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In this article nanosphere lithograpiMSL) is demonstrated to be a materials general fabrication
process for the production of periodic particle ar(BfPA) surfaces having nanometer scale features.

A variety of PPA surfaces have been prepared using identical single{&ierand double-layer

(DL) NSL masks made by self-assembly of polymer nanospheres with diaet@64 nm, and
varying both the substrate material S and the particle material M. In the examples shown here, S was
an insulator, semiconductor, or metal and M was a metal, inorganic ionic insulator, or an organic
m-electron semiconductor. PPA structural characterization and determination of nanoparticle metrics
was accomplished with atomic force microscopy. This is the first demonstration of nanometer scale
PPA surfaces formed from molecular materials.1895 American Vacuum Society.

I. INTRODUCTION lithography (NSL), has extended SL natural lithography in
several way$® (1) development of a double-layeiDL)

Submicron device fabrication technologies based on optipolymer colloid maskj2) atomic force microscopyAFM)

cal lithography are reaching fundamental, diffraction limits syydies of SL and DL periodic particle arragBPA9 of Ag

as feature sizes approach 200 nm. The leading nanotechnolgn mica; and3) fabrication of defect-free SL and DL PPAs

gies for suboptical (viz., 10-200 nm fabrication are of Ag/mica with areas of 4—2&m? that permit microprobe

electron-beam lithographyEBL)*~* and x-ray lithography <tydies of nanoparticle optical propertids.

(XRL).*® Although EBL has outstanding resolution yielding e experiments described in this article explore the ver-

features of 1-2 nm in the most favorable cases, its serialyiliy of NSL with respect to choice of substrate mategial
processing format is a limitation to achieving commercially ;4 deposition material M. A variety of PPA surfaces have

acceptable throughputs of 1 Etzns‘l.'XRL'resolution iIslim-" peen prepared using identical SL and DL NSL masks made
ited by photoelectron range and diffraction effects to 20-5Qith nanospheres of diamet@®,=264 nm. In the examples

nm; however, its parallel processing capabilities that permit:.)hown belowS was chosen to be mica, ($00), Si(111), or
simultaneous fabrication of large numbers of nanostructures. , 10, (viz.. insulator Semiconductor’ melr;,ind M (/vas

is an extremely advantggeous featF”e: . ._chosen to be Ag, CaF and cobalt phthalocyaningCoPg
Consequently there is substantial interest in developing, . . S .
viz., metal, inorganic ionic insulator, organig-electron

nanofabrication techniques that combine the resolution o . . .
EBL with the throuahout of XRL. Nanolithoaraphy based on semiconductgr AFM is used to characterize the nanostruc-
ghp i grapny ture of the resultant PPA surfaces. This is believed to be the

the scanning tunneling microscoff®TM) has received con- . . )
siderable attentidisince it can image and manipulate matterf'rSt demonstration Qf the formation of nanoscale PPAs based
on molecular materials.

on the atomic scal&® The application of STM lithography,
like EBL, may be limited by serial processing speeds. Con-

sequently novel approaches to parallel nanolithography are

being explore(é including1) diﬁusion-controlledég%grega-

tion at surfaces;(2) laser-focused atom depositiorn; “and

(3) nanometer-scale template formation from two- Il EXPERIMENT
dimensional2D) crystalline protein monolayersthe pores  A. Materials

. . . . 4 _
of aluminum oxide thin film3; and self-assembled polymer Ag (99.99%, 0.50 mm diameteand Au (99.99%, 0.50

na_nospheres forming a S'ngle monolaj{ﬁL)_, ordered_rrg)o— mm diameterwere purchased from D. F. GoldsmitBvans-
saic array mask for deposition or reactive-ion etcHitig®
- u . » ton, IL). Cr powder was purchased from Alpha Products,
Deckman’s “natural lithography” work attracted our at- f Bal d cobalt phthal ine f Kodak
tention because of its potential as an inexpensive, paraIIeS_"’IE)orom azerﬁ and ?0 a F'FI) t ao_cya:une trlompo aK.
“bench-top” technique capable of fabricating Ag nanostruc- !( ) was purchased from Fimtronics, n@utler, PA,
Si(117) from Silicon Quest InternationdSanta Clara, CA

tures for optical absorption studies related to surface X ) _ N
enhanced Raman spectroscof§ERS, 2122 quantum dot glass microscope slides from American Scientific Products,
' and ruby red muscovite mica from Ashville-Schoonmaker

structures in GaAs-based semiconductéré® and highT, _
Josephson effect devic®sOur own work, which we refer to  Mica Co.(Newport News, VA. The Cu100 surface was cut

by the operationally more descriptive term of nanospher@”d polished using standard techniques from a single-crystal
rod purchased from Materials Research Corporation

Iputhor to whom correspondence should be addressed:; electronic maigngeburg, NY. TungSten_ vapor deposition boats were pur-
vanduyne@chem.nwu.edu chased from R. D. MathifLong Beach, CA
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B. NSL mask preparation A

The NSL masks were created by spin coating 284m
polystyrene nanospheres, Interfacial Dynamics Corporation
(Portland, OR, onto the substrate of interest at 3600 rpm on
a custom-built spin coater. The physical dimensions of the
substrate were chosen to be in the range 0.25—19acm
the entire substrate is spin coated with nanospheres. The
nanospheres were received from the manufacturer as a sus
pension in water, and then further diluted in a solution of the
surfactant Triton X-100/methan@l:400 by volumg before B. E.
spin coating. The surfactant was used to assist the solutions

A A A - - -* - L 2
in wetting the substrate. Double-layer masks were created by Yy ¥y v v Y
. . . . . . A A A A A - . . 3
increasing the nanosphere concentration in the spin coating vy vyly
solution as compared to the single-layer mask concentration. N LI B A
The specimen-to-specimen reproducibility of NSL mask VYV A_A_A XV R
preparation is excellent. For tHe=264 nm nanospheres A “ -
used in this article, 90% of the specimens were successfully
coated with large domains of defect-free packing over the %~ _ __ __
entire substrate surface. Biwy .
| SR SEAER
Ir !‘ .'4 ,‘- (-
C. Deposition of M Bl
Thin films of M were deposited in a modified Consoli- r-{._ o TG
dated Vacuum Corporation vapor deposition system with a R e

base pressure of 16 Torr. The mass thickness, and depo-

sition ratery were measured for each film with a custom- Fe. 1. hSChematli(C diagrt?]ms of Singlea_layﬁL)_ an dogblle;iﬁag(m)
. . . anospnere masks an e correspondin eriodic particle sur-

bUIlt_ quartz-crystal mlcrobalgmce that was calibrated by bOtr?aces.?A) a(111) SL mask, dotteg IineL?nﬁ cell, azfirst layer nano-

cyclic voltametry and STM? Samples were mounted 240 sphere;(B) SL PPA, 2 particles per unit celC) 1.7xX1.7 um constant

mm above the effusive source with three 25-mm-diam aperkeight AFM image of a SL PPA with MAg, S=mica,D =264 nm,d,,=22

tures regularly spaced between the source and the sampl@a=0.2nms™. (D) a(111)p(1x1)-b DL mask, dotted line-unit cell,

; : - . b=second layer nanospher&) DL PPA, 1 particle per unit cell{F) 2.0
which provided collimation or the PVD beam. X2.0 um constant height AFM image of a DL PPA with#¥Ag, S=mica,

D=264 nm,d,=22 nm,ry=0.2 nms®

D. Nanosphere liftoff

with the applied force between 3 and 30 fithder N(g)
versus in air and a scan speed of 8 lines'sThe scan head
had a range of 12mXx12 um.

After deposition of M=Ag, Au, Cr, or Cak, the polysty-
rene nanospheres were removed fr8rby dissolving them
in CH,CI, with the aid of sonication for 1-4 min. For those
experiments involving M-CoPc, the nanospheres were re-
moved mechanically by transparent tape liftoff since sonica-
tion in CH,CI, also dissolved the CoPc nanoparticles. Al-l1l. RESULTS AND DISCUSSION
though the tape liftoff does not remove all the nanospheresA NSL mask characteristics
large area AFM images show that sphere-free domaih@0 '
um? can be easily fabricated by this procedure. Figure 1 schematically illustrates the nanosphere lithogra-
phy process for creating PPA surfaces from both SL and DL
masks. The first stepFig. 1(A)] in fabricating a SL PPA
surface involves spin coating a single monolayer of nano-
spheres with chosen diameteron substrate S. The surface

All AFM images were collected either in air or under an symmetry of the SL mask ia(111) wherea represents a
N,(g) environment on a Digital Instruments Nanoscope llIfirst-layer nanosphere. In the second step, a thin film of
microscope. Etched Si nanoprobe tips, Digital Instrumentsgeposition material M is deposited to a mass thickrekgs
with spring constants of approximately 0.15 N'inwere over the nanosphere-coated substrate. The third step is nano-
used. These tips are conical in shape with a cone angle of 2@phere liftoff by chemical or mechanical means. Deposition
and an effective radius of curvature at the =10 nm.  material that penetrates the threefold holes of the SL mask
The sharp features of these tips were necessary to reducemains on the substrate forming the SL PPA pat{&iig.
tip-induced image broadening and to decrease the effect df(B)]. The particle metrics of these PPA surfaces are defined
capillary forces with the surface. The images reported herfrom the mask geometry. The interparticle spaaﬂﬂ@’ffor
are raw, unfiltered data collected in the constant force modéhe SL PPA is given by

E. AFM measurements
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Fic. 2. AFM images of SL and DL PPAs of MAg on S=mica, S{100), Fic. 3. AFM images of SL and DL PPAs of MAg on S=glass, Si111),
and Aupoly). (A) Ag SL PPA on mica, 428420 nm image(B) Ag DL PPA and Cy100). (A) Ag SL PPA on glass, 437437 nm image(B) Ag DL PPA
on mica, 74740 nm image(C) Ag SL PPA on Si100), 470x470 nm on glass, 75%757 nm image(C) Ag SL PPA on S{111), 515515 nm
image.(D) Ag DL PPA on S{100), 676x676 nm image(E) Ag SL PPA on image. (D) DL PPA on S{111), 805805 nm image(E) Ag SL PPA on
polycrystalline Au, 41%415 nm image(F) Ag DL PPA on polycrystalline ~ Cu(100, 490x490 nm image(F) Ag DL PPA on Cy100), 738<738 nm

Au, 787787 nm image. image.
dgeom_R —0.57D 1 form a mask that possessa€l11)p(1X 1)-b surface sym-
p.SLT 37 ) metry[Fig. 1(D)] . Herea represents a nanosphere in the first

and the in-plane pariicle diametaff™ defined as the per- g5 S P (GIESENE & TRERNEE LAt e
pendicular b isector of the IargesF m_scrlbed equilateral trI"ln penetration of every other threefold hole in the first layer
angle that fills the threefold hole, is given by of nanospheres since there is a corresponding blocking nano-
3 1 sphere in the second layer for half the threefold holes. Nano-
a%?_°m=—( 3-1-—|D=0.233D. (2)  spheres liftoff results in the pattern of nanoparticles sche-
2 /3 matically shown in Fig. (E) and the AFM image shown in
The out-of-plane particle heightts, is not governed by the Fig. 1(F) illustrates the realization of this pattern over a 4
properties of the NSL mask, but should be equal foof the ~ um? defect-free area. Each particle should be hexagonal in
deposited film of material M. The AFM image shown in Fig. Sgg)?ne and from the geometry of the mask we find that

1(C) illustrates that NSL is capable of fabricating SL PPAs ofdjyp is given by
Ag/mica with defect-free areas sufficiently largéz., ~4

wmP) to probe the optical properties of Ag nanoparticles with ~ dipr =D, €)
far-field, diffraction limited focus, spatially resolved SERS
(SR-SER$, and related techniqué$:®? ag°"is given by

A DL NSL mask is generated by spin coating with a
higher concentration suspension of nanospheres. In such cir-

cumstances a second layer of nanospheres is deposited to

1
a%‘,’_om=(¢3—1— E)D=0.155D (4)
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TaBLE |. Experimental particle characteristics for PPAs formed frons Ay on various S.

SL PPAs DL PPAs
dip.st ag? bs. dn g dipoL ap ? bp, dm ]

S (nm) (nm (mm (m (mms?YH (hm (nm  (m (m (ms?
Mica 152+5 503 23*1 22 0.2 2677 45*+4 23+1 22 0.2
Si(100 152+5 36+2 23+1 22 0.2 267 32+2 18+1 22 0.2
Au(poly) 152+5 574 22+2 22 0.2 2677 453 20+1 22 0.2
Glass 1525 46+x3 20*+1 22 0.2 2677 35*+2 21+1 22 0.2
Si(11)  152+5 43+4 17+1 18 02 2677 64+3 16+1 18 0.2
Cu(100 152+5 66+2 20+2 22 0.2 2677 44+2 18+1 22 0.2

2Corrected for tip broadening assuming rectangular out-of-plane particle cross section.
bap, should be<ag, . This anomaly is due to imaging with a damaged tip with laRge

and bp, =d,,,. In a recent study of SL and DL PPAs by results clearly show the ability of NSL to form SL and DL
guantitative AFM imaging, it was shown that the standardPPA patterns of a metal on insulator, semiconductor, and
deviation ofd;, anda for the materials system=8mica and  metal substrates.

M=Ag was dictated entirely by the standard deviatiggn of An important question to address is—How accurately is
the nanosphere diameter distributiddnMost nanospheres the same SL and DL mask pattern reproduced for the same
can be purchased withp=<0.04D andd,, is typically re- M on different S? Table | lists AFM measurements of the SL
producible to=1 nm, so rather narrow,, a, andb histo-  and DL PPA nanoparticle metrics for the six substrate sur-
grams can be found for nanopatrticles fabricated by NSL. faces studied. Each measurement represents the average from
10 to 20 particles collected near the field of the AFM images
shown in Figs. 2 and 3. The experimental data for
dip,sL, ast, dippL, andap, in Table | should be compared
with the geometric predictions of Eq€l)—(4) andbg, and

The capability of NSL to pattern a variety of substratesp should be compared witt,,. For D=264+8 nm the
with a single-deposition material using both SL and DL geometrically defined metrics am?pegT = 152+8 nm,
masks self-assembled frobi=264 nm nanospheres is pre- ad’"=62=8 nm, d2"'=264+8 nm, anda®®™=41+8
sented in Figs. 2 and 3. Thesg flgu_res show AFM micro4, .\ The values 0fdﬁ,’f§‘,_=1521“5 nm and dﬁ))prtL=267
graphs of NSL generated PPAs in which=Mg was depos-
ited over S=mica, S{100, polycrystalline Au, glass,

Si(111), and C@100) to a thicknessd,,=18—-22 nm. These

B. NSL on insulator, semiconductor, and metal
substrates

Fic. 5. AFM images of SL and DL PPAs of MCaF, and CoPc on $100).
(A) Cak, SL PPA on Si100), 513513 nm image(B) CaF, DL PPA on
Fic. 4. AFM images of SL and DL PPAs of MAu and Cr on $Si(100). Si(100), 748x748 nm image(C) CoPc SL PPA on $100), 465465 nm

(A) Au SL PPA on Si100), 473x473 nm image(B) Au DL PPA on S{100), image. The object in the center of ima@g (shown by an arroyis a small
780x780 nm image(C) Cr SL PPA on Si100), 444x444 nm image(D) Cr section of a polystyrene nanosphere remaining on the surface after mechani-
DL PPA on S{100, 762<762 nm image. cal nanosphere liftoff(D) CoPc DL PPA on SiL00), 728xX728 nm image.
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TaBLE Il. Experimental particle characteristics for PPAs formed from various M 1$iSL00).

SL PPAs DL PPAs
dip.sL s bs. dn ] dipoL apL bp, dn g

M (nm) (nm) (nm  (mm)  (ms?YH  (nm) (nm) (nm  (hm (nms?
Ag 152+5 36+2%2 23*1 22 0.2 267 3222 18+1 22 0.2

Au 152+5 53+3* 19+1 20 0.1 2677 513 16+1 20 0.1
Cr 152+5 62+3° 8+1 10 0.05 2677 48+3 171 15 0.05
CakR, 152+5 55+5% 19+1 20 0.1 2677 433 18+1 20 0.1
CoPc 1525 49+5* 18+3 20 0.5 2677 65+8>¢  9+1 20 0.5

&Corrected for tip broadening assuming rectangular out-of-plane particle cross section.
bCorrected for tip broadening assuming trapezoidal out-of-plane particle cross section.
‘ap. should be<ag, . This anomaly may be due to an angle of deposition not equal to 0° in this experiment.

+ 7 nm(Table ) are in excellent agreement with those pre-0f NSL to form SL and DL PPA patterns of metals, an in-

dicted. Likewisebg, andbp, (Table ) show no systematic organic ionic solid insulator, and an organic molecular
deviations from the expected value df,. In contrast the m-electron semiconductor on a semiconductor substrate.

experimental values & andag™ (Table ), which were The accuracy of SL and DL PPA patterns for different M

corrected to remove tip-induced particle broadeﬁﬁqg;]ow on the same S is addressed in Table Il which lists AFM
significant deviations from the geometric predictions exceptmeasurements of the nanoparticle metrics. The data in Table
for the Ag/CU100) system which is in excellent agreement. Il were collected in a manner identical to that in Table I.
For the other nanoparticle systems we find {iathe values Likewise, comparison of the data in Table Il with the geo-
of aZ™ andaZ™ (Table | corrected for tip broadeningre ~ Metric results of Eqs(1)—(4) and d,, is also similar. The
always smaller than a°"and a%®"with the exception of Vvalues ofd€ =152+5 nm anddj;f; =267+7 nm(Table
aSP'for Ag/Si(111) which we have traced to imaging with a II) agree within experimental error with{"s" and dif’p;".
damaged tip having a largR, and (2) the deviations for ~With the exception obp_for M=CoPc,bg andbp_ agree
aS* are systematically larger than fag®™. This disparity =~ With dy, for all M/Si(100) systems. Thebp <d;, anomaly
betweena%°"anda®"is likely to have its origin in at least for CoPc/S{100 has been traced to a deposition run in
two effects. These are illustrated using the example of Siwhich the CoPc effusive beam was not perpendicular to the
nanoparticles. First, the value af®®"was based on the as- NSL mask. The tip-broadening corrected values§f* and
sumption that the shape of an SL nanoparticle was adap (Table 1) for several M/S(100) systems show signifi-
equately represented as an equilateral triangle. Examinatig#int deviations from the geometric predictions. At the ex-
of Figs. 4A), 2(C), 2(E), 3(A), 3(C), and 3E) shows tremes, the deviations are 26 nm low for SI=Mg and 24
triangular-shaped nanoparticles for the Ag{f0) and pos- Nnm high for DL M=CoPc. In contrast, the Cr/8000) and
sibly the Ag/Aupoly) systems and shows distinctly rounded CaR/Si(100) systems exhibit bottag™ and ag{™ within a
shapes for the other SL nanoparticle systems. This differendé&w nanometers of expectations. Sufficient systematic studies
between the assumed and the actual nanoparticle shap@gve not yet been performed to determine the origin of these
would lead toaZ™ < aZ™. Second, the correction applied deviations; however, we anticipate that for the most part they
to the rawag)l(_ptdata for the effects of tip_induced broadening are due to deviations from the in-plane triangular and out-of-
was based on the assumption that SL nanoparticles had re@ane rectangular particle shapes assumed in the data analy-
angular out-of-plane cross sections. If the actual sample o¥!S.

SL nanoparticles has rounddd.g., hemi-ellipsoidal cross

sections, applying a correction based on the assumption of a

rectangular cross-section nanoparticle would also lead to

agP' < aZ°™ Further studies measurirg” anda%™as a V. CONCLUSIONS

function ofd,, are needed to experimentally determine what

geometric model of the out-of-plane cross section best rep- Nanosphere lithography has been demonstrated to be a
resents the data. simple, bench-top, materials general approach to high quality

PPA nanostructures. NSL provides excellent control of inter-

. _ particle spacing and out-of-plane height to the level of a few

C. NSL of metal and molecular deposition materials nanometers. Control of in-plane particle diameter, in-plane
on Si(100) particle shape, and out-of-plane particle cross section is ad-
The capability of NSL to pattern a single substrate withequate for some fundamental studies, but will need improve-

various deposition materials using both SL and DL masksnent for device applications. One of the most intriguing re-

self-assembled fror® =264 nm nanospheres is presented insults of this work is that inorganic and organic molecular
Figs. 4 and 5. These figures show AFM micrographs of NSLmaterials can be processed by NSL into PPAs. To our knowl-

generated PPAs in which deposition materialssAg, Au,  edge this is the first demonstration of PPAs with molecule-
Cr, Cak, and CoPc are deposited over Si(100) to a thick-  based materials. PPA nanostructures can now be envisioned

ness,d,,=10-20 nm. These results clearly show the abilityfor applications such as fundamental studies of material
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properties as a function of particle size, quantum dot arrays, H- W. Deckman and J. H. Dunsmuir, Appl. Phys. L, 377 (1982.

single-electron transistors, and the electrochemistry of

nanometer-sized structures.
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