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Directional single mode quantum cascade laser emission using
second-order metal grating coupler (3 pages)

High internal and external quantum efficiency InGaN/GaN solar cells
(3 pages)

Temperature tunability of photonic crystal fiber filled with Fe;O4
nanoparticle fluid (3 pages)

Deformation-immunized optical deposition of graphene for ultrafast
pulsed lasers (3 pages)

Coupling of a surface plasmon with localized subwavelength
microcavity modes (3 pages)

Midinfrared electroluminescence from PbTe/CdTe quantum dot
light-emitting diodes (3 pages)

Fully complementary metal-oxide-semiconductor compatible
nanoplasmonic slot waveguides for silicon electronic photonic
integrated circuits (3 pages)

The effect of intensity of excitation on CdSe/ZnS quantum dots:
Opportunities in luminescence sensing (3 pages)

Optical racetrack ring-resonator based on two U-bent microfibers
(3 pages)

Monolithic single GaN nanowire laser with photonic crystal
microcavity on silicon (3 pages)

Polarization-independent filters for luminescent solar concentrators
(3 pages)

Topology optimized low-contrast all-dielectric optical cloak (3 pages)
Theoretical and experimental studies of surface plasmons excited at
metal-uniaxial dielectric interface (3 pages)

Photo-Dember terahertz emitter excited with an Er:fiber laser
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Gain of blue and cyan InGaN laser diodes (3 pages)
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Experimental observation of Fano resonance in a single
whispering-gallery microresonator (3 pages)

PLASMAS AND ELECTRICAL DISCHARGES
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Atmospheric pressure cold plasma as an antifungal therapy
(3 pages)

Influence of annular magnet on discharge characteristics in
enhanced glow discharge plasma immersion ion implantation

(3 pages)

Diffuse discharge, runaway electron, and x-ray in atmospheric
pressure air in an inhomogeneous electrical field in repetitive pulsed
modes (3 pages)
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OF CONDENSED MATTER

021901
021902

021903

021904

021905

021906
021907

021908
021909
021910

021911

021912

Evidence of tetragonal nanodomains in the high-pressure polymorph
of BaTiO; (3 pages)

Hybrid exchange-correlation functional study of the structural,
electronic, and mechanical properties of the MAX phases (3 pages)

Correlating structure, strain, and morphology of self-assembled InAs
quantum dots on GaAs (3 pages)

Bond-specific reaction kinetics during the oxidation of (111) Si:
Effect of n-type doping (3 pages)

Low aspect-ratio hemispherical nanopit surface texturing for
enhancing light absorption in crystalline Si thin film-based solar
cells (3 pages)

Fourier transformation infrared spectrum studies on the role of
fluorine in SnO,:F films (3 pages)

Implications of elastic constants, fragility, and bonding on
permanent deformation in metallic glass (3 pages)

Improving stability of photoluminescence of ZnSe thin films grown
by molecular beam epitaxy by incorporating Cl dopant (3 pages)

Upper bounds on the electrocaloric effect in polar solids (3 pages)

Silicon concentration dependence of optical polarization in AlGaN
epitaxial layers (3 pages)

Electromagnetic nonreciprocity and gyrotropy of graphene (3 pages)

Grazing-incidence x-ray diffraction from GaN epitaxial layers with
threading dislocations (3 pages)
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ELECTRONIC TRANSPORT AND SEMICONDUCTORS
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Stability and electronic structure of two dimensic".mal Cx(BN),
compound (3 pages)
Simultaneous gettering and emitter formation in multicrystalline-Si

wafers by annealing phosphorus doped amorphous silicon
compounds (3 pages)

Extremely low temperature coefficient of resistance in antiperovskite
Mn3Ag,_4CuN (3 pages)

Enhanced thermoelectric performance in p-type BiSbTe bulk alloy
with nanoinclusion of ZnAlO (3 pages)
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Epitaxial VO,/Cr,03/sapphire heterostructure for multifunctional
applications (3 pages)

Role of oxygen for highly conducting and transparent gallium-doped
zinc oxide electrode deposited at room temperature (3 pages)

Tunneling transport of electrons on the surface of a topological
insulator attached with a spiral multiferroic oxide (3 pages)

Anisotropic scattering of surface state electrons at a point defect on
Bi(111) (3 pages)

Charged basal stacking fault scattering in nitride semiconductors
(3 pages)

MAGNETISM AND SUPERCONDUCTIVITY
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Spin torque switching of perpendicular Ta|CoFeB|MgO-based
magnetic tunnel junctions (3 pages)

Stability of magnetic nanoparticles inside ferromagnetic nanotubes
(3 pages)

Magnetism and carrier modulation in (Ga,Mn)As/organic-dye hybrid
devices (3 pages)

Band gap parameters of one-dimensional bicomponent
nanostructured magnonic crystals (3 pages)
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Effects of Ti incorporation on the interface properties and band
alignment of HfTaO, thin films on sulfur passivated GaAs (3 pages)

Ferroelectric, piezoelectric, and leakage current properties of
(K0_43Nao_48Li0_04)(Nb0.775Tao_225)03 thin films grown by pulsed laser
deposition (3 pages) ‘

Effect of annealing temperature on microstructural evolution and
electrical properties of sol-gel processed ZrO,/Si films (3 pages)
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Step bunching-induced vertical lattice mismatch and
crystallographic tilt in vicinal BiFe0,(001) films (3 pages)

Optical properties of nonvolatile memory capacitors based on gold
nanoparticles and SiO;~HfO, sublayers (3 pages)
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Formation and evolution of self-organized Au nanorings on
indium-tin-oxide surface (3 pages)

Influence of surface roughness of aluminum-doped zinc oxide buffer
layers on the performance of inverted organic solar cells (3 pages)

Proposal for a topological plasmon spin rectifier (3 pages)

Enhanced intermixing in Ge nanoprisms on groove-patterned
si(1 1 10) substrates (3 pages)

Band gap engineering in graphene and hexagonal BN antidot
lattices: A first principles study (3 pages)

A spin-filter device based on armchair graphene nanoribbons
(3 pages)

High-capacity hydrogen storage medium: Ti doped fullerene
(3 pages)

Absolute deformation potentials and robust ab initio model for band
shifts induced by (001) biaxial strain in group A-VA
semiconductors (3 pages)

Direct observation of dynamic surface acoustic wave controlled
carrier injection into single quantum posts using phase-resolved
optical spectroscopy (3 pages)

Reversibly phototunable TiO, photonic crystal modulated by Ag
nanoparticles’ oxidation/reduction (3 pages)

Stacked optical antennas (3 pages)

Strain modulated band gap of edge passivated armchair graphene
nanoribbons (3 pages)

Single-layer metallicity and interface magnetism of epitaxial
graphene on SiC(0001) (3 pages)

Enhanced figure of merit of a porous thin film of bismuth antimony
telluride (3 pages) :

Embedded voids approach for low defect density in epitaxial GaN
films (3 pages)
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Organic solar cells with a multicharge separation structure
consisting of a thin rubrene fluorescent dye for open circuit voltage
enhancement (3 pages)

Near infrared light driven organic p-i-n solar cells incorporating
phthalocyanine J-aggregate (3 pages)

Driving vertical phase separation in a bulk-heterojunction by
inserting a poly(3-hexylthiophene) layer for highly efficient organic
solar cells (3 pages)

Photonic crystal slot waveguide absorption spectrometer for on-chip
near-infrared spectroscopy of xylene in water (3 pages)

Field effect mobility model in organic thin film transistor (3 pages)

In situ vacuum measurement of the thickness dependence of
electron mobility in naphthalenetetracarboxylic diimide-based
field-effect transistors (3 pages)

An electrospun fiber phototransistor by the conjugated polymer
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(3 pages)
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Observation of a large gate-controlled persistent photoconduction in
single crystal ZnO at room temperature (3 pages)
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Characteristics of dotlike green satellite emission in GalnN light
emitting diodes (3 pages)

Voltage-induced recovery of dielectric breakdown (high current
resistance switching) in HfO, (3 pages)
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Poration of lipid bilayers by shock-induced nanobubble collapse
(3 pages)
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throughput macromolecules analysis (3 pages)
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We demonstrate gettering of metal impurities in p-type multicrystalline silicon (mc-Si) wafers by
annealing wafers that are surface passivated by double layers of amorphous silicon-based
compounds acting as gettering sites. As inner layer we use a phosphorus-doped amorphous
silicon-carbon-nitrogen alloy, providing surface passivation and acting as dopant source for the
emitter formation during subsequent anneal. The outer layer is silicon nitride with antireflective
properties. Anneals are done at 750, 800, and 850 °C for 30 and 60 min. The gettering effect is as
good as for a conventional POCl, diffusion followed by extended gettering at low temperature, and
it is weakly influenced by the temperature step chosen. In the range explored, the sheet resistances
of the emitters and the junction depths lay between 3000 to 60 }/sq. and 100-300 nm,
respectively. © 2011 American Institute of Physics. [doi:10.1063/1.3535616]

Multicrystalline silicon wafers are commonly used in the
solar industry for the production of wafer-based solar cells.
Metal impurities such as iron are present in the wafers due to
the manufacturing process of the multicrystalline silicon
(mc-Si) ingots and reduce the carrier bulk lifetime. These
metal impurities are gettered during the formation of the
emitter, conventionally done by diffusion at 800—900 °C in
POCl; atmosphere to form an n*-type emitter on a p-type
substrate.! After that, a HF dip is necessary to remove the
phosphosilicate glass (PSG) grown on the wafer surface. The
emitter is subsequently passivated by amorphous silicon ni-
rride (SiN), serving at the same time as antireflective coating.

In this work we suggest an alternative way of emitter
formation and gettering for p-type mc-Si solar cells. It con-
sists of the deposition of double layers of phosphorus-doped
amorphous silicon-based compounds followed by annealing.
Gettering of metal impurities from dcposm:d amorphous
silicon (a- Sl) was already reported in patents 2 and in a
publication.” Emitter diffusion from phosphorus doped amor-
phous layers was demonstrated® without analyzing the get-
tering performance. Our process provides the simultaneous
formation of an emitter and getters metallic impurities and
will eventually also provide antireflection properties.” As an
:Ilddltmnal advantage, a posterior HF dip to remove the PSG
'S not necessary. This paper concentrates on the gettering
Performance and the sheet resistance of the emitter. Surface
aﬂ;Sivation and optical properties will be discussed else-

€re.

Neighboring p-type mc-Si wafers with 1.3+0.1 Q cm
"eSistivity are selected from middle positions of a mc-Si in-
80t We select two different regions A and B on each wafer to
“plore (he dependence of gettering on the grain size. Region

has o grain size that is around five times that of region B.
aWE[Chmg for 3 min in an acidic CP4 solution removes the
damage. The final wafer thickness is 155 wm. After-

-

Blegiie:.:
! |Etlmmc mail: ferre@isfh.de.

0003.
3-6951/2011/98(2)/022102/3/$30.00

98, 022102-1

wards we perform a RCA cleaning and an HF dip. Then we
split the wafers in three groups: the first for depositing doped
a-Si double layers that are annealed, the second for reference
POCI, diffusions, and the third to be well passivated with
silicon nitride for measuring the bulk lifetime before getter-
ing.

Amorphous silicon films are deposited by means of a RF
parallel plate plasma enhanced chemical vapor deposition at
a frequency of 13.27 MHz. The process temperature is
400 °C and the total gas pressure 0.4 bar. We coat both
surfaces of each wafer symmetrically with double layers.

The first and inner layer is a phosphorus-doped silicon-
carbon-nitrogen alloy [SiCN(n)] that is rich in silicon and
has a refractive index of 3.7-4.0 and a thickness of 50 nm.
This layer is the phosphorus source for the emitter formation
during the subsequent annealing. We use silane [SiH,, 28
SCCM (SCCM denotes cubic centimeter per minute at
STP)], methane (CH,, 21 SCCM), molecular nitrogen (N,
32 SCCM), and phosphine (PHj, 1.5 SCCM) as precursor
gases. These deposition parameters demonstrated excellent
surface passivation for p-type and n- type crystalline sili-
con. The presence of carbon in phosphorus-doped amor-
phous silicon films reduces drastically the surface recombi-
nation when cornpared to films without carbon depesited at
identical conditions.' It also permits to work at deposition
temperatures almost two times higher than those for a-Si
films and consequently reduce the content of hydrogen.

The second and outer layer is nominally intrinsic (not
doped) silicon nitride with a refractive index of 2.1 and a
thickness of 70-80 nm. This layer is conceived to provide
the antireflection properties and to prevent the out-diffusion
of phosphorus. We use silane (SiH,, 15 SCCM) and ammo-
nia (NH;, 18 SCCM) as precursor gases.

We anneal samples at 750, 800, and 850 °C for 30 and
60 min, respectively, in a conventional tube furnace under N,
atmosphere. In order to facilitate slow effusion of hydrogen
out of the amorphous films without producing blistering, we

© 2011 American Institute of Physics
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FIG. |. Demonstration of geftering in region A after annealing a-5i stacks at
850 °C for 30 min. Once the wafer is annealed, bulk lifetime increases from
around 55 ps (before gettering) to around 220 pus (after gettering) at &n
—53 10" cm~, The corresponding neighboring wafer with POCl; refer-
ence process reaches similar values.

introduce a preannealing at 500 °C for 30 min. Scanning
electron microscope images show that both outer and inner
layer remain after annealing as distinct films on the wafer
surface.

As a reference for the gettering experiments, we diffuse
a 70 /sq. phosphorus emitter under POC]I; atmosphere at
865 °C during 30 min, followed by further extended
gettering'" step at 500 °C during 1.5 h under N, atmosphere.
We perform an HF dip to remove the silicon nitride outer
layer of the samples with an annealed a-Si compounds and to
remove the PSG from the POCIs-diffused samples. After-
wards we etch off 6 um of Si with a CP4 solution to fully
remove the inner layer and the diffused emitter. Then we
RCA-clean the samples and deposit passivating SiN on both
sides.

We determine the gettering quality by measuring the mi-
nority carrier lifetimes before and after anncaling applying
the steady state photoconductance tec:hnique.'2 Infrared light

A, not gettered B, not gettered

B, gettered M-

A, gettered |

L4

L3

FIG. 2. Spatially resolved PL image of two passivated, emitter-free mc-Si
neighboring wafers before and after annealing at 850 °C for 30 min.
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FIG. 3. Measured lifetime at An=5x 10" cm™ for mc-Si samples as a
functien of the ingot position. Labels for squares indicate the annealings as
follows: (a) 750 ©C, 30 min, (b) 750 °C, 60 min, (c) 800 °C, 30 min, (d)
850 °C, 30 min, {¢) 850 °C, 60 min, and (f) 800 °C, 60 min. Variation (d)
corresponds to samples used in Figs. 1 and 2.

illuminates the sample to ensure a close to uniform charge
carrier generation rate in the wafers.

Figure | shows the injection dependences of the earrier
lifetime for region A that we annealed at 850 °C for 30 min.
Also shown is the POCl5-diffused reference that experienced
a postdiffusion low-temperature anneal.

Both annealing treatments enhance the lifetime by
about a factor 4 at an excess carrier density of An
—10'9-10'5 ¢m™. This reflects a reduction of Shockley=
Read-Hall recombination in the bulk since (i) the emitta!‘_
is etched and the surface is repassivated, (i) Auger
recombination'? is negligible, and (iii) lifetime artifacts dU¢
to trappiﬂgl‘1 or depletion region modulation'>" are preseit
only at lower injection densities. [

Figure 2 shows spatially resolved photo]um_inesccﬂee-
images of neighboring wafers before and after annealing e
amorphous double layer with the annealing conditions usé
in Fig. 1. The image is taken once the emitter is ¢tehed-0
and the surface is repassivated, The signal, pmpurliﬂ““l o
the carrier lifetime, enhances at the grain boundaries and !
the volume of the crystal grains, The same enhanceme!
seems to oceur either for big grains, like in region A, ”r.:
small grains observed in region B. This suggest 4 mcchnm-he
involving the presence of gettering sites produt‘fd by ¢
phosphorus emitter'™ and uniformly distributed. rather mﬁ?es
internal ge{teringlg produced by the migration of impurt

to already existing gettering sites.
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FIG. 4. Phosphorus profiles measured with ECV for annealed samples.
Measurements are done after etching the SiN outer layer with HF solution.

Figure 3 displays the lifetimes (taken at An=5
101 cm™>) of the bulk mc-Si wafers before and after get-
tering processes as a function of the ingot position for both
regions A and B. Efficient gettering is achieved, yielding
equivalent final bulk lifetime level regardless of the process
performed (annealing of a-Si compounds or POCl; diffu-
sion), or the region analyzed. This indicates that metallic

~impurities are effectively gettered and that the final lifetime

in region B is limited by crystallographic defects. To support
this hypothesis, we determine the interstitial iron concentra-

~ tion from lifetime measurements in the dissociate and
“associate states of the Fe-B pairs as described in Ref. 20.

Samples not gettered contain interstitial iron concentrations

of around 10" ¢m™3, while the measured values are below

the detection limit (10'® c¢m™) in gettered samples from a-Si
and from POCI; diffusion.

Figure 4 shows the electrically active phosphorus pro-
files determined by electrochemical capacitance voltage

(ECV) technique. Prior to this measurement it is necessary to

etch off the nonconducting SiN outer layer with HF solution.
We measure then the sheet resistances with a four point

- probe directly on the crystallized inner layer. ECV measure-

ments allow us to determine junction depths of 100-300 nm

Appl. Phys. Lett. 98, 022102 (2011)

and sheet resistances between 3000 and 60 ()/sq. for the
samples with lowest and highest thermal budget explored,
respectively.

In conclusion, in this work we have demonstrated a
method of gettering impurities in multicrystalline silicon wa-
fers. It is based on depositing amorphous silicon carbide-
nitride/silicon nitride double layers, the inner ones being
phosphorus-doped, and annealing them between 750 and
850 °C during 30 or 60 min. The gettering effect is as good
as for the POCl; diffusion when the latter is followed by
extended gettering at 500 °C. Besides gettering, emitter for-
mation with attractive sheet resistances was demonstrated.

Authors acknowledge M. Feindugle and S. Musial for
technical support. U.P.C. acknowledges the funding under
Contract Nos. TEC 2008-02520 and PSE 120000-2007-7.

'D. Macdonald, A. Cuevas, and F. Ferrazza, Solid-State Electron. 43, 575
(1999).

M. Nishiura and H. Haruki, U.S. Patent No. 4,692,345, 1987.

33, Takamizawa and N. Kobayashi, U.S. Patent No. 5,970,365, 1999.

“K. Saino, U.S. Patent No. 6,830,991 B2, 2004.
°B. Wang and Y. S. Wu, J. Electron. Mater. 38, 767 (2009).
®A. Orpella, D. Bardes, R. Alcubilla, L. F. Marsal, and J. Pallares, IEEE
Electron Device Lett. 20, 592 (1999).

'R. Ferré i Tomas, U.S. Patent Application No. 2010/0105190, 2010,
8R. Ferre, A. Orpella, D. Munoz, L. Martin, F. Recart, C. Voz, J. Puigdol-
lers, P. Roca, and R. Alcubilla, Prog. Photovolt. Res. Appl. 16, 123
(2008).
°R. Ferré, Ph.D. thesis, Universitat Politecnica de Catalunya, 2008.

191, Martin, M. Vetter, A. Orpella, J. Puigdollers, C. Voz, R. Alcubilla,
J. Damon Lacoste, and P. Roca i Cabarrocas, Proceedings of the 17th
European Photovoltaic Solar Energy Conference, Munich, Germany (WIP,
Munich, 2004), p. 1185,

U'p, Manshanden and L. J. Geerligs, Sol. Energy Mater. Sol. Cells 90, 998
(2006).

12R. A. Sinton and A. Cuevas, Appl. Phys. Lett. 69, 2510 (1996).

M. J. Kerr and A. Cuevas, J. Appl. Phys. 91, 2473 (2002).

"D, Macdonald and A. Cuevas, Appl. Phys. Lett. 74, 1710 (1999).

'5M. Bail, M. Schulz, and R. Brendel, Appl. Phys. Lett. 82, 757 (2003).

'%p J. Cousins, D. H. Neuhaus, and J. E. Cotter, J. Appl. Phys. 95, 1854
(2004).

""M. Garin, L. Martin, S. Bermejo, and R. Alcubilla, J. Appl. Phys. 101,
123716 (2007).

'®W. Schroter and R. Kuhnapfel, Appl. Phys. Lett. 56, 2207 (1990).

"R. Krain, S. Herlufsen, and J. Schmidt, Appl. Phys. Lett. 93, 152108
(2008).

2G. Zoth and W. Bergholz, J. Appl. Phys. 67, 6764 (1990).

REC Exhibit 1018, Page 12 of 12





