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A met hod of obt ai nin g large -scal e 2D arra ys of ordered metallic nano par-
ticles is presented . T he arrays w ere prepared using nanosphere lithograph y
based on the self-assembly of late x particles on a w ater surf ace. U sing 496 nm

and 1040 nm diameter particles , it w as possibl e to prepare arrays of over
one cm 2 , w ith defect- free areas of over 5 0 ñ m2 . By the evaporation of nic kel
or gold, perio dic metallic particle arrays w ere pro duced. Mo di Ùcati on of the

particle array morphology was also show n by using double- layered masks.
C omputer simulated mask models w ere used to reveal interesting morpholo-
gies obtainabl e by the applica tion of multilayered masks.

PAC S numb ers: 81.07.{b

1. I n t rod uct io n

T oday ' s techno logy requi res mini aturi zati on. The smal ler system s becam e,
the faster and more economical ly they operate. However, i t is both m ore di £ cul t
and m ore exp ensive to pro duce them . Na notechno logy searches f or qui ck, rel i-
abl e, and economically e£ cient m etho ds of produci ng system s on the nanoscale.
Na nosphere li tho graphy prom isesto pro vi de such a metho d of fabri cati ng arra ys
of two -dim ensional (2D) ordered nanoparti cles based on self-assembly pro cesses.
One can use such 2D parti cle arra ys as l i tho graphi c m asks. Thi s techni que was
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ori gina lly proposed by Fi scher and Zingsheim [1] in 1981 in thei r seminar work.
The term of \ natura l ly" assembled polystyrene (PS) latex nanospheres was then
intro duced. Later, in 1982, Deckm an and Dunsm ir [2] obta ined a structure of or-
dered m etal l ic nanoparti cl es wi th well -deÙned spacings thro ugh evaporati on of a
thi n meta ll ic overl ayer onto nanosphere sing le layer (SL) tem plates. At tha t m o-
m ent " natura l " l i tho graphy (NL) became nanosphere l i tho graphy. T o date, vari ous
techni ques have been proposed f or the fabri cati on of 2D arra ys [3{ 7]. Despite many
attem pts, the resul ts are sti l l not sati sfactory . The 2D tem pl ates obta ined vi a the
currentl y appl ied m etho ds su˜er from m any imperfecti ons m ani festing them selves
as loose packing, po int defects, di slocati ons, and smal l areas of well organi zed
structures . The best m etho ds o˜er onl y a few m m2 of clean 2D ordered m onolayer
surf aces.

Thi s paper presents an im pro vement upon the exi sting nanosphere li tho -
graphy (NSL) techni ques for creati ng nanoparti cles monolayers. Some results were
correl ated wi th the data obta ined from com puter sim ulati ons.

2. E x per i m ent a l d et ai ls

2.1. Mat er ials

Ul tra pure wa ter (18.2 M ¨ cm À 1) was used di rectl y from a Mi l i -Q water
puri fyi ng system . Polystyrene nanospheres were purcha sed as a 10% wt. aqueous
col loida l dispersion. The diam eter of the nanoparti cles was 496 and 1040 nm at a
coe£ cient of variance < 0 :3 %. The parti cles used had a hydro phobic surface and
density of 1.05 g/ cm 3 .

Etha nol 98%, acetone, toluene, and T ri to n X- 100 surfacta nt were used.
Sam ples were prepared using square, oriented (111), n -typ e sil icon substra tes
(5 È 5 mm 2 ), wi th m easured surface roughness R a param eter less tha n 1 nm .

2. 2. Pre parati on of 2D polystyr ene nanosp heres arrays

PS masks were created as a self-assembl y m atri x on a liqui d{ ai r interf ace.
A thi n Ùlm of etha nol was spread over the water surface in a 10 cm large glass
beaker. Next, the PS parti cle soluti on was slowl y dropp ed at a constant speed onto
the subpha se surface using an Epp endorf pipette to f orm a Ûoati ng layer. In order
to im pro ve i ts stabi l i ty , T ri to n X-100 was added to water surface. An appro pri ate
addi ti on of thi s surfactant was exp erimenta l ly determ ined depending on the layer
size. Fol lowing thi s, a monolayer was l if ted up onto a square Si substra te cleaned
previ ously by ul tra sonicati on in acetone and etha nol for 1 m in each. Duri ng the
di stri buti on of PS colloid soluti on on to p of the l iqui d a certa in am ount of parti -
cl es sunk into the water volum e. T o rem ove thi s e˜ect, the wa ter conta ining the
unwa nted PS parti cles was local ly rem oved using a li ttl e glass pipe. Af ter cl ean-
ing, the monolayer was l i fted o˜ careful ly and al lowed to dry in ai r. The m ask
prepa rati on ti me was ca: 2 0 m in.



Preparat ion and Charact er izati on . . . 497

2.3. Physi cal vapor deposit ion of Ni and Au overlayer

Thi n Ùlm sof meta ls were deposited by electron beam evaporati on in a BesTec
UHV system under the pressure of 1 3 È 1 0 À 7 Pa. The thi ckness of deposited
m etal was contro l led by a bui l t- in quartz crysta l m icro balance (QCM) wi th a 2%
m easurement error. Sam ples were pl aced in a distance of 250 mm f rom e˜usi ve
source. Depositi ng rate was 8{ 10 ¡A/ min. Af ter depositi on, the polystyrene parti cles
were removed from the sam ple by ul tra sonicati on in to luene to reveal m etal l ic
nanostructure on the substra te surface.

2.4. Sampl es charact er ization

The sam pl es were scanned in ai r condi ti ons using a Digi ta l Instrum ents
Na noscope I I Ia ato m ic force microscope (AFM) in conta ct m ode. Pointpro be
Si l icon-AFM- Sensors canti levers were used.

3. R esul t s an d d iscu ssio n

3.1. PS- templat es charact er izat ion

The Ùnal qual i ty of m etal l ic nanostructures depends di rectl y on the qual i ty
of the PS matri x. Ma sks tha t are created by the metho d described above are
di stinguished by close packing order at large surface area (ca: 1 cm2 ). The AFM
im age (see Fi g. 1) reveals 496 nm PS parti cles whi ch are arra nged into a close

Fig. 1. A FM image of the 496 nm PS mask on Si substrate. FFT pattern is show n in

the inset.



498 W. Kandul ski et al.

packed m onolay er. Neverthel ess, a few point defects are observed. W hi le a parti cle
di ameter devi ati on results in vacancies, the who le structure rem ains well ordered
and no di slocati ons at reg ions larger tha n 5 0 È 5 0 ñ m2 are observed. Fast Fouri er
tra nsform (FFT) conÙrms hcp structure of the m onolayer.

Fig. 2. A FM image of the 1040 nm PS mask on Si substrate. I nset show s structural

inhomogen eity caused by smaller diameter particles.

Fi gure 2 presents the AFM image of the 1040 nm diam eter PS sphere m ask.
Som epoint defects are vi sible, and are most l ikely caused by parti cles wi th smal ler
di ameter (see inset in Fi g. 2).

3.2. Metal lic par t icles charact eri zation

The depositi on of di ˜erent meta ls thro ugh the af orementi oned m asks gives
periodi cal ly spaced m etal l ic nanoparti cles. The arra y obta ined thro ugh the evap-
orati on of a 10 nm thi ck Ni layer thro ugh the mask is shown in Fi g. 3. The im age
rem ains in good correl ati on wi th latex m ask quasi-tri angular gaps. Two star- l ike
objects in the im age are caused by vacanci es in the PS mask.

Fi gure 4a shows an enlarged fragm ent of the structure presented in Fi g. 3
wi th the m easured AFM proÙle. The im age reveals tha t the edges of the evapo-
rated m etal l ic parti cl es are not perfectly sharp. Thi s is a consequence of non-point
e˜usi ng source corresp ondi ng to the sam ple size. Mo rpho logical analysis and the
pro Ùle m easurement are presented in Fi g. 4b. The m easured height of the exam -
ined parti cle is appro xi matel y 11.5 nm , whi ch is in good agreement wi th the value
of 10 nm set duri ng the evaporati on process consideri ng the surface roughness,
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Fig. 3. A FM image of N i particles evaporated through the 496 nm PS mask.

Fig. 4. Morphologi cal analysis w ith proÙle measurement (b ) of selected N i particles

evaporated through the 496 nm PS mask (a). T he nickel layer deposited onto the mask

w as 10 nm thick.

R a, equal to 1 nm and 0.2 nm evaporati on thi ckness error. The measured in-plane
height of the quasi-tri angul ar Ni shape was 154.5 nm .

3.3. Simul ation and charact er izat ion of met al lic st ructures
based on mul ti layered masks

Thro ugh the depositi on of a second PS layer onto a previ ously covered sampl e
surf ace i t is possible to create m ore com plex m orpho logies of m etal l ic parti cle
arra ys. Structures based on doubl e m asks vary due to the relati ve ori enta ti on and
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shi ft of each PS m onolayer. The m ain di£ culty duri ng preparati on of mul ti layered
structures inv olves precise contro l of the revoluti on angle between the tw o layers.
Thi s pro blem can be solved by determ ining the orienta ti on of every layer duri ng
the preparati on pro cess, thro ugh the analysis of the di ˜ra cti on pattern obta ined
up on reÛection of a laser beam incident on the m onolay er. Ho wever, such angle
contro l is rel iabl e only if the layer is a m onocrysta l and the l ight wa velength is
comparable to the parti cle size.

Fig. 5. N ickel nanostructures (a,b) evaporated through a double 496 nm PS layer. T he

alignmen t angles betw een the Ùrst and second PS layers w ere 10 £ (c) and 30 £ (d).

Fig. 6. C omputer simulations of various possibl e structures. (a) Pro j ection through a

threef old layered mask w ith alignmen t mo diÙcation s, (b) proj ection through a double

layered mask with sphere size modiÙcatio ns.
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Fi gures 5a and b show structures obta ined by the evaporati on of Ni thro ugh
doubl e PS m asks, fabri cated wi tho ut revoluti on angle contro l . The angle be-
tween PS m onolay ers was obta ined thro ugh sim ple computer simulati on (Fi gs. 5c
and d) correl ated wi th the ori ginal AFM im ages.Co mputer sim ulati ons were per-
form ed in im age edi ti ng program | Ado be Photo shop by rota ti ng vi rtua l layers
of hcp- ordered spheres. By com paring ori gina l images wi th simul ated im ages, the
revo luti on angle wa s f ound. A wi de vari ety of structures can be pro duced by sim -
pl e changing the al ignm ent parameters between layers and by usi ng di ˜erent PS
parti cl e sizes.

Fi gure 6 presents simulati ons of such m ulti layered structures . Pro jection
thro ugh three layers deposited one after another is shown in Fi g. 6a, where the
Ùrst two PS sphere layers form an hcp structure and the thi rd layer is deposited at
the angle of 5 8 £ to the previ ous two ones. Fi gure 6b shows a pro jecti on thro ugh a
doubl e layered mask, where one layer is bui l t from spheres twi ce bigger tha n tho se
in the other one.

3.4. Summar y

It wa s shown how relati vel y large, ordered arra ys of m etal lic parti cles were
created using nanosphere l i tho graphy . Im pro vements on other NSL m etho ds were
realized by increasing the area over whi ch the PS m onolayer is homogeneously
ordered up to ca: 1 cm2 and by decreasing the numb er of structura l defects. AFM
im ages showi ng di slocati on- free 5 0 È 5 0 ñ m 2 areas of PS sphere mask were pre-
sented. Co ntro l over the m orpho logy of m etal l ic structures was possible thro ugh
adj ustm ent of the PS parti cl e size and of the meta l evaporati on param eters. The
m etho d is both inexp ensive and ti me e£ cient. The possibi l i ty of fabri cati ng m ulti -
layered m asks prom isesother f uture appl icati ons. By evaporati ng di ˜erent m etals
in one pro cess, i t is possible to prepare com posite structures [8]. In concl usion,
NSL seems to becom e one of the m ost pro mising l i tho graphy metho ds.
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