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The self-as sem bly meth ods, an in ex pen sive and high through put tech nique ca pa ble of pro -
duc ing nanostructure ar rays, re lies on the for ma tion on a monolayer of self-as sem bled
nanospheres. This pa per re ports on the for ma tion of large-ar eas monolayer poly sty rene par ti -
cles ~150 nm in di am e ter onto monocrystalline Si (100) sub strates by us ing the spin-coat ing
method. In this method, the qual ity of the de pos ited monolayer is de ter mined by the bal ance
be tween spin ning and sol vent evap o ra tion, ac counted by two dif fer ent forces, the cen trif u gal
force and vis cous shear ing force, and their in ter play. The key pro cess pa ram e ters which in flu -
ence the de po si tion pro cess and de ter mine the prop er ties of poly sty rene monolayers such as
the spin ning rate, time and con cen tra tion of PS par ti cles in the so lu tion were stud ied. By
vary ing the ex per i men tal con di tions in dif fer ent steps the films qual ity can be eas ily im proved
and the op ti mized ex per i men tal pa ram e ters were achieved. A ho mog e nous and well-or dered
PS  monolayer  with  a  high  sur face cov er age of ~94 % was formed on a large-area sub strate of 
1 cm ×1 cm at spe cific con di tions of a 2000 rpm spin ning rate, 2 wt. %  poly sty rene so lu tion
con cen tra tion and 210 s du ra tion of the spin ning pro cess. We con clude that this method can
be use ful in a va ri ety of ap pli ca tions since it of fers a sta ble and con trol la ble ap proach to the
fab ri ca tion of monolayer poly sty rene films on a large-scale.
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IN TRO DUC TION

Re cently there has been a grow ing in ter est in the
for ma tion of nanoparticles on thin films sur faces due
to their wide ap pli ca bil ity in var i ous fields. Ide ally
these nanoparticles should be of equal size, densely
packed and ar ranged in a reg u lar lat tice. In par tic u lar,
nanomask for ma tion by nanosphere li thog ra phy i. e.,
the self-or ga nized ar range ment of small par ti cles dur -
ing the con trolled dry ing of a col loi dal sus pen sion on a 
solid sur face could be a very ver sa tile and cost ef fec -
tive al ter na tive to other tech niques [1-5]. In this tech -
nique a hex ag on ally closed packed monolayer of col -
loi dal, mostly spher i cal par ti cles is formed on a
sur face and the open in ter stices in be tween three
neigh bor ing par ti cles are used as mask open ings [6]. A 
num ber of re ports have been pub lished on the suc cess -
ful for ma tion of such masks from SiO2, ZnS, poly sty -
rene (PS), and other nanoparticles [7]. Ho mo ge neous
monolayers of poly sty rene nanospheres are widely

used in data stor age de vices, dis plays, and sen sors [8,
9] and are of par tic u lar in ter est.

The most com mon ap proaches to self-as sem bly
are based on the fact that when the sol vent of a poly sty -
rene sus pen sion evap o rates, con vec tive flow trans ports
poly sty rene spheres from the bulk of the sus pen sion
and de pos its them at the dry ing front – a con tact line.
Self-as sem bly of poly sty rene nanoparticles de pends on
var i ous fac tors, like par ti cle size and shape, size dis tri -
bu tion, the inter-par ti cle in ter ac tions, sur face charge
den sity, na ture and the di men sions of the ex ter nal
forces, sub strate sur face prop er ties as well as the other
en vi ron men tal fac tors such as tem per a ture and evap o -
ra tion rate. There are a num ber of dif fer ent meth ods for
the for ma tion of self-as sem bly lay ers, for ex am ple
grav ity sed i men ta tion, elec tro pho retic de po si tion, sol -
vent evap o ra tion, the Langmuir-Blodgett tech nique,
the air-wa ter in ter fa cial float ing method, dip coat ing,
spin-coat ing, and many oth ers [10-17]. Among them,
the spin-coat ing method is found to be very pop u lar. In
this tech nique, a so lu tion of nanospheres is first de pos -
ited on the sub strate, and the sub strate is then ac cel er -
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ated rap idly to the cho sen ro ta tion rate. Liq uid flows ra -
di ally, ow ing to the ac tion of the cen trif u gal force, and
the ex cess is ejected off the edge of the sub strate. The
film con tin ues to thin slowly and the fi nal thin ning of
the film is then due solely to sol vent evap o ra tion. The
uni for mity of the film thick ness re sults from the bal ance 
of two op po site main forces: the cen trif u gal and the vis -
cous forces. While the prin ci ple of the spin-coat ing thin
film tech nique is well doc u mented in the lit er a ture, this
method is com monly used for multilayers for ma tion
and very lit tle is re ported on the monolayer pro cess ing.

Here, we re port on the for ma tion of a large-scale
monolayer of PS microspheres with high sur face cov -
er age on a monocrystalline sil i con sub strate by the
spin-coat ing method. The in flu ence of ex per i men tal
pa ram e ters on the qual ity of the de pos ited monolayers, 
like spin ning rate, time and con cen tra tion of PS par ti -
cles in the so lu tion was in ves ti gated and dis cussed. By
vary ing the ex per i men tal pa ram e ters, the spe cific con -
di tions were achieved and the high-sur face cov er age
monolayers were de pos ited on the 1cm × 1 cm area of
Si sur faces.

EX PER I MENT

The monocrystalline (100) p-type Si wa fers were
cut into 1 cm ́  1 cm pieces and treated by dis tilled wa ter 
and eth a nol and then dried by am bi ent air flow. This pro -
ce dure was used to re move the sur face con tam i na tion of 
the sil i con wa fer. Af ter that, the ultrasonicated sil i con
sub strates were im mersed in the “Pi ra nha” so lu tion
(with a vol ume ra tio of H2SO4:H2O2 = 3:1) for 15
minutes to im prove their hydrophilicity. Sub se quently,
they were rinsed in dis tilled wa ter sev eral times and
dried gently by am bi ent air-flow. It is im por tant to em -
pha size that the sub strates were pre pared just be fore the
be gin ning of the de po si tion pro cess.

Af ter the above treat ment, the wa fer was placed
on the spin-coater and al lowed to spin un der con -
trolled con di tions. We used the spin-coater Model
P-6708D (Spe cialty Coat ing Sys tems, In di a nap o lis,
Ind., USA) which op er ates in three stages with a max i -
mum speed of 8000 rpm. For the for ma tion of the
self-as sem bled monolayer the poly sty rene par ti cles
sizes of ~150 nm were used. In or der to ob tain a uni -
form monolayer, the col loi dal dis per sion should be
used to en sure that the sur face of the solid sub strate
will be com pletely cov ered by the PS spheres. For that
rea son, PS spheres were dis persed in a mixed so lu tion
of wa ter and eth a nol with the vol ume ra tio of 1:1, and
then a drop let of the poly sty rene sus pen sion (20 µl)
was dropped on the sub strates fixed on a spin- coater at 
at mo spheric pres sure. The var i ous spin-coat ing pre -
para tive pa ram e ters: spin ning rate (2000-8000 rpm),
con cen tra tion of col loi dal PS par ti cles (2-10 wt. %)
and du ra tion of spin time (60-210 s) were var ied in or -
der to achieve a highly cov ered monolayer of

close-packed thin films of PS par ti cles. The ho mo ge -
ne ity and mor phol ogy of the re sul tant films were
ex am ined by the field emis sion scan ning elec tron mi -
cro scope (Tescan, MIRA3 FEG) and by op ti cal mi -
cros copy.

RE SULTS AND DIS CUS SION

Ef fect of the spin rate

An ef fi cient spin-coat ing pro cess was ex plored
to ob tain monolayer films with PS par ti cles sizes of
~150 nm. In or der to ob tain a ho mog e nous coat ing
over a large area, the bal ance be tween the cen trif u gal
force and vis cous shear force in the spin pro cess of PS
sus pen sion had to be achieved [18, 19]. The vis cous
shear ing force is mainly re lated to the phys i cal and
chem i cal prop er ties of the PS microparticles on the
sur face of the Si sub strate and is a con stant phys i cal
quan tity. As the cen trif u gal force is pro por tional to the
ro ta tion speed, the ro ta tion rate is an im por tant pa ram -
e ter of spin-coat ing. To op ti mize the spin rate, a se ries
of de po si tions with a 2.5 wt. % con cen tra tion of the PS
so lu tion, were per formed. The spin ning rates used
were 2000, 4000, 6000, and 8000 rpm, while the du ra -
tion of the spin ning pro cess was the same for all ex per -
i ments and was kept at 80 s. In or der to an a lyze the
mor phol ogy of the films formed im ag ing by us ing
scan ning elec tron mi cros copy was per formed. We
found that the spin ning rate is a cru cial pa ram e ter in
the films struc ture. The SEM mi cro graphs for all four
PS lay ers are pre sented in fig. 1. It can be seen that the
lay ers are uni form over the whole area pre sented, with
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Fig ure 1. SEM mi cro graphs of PS par ti cles de pos ited on
Si sub strates at dif fer ent spin rates: 2000. 4000, 6000,
and 8000 rpm; con cen tra tion of PS par ti cles in the so lu -
tion was 2.5 wt. % and spin ning time 80 s



the PS spheres ar ranged next to each other. How ever,
the lay ers are not con tin u ous and some un cov ered
parts of the sub strates were ob served. In brief, dif fer -
ent spin-coat ing rates re sults in dif fer ent frac tions of Si 
sur face cov er age.

The ra tio of the sub strate area cov ered by PS
spheres for dif fer ent spin ning rates are de ter mined and 
pre sented in fig.  2. In gen eral, the frac tion of sur face
cov er age of the sil i con sub strate is neg a tively cor re -
lated to the spin rate. The max i mum sur face cov er age
is ob served at 2000 rpm as com pared to the higher spin 
rates, with ~90 % sur face cov ered by PS spheres.
When the spin rate ex ceeds 2000 rpm, the frac tion of
sur face cov er age rap idly de creases. From the re sults,
the strong in flu ence of the spin ning rate on the sol vent
evap o ra tion rate is con firmed and con se quently on the
monolayer for ma tion of PS microspheres. Gen er ally,
in the spin ning pro cess the cen trif u gal force gov erns
the main role caus ing flow of the so lu tion to ward the
edge of the sub strate. In the case of higher spin ning
rates (>2000 rpm), the strong gen er a tion of the cen trif -
u gal force evap o rates the sol vent very quickly. So, a
large num ber of par ti cles are ex pelled from the sub -
strate form ing the low-cov ered PS lay ers on the Si sub -
strate. Con sid er ing the given re sults, in or der to avoid
the strong ef fect of the cen trif u gal forces, the low spin
rate of 2000 rpm is taken as the op ti mal spin ning rate
for fur ther in ves ti ga tions.

Ef fect of con cen tra tion of
col loi dal PS par ti cles

In the fab ri ca tion of monolayers of par ti cles by
us ing the spin-coat ing pro cess, the sec ond pa ram e ter
which strongly in flu ences the qual ity of the films
formed is the con cen tra tion of the PS sus pen sion.
Some pre vi ous in ves ti ga tions on the con cen tra tion de -
pend ence of the spin ning pro cess were per formed and
re ported by Shinde et al. [20]. These au thors de vel -
oped lay ers of submicron size sil ica par ti cles on a sil i -

con sub strate and they found that the monolayer sur -
face cov er age steeply in creases with in creas ing the so -
lu tion con cen tra tion. To eval u ate the ef fect of the con -
cen tra tion of the dis per sion so lu tion of PS spheres on
the monolayers struc ture on Si sub strates PS films
were pro duced at var i ous con cen tra tions of 2, 3, 4, 5,
7, and 10 wt. %, de vel oped at a spin ning rate value of
2000 rpm. Again, the spin ning time was kept con stant
at a value of 80 s, the same as in pre vi ous de po si tions
sets. For the eval u a tion of film qual ity dif fer ent po si -
tions of the films sur face were ob served via SEM mi -
cros copy. The re sults of the anal y sis are pre sented in
fig. 3. All six mi cro graphs show that the pre pared PS
lay ers are uni form and con tin u ous. In ad di tion, the
SEM im ages clearly dem on strate that in all six sur face
po si tions the PS par ti cles are closely struc tured to
form densely packed films. 

The se lected re gions of the lay ers were fur ther
an a lyzed at higher mag ni fi ca tion and the im ages are
pre sented in the in sets of the same fig ure. It is seen that
in all cases the lo cal microstructure of the lay ers is sim -
i lar and they are densely packed. How ever, de pend ing
on the con cen tra tion of the so lu tions, var i ous struc -
tures may ex ist, in clud ing monolayer films and tran si -
tion re gions sep a rat ing var i ous micro struc tures
formed in multilayer struc tures. A typ i cal monolayer,
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Fig ure 2. Re la tion ship be tween the spin rate and frac tion 
of sur face cov er age of the Si sub strate

Fig ure 3. SEM mi cro graphs of PS lay ers formed at
var i ous con cen tra tions of PS par ti cles in the so lu tion: 2,
3, 4, 5, 7, and 10 wt. %; insets in the up per-right cor ner of
each im age show the mi cro graphs at a high-mag ni fi ca -
tion 



where the sub strate is al most fully cov ered by one
layer of close-packed PS par ti cles is ob tained by de po -
si tion at con cen tra tions of 2 wt. % and 3 wt. %. De po -
si tions above these con cen tra tion val ues re sults in the
for ma tion of multilayer films. De pend ing on the val -
ues of con cen tra tions the sub strate is more or less cov -
ered by the sec ond layer of PS spheres. This sug gests
that an iden ti fi ca tion of the op ti mal con cen tra tion is
nec es sary in or der to achieve a uni form PS monolayer
film. In the case of ~150 nm PS par ti cles and un der the
given con di tions of pro cess pa ram e ters of 2000 rpm of
ro ta tion rate and 80 s time of spin ning, the lower so lu -
tion con cen tra tions of 2 wt. %  or 3 wt. % are op ti mal.

Ef fect of spin ning time

Dur ing the spin-coat ing pro cess, the ro ta tion
speed and time should be large enough to dis perse the
PS so lu tion across the full sam ple from the cen ter to
the edges. On the other hand, the evap o ra tion rate must 
be small enough to avoid a break down of the drop let
into sev eral menisci, which can hin der close pack ing.
One of the pa ram e ters which in flu ence the rate of the
sol vent evap o ra tion is the spin ning time. So, an other
pa ram e ter which plays an im por tant role in the pro cess 
of films for ma tion by the spin-coat ing method is the
spin ning time. Fig ure 4 shows the SEM im ages of PS
par ti cle lay ers ob tained at 2000 rpm us ing a 2 wt. %
poly sty rene so lu tion, at dif fer ent val ues of spin ning
times of 60, 120, and 210 s. From the SEM im ages, it is 
seen that the sur face cov er age de creases with the in -
creas ing of the spin ning time from 60 s to 120 s, and
the PS sub-monolayer is formed, with the sub strate
cov er age of ~71%. With fur ther in crease of the spin -
ning time to 210 s the sur face cov er age again in creases 
lead ing to the for ma tion of a con tin u ous monolayer.
The sur face cov er age of the formed PS monolayer de -
pos ited at 210 s is about 94 %, which is very sim i lar to
the ~96 % cov er age of the monolayer ob tained at 60 s
time of spin ning. How ever, ac cord ing to the en larged
sec tions of the im ages (given in the in sets), we con -
clude that lon ger spin ning time en hances better or der -
ing of PS spheres dur ing the monolayer growth. Ob vi -
ously, the spin ning time en hances the growth pro cess
sol vent evap o ra tion and leads to the re ar range ment of
PS spheres. So, to ob tain a dense and well-or dered PS
monolayer higher val ues of the spin ning time are re -
quired. Sim i lar ob ser va tions of the layer or der ing with
the in creas ing of the spin ning time were al ready re -
corded for the case of sil ica monolayers de pos ited on
Si sub strates [20]. 

As re gards to the ap pli ca bil ity of the PS
monolayers the uni for mity of the films on the
large-scale or der is re quired. For fur ther ex am i na tion
of the qual ity of the PS film formed at the op ti mized
con di tions of the 2 wt. % so lu tion con cen tra tion, the
spin ning rate of 2000 rpm and spin ning time of 210 s,

ad di tional mea sure ments were con ducted. The pho to -
graph of the given layer ob tained by the dig i tal cam era
is pre sented in fig. 5(a). From the photo, one can ob -
tain the over all view of the layer de pos ited on the 1 cm
× 1 cm area of the Si sub strate. A monolayer of PS as -
sem bled spheres from a con cen trated PS sus pen sion
dis plays a nearly uni form color un der the white light
il lu mi na tion, in di cat ing the over all uni for mity of the
ob tained monolayer col loi dal crys tal film. The film
was fur ther ob served by op ti cal mi cros copy im ag ing.
Fig ure 5(b) and (c) shows two dif fer ent ar eas of the
films sur face, as ob served by op ti cal mi cros copy. The
first area was taken from the cen ter of the sam ple, and
the sec ond was re corded from one of the edges of the
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Fig ure 4. SEM mi cro graphs of PS lay ers de pos ited on Si
sub strates at dif fer ent spin ning times: 60, 120 and 210 s,
and con stant spin rate of 2000 rpm and 2 wt. %
con cen tra tion of the PS so lu tion; in sets pres ent en larged
sec tions of the cor re spond ing im ages



film. The im ages from both ar eas show that the pre -
pared col loi dal crys tal is uni form and homogenously
cov ered by PS spheres. The over all re sults in di cate
that the spin-coat ing method is an ef fec tive for the for -
ma tion of PS monolayers on the large-scale ar eas of
the Si sub strate.

CON CLU SIONS

The monolayers of PS par ti cles of ~150 nm in di -
am e ter were suc cess fully fab ri cated on 1 cm ×1 cm
area Si sub strates by us ing the spin-coat ing method.
The in flu ence of spin rate, time and con cen tra tion of
PS par ti cles in the so lu tion on the prop er ties of PS lay -
ers are stud ied in or der to achieve the high est sub strate
cov er age and uni form struc tures. The bal ance be -
tween spin ning and the sol vent evap o ra tion rate is a
cru cial pa ram e ter in the de vel op ing of PS monolayers
in a large ar eas. The high est sur face cov er age was
achieved at 2000 rpm op ti mal con di tions. The qual ity
of the films was fur ther im proved by vary ing the spin -
ning time and the con cen tra tion of the par ti cles so lu -
tion. The fol low ing op ti mized  pro cess  pa ram e ters of
2 wt. % for the con cen tra tion so lu tion and ac cel er a tion 
time of 210 s were found to be the best choice for sur -
face cov er age (~94 %) and lay ers ho mo ge ne ity. We
have dem on strated that the spin-coat ing tech nique is
ef fi cient among the other tech niques for nanostructure 
self-as sem bling on the large-scale. The pro posed
method is a very fast and in ex pen sive way by which
PS monolayers could be de signed and has ex ten sive
ap pli ca tion per spec tives.
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FORMIRAWE  MONOSLOJA  POLISTIRENA  NA  VELIKIM  POVR[INAMA 
SUPSTRATA  KORI[]EWEM  METODE  ROTIRAJU]EG  DISKA

Metode samoure|ewa, koje se zasnivaju na formirawu monoslojeva samoure|uju}ih
nanosfera, predstavqaju jeftinu i veoma zastupqenu tehniku za dobijawe ure|enih nanostruktura. 
Ovaj rad izve{tava o formirawu monoslojeva sfera polistirena pre~nika ~150 nm, dobijenih na
velikim povr{inama monokristalnih Si (100) podloga, kori{}ewem metode rotiraju}eg diska. U
ovom postupku, kvalitet deponovanog monosloja odre|uje ravnote`u izme|u brzine rotirawa
podloge i isparavawa rastvara~a, odnosno, ravnote`a izme|u centrifugalne sile i sile trewa,
kao i wihovo uzajamno dejstvo. Ispitani su kqu~ni parametri procesa koji uti~u na depoziciju i
odre|uju svojstva monosloja polistirena, kao {to su brzina rotirawa, vreme rotirawa i
koncentracija polistirenskih sfera u rastvoru. Promenom eksperimentalnih uslova u
razli~itim stepenima mo`e se lako poboq{ati kvalitet slojeva, te su postignuti optimalni
eksperimentalni uslovi depozicije. Homogeni i dobro ure|eni monosloj polistirena, formiran
sa visokim stepenom pokrivenosti supstrata od ~94 %,  dobijen  je  na  velikoj povr{ini podloge od
1 cm ́  1 cm, pri specifi~nim uslovima brzine rotirawa od 2000 rotacija po minuti koncentracije
polistirenskog rastvora od dva te`inska procenta i 210 sekundi trajawa procesa. Pokazalo se da
ova metoda mo`e biti korisna u raznim oblastima primene, jer nudi stabilan i kontrolisan
pristup u proizvodwi monoslojnih polistirenskih filmova na nivou velikih povr{ina.

Kqu~ne re~i: samoure|ewe, monosloj, polistirenska sfera, elektronska mikroskopija


