDMS stamgh lifted off from the donor wafer.
Thin-film metal ohmic contacts (~150 um wide, Tirfg)/Au (200 nm)) were e-beam
evaporated on the backside of the p-cells througiiiealow mask. The p-cells were then
embedded in a thin (~200 pm) line of uncured Agxgp&4110, Epoxy Technology) on
a glass slide. The glass slide/Ag epoxy/u-cell/FD8ystem was baked on a 150°C hot
plate for 15 min. Following the baking step, thBNPS stamp was slowly removed,
leaving the p-cells printed on a cured Ag epoxyriaerving as the interconnection on

the backside of the devices. There was not a gulseé planarization step with NOA.
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During solar measurements under concentration,gthss slide was mounted on an
anodized aluminum plate with a 3 inch fan usedoml the p-cells. Concentration ratios
(x) for Figures 5E and 5F were calculated by theofoilhg expression:

Iscconc = XIsc1sun
wherelsc conc@ndlsc 15udS the short-circuit current for a p-cell under centration and 1
sun, respectively.
Solar pu-Cell Characterization

|-V characteristics of thg-cells were measured with a source meter (Keithley,
Model 2400) under a full-spectrum solar simulatdofel 91192, Oriel) with AM 1.5D
filter calibrated to 1000 V¢m? at room temperature using a Si reference cell @od
91150V, Newport-Oriel). Measurements under solamcentration were obtained by
placing a convex lens (Model LH-2 M4 KBX145 F62Mewport) in the beam path.
Different concentration ratios were obtained bystating the lens vertically.

Due to the inherent transparency of printed arcdytbeseu-cells, reflection from
the subjacent layers will have a significant impactPV measurements. We suppressed
reflection from the solar simulator's sample stdgemounting the glass substrate on an
anodized Al (AA) plate to obtain PV metrics withmmal influence of reflected light.
Figure S9 shows reflectivity data, relative to ae&palon® target, of the anodized Al
(AA) plate used for PV measurements. To elucidsiegancements to the PV metrics of
printed p-cells from diffuse reflection, the glass substratas also mounted on a
Spectralon® target, as shown in Figure 5A, in sameasurements. We distinguish

reported PV metrics when using this diffuse baakseflector by using subscript “BSR”.



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2013

For devices without oxidé;V characteristics were measured right after a 5rb mi
etch in BOE 6:1 as well as a few days later afterformation of the native oxide layer
on an AA plate without planarization. (See Figu%nd Table2). The devices show a
further degradation after the surface Si-H bondméa during BOE etch were oxidized

in air. The data with the native oxide layer isdiseFigure 3A.

Jsc (MA/cnT) Voe (V) | Efficiency (%) FF
With Oxide 28.08 0.515 10.89 0.753
After BOE 19.85 0.501 7.54 0.758
Without Oxide
(With Native Oxide) 19.08 0.481 6.80 0.740
Table2

EQE measurements were taken using an OL750 spadimoneter with devices
embedded in NOA layer with top contact lines. Tbp tnterconnects for devices in
Figure 3B and Figure S7E were formed by eithertepng a Ti (10nm)/Al (300nm)
metal line or directly painting a silver paste/epdixie through a stencil mask onto the
cell. All EQE results were normalized to percentagsed on device performance under
AM1.5D solar spectrum measured on a non-refled@eplate without planarization to
eliminate waveguiding effects.

Methodsfor calculating the AR effects from the top oxide

The reflections on the top surface of the deviceewealculated based on
refractive indices of thermal oxidew] and silicon(n;) at different wavelengthsi);
assuming a normal incidence of the incoming sodaliation. (Refractive indices at

different wavelength for single-crystalline silicaand fused silica were taken from
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“Handbook of Optical Constants of Solids, Edward D. Palik. Academic Press, Boston,
1985” and “Handbook of Optics, 3rd edition, Vol. 4. McGraw-Hill 2009”, respectively.)
For devices without oxide, the top surface reftatifR;) under air was calculated

as

(n; — 1)%

RA=—"—2
17 (g +1)2

For devices with oxide with a certain thickneBs the top surface reflectiomR{)

was calculated as

112 + 1,2 + 211, cos 20

RZ = 2. 2
1+ nr°r%+ 2r1, cos 20
where
1 - le le - Tl1 Zﬂnzt
1‘1 = 5 Tz = ) 9 =
1+4+n, n, +ny A

The relative optical enhancemeitd) (by adding a thermal oxide AR layer was
then defined as

1_R2
E =
1-R,

The EQE for a device with AR coating but withoutsgi@ation was then

estimated as

2
EQEgimulated = 1—R * EQE\ithout oxide
1

The difference between these two EQE curves wexe ititegrated with the AM
1.5D solar spectrum to get the simulated currensitie enhancement from an AR layer

on a device without passivation.

10
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For the blue dashed curve in Figure 3B, 250 nm wgasl as the oxide thickness
for calculation, as determined by a cross-secti@t image (Figure S7B) for another

device on the same donor wafer.

11
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S| Figure Captions

Figure S1 Schematic illustration of the fabrication protoémi creating Si solaw-cells.

Figure S2 Efficiency normalized to the maximum efficiency ach data series (i.e.,
doping temperature) vs. phosphorous doping time.ddta shows that the maximum
efficiency is achieved at doping times of 15 mimi, and 5 min at doping temperatures

of 900°C, 950°C, and 1000°C, respectively.

Figure S3 (A) SIMS depth profile of phosphorous concentnatio samples doped at
different conditions; (B)-V curves ofu-cells doped at different conditions measured on
an AA plate without planarization. (900°C, 15 miplack, 950°C, 5 min: red; 1000 °C,

5min: blue)

Figure $4 Performance metrics of devices doped at diffecentitions measured on an

AA plate without planarization: (A)sg (B) Vo, (C) Efficiency; and (D) Fill factor.

Figure S5 Cross-sectional SEM images of&cells (blue) with thermally grown oxide
layers (pink) on the top (left frame) and sidewatht frame) surface after different

fabrication steps: (A) Sidewall oxidation; (B) Fb&IE; and (C) Full device fabrication.

Figure S6 Statistical analyses and histogram plots (insgtdevice performance metrics

measured on an AA plate without planarization: J&) (B) Vo, and (C) Fill factor.

12
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Figure S7 (A) J-V characteristics of devices with oxide (black)htigfter BOE etch
(green) and after formation of a native oxide layed); (B) Cross-sectional SEM images
of a Siu-cell for EQE measurement with top oxide thickness250 nm; (C) Calculated
top surface reflections for devices without oxided] and with 250 nm thermal oxide
(black); (D) Simulated relative AR enhancementsafgr-cell with 250 nm top oxide; (E)

External quantum efficiencies (EQE) of passivatezklls with various oxide thickness.

Figure S8 (A) Profilometry line scan across three printeg@&@arp-cells following

planarization; (B) Profilometry line scan acros&gpaste interconnect.

Figure S9 Reflectance of the non-reflective anodized alummr{dA) plate.

13
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Figure S5
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