JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by UNIV OF YORK

Article

Three Dimensional Architectures of Ultra-High Density
Semiconducting Nanowires Deposited on Chip
Kevin M. Ryan, Donats Erts, Hakan Olin, Michael A. Morris, and Justin D. Holmes
J. Am. Chem. Soc., 2003, 125 (20), 6284-6288+ DOI: 10.1021/ja0345064 « Publication Date (Web): 26 April 2003
Downloaded from http://pubs.acs.org on March 26, 2009

Mesoporous
Silica
<100> Silicon
wafer

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 7 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0345064

A\C\S

ARTICLES

Published on Web 04/26/2003

Three Dimensional Architectures of Ultra-High Density
Semiconducting Nanowires Deposited on Chip
Kevin M. Ryan,T Donats Erts,* Hakan Olin,® Michael A. Morris,™ and
Justin D. Holmes*"

Contribution from the Department of Chemistry, Materials Section and Supercritical Fluid
Centre, Uniersity College Cork, Cork, Ireland, Insitute of Chemical Physics,/8rsity of
Latvia, Rainis Bbd, 19LV-1586 Riga, Lata, and Physics and Engineering Physics, Chalmers
University of Technology, SE41296, Géeborg, Sweden.

Received February 5, 2003; E-mail: j.holmes@ucc.ie

Abstract: We report a “clean” and fast process, utilizing supercritical carbon dioxide, for producing ultrahigh
densities, up to 10%*2 nanowires per square centimeter, of ordered germanium nanowires on silicon and
guartz substrates. Uniform mesoporous thin films were employed as templates for the nucleation and growth
of unidirectional nanowire arrays orientated almost perpendicular to a substrate surface. Additionally, these
nanocomposite materials display room-temperature photoluminescence (PL), the energy of which is
dependent on the diameter of the encased nanowires. The ability to synthesis ultrahigh-density arrays of
semiconducting nanowires on-chip is a key step in future “bottom-up” fabrication of multilayered device
architectures for nanoelectronic and optoelectronic devices.

Introduction technique for producing silicon nanowires with tunable crystal
orientation and controllable optical properties. Cui et have
also demonstrated that carrier type (electrons, n-type; holes,
p-type) and carrier concentrations in single-crystal silicon
nanowires can be controlled during growth using phosphorus
and boron dopants. One inherent problem with these approaches
however, is that nanowires are formed as entangled meshes.
Considerable effort has been expended by Lieber and co-
workerg-® to manipulate a number of these nanowire meshes

Many technologies, including electronics, separation science,
and coatings will be enhanced by the ability to control the
structure of materials on a nanometer-length scale. The ability
to pack high densities of memory storage and processing
circuitry into specific nanoscale arrays, and utilize the unique
transport properties associated with these architectures, |s
expected to lead to future generations of computer processors
with device sizes many times smaller and faster than current
silicon based processors. However, both physical constralnts'mo useful configurations for nanoscale electronic devices.
and economics are expected to limit continued miniaturization HOWeVer, on a practical level, these flow methods are unlikely
of electronic and optical devices using current “top-down” to facilitate the assembly of nanowires into high-density nano-
lithography based methodConsequently, alternative nonlitho- chip architectures, which are predicted to contain in excess of

A i )
graphic methodologies for constructing the smallest mesoscopicl x 10" componenys Per Ch_'p before _the end of thlséldeéade.
features of an integrated circuit will soon be needed. One The production of high-density nanowire arrays up to"Jier

promising nonlithographic strategy is the use of solution phase crf'r12, hasl preV|ou§Iy beer\ha}chleveg thrc;ugh the eIegt(jrodeposnmn
chemistry to promote the self-assembly of materials from of metal nanowires within anodic aluminum oxide (AAO)

precursor “building blocks” into complex mescoscopic archi- €MPlates.Although AAO is a good templating matrix, forming
tectured an ordered array of nanoscale channels is difficult and the

One-dimensional (1D) structures, such as nanowires andchannel dimensions are too typically large to engineer nanowires

carbon nanotubes, have enormous potential as building blocks that EXh'bI't quantum co(;mnement effeéltsﬂ id (SCE) inclusi

for nanoscale structures as they can function both as devices Recently, we reported a supercritical fluid (SCF) inclusion
and as the wires that access them.AngﬂtteveI size control, technique for producing arrays of silicon and germanium
originally developed for nanocrystals, has already been applied "anoWires, between 4.5 and 7. gnm in diameter, within the pores
to low-defect semiconductor nanowires. In particular, Holmes of mesoporous silica “powder$™* Such a comprehensive filling

et al® have developed a supercritical fluid solution phase (3) Holmes, J. D.; Johnston, K. P.; Doty, R. C.; Korgel, B.S¢ience200Q

287, 1471.

t Department of Chemistry, Materials Section and Supercritical Fluid Eg; gﬂ: i:f Iﬁisgﬁr'x(_:-' lﬁﬂusgf?rﬂ?gﬁg?lcz_g,\}u_sgﬁys_ Chem. 200q 104
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of the mesopores with semiconductor nanowires effectively explosion. Suitable safety precautions should be taken into consideration
formed the first three-dimensional array of nanowires insulated including the use of a blast screen.

at a finite distance of separation. Discrete transitions observed Film and Nanowire Characterization. >Si Magic angle spinning

in the UV-Visible absorption and photoluminescence emission nuclear magnetic resonance (MASIMR) data was collected on a
(PL) spectra of the silicon nanowires constrained within the Chemamagnetics 300 MHz CMX-lite apparatus with typical spinning
mesoporous silica matrixes suggested that they possess unusuffduencies of 5 kHz and pulse delays of 60 s due to the slow relaxation
optical properties that could be exploited in a number of of the Silicon nucleus. High resolution transmission electron microscopy

licationsit H th h d (HRTEM) data were collected on a (JEOL2010F field emission TEM),
f’:lpp ICa |or_ls. owever, even though mesoporous powders are courtesy of Intel Oregon, with EDX attachment. Typically films were
ideally suited for many purposes for other uses, such as

h . . thinned using a focused ion beam.

templates for nanowire devices and |nterconne(.:ts,.these MESO- photoluminescence (PL) emission experiments were performed using
porous solids need to be cast as mesoporous thin-films (MTFS). 5 geyterium continuous discharge source and a spark discharge source
In this paper, we describe the combination of mesoporous thin- of 6 ns duration in a heliumhydrogen gas mixture. The MTFs were
film science with SCF technology to produce ordered high contained in a variable temperature helium cryostat3@0 K) with a
density arrays of qguantum-confined germanium nanowires that nitrogen screen to avoid contamination of the sample surface. An X-ray
could be utilized in future optical and electronic devices. For tube with a tungsten anti-cathode (15 mA, 40 kV) was used to study
examp|e, Semiconducting nanowires of silicon and germanium luminescence under ionising radiation. PL emission was analyzed by
constrained within transparent MTFs could potentially be used a grating monochromator and detected by a photomultiplier (FEU-106).
in very high_reso|ution screen disp|ayS, a potentia| key com- Powder X-ray diffraction (PXRD) data was collected on a PANa-

ponent in the expansion of information based technoloies. !vtical XPERT PRO MPD diffractometer. CuKradiation from an
anode run at 40 kV and 40 mA was used in all experiments. An incident

Experimental Section soller slit of 0.02 rad was used resulting in a 240 mm incident beam
. o - radius. The diffractometer was equipped with a programmable diver-
Preparation of Aluminosilicate Mesoporous Thin-Films (Al- gence slit which was used at minimum (0.03 mm) for low angl (2

MTFs). Aluminosilicate mesoporous thin-films (Al-MTFs) were pro- 0.5-5) measurements and at maximum (4 mm) for high angée (2
duced based on a modification of the method described by Yoldas et 10-70).

al13 for producing nonporous films. Tetraethoxy silane (TEOS, 25 g),

ethanol (13 mL) and HCI (2.5 mL, 0.12 M) were mixed together in  Results and Discussion

the presence of a surfactant(® g), i.e., poly(ethylene oxide) (PEO)

poly(propylene oxide) (PPO) triblock copolymer surfactants, P85  Unidirectionally ordered MTFs have previously been formed
(PEQPPQ9PEQ), and P123 (PEQPPQPEQy) (Uniquema, Bel- by slow epitaxial-like growth from dilute solutio¥sor by using
gium) or Brij 35 (G2EQz) (Sigma-Aldrich, Ireland). The resultant  glectrical or magnetic fields to direct orderifgyFilms formed
solution was stirred at 310 K for 10 min, to prehydrolyze the silica ging these methods however typically lack the mechanical and
precursor, a_md then .COOled In an ice b"’?th prior to the addition of w05 stability necessary to survive the high temperature (800
aluminum trisecbutoxide (Al(Obuj), 1 g). Finally, HO (25 mL) was . . .
added to the mixture and the solution was allowed condense for 20 h _K) an_d high pressure (40 _MPa) rqulred for SCF nanowire
prior to film casting. Polished silicon wafers and quartz slides were inclusion. In this work, aI_umlnum containing MTFs (AI-MTFs),
ultasonically cleaned in triply distilled water prior to spin coating of t€mplated from neutral triblock copolymer surfactants were used.
the sol (2008-4000 rpm) for 30 s. The cast films were dried at 373 K Aluminum incorporation into the silica matrix was used to
for 40 min to complete the condensation process and subsequentlypromote the hydrothermal and mechanical stability of the films.
calcined at 723 K fo1 h to effect complete template removal. Any  However, the higher reactivity and ease of dimerization of
residual surfactant was removed by flowing a 5% ozone stream (Yanco aluminum compared to silicon can lead to alumina segregation
Ozone Generator GE60/MF 5000) over the silica for 30 min. In this and loss of |0ng range order in AI-MTR3In our preparations
manuscript “calcined mesoporous silicas” refers to silicas that have gjyminum was added at a predetermined time after silicon
been both heat treated at 723 K and ozonized. alkoxide hydrolysis had began. This prehydrolysis step prevents

Preparation of Germanium Nanowire Arrays within A-MTFS. dimerization of the alumina and ultimately results in the
Germanium nanowires were grown within the pores of AI-MTFs by formation of Al-MTFEs suitable for SCF processin
the degradation of diphenylgermane in supercriticabG@dered Al- p g.

MTFs deposited on silicon wafers were coated with diphenylgermane  Figure 1 shows &Si MAS—NMR study of the sol formation
and placed in a 100 mL high-pressure cell under an inert atmosphere.process using the triblock copolymer P123 as a surfactant
The cell was attached via a three-way valve, to a stainless steel reservoitemplate. The unhydrolyzed sol, Figure 1a(i), shows a strong
(~21 mL). A high-pressure pump (Isco Instruments, PA) was used to peak due to tetraethoxy silane (TEOSY&2.3 ppm. Hydrolysis
pump CQ through the reservoir in to the reaction cell. The cell was of the TEOS, as shown in eq 1, results in upfield resonances

placed in a furnace and heated to 873 K and pressurized to 37.5 MPagye to the formation of hydroxylated silicon species (Figure
simultaneously using a platinum resistance thermometer and temperaturq_a(ii))

controller. The reaction proceeded at these conditions for 30 min. The
high pressures and temperatures used in these experiments and the

volatile nature of the chemicals could potentially lead to fire or Si—OEt+ H,0— SIOH + EtOH (1)

(9) Coleman, N. R. B.; Ryan, K. M.; Spalding, T. R.; Holmes, J. D.; Morris, ~ Sustained hydrolysis (Figure 1la(iii)) results in downfield
M. A. Chem. Phys. Let2001, 343 1. _ i ;
(10) Coleman, N. R. B.; O'Sullivan, N.; Ryan, K. M.; Crowley, T. A.; Morris, resonances{ —82.3 me) as'the hydrOXylated 5'“C9" SPeCIeS
M. A; Spalding, T. R.; Steytler, D. C.; Holmes, J. D.Am. Chem. Soc  condense further forming {FSi(OSi)(OH}) and Q (Si(OSiy-
2001, 123 7010.
(11) Lyons, D. M.; Ryan, K. M.; Morris, M. A.; Holmes, J. Dano Lett.2002

(14) Yang, K.; Kuperman, A.; Coombs, N.; Mamiche-Afara, S.; Ozin, G. A.

(12) Alt, P. M. Single-Crystal Silicon for High Resolution Displaygoronto, Nature 1996 379, 703.
Canada, 1997; Vol. M19. (15) Tolbert, S. H.; Firouzi, A.; Stucky, G. D.; Chmelka, B. $ciencel997,
(13) Yoldas, B.J. Non-Cryst. Solid4984 63, 150. 278, 264—268.
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Figure 1. Characterization of directionally ordered Al-MTFs: (a) Stacked g E 6
295i MAS—NMR of silica and aluminosilicate hydrolysis, (b) TEM image () = :
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2 / Figure 3. Ge nanowires within PB5MTF: (a) high angle PXRD, (b)
o 3 / elemental analysis of wires in Figure 3c and (c) TEM image of wires
§’ constrained within mesoporous silica particle (scalesb&5 nm).
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Figure 2. Low-angle PXRD profile from an AI-MTF prepared from the
triblock copolymer P123.

(OH),) species according to eq 2
Si—OH + Si—OH — Si—0—Si+ H,0 (2)

Significantly, aluminum incorporation, in the form of aluminum
sechutoxide, immediately prior to the onset of silicon self-
condensation (eq 2) results in a highly homogeneous alumino-
silicate matrix (eq 3). The aluminosilicate matrix showed MAS
NMR peaks at< —100 ppm (Figure la(iv)), with no evidence
of alumina segregation

Si—OH + Al—OBu— Al—O-Si+BuOH  (3)

This prehydrolysis optimized functionalization of silica films : :
with aluminum, in the presence of a surfactant template, results & A =
in transparent AI-MTFs with excellent substrate adherence, a Figure 4. Germanium nanowires within Brij35 MTF: (a) High-resolution

hardness of up to 30 Gpa and thermal stability suitable to current TEM image of germanium nanowires 2 nm in diameter constrained within

microelectronic processing conditiofsFigure 1b shows a TEM e A-MTF (scale bar= 20 nm), (b) magnified section showing atomic
’ rows of single-crystal germanium ordered in tA@0direction (scale bar

profile from an Al-MTF templated using the triblock copolymer = 10 nm) and (c) magnified section of b showing unit cell of single-crystal
P123 and prepared using the prehydrolysis technique. The Al-germanium (scale bar 0.568 nm).
MTF is extremely uniform and well adhered to the substrate
(film thickness, 400 nm). Effective control over film thickness  significantly upon rotation of the sample through the (psi) angle,
can be facilitated, between 100 nm tauth, by controlling the in theyzplane. These results suggest that the mesopores within
spinning rate during film casting. the P123 AI-MTF are ordered with theaxis of the hexagonal
Low angle PXRD analysis (Figure 2) of the AI-MTF shown phase almost perpendicular to the substrate surface. Similar re-
in Figure 1b confirms that the film is highly ordered showing sults were also found with AI-MTFs templated from the sur-
(1003, 1100 and (2000peaks characteristic of a hexagonal factants P85 and Brij 35. However, the most compelling evi-
mesoporous solids. dence for hexagonal pore growth perpendicular to the substrate
The position of the intens@l 00 peak suggests a pore-center  surface is given in Figure 4a, which shows pore hosted nanowire
to pore-center repeat distance of 7.2 nm. Significantly, rotation growth almost perpendicular to the silicon wafer. Our results
of the thin film through the (phi) angle, clockwise in thg tie in well to those reported by Fukunaga ef&ivho have
plane, showed no significant loss in thEl0CJpeak intensity.  shown that rapid evaporation of solvent from triblock copolymer
Ogawa et at’ previously reported a loss in intensity of 100 mjcelles in solution promotes the alignment of micelle ag-
peak for silicate MTFs with pores aligned parallel to a substrate gregates perpendicular to a substrate surface. In our Al-MTF
surface upon rotation through the (phi) angle. The intensity of \reparation, rapid solvent evaporation occurs upon spinning of
the [110CHiffraction peak for our AI-MTFs was found to change e 5o followed by aluminosilicate hydrolysis. To our knowl

(16) Mackenzie, J. D.; Ulrich, D. RBk; J. Wiley & Sons, Inc.: New York,

1988, 295-302.
(17) Ogawa, M.J. Am. Chem. S0d.994 116, 7941-7942.

6286 J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003

(18) Fukunaga, K.; Elbs, H.; Magerle, R.; Krausch,Meacromolecule000Q
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edge, this is the first report of almost perpendicularly aligned 800 T T . .
Al-MTFs prepared by spin coating. P85Ge
The degradation of germanium, from diphenylgermane, into
the ordered channels of the AI-MTFs was undertaken using
supercritical carbon dioxide as the fluid medium instead of
supercritical hexane as previously used for silicon and germa-
nium nanowire inclusion into mesoporous silica powdefs.®
CO, is a highly recyclable, cost-effective solvent and is less
likely to contain potential dopant impurities present in organic
solvents. Prior to Ge nanowire inclusion the AI-MTFs showed
a type (IV) adsorption isotherm, typical for mesoporous solids. 0 T T ' '
After nanowire inclusion, the surface area of the mesoporous 2.0 23 Photon3é?1ergy (ei;i 4.0
silica films decreased typically from 700 to 606G gr'to 10-5
m? g~L. Further evidence for nanowire inclusion was provided
by high angle X-ray diffraction characterization of the germa-
nium nanowires within the pores of the AI-MTFs_ (Figure 3a). mesoporous powdePsThe complexity of the cell can be
Although, single crystal nanowires isolated within ordered ,ipted to beam penetration through multilayers of semicon-
mesoporous films are highly unlikely to be aligned at the correct ducting nanowires. Close scrutiny of the atomic rows perpen-
angle for diffraction, rotation of the film through the phi angle dicular to the wire direction reveals misalignment by up to 1/2

(0_.3600) resulted in a low mtengty reflection from t@llﬂ atom spacing as would be expected from multilevel wire arrays
lattice plane of metallic germanium af 2= 27.26 reflecting a . . . e
in a hexagonal lattice. In the hi-magnification image, the dark

d spacing of 3.27 A . . lines show high levels of contrast (indicated by the white
By Carlef#l select|_on Of Lhe ;:J’r\;a}rc;ant tgrl:plate 'r: |sdpossmle arrows), which are most likely due to the mesoporous walls,
tc; ;? ntrol t e'por? S'Ze(\j’v't tlhn t;1 san Di en;:elt el mrzeters which are totally random in structure (amorphous). These data
ot the nanowires formed within the pores. Lirectvisua’ evidence agrees with high angle X-ray diffraction studies which do not
for nanowire formation within the mesoporous thin-films was oo .
pick up any crystallization of the AI-MTF matrix.

provided by transmission electron microscopy (TEM). Figure ] B ) ) o
3b shows a TEM image of a particle cleaved from an Al-MTF Our previous work on silicon nanowires constrained within
templated from the triblock copolymer P85 filled with single- tailored mesoporous silica powders showed that these nano-
crystal germanium nanowires (P85Ge). composite materials display intense room-temperature UV and

visible PL where the UV emission wavelength maximum is

=)

=1

=
T

Brij35Ge

P123Ge

[

[=]

(=]
T

Intensity (Arb.Units)
Ia
=
=

Figure 5. Ultraviolet PL emission spectra of germanium nanowires within
mesoporous silica matrixes (excitation energy 4.89 eV).

Parallel regions of high electron density are evident, ap- . i
proximately 4 nm in diameter, separated by a distance of dependent on the diameter of the encased nanoWileigure

approximately 2 nm. Elemental analysis of the dark parallel ® Shows the normalized photoluminescence (PL) spectra for
lines, by energy-dispersive X-ray analysis (EDXA), confirmed 9€rmanium nanowires constrained within AI-MTFs of 2, 4, and
that nanowires of metallic germanium are hosted within an © NM pore sizes, templated from Brij 35 (Brij35Ge), P85
aluminosilicate matrix (Figure 3c). Both Si and Ge peaks are (P85Ge), and P123 (P123Ge) surfactants respectively on quartz
evident in the EDXA spectrum in addition to Cu from the Ssubstrates.
microscopy grid. The length and aspect ratio of the wires suggest A shift in the PL emission maximum of the nanocomposite
they are confined within an ordered matrix. It is highly unlikely films to higher energies as the diameter of the germanium
that free-standing wires would form such directionally ordered nanowires decreases is observed. PL is observed in the blue
arrays at a finite distance of separation without the templating region, 2.64 eV, for 5 nm germanium nanowires encased in
matrix. Al-MTFs which shifts to 2.75 and 3.01 eV for nanowires with
Figure 4a shows a high resolution TEM image of directionally diameters of 4 and 2 nm, respectively. The observed peak
ordered germanium nanowires constrained within a mesoporouspositions fit favorably to the energy of the lowest direct 4s
silica thin-film templated from Brij35. Focused ion beam etching 1s, transition calculated from theoretical data of quantum
was used to reduce the film thickness to facilitate 200 KV TEM confinement in nanocrystals and nanow#&%3 A broad
imaging. The constrained nanowires are approximately 2 nm shoulder is also present, blue shifted with respect to the nanowire
in diameter, with a wall thickness of about 1 nm and have a peak, for both P85Ge and Brij35Ge. This shift is possibly due
packing density greater tham210'2 nanowires per chiClose  to Si-O—Ge bonding at the pore wall-nanowire interface and
analysis of the wires (Figure 4b) reveals the clear presence ofpas previously been attributed to germanium oxygen deficient
atomic rows, which are not due to the amorphous aluminosilicate ¢gnters or neutral oxygen monovacancies in germanium doped
framework. A cubic cell geometry can be isolated (Figure 4¢) qijica films24 The size dependent blue shifted PL strongly

with a _unit cell Iatt_ice of 0.568 nm V\_’hiCh agrees with that_of supports the hypothesis that the nanowires are constrained within
crystalline germanium at 0.5657 nm in the literature. The wires the mesoporous silica matrix

appear to be orientated along the length of the mesopores in
the [100Cdirection as shown in Figure 4c, which agrees with

. . ... (20) Kayanuma, YPhys. Re. B 1988 38, 9797.
that previously reported for nanowires embedded within (21) zacharias, M.; Fauchet, P. Mppl. Phys. Lett1997 71, 380.
(22) Kayanuma, YPhys. Re. B 1988 38, 9797.
(23) Brus, L. E.J. Chem. Phys1984 80, 4403.
(19) Coleman, N. R. B.; Morris, M. A.; Spalding, T. R.; Holmes, J.JDAm. (24) Poulious, D. P.; Spoonhower, J. P.; Bigelow, NJPLumin.2003 101,
Chem. Soc2001, 123 187. 23.
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Conclusions potentially allow multilayered device formation using semicon-
ducting nanowires as opposed to single level dewvdes.

nium nanowires were synthesized perpendicularly orientated Furthermore, the. ab|!|ty to control the oppcal properties of
onto silicon and quartz substrates using supercritical CarI:)Onsemlconductor wires in a transparent matrix at one thousandth

dioxide as an inclusion medium. The high-diffusivity of the fluid "€ width of a human hair will allow for extremely high-
enables rapid transport of the germanium precursor into the resolution intelligent image displays with almost real resolution.
mesopores of the silica thereby allowing swift nucleation and
growth. Control over pore geometry allows the aspect ratio and
optical properties of the included wires to be controlled with
excellent precision. Ultimately, perpendicular arrays of 2 nm
wires, insulated by 1 nm walls, allow for packing densities of
up to 2 x 10'? wires per cm, which will facilitate Moore’s

law extension for the next centufyThese nanowire arrays JA0345064

In conclusion, ultrahigh density arrays of high purity germa-
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