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Abstract

Driven by noteworthy applications of homogeneoud aantrollable structure of polymer
thin films, the in-situ observation of drying kinet in colloidal thin films has been
investigated. During this summer student programmave practiced and studied the drying
process of colloidal polystyrene solutions and theracterization of the structure of
polystyrene thin films by using optical microscogyd grazing incidence small-angle X-ray
scattering technique. It is revealed that the dyyimetics process can be explained by the
driving of the convective flow due to the evapargtiof solvent in the droplets which
therefore transports the particles and follow-uirdy process from the center to the
periphery of the droplet. The influences of prepaeaparameters such as concentration of
colloidal polystyrene solutions, particles size andace of substrate on the structure of dried
droplets have been investigated. The GISAXS ddtarrs the structures of polystyrene thin
films, the composition of form factor and struciuector of the intensity and the thickness of

the polystyrene thin film.



1. Introduction

1.1 Colloidal thin films

Driven by noteworthy applications, the creationcofloidal polymer thin films have
been interest for years. For example, they arentrést in magnetic applications or for
optical devices [1,2]. The materials used rangenfroble and magnetic metals to polymer
nanoparticles. Due to the high demand on homogena@as and controllable structure, size
and growth direction of polymer thin films, manysimaresearches based on structural studies
have been conducted [3]. In order to produce tleéulpolymer thin films, it is necessary to
understand the drying kinetics process and theenftes of preparative parameters on thin
film structures. Therefore, we are interested ia itmsitu observation of drying kinetics in
colloidal thin films. Moreover, if we can contrdigé production of polymer thin films, they
can be used as a template for patterning of hacdgamic materials such as metal
nanoparticles. The advantage of a polymer tempdatiee easy process ability and low-cost
fabrications to produce the ordered pattern as aslicontrollable size and localization of
metal nanoparticles [4]. The deposition of metalaparticles such as gold nanoparticles on
solid surfaces in an ordered pattern with contbddlesize and dispersion can serve various
applications in nanoelectronics, nanocatalystlbgironics, magnetic recording devices and

gas sensors [1,5,6].

1.2 GISAXSat beamlineBW4

The beamline BW4 of the DORIS lll storage ring &A$YLAB, DESY has been
designed as a small-angle X-ray scattering instmimeue to its wiggler generated beam
with high flux and excellent collimation, analys$ this scattering data provides the high

resolution of structural information which can ledth scales of some ten to several hundred



nanometers. The beamline layout is schematicalbyvahin Figure 1[7]. Small-angle X-ray
scattering is a very powerful tool for material cuzterization, especially for bulk samples by
using transmission geometry. However, in the csasthe thin film sample on substrate or
only the microstructure on the surface are of edgrthe transmission mode is not
appropriate due to the low scattering power ofttie film. Therefore, the grazing incidence
small-angle X-ray scattering or GISAXS is usedeast [8]. The schematic view of GISAXS
measurement is illustrated in Figure 2. The sarapitace is placed horizontally compared to
the beam direction. The sample is mounted on a 3Jtdircle-goniometer and an Xx/y/z
translation stage in order to change the measuretoerflection mode. GISAXS yields the
surface sensitivity which enables the investigatbsurfaces and thin films down to the sub-
molecular range. One valuable advantage of GISA¥& &AXS is the improvement of
resolution limit. Due to the reflection, the dirdmtam is well separated from the diffuse
scattering. The direct as well as the speculaectdtd beam are blocked by two separate
point-like beamstops. Therefore very small valuEsaattering vector g can be observed.
There are several of structural studies of verp tAyers by using GISAXS measurement
such as semiconductor nanostructures (quantum mEewires, nanotubes and nanolayers),

nanocomposite thin films, micro-domain formatior amdering in polymer thin films [8-10].
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Figure 1 The layout of BW4 beamline instrumdii
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Figure 2 The schematic view of GISAXS measurement

2. Experimental

2.1 Samplepreparation

Polystyrene colloidal thin films were prepared op of Si(100) surface, covered with
its native oxide layer. Firstly, the Si substra@$ x 2.5 crfi) were cleaned as follows in two
ways:

1) Soaking in isopropanol for 30 min, shaking in aeotisopropanol solution for 5 min,
and acetone-rinsing for 2 min. The cleaned sulestregre further rinsed in deionized water
for 2 min to remove the organic resides. Finalg bil-free nitrogen gas was used for drying.

2) The additional cleaning step by using 19% w/w hfldaric acid solution for 2 min
was used to remove the native silicon oxide lagesbme case.

A polystyrene film with a nominal, thickness of @®n, was coated on top of Si
substrate in order to prepare hydrophobic surfacerder to prepare colloidal polystyrene
thin films, various polystyrene colloidal particdelutions were deposited by pipette on top of

cleaned Si substrate and dried at room temperafine.droplets had a diameter about 0.5



cm. The code of sample and the variation of prépaaarameters for preparing polystyrene
thin films were listed as follows;
(L or withoutL) + A,B,C + 1-8 + RX + 2ul, 5ul, 10ul
o L polystyrene colloidal particle size 384 nm
Without L  polystyrene colloidal particle size 96 in

e ABC type of Si substrates which were cleanedstirface with

A HF solution to remove native silicon oxide layer
B only isopropanol and acetone
C Si substrate with polystyrene coating

e 1-8 concentration of polystyrene colloidal peets
1 --- 25 mg/mi 2 --- 10 mg/ml 3 --- 5.0 mg/ml
4 --- 2.5 mg/ml 5---1.0 mg/ml 6 --- 0.50 mg/ml
7 --- 0.10 mg/ml 8 --- 0.050 mg/ml

e PSXX number of sample droplets

e 2ul, 5ul, 10ul volume of droplets

The samples were further investigated using optrgatoscopy and GISAXS.

2.2 Optical microscopy

The optical microscope (Keyence VHX-600 serieshwitagnifications from x50 to
x500 was used to study in-situ observation solutoying at room temperature. To do so,
video files were made to follow the drying of pdigene droplets. After finishing of the
drying process, the optical micrographs of thecstme of thin films were recorded. The
drying kinetics process of polystyrene solutions wavestigated from the video files and the
optical micrographs. The interesting droplets, Wwhformed homogeneous areas and line

structures as observed from optical micrographse welected to GISAXS measurements.



2.3 GISAXS measurements

All GISAXS measurements were carried out at therbee BW4 of the DORIS Il
storage ring at HASYLAB, DESY with theGISAXS set-up during the exercise week. The

set-up parameters for GISAXS measurements weesl last follow;

sample-to-detector distance 2.21 m

wavelength of X-ray beam 0.138 nm

pixel size of MARCCD detector 794m x 79.1um

incidence angle;=0.3 - 0.5

The sample was placed horizontally on the sampldehcand scanned in the y-ang
direction aligning the sample surface horizontatie beam, followed by the x-direction to
make sure that the sample is aligned. The direginb&as blocked by using a diode beam-
stop in between the sample and the detector tegrtie detector from high intensity beam.
Either a movable rod-like or point-like speculaabestop was used. Sample measurement
was started by supply the acquisition time by paogning command and checked the
highest intensity before making a CCD recordinglafa which will not saturate the CCD
camera. The incident angle is always chosen toigkeh than the critical angle of the
polymer under investigation for penetrating therbe@rough the full depth of thin films.
Therefore, the information of the interface corielas can be investigated from the

resonance diffuse scattering (RDS).

24 GISAXSdataanalysis

The scattering patterns from GISAXS measurements vezorded on 2D MARCCD
detector. The program “Fid2Dhitp://www.esrf.eu/computing/scientific/FIT2D/) was used to
analyze the two-dimensional GISAXS data. Insteadisohg the complete two-dimensional

pattern, the cuts in horizontal and vertical dittwere applied. The horizontal slices at
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constant gare callecbut-of-plane cuts and the vertical slices at constapage calledvertical
cuts which are namedetector scan for vertical cut at gFO and off-detector scans for vertical
cuts at g#0. The components of scattering vector (q) candfimed as follow;

Ox = 2n(cospcosy—cosn)/A, o, = 2n(simpcosy)/A and g = 2r(sinei+sinos)/A wherea;, of and

Y are incident angle, exit angle and out-of-plangl@respectively. In this research, the out-
of-plane cut at the position of Yoneda peak at Ippasition Y=880 and the vertical cut at
pixel position X=1024 were selected to explaingtrecture of polystyrene thin films.

The out-of-plane cuts which illustrate the inteyisitith respect to the position in
columns of the detector are changed into the angplace representation by converting the
columns pixel number to out-of-plane angle. The-adtplane angle can define from the
arctangent of distance between the center of symnaetd pixel position (B) divided by

sample to detector distancesg)as shown in the following equation;

—1 pixel distance Xpixel size

1D
Y =tan"1=X = tan
Dsp Dsp

Eq. 1
Moreover, a double logarithmic plot of intensitgrsus scattering vector componentis
directly used for the determination of the struatunformation. Based on the reciprocal
space representation, the part of intensity cartlassified into form factor and structure

factor by comparing this out-of-plane cut with ttoeem factor of the sample particles. The

form factor of spherical particles is illustratedthe following equation;

P((g )—{Si”(qyr)(q‘jry;coiqyf)}z Eq. 2

The length scalesg) of a structure factor can be calculated fropnvglues at the peak
positions in out-of-plane reciprocal space repregem ast = 2r / g.
The vertical cuts are also illustrated in the dagspace representation of intensity

versus the sum of incident angle and exit angle=(a; + af ). The position of specular peak

at ¢ = 2a; and Yoneda peak & = a; + a, can be observed from the vertical cut. The
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thickness of thin films (d) can be calculated fromo maxima adjacent peaks in the vertical
cut as illustrated in the following equation;

d=— 4 , with m = n+1 Eq. 3
sina; ,, —sina; ,

3. Resaults and discussion

3.1 Optical micrographs

According to the recorded video files of the drymigcolloidal polystyrene droplets,
the drying kinetic process can be explained in rmegg way as follow. The evaporation of
the solvent increases the concentration of collomidystyrene particles and consequently
drives the convective flow in the droplets [11].efé&fore, the transportation of the particles
and the follow-up drying from the center to theipleery of the droplet can be observed.
However, the difference preparative parameters sashconcentration of polystyrene
solutions, particles size and type of substratéasas influence on the structure of the final
dried droplets and the drying kinetics process. ®pgcal micrographs of the final dried
droplets as illustrated in Figure 3 indicate thituence of the concentration of polystyrene
solutions on the structure of dried droplets inhbitte rim and the center parts. The pattern
formation and the thickness of the polystyrene filims in various areas inside the droplet
are extremely controlled by this parameter. Theasing concentration leads to small rim
of the polystyrene film as shown in Figure 3(aB{d). Additionally, gradual shrinkage of the
droplets before they become completely dried canekamined in the case of the
concentrations of the colloidal polystyrene solnsicaare equal or less than 1.0 mg/ml. The
homogeneous line structure of polystyrene filmha middle of the droplet can be observed
when the concentration of polystyrene solution.B00mg/ml for only the case of particles

size of polystyrene colloid is 384 nm as showniguFe 3(f).
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Figure 3 The x50 magnificationoptical micrographs of the final dried dropletsnfrahe
polystyrene solutions witparticles siz 384 nm of the various concentrations (a) 25, ()
(c) 5.0, (d) 2.5, (e) 1.0, (f) 0.50, (g) 0.10 ah)i@.050 mg/ml on the Si substrates which w

only cleaned bysopropanol and acetc
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The x500 magnification optical micrographs as thated in Figure 4 show th
influence of colloidal polystyrene particles sizethe structures at the rim and middle of
the final dried dropletsThe alteration of particles size from 96 to 384 nn (from Figure
4(a) to 4(b))considerably shows the differeratterns of the polystyrene colloidal thin filn
It can be noteworthy thahé line structural pattes at the rim positios can be generally
observed onlyn the case of using colloidal polystne particles size of 96 nm. Th line
patterns can be distitly indicated when using 10 mg/ml of colloidallystyrene solutio as
shown in Figure 4(a}dowever, the drying of the bigger colloidal polystge particles doe
not generate the line patterns at the rim positimngd therefore only the formation ofe
polystyrene thick films by the aggregation of thaladal particles can be observeThe
structuresof the polystyrene films in the middle of droplalso showdifferent patternsin

both cases.

(b)

Figure 4 The selected x500 magnification optical micrograin both rim ancmiddle of the
final dried droplets from the 10 mg/ml colloidallpstyrene solutions with (a) particles s
96 nm in comparison to (Iparticles size 384m on the Si substrates which were c
cleaned by isopropanol and acetc
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According to the recorded video fi of the drying of colloidal polystyrene solutio
on varioussurfaces of Si substratethe different drying kinetics process the hydrophilic
and the hydrophobic surfaces of Si subst can be observedJsing the hydrophilic €
substrates in both with and without the nativeceili oxide layers on top of the surfaces,
transportation of the particles due to the convectiow and the ollow-up drying from the
center to the periphery of the droplet can be olesk The whole drying process 0.00 ul
droplets of colloidal polystyrene solutions on tfphydrophilic Si substrate takes only 15
20 mindepending on the room tempera. The final dried droplets as shown in Figi5(a)
and 5(b) indicate thine structural patterns at the rim of the droplétsweverthe drying of
colloidal polystyrene droplets on top of hydroploBii substrates considerably shows
different drying pocess. Thegradualshrinkage of the droplets, the aggregation of déic
polystyrene particles and the random flow of thetipes before the droplets complet:
dried, can be investigate@he whole drying process of 5.(ul droplets takes about 90 n.
The line structural patterns as shown in Figurg &&n be observed in the position where
colloidal polystyrene particles aggreg Therefore, the different polystyrene thin films ¢

be produced by controlling the preparative pararset

(@) (b)

Figure 5 The selected x500 magnification optical micrograpfighe rim of final dried
droplets from the 25 mg/ml colloidal polystyrendusions with particles size 96 nm on the
substrates which were cleaned by (a) only isoprojpand acetone (b) HF solutions and

the Si substrate which coated the surface by pobsefiim
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The interesting droplets, which formed the homogeseareas in the middle of t
droplet of sample LB6PS39 and the line structuresha rim of the droplet of samp
LB2PS11 as observed from optical micrographs inufgg6, were selected to GISA

measurements.

(a) (b)
Figure 6 The x500 magnification optical micrographs of tselected dropletfor GISAXS
measurementsf samples (a) LB6PS39 and (b) B2Pwith the points of GISAXSscanning

3.2 GISAXS
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Figure 7 The twodimensional GISAXS data of sample LB6P, using different incident
angle (a);=0.3 and (b)a;=0.5°
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The resulting two-dimensional GISAXS data from theddle of the LB6PS39
droplets show in Figure 7. High intensity is markadwhite, low intensity in blue on a
logarithmic scale. The rod-like beamstop is shadgwihe specular peak. Increasing of
incident angle fronw=0.3 (Figure 7(a)) ta,=0.5" (Figure 7(b)), results in a large separation
of specular peak and Yoneda peak. The two-dimeakiGASAXS data at incident angle
a;=0.3 is selected to study the out-of-plane cuts and/éngcal cuts.

The out-of-plane cut at the exit angle equal todtigcal angle of polystyrene or the
row pixel position at Y=8800¢=0.138) is illustrated in Figure 8. Figure 8(a) illustatthe
corresponding intensity as a function of detectoelppositions and also indicates the
Yoneda peak of polystyrene. The scattered intemsisymmetric with respect to the center.
Figure 8(b) shows the corresponding intensity &snation of out-of-plane anglaj). The
reciprocal space representation as shown in Fig{o@eindicates the corresponding intensity
as a function of scattering vector compongn{sgattered plot) in comparison to the form
factor of spherical particle radius of 190 nm (liplet). The peak oscillations in the out-of-
plane cut can be mainly investigated due to thenftactor of spherical particles. However,
the fluctuation of intensity in some part of theitlations as indicated the peaks number 1, 2
and 4 in Figure 8(c), can be assumed that is tHaemce of the structure factor. The
detectable length scale®) (of a structure factor can be calculated fronvajues at the peak

number 1, 2 and 4 as followed;=134.20 nm,£,=79.303 nm andc;,=39.652 nm. The

relationship of the ratio of length scales can beseoved a<;: & = 1:% andé&,: &4 = 1%

which indicated the high-ordered peaks of structactor. However, the first-ordered length
scale of the structure factor is limited by theotegon and the geometric set-up.

The vertical cut from the two-dimensional GISAXStalaf sample LB6PS39 at
detector pixel row X=1024 as shown in Figure 9i@icates the corresponding intensity as a
function of the sum of incident angle and exit @dlhe zoom-in vertical cut in Figure 9(b)
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indicates the specular peak (S) and the Yoneda @®akf polystyrene. The thickness of thin
films (d) can be calculated from two maxima adjaqeeaks between the specular peak and

the Yoneda peak by the equatthr — 4 , . The average thickness of the
sina; ,, —sina; ,

polystyrene thin film is 432+48 nm which is caldgld from the peaks as numbering 1 to 4 in

Figure 9(b). This value is corresponding to therditer of colloidal polystyrene patrticles.
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Figure 8 The out-of-plane cut from the two-dimensional GK\data of sample LB6PS39
at the exit angle equal to the critical angle dyptyrene which shows (a) the corresponding
intensity as a function of detector pixel positigh¥ the angular space representation and (c)
the reciprocal space representation indicatingcireesponding intensity as a function of
scattering vector component (gcattered plot) and the form factor of sphenpzaticle radius

of 190 nm (line plot)
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Figure 9 (a) The vertical cut from the two-dimensional GIA data of sample LB6PS39 at

detector pixel row X=1024, which shows the corregjog intensity as a function of the sum

of incident angle and exit angle (b) The zoome-irtical cut shows the specular peak (S), the
Yoneda peak (Y) and the peak position (1-4) focudaling the thickness of the polystyrene
film.
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The resulting two-dimensional GISAXS patterns o tme structures at the rim of

sample B2PS1ldroplets show in Figure 10. The differpatterns and intensity can be

observed. At the positions which form the well-pated line structures, the high intensity of

scattering patterns can be investigated as showecan step number 2 to 7. However, the low

intensity of scattering pattern in the last scapstan be observed from the rim position of

the droplet which forms inhomogeneous film.
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Figure 10 The two-dimensional GISAXS data of the structur¢éha rim of sample B2PS11

numbering from 1 to 9 which corresponding to thanspositions as shown in Figure 6(b),

using incident angle;=0.5" and scanning over the rim for 0.4 mm with steg dig= 0.05

mm
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4. Conclusion

The drying kinetic process of colloidal polystyresmutions can be explained by the
driving of the convective flow due to the evapargtiof solvent in the droplets which
therefore transports the particles and follow-ugirdr process from the center to the
periphery of the droplet. The different patterngofystyrene thin films can be produced by
controlling the preparative parameters such as erdration, particles size and surface of
substrate. The GISAXS measurements can be usedvéstigate the information of the
structures of polystyrene thin films. The compasitof form factor and structural factor of
the intensity can be classified from the out-ofAgl@ut. The thickness of the polystyrene thin

film can be calculated from the vertical cut.

5. Acknowledgements

| would like to express my special thanks and appt®n to Dr. Stephan V. Roth and
Dr. Mottakin M. Abul Kashem for his supervising,lvable guidance and many kindly helps
throughout the DESY summer student program. Th&mk®r. Jan Perlich for his guidance
in exercise week period. Prof. Dr. Jochim Meyer, Rainer Gehrke, Andrea Schrader and
people who are behind the summer student programlso sincerely acknowledged for this
invaluable experience. Furthermore, it is my grbanor to be one of the Thailand
representatives which passed the national seleatiotNSTDA and NSRC under the

patronage of HRH Princess Maha Chakri Sirindhorn.

18



6. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

P. Siffalovic, E. Majkova, L. Chitu, M. Jergeé3, Luby, I. Capek, A. Satka, A. Timmann
and S.V. RothSmall (2008) DOI: 10.1002/smll.200800353.

S.A. Maier, P.G. Kik, H.A. Atwater, S. MeltzeE, Harel, B.E. Koel and A.A.G.
RequichaNature Materials 2 (2003) 229-232.

M.M. Abul Kashem, J. Perlich, A. Diethert, W.akNg, M. Memesa, J.S. Gutmann, E.
Majkova, I. Capek, S.V. Roth, W. Petry and P. MidBaischbaumMacromolecules 42
(2009) 6202-6208.

E. Metwalli, S. Couet, K. Schlage, R. RohiIskatg/. Korstgens, M. Ruderer, W. Wang,
G. Kaune, S.V. Roth and P. Miller-Buschbaluangmuir 24 (2008) 4265-4272.

G. Renaud, R. Lazzari, C. revenant, A. Barbigérnoblet, O. Ulrich, F. Leroy, J. Jupille,
Y. Borensztein, C.R. Henry, J.-P. Deville, F. Saleeul. Mane-Mane and O. Frucharts.
Science 300 (2003) 1416-1418.

G. Bauer, J. Hassmann, H. Walter, J. Haglm{iz Mayer and T. Schalkhammer.
Nanotechnology 14 (2003) 1289-1311.

S.V. Roth, R. Déhrmann, M. Dommach, M. Kuhimah Krdger, R. Gehrke, H. Walter,
C. Schroer, B. Lengeler and P. Miller-BuschbaRev. Sci. Instrum. 77 (2006) 085106-1
—085196-7.

P. Miller-BuschbaumAnal. Bioanal. Chem. 376, (2003) 3-10.

P. Miller-Buschbaum, E. Bauer, S. Pfister, Réth, M. Burghummer, C. Riekel, C.
David and U. ThieleEurophys. Lett. 73(1) (2003) 35-41.

E. Metwalli, J.-F. Moulin, J. Perlich, W. Wang.Dietert, S.V. Roth and P. Muller-
BuschbaumLangmuir (2009) DOI:10.1021/1a901432;.

S.V. Roth, T. Autenrieth, G. Gribel, C. Riekigl. Burghammer, R. Hengstler, L. Schulz

and P. Muller-Buschbaumppl. Phys. Lett. 91 (2007) 091975-1 — 091975-3.

19



