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Porous anodic alumina (PAA) masks are employed for the template synthesis of high density silicon
nanowire (SINW) arrays on a silicon substrate by the vagiquid—solid method. The uniform-sized
ordered arrays of nanopores in the PAA mask anchored to Si(111) substrate are shown to enable the
realization of vertically aligned epitaxial SINWs with uniform diameter and spacing. The average diameter
of the wires is 72 nm while the density is 60 wir@sP?. The high packing density and tightly controlled
dimensions of SiNWSs obtained by this nonlithographic method allow their effective integration into
nanodevices for mass production.

Introduction into nanoscale islands of the catalyst to form a—/%i
| h eff W f q h eutectic liquid alloy followed by the supersaturation of the
ntense research eforts are currently focused on t edroplet and precipitation of single crystalline silicon wires.

synthesis of one-dimensional nanoscale materials and on therhe diameter of the nanowires is determined by the size of
understanding of their novel electrical, optical, magnetic, and the alloy droplet, which in turn is determined by the original
mechanical properties, derived from the reduced dimension- 5 | | ster sizé? Hence precise control of the SINW

allt_y_and SIZ€. In partlcul_ar, semiconductor NANOWIIES ar€ yiameter, which strongly affects the electrical and optical
gaining significant attention as a result of their potential properties of the nanowiré&relies on the ability to prepare
applications in electronic, optoelectronic, electromechanical, Au clusters with homogeneous size. With the exception of

and s_ensi_ng de_vicésf‘ Among the semiconQuctor NAano- Ay nanoclusters below 30 nm, SINW growth occurs pref-
materials investigated so far, remarkable achievements haveerentially along the [111] direction, leading to vertically

been o_btaine_d in the fabri.cation of sir_lgle crysFaIIine_siIicon aligned nanowires on the Si(111) substréte.
nanowires (SiINWSs). Practical applications of SINWSs include The VLS growth of vertically aligned SiNWs with

;hei_r use ashbuilding blOCdef?,r Igexftf future ng;‘res?tronic monodispersed diameter has been achieved via e-beam
evices such as sensors and field effect trans or lithography® Although the lithographic method allows for

the T.abrl.catlo? gf[:lr\\/\e;rn}oelle %trllc fdewcéb'llqrel recsntlly, th'e | fabrication of nanowires with controlled size and well-defined
pr |c§1t|0nfo INVVS orka er; reet; mut(ljp exe eﬁi_;ttzca growth locations through the Au patterned substrate, it
etection of cancer markers has been demonstra involves high processing costs and limits on the nanowire

well-established vaperiiquid—solid (VLS) growth method size. Nonlithographic methods employing gold colloids with

i ili i 12
SLcSommonly ut|I|T§d_ for t_he l?rOWtthf S'EW?' Inl th?f a narrow size distribution have been successfully used to
process, gold is typically used as the “catalyst” for grow SiNWSs with uniform diameter on a Si substrétéé1?

nanowire growth. The process starts with the diffusion of Si but in this case, rather low-density nanowire arrays 0.1
1.8 wiresiim?) have been achieved, with poor control over
nanowire spacing’ Dense arrays of SiNWs have been
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In this article, we describe a nonlithographic technique to .
synthesize high-density, vertical SINWs on a Si(111) sub- I w
strate with well-defined diameter and spacing. Unlike the
use of Au colloids for controlled growth of SiNWs, the i m
method described here enables the fabrication of SINWs with

a much higher packing density of up to 60 wiges?. Such
a high packing density is particularly attractive in nanostruc- EEnEnEs———
tured thermoelectrics and biochemical sensing applications.
A porous anodic alumina (PAA) mask is used for the iv I I I I I

template growth of vertical SINWs with homogeneous size
ona Sl(lll) substrate. PAAis a ma.tenal CharaCt.enzeq by aFigure 1. Schematic diagram of the fabrication method used for the PAA
honeycomb pattern of nanometer-sized pores with uniform tempjate-based growth of SiNWs. (i) Transfer of the PAA mask on Si (111),
diameter and spacing.The pores are formed during the (i) evaporation of Au through the PAA pores, (iii) PAA removal, and (iv)
electrochemical anodization of aluminum under controlled 9roWth of SINWs from the pattemed substrate.
conditions; different self-ordering conditions yield pores of
different diameters and spacifyVarious semiconductor
nanomaterials such as Si, Ge, GaN, and InSb nanowires have
been synthesized inside the pores of a PAA membtarie.
The VLS growth of SiNWs inside the pores of an unsup-
ported PAA template using SiHas the precursor gas has
been reported previousfy.2¢ Briefly, gold is deposited
inside a free-standing PAA membrane, and the Au loaded
template is placed inside the VLS growth furnace where
SiNWSs with uniform diameter are grown inside the pores
of the alumina film. Subsequently, the template is dissolved,
leading to a dispersion of nanowires. Although this method
demonstrates that a PAA film can be effective in preparing
SiNWs with controlled diameter, it produces unsupported
nanowires, thus preventing their integration into functional _
devices. In addition, no control over the growth direction of E'E?nuggh:r'me?sr%?rtii ; Xzy;agﬂ #lﬁeZ?:;g?;shgeagﬂrgsﬁathml-’gh the

. . . . . . . ge diameter of
the SiNWs is achievable in this case, and both single 53 nm and a dot-to-dot distance of 100 nm. The height of the dots is 5 nm.
crystalline and bicrystalline SINWs are obserde®n the
other hand, our approach allows the synthesis of vertically for 8 h. After dissolving the first alumina layer in a phosphochromic
aligned, epitaxial SINWSs on a Si(111) substrate with a tight solution (HPO,, 35 mL/L; Cr,Os, 20 g/L) for 2 h at 80°C, the
control over diameter distribution and with high packing sample is anodized again_under_the same conditions for 5 r_nin,_ and
density. To our knowledge, the approach reported here lead< 200 nm thick PAA Igyer is obtained. After the second anodlgatlon,
to the highest reported density of vertical SINWs on a Si the PAA membrane is removed from the Al substrate by a lift-off

substrate with monodispersed diameter and uniform spacin process that involves the selective etching of the unoxidized
. . . P P gaIuminum in a CuGtbased solution (100 mL of HCI, 100 mL of
without lithographic means.

H,0, and 3.4 g of CuGt2H,0). The barrier layer at the bottom of
the porous alumina is dissolved & 5 wt % HPO, solution at 30
°C for 30 min. The self-ordering anodization regime in oxalic acid
In this work, a PAA membrane, transferred onto Si, is used as produces pores of 45 nm diameter which are widened to 58 nm
the mask to evaporate ordered arrays of gold nanodots which are(ith a standard deviation of 4.3%) during the etching of the barrier
subsequently utilized as the catalytic sites for the SINW growth. layer. The average interpore distance is 100 nm. The through-hole
The two-step anodization method is employed for the synthesis of membrane obtained is transferred onto the Si(111) substrate via
the PAA template mask¥. A high purity Al foil (99.99%) is first van der Waals bonding.
electropolished in a solution of ethanol/perchloric acid (5:1, VV)  after evaporating 5 nm of gold through the alumina pores, the
and then anodized in a 0.3 M oxalic acid solution at 40 Vaf@0  paa layer is removed with commercial tape and the substrate with
its hexagonal pattern of gold nanodots is used for the VLS process.
(19) Masuda, H.; Fukuda, KSciencel995 268 1466. The fabrication method is schematically illustrated in Figure 1. The

(20) Nielsch, K.; Choi, J.; Schwirn, K.; Wehrspohn, R. B.; Gosele\&ho SiNWs growth is carried out in an isothermal 1 in. diameter
1) IRAeéti' %(OOFZ.ZL’iG;M - Chu, R. M.: Tang, Z. K.; Siu, G. G.; Fu, R. K cylindrical quartz tube fed by Sigbrecursor vapor and 10%,H

Experimental Section

Y.; Chu, P. K.; Wu, W. W.; Cheah, K. WAppl. Phys. Lett2005 86, in Ar carrier gas-’ Part of the carrier gas is flown through liquid

021111. SiCl, to pick up the reactant vapor, and the mixture is introduced
(22) l(\jg?er:g'sfi' E-r;g(:hﬁ%%'ocsl-zga igg X. G.;Mao, Y. Q. Zhang, L. D. i\ the VLS chamber. Experiments are performed at atmospheric
(23) Zhang, X.; Hao. H.: Meng, G.; Zhang, L Electrochem. So2005 pressure and at temperatures between 800 and®@00

152, C664
(24) Lew, K.-K.; Redwing, J. MJ. Cryst. Growth2003 254, 14.
(25) Bogart, T. E.; Dey, S.; Lew, K.-K.; Mohney, S. E.; Redwing, J. M.
(26) éﬂgn'\é'afr_fggﬁalgé 16.‘_1"3.. Meng, G.-W.: Li. G.-H.: Philip. N-Y. Figure 2 shows the ordered pattern of gold nanodots after

J.; Phillip, F.Adv. Mater. 2001, 13, 1238. the thermal evaporation step and PAA mask removal. The

Results and Discussion
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Figure 3. (a) Low magnification and (b) high magnification SEM images
of vertically aligned, diameter-controlled SiNWs grown from ordered Au ;
dots on Si(111) substrates: the average diameter of the wires is 72 nm. Au seeds are placed in the growth reactor for the VLS

synthesis of SiNWs. The scanning electron microscopy

size and arrangement of the gold clusters closely match those(SEM) images of the resulting SINWs are reported in Figure

h,ﬂ I

Figure 4. Diameter distribution of the Au cluster (top) and that of the

The Si(111) substrates patterned with hexagonally ordered

of the PAA pores. The average diameter of the dots is 53 3: Vertically ahgngd SiNWSs with a narrow dlst_rlbutlon of
nm with a standard deviation of 7.2%. The broadening of diameters are obtained for proper precursor/carrier flow ratios

the size distribution of the Au clusters compared to that of & 900 °C. The vertical alignment of the nanowires is
the pores is mainly ascribable to the shadowing effect of @chieved by effective anchoring of the PAA template to the
the alumina walls as well as to some extent the misalignmentSubstrate and by using SiGis the precursor gas which forms

of the incident Au beam with the nanoholes. The nanoparticle 92€ous HCl as a byproduct upon decomposition. The HCI
diameter to interparticle distance ratio can be further 1S believed to etch the native oxide layer on the Si surface
increased by simply prolonging the phosphoric acid etch of causing epitaxial deposition of Si and consequent alignment
the PAA film yielding pores up to 80 nm diameter while Of the wires with the exposed crystal face of the Si
keeping the distance between pores unchanged and equal t§ubstraté This is in contrast with Siias the precursor
100 nm. In this work, the etching time of the barrier layer molecule, which requires additional precautions to remove
has been adjusted in a way to ensure the opening of thethe native silicon oxide layer before SiNWs growthrhe
bottom caps without causing excessive enlargement of theSiNWSs have an average diameter of 72 nm with a standard
pores. The narrowing of the gap between adjacent pores andleviation of 10.8%. Figure 4 displays the diameter distribu-
subsequently between adjacent gold nanoparticles may leadion of the Au clusters as well as that of the obtained SiNWSs.
to the agglomeration of the AtSi droplets, thus preventing As expected, SiNWs are larger in size than the generating
the control over the size and growth location of the resulting catalyst nanoparticles as a result of the expansion of Au
wires. The average density of the evaporated Au nanopar-clusters as a consequence of the formation of a Bualloy
ticles is 93 nanodotgm?, which is 93% of the PAA pore in the early stage of the growth. Given the negligible
density (100 poregim?). Therefore, the use of a PAA film  thickness of the Au dots compared to their diameter, it is
as a nonlithographic evaporation mask provides an effective most likely the latter value that determines the size of the
method to obtain highly ordered arrays of gold nanodots on Au/Si droplet and, therefore, the final SINW size. In addition,
a silicon substrate with excellent reproducibifify. it can be observed that the SiINWs have a wider size
dispersion compared to that of the starting Au dots. This
(27) Masuda, H.; Satoh, Mipn. J. Appl. Phys1996 35, L126. can be explained by examining the density of the SINWS,
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which is approximately two-thirds that of the Au seed$( controlled SiNWs with high packing densities, thus enabling
wiresfum?). effective nanowire integration into devices such as field
emitter arrays as well as vertical field effect transistor arrays

Hence, some degree of agglomeration of molter-Au with enhanced efficiency.

droplets occurs yielding wires with diameters in the range
of 85—95 nm. This phenomenon is likely to be dominant in
case of Au nanodots with diameters above 65 nm for which
the distance between neighboring particles is too short to In this work, we have demonstrated that a PAA template
prevent agglomeration during the eutectic formation. It is Mmask can be successfully employed to position the Au
worth noting that no agglomeration of gold clusters is catalyst seeds on a Si surface for the VLS synthesis of
observed when the substrates are heated to the reactiof€tically aligned SINWs. The gold nanoparticle arrays are

temperatures in the #Ar atmosphere. This may be attributed arranged in a highly ordered configuration reflecting_ the
to the presence of native silicon oxide on the Si(111) surface. hexagonal pattern of the nanopores of the PAA mask. SINWs

The oxide layer, which is not reduced in the/Ar environ- :’x'g;( Cgrr:gi(\)/l(leeigmg?\sl\ﬁ?lsﬂ?gd:p?gggs g\iﬂr;rwg glrgarst(her
ment, hinders gold mobility and diffusion over the substrate. P bp g

This observation, which is in agreement with the findings mm x ~7 mm). Additionally, this fabrication method is

. capable of producing SiNWs with a packing density as high
8
of R_essel etaf? demonst_rate; that th? agglomeration of ggld as 6 x 10°cm?, which could be achieved otherwise only
particles occurs upon diffusion of Si gaseous reactant into

s > with lithographic techniques, entailing serious limits for mass
the nanosized liquid droplets of the catalyst metal, followed .50 production of these nanomaterials. On the contrary,

by nucleation and growth of nanowires. Nonetheless, good 5y process allows significant control and affordability
control over wire diameter and density can be achieved toward SiNW synthesis and opens up the possibility of
reproducibly and economically via the PAA template-based scaling up to high density nanodevice production.
placement of Au nanoparticles. Furthermore, among non-
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