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Nickel Monosilicide Contact Formation in Electrolessly Etched
Silicon Nanowires Deposited onto Nickel Electrodes

Wanli Xu,®* Vadim Palshin,’ and John C. Flake"** ?

8Gordon and Mary Cain Department of Chemical Engineering aigenter for Advanced Microstructure
and Devices, Louisiana State University, Baton Rouge, Louisiana 70803, USA

Large arrays of silicon nanowires are fabricated by electroless etchii@@fp-type silicon wafers: The nanowires are separated

from substrates, deposited onto interdigitated nickel electrodes, and annealed to form silicide contacts. Two-probe electrical
characterization of interdigitated electrodes with hundreds of silicided nanowires deposited across electrode pairs shows a linear
currentbvoltage behavior with an estimated nanowire resistivity approximately equal to the parent wafer. Results from X-ray
photoelectron spectroscopy and X-ray absorption near-edge structure show the formation of a nickel morid&ftigdhase

near the tips of nanowires adjacent to nickel reservoirs during an anneal. The work shows that a facile and nonvacuum process
may be used to create ohmic contacts between high volumes of nanowires and pre-existing electrodes.
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Silicon nanowires!SINWS' have garnered signibcant attention crystal wafers, separated from the parent substrate, deposited onto
for applications in high performance transistors, biosensors withnickel interdigitated electrodedDES", and directly annealed to
femtomolar detection limits, or Li-ion battery anodes with ultrahigh form silicides. This simple method enables facile and low cost nano-
lithium capacities=> SiNWs with dimensions of less than 200 nm in wire sensor devices, integratédanowireDCMOSdevices, or thin
diameter and several micrometers in length may be created in addiranowire PIms for use as anodes or photovoltaic cells. Silicided
tive processes, such as vaporbliquidDsdlidS" growth, solution ~ nanowires are characterized by electrical measurements; transmis-
synthesis, and thermal evaporation, or in subtractive procésts sion electron microscopyTEM", X-ray photoelectron spectroscopy
ing" using silicon wafer§® Subtractive processes include traditional !'XPS', and X-ray absorption near-edge structUX&ANES" analysis
lithographic patterning and etching and electrochemical etchingdemonstrate the formation of a nickel silicide 1NiSi" phase.
methods to form large areas of freestanding SINWs arJr%iVsElec-
trochemical methods do not require lithography and are particularly
interesting for producing larger volumes of nanowires due to the Large arrays of SiINWs were fabricated via electroless etching of
advantages of large scale, low fabrication cost, and the relative simsingle-crystall100' p-type silicon substrateldviontco, Spring City,
plicity of processing: PA". Substrates were cleaved from 100 mm silicon wafers and

A key challenge associated with integrating nanowires into de-cleaned with acetone followed by wet cleaning steps including
vices involves establishing electrical connections between semiconeeionized!DI" water rinsing, HFH,O,/H,0O/surfactant megasonic
ducting nanowires and metal electrodes. Nickel silicides are particucleaning, 1% HF rinse, and DI water megasonic cleaning to remove
larly useful for ohmic contacts due to their relatively low resistivity any surface contaminatidi.Samples were etched in 5.0 nfiolHF,

1" 10D20" cn¥# low temperature of formatior 350D750;& IAldrich" solutions containing 0.02 mkl silver nitrate lAgNOs,

high thermal stability, and low silicon consumption during Flukd' at 50iC for 30 min. Silver was removed after electroless
silicidation!* Nickel silicides are typically formed in planar etching followed by a DI water rinse and air drying. Freestanding
#omplementary metal oxide semicondudt@MOS'$processes ina  SiNWs approximately 20 m long were separated from the parent
series of steps including nickel deposition onto single-crystal siliconwafer by sonication in a transfer solverg.g., ethandland trans-
wafers followed by thermal annealing and wet etching to removeferred to IDEs via micropipette. Comb-type IDE3 mm long with
excess nicket® Silicides may be formed in SINWs by annealing 25 comb pairs, and a total length of 150 thmith 5! m wide
nanowires with nickel reservoirs allowing radial or axial nickel electrodes and bm wide spaces were created for electrical
diffusion.®*® Silicidation reactions with singl&VLS-growrt' nano-  characterization. Annealing experiments were performed at 450;C
wires have been\demonstrated ysing scanning electron microscog@er 30 min in a reducing atmosphetér:H,, 4:1 by volumé&. In
ISEM" intensive Obnd-and-wireO approaches, where physical vapagddition to the silicidation of separated nanowires, freestanding ar-
deposition!PVD" nickel is locally deposited onto unoxidized nano- rays of nanowires were also used to form silicides for characteriza-
wires followed by thermal annealing. Resistance measurements ofion purposes. In this method, a thli00 nni blanket layer of
these nanowires after annealing result in an estimated resistivity ofjckel was sputtered onto arrays of SiNWs attached to the parent
951" cm, suggesting that the low phase NiSi is form@dike- ~  substrateas shown in Figl”. As in the IDE process, these samples
wise, silicide contacts have also been reported with VLS-grownwere annealed in a reducing environment, and excessive nickel was
SiNWs foIIowinglgeposition, electroless nickel deposition, and ther- stripped by wet etchin§TFG, Transene Nanowire morphology and
mal annealing."™~ These approaches typically involve catalyst- composition were characterized by SEM, TEM, XPS, and XANES
assisted vacuum growth of nanowires and nickel deposition ontaanalysis. XANES analysis for Si K edge and Ni K edge was con-
nanowire surfaces using either localized PVD or electroless platingducted using the double-crystal monochromator X-ray beamline of

Electrical measurements suggest that the low resistance NiSi phasfie 1.5 GeV synchrotron source at the Center for Advanced Micro-
is formed; however, the size of nanowires and the incorporation ofstrycture and Deviced SU, Baton Rouge

the catalyst complicate the analysis. ) )
This work presents an alternative process allowing facile silicid- Results and Discussion

ation of high numbers of SiNWs and does not require vacuum pro-  giNws were fabricated by electroless etching in aqueous AgNO

cessing or any metal-deposition steps after nanowire deposition. 1,4 HE solutions. As described in previous work, the growth mecha-

this process, SiNWs are created via electroless etching of singleqism of SiNws may be explained by a self-assembled localized
microscopic electroless mod& Silver deposition leads to the for-
mation of cathodic nuclei, and the silicon surrounding these metal

Experimental
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Figure 1. SEM images of electrolessly etched SiNWsg’ Cross-section .

SEM image of SiNWs etched at the surface of a silicon wata.Tilted

top-down SEM image of SINWs. Silver dendrites are removed before nano-gigyre 3. Currentbvoltage behavior of IDEs after multiple SINW deposition
wire separation. and annealing for three parallel experiments.

Si+2H,0! SiO, + 4H' + 4é E,=!0.84 V/SHE ) ) )
SiNWSs were annealed in a reducing atmosphere and cleaned. Elec-

SiO, + 2|_||:‘-2 + 2HF! SiFél + 2H,0 trical measurements show a resistance decrgase of more thqn 3 or-
ders of magnitudé2 # 10°P6# 10°" # The high range in resis-
tance is indicative of the random number of SINWs bridging
. 1o - .~ electrode pairs from the transfer-solution deposition in each experi-
Dense nanowire a;rays 21 # 10° cm #for(;ncled W'Lh nanowire di | ment. Resistance values remained unchanged after IDEs were re-
ameters ranging from 20 to 300 nm and lengths proportional t0peately cleaned with DI water and dried, suggesting stable connec-
electroless etching time' 20! m after 30 min etching As shown — jiong petween electrodes and SiNWs. As shown in Bjga linear
in Fig. 2, SINWs were separated from the parent substrate and degrentpvoltage behavior is observed for three IDE samples with
posited onto comb-type IDEs with!'5m wide nickel electrodes and  5nealed nanowires over a potential rang@d0 mV. The appli-
5! m spaces. Nanowire surfaces were typically hydride terminated.ation of higher voltage$%1 V# also showed a linear behavior;

after etching and were also exposed to diluted HF after silver e+, over aprupt failures were observed under higher current densi-
moval and before sonication. Nanowires were transferred to the[ieslj $ 1.44 107 mA cm2#
= Jmax . .

IDEs in a transfer solvent and deposited by droplet deposition via The resistivity of individual nanowires was estimated based on

micropipettor. The solvent was rt_amoved us!ng a low pressure nltro'the number of nanowires bridging electrode pairs and their average
gen stream followed by annealing at 450;C in a reducing atmo-

sphere. Aside from the HE dio after the silver strio. no special rO_diameter. Based on the SEM analysis of 10% of the IDE comb area,
p : JIp aner U Stip, P PO the total number of SINWs bridged across IDE surfalkce§ mnf#
cedures were used to avoid oxidation of SiINWs throughout the

experiments and no metals were deposited onto nanowires afte as 1806!%372, 1&". Based on an average measured Iength_of
nanowire deposition. iINW (_Jf 5.38! m and an average _dlameter qf 150 nm, nanowire
Electrical measurements were carried out using a source probEeSistivity of 2.36" cm may be estimated. This value is approxi-
before and after SINW deposition and silicidation annealing. BeforeMately equal to the parent wafer resistivitgbs" cm# and sug-
SiINW deposition onto IDEdtwo-probe resistance measurements 9ests that ohmic connectionsilicides' are localized to nanowire
indicate an open circuit$ 1 # 10° " # After SINW deposition, the regll\(l)'ni rl]ealr' t_r&e ”'ﬁkeHDZ'“CO“ Eterfe;ce_. d | " b
IDE resistance signibcantly decreased to approximatedy 40 " | ICkel srlicides have been characterizeg on planar silicon sub-
suggesting conductive nanowires or ionic contamination from theStrates using XPS and XANES, respectivély! however, the veri-

transfer solution. Following SiNW deposition, electrodes with Dcat_ion of nickel silicic_ie_phases "? nanowire_s is particularly_chal-
lenging due to the limiting spatial resolution of conventional

analytical tools. In this case, silicide characterizations were per-
formed using arrays of electrolessly etched SiNWs attached to the
parent wafelFig. 1d'. A thin PIm of metallic nickel' 100 nn#was
sputtered onto freshly etcheéd 1 h after etching SINW bIms and
annealed in the same procedure described in the IDE study. Follow-
ing the anneal, the nickel remaining at the surface was stripped and
SiNWs were separated and transferred to carbon-coated gold grids
for TEM analysis. As shown in Figl, TEM images of single SINWs
show sharp contrast differences and an amorphous phase near the
nanowire tip. The bright region with a periodic structure inside the
structure is single-crystal silicon and the bright amorphous region
along the wall of the nanowire is considered to be silicon oxides
formed after annealing. The dark amorphous region is indicative of
an amorphous nickel silicide phase.
XPS analysis, including depth probling using"Aputtering, was
a used to determine the compositional details of the silicide after an-
nealing. As shown in the O 1s spectra in Fig.the characteristic
Figure 2. Magnibed SEM image of SiNWs deposited on IDE after thermal peak of oxygen at 533 eV decreases with sputter time, indicating the
annealing. gradual elimination of surface oxides. The characteristic peak of O

Figure 1 shows SEM imagescross section and top-down, respec-
tively" of SINWs electrolessly etched from a silicbh00' substrate.
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Figure 4. TEM image showing!a' single SiNW after annealing anid"
magnibed view of the nanowire tip.
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1s for nickel oxide at 529.9 eV is not present, suggesting that the
oxide is solely associated with silicéf** As seen in the silicon 2p  Figure 6. Sputter XPS Si 2p spectra.
spectra shown in Fig6, the peak for silicon oxides at 103.7 eV

decreases as the sputter time increases in accordance with oxide
removal by ion sputtering. A slight shifting of the Si 2p peak at Silicon appears to dominate the TEY signal, and the thin silicide

99.6 eV to a higher energy level at 99.8 eV can be observed aftephase!’ 10 nm#near the tips of nanowires does not yield a strong
15 min of sputter time, indicating the silicide phase. The 99.8 eV Si K-edge signal. As shown in Fi@, the Ni K-edge data provide
peak returned to 99.6 eV after 25 min of sputter time, where themore conclusive results, showing that a nickel phase remains after
XPS detection was dominated by the bulk silicon sidfialhe the wet nickel strip. The Ni K-edge spectra of silicided SiNWs are
nickel 2p;, peak!Fig. 7" at 852.3 eV shifts to a higher energy level shown along with a nickel foil and results from a previous XANES

1854 e\ also suggesting the low resistance NiSi phase, and is conNiSi study with planar substrates. The SiINW spectra shows the pres-
ence of unoxidized Ni and are signibcantly different from metallic

sistent with a previous study using planar siliédn.

The composition of the NiSi phase in nanowires was further nickel, including the reduced amplitude of the pre-edge peak
veribed using Ni and Si K-edge XANES analysis in total electron !" 8335 e\ a shoulder appearing near 8344 eV, broadening of the
yield ITEY" mode. As noted in a previous work with planar PIms, white line due to a peak appearing at 8363 eV, and a disappearance
the monosilicide!NiSi" phase has signibcantly different Si K-edge of the large resonance near 8383 eV. These observations are consis-
spectra relative to bulk silicon or other nickel silicide phaSen tent with XANES work on planar NiSi bImi$and demonstrate that
this case, the Si K-edge XANES results showed only slight spectrakilicidation reactions under these conditions yield the low resistance
differences for silicided nanowires relative to unreacted sili¢eg. 1:1 NiSi phase in areas where nanowires are annealed in direct-
8". These results are considered to be due to the comparable X-rayontact nickel reservoirs.
probe depth and silicide thickness in nanowires in these samples.
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Figure 5. Sputter XPS O 1s spectra. Figure 7. Sputter XPS Ni 2p, spectra.
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Figure 8. XANES !TEY mode' Si K-edge spectrata’ Pure silicon andb"
silicided nanowiredthis study.
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Figure 9. XANES ITEY modée Ni K-edge spectrata' Metallic nickel, !b"
silicided nanowiregthis study, and!c" NiSi spectra from a previous study
IRef. 24" on a planar surface.

Conclusion

H547

depositions steps. In contrast to VLS-grown nanowires, catalysts are
not required and high volumes of nanowires may be created in an
electroless process. Experimental results demonstrate that nanowires
retain the resistivity of their patent wafer and show the formation of
a nickel monosilicide phase in regions where nanowires are in con-
tact with nickel reservoirs during annealing. These results demon-
strate a vacuum-free method to integrate large numbers of SINWs
with pre-existing electrodes and the potential to create dense nano-
wire PIms for Li-ion battery anodes, photovoltaic cells, or highly
integrated devices such as nanowire transistor arrays, optical receiv-
ers, and chemical or biological sensors.

Louisiana State University assisted in meeting the publication costs of
this article.
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