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Self-arrangememf DNA basedstructureson cleanmicaand modi ed Si surfacesis investigatedby meansof scanning
probemicroscopg SPM) and spectroscopiellipsometry(SE) method. DNA strandsare depositedrom a colloidal solution
on solid surfacesat room temperature Surfacesof solid substratesindbiomolecularstructuresare additionallymodi ed by
Ag nanoparticles.The self-arrangedurfacestructuresare visualizedby SPM. The effect of the multicomponenstructures
on the optical responsef comple hybrid structureds studied. Changesn the optical responsef the hybrid samplesare
relatedto the contributionsof self-assemble®NA-basedstructuresand Ag nanoparticle®n the Si surfaces.Binding of Ag
nanoparticleso the DNA strandsandformationof well-orderedstructureon the surfaceswith DNA arediscussed.
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1. Intr oduction

Duringthelastdecadeaninterestin thedevelopment
of self-arrangedhybrid structuress increasingapidly.
Advantage®f thesestructuresareexpectedoeingorig-
inatedfrom uniquepropertiesof biomoleculesuchas
proteins desoxyribonucleiacid(DNA), andredoxen-
zymes[1-5]. Integration of the biomoleculeswithin
solid nanostructuregntroducesbiochemicalrecogni-
tion in the technologyandfunctioningof the devices.
Componentsof electronic circuits, sensors,and ac-
tuators can be createdby nanotechnologyand self-
assemblagef supramoleculegl,?]. Propertiesof
solid nanoobjectscan be signi cantly modi ed by
biomoleculeg3-5].

Self-assemblagesf biomoleculesare recognized
as attractve templatesfor a large variety of hybrid
structureg6]. Assembliesbasedon the ®-helix type
moleculesarefrequentlydescribedn numerouseports
(e.q., [6-11]). The assembliesreeasilyobtaineddue
to a high stability of materialsbasedon the ®-helix
[6].- Thesematerialsarefoundacceptabléo createnew
self-assemblednaterials,the propertiesof which can
betailoredto speci ¢ conditionsof application.Possi-
bilities to make templatesandscafolds for assemblyf
mineralsandinorganic materialssuchas metalshave
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beenrecognizedas the most attractve waysto make
nanothinwires, interconnectslight emitting andlight
collectiondevices, sensorsandtransducers.The fun-
damentalunderstandingf molecularself-assemblage
including adsorption,nucleation,and grownth of two-
(2D) andthree-dimensiondBD) structuress akey el-
ementin development,optimisation,and exploitation
of thenanotechnologies.

Consideringthe ®-helix type biomolecules,DNA
molecules are the most frequently used “building
blocks” for assembliesf variousdimensiondetween
nanometregndmicrometreq1, 2,7,8]. The neggative
chage in phosphatebackboneof DNA moleculesis
favourablefor fasteningmetalnanoparticleand,con-
sequentlyfor creatingmultifunctionaland multicom-
ponentnanostructuredy binding togethermetal and
semiconductorstructures. Formation of complees
involving DNA can be successfullyexploited in ad-
vancedtechnologyif the mechanism®f the underly-
ing self-assemblagprocesseare well described.In-
creasingntereststo investigate thesemechanismsire
themainstimulusfor numbersof studiesreporteddur-
ing thelastyears[6—11].

From the above it follows that the self-formation
of biomoleculesdependscritically on the interac-
tion with the surface of the solid substrate. The
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biomoleculescanform the covalentbondsby linking
to the surface through silanole (j Oj Sij ), amidine
(i NHj (Cj O)j ), phosphonat€Oj (HPGO,)j ) orcar
boxyle(j Oj (Ci O)j ) groupd12]. Forenhancinghe
linkage,the solid surfacesareusuallymodi ed favour-
ing the formationof covalentbonds[13,14]. In order
to modify the surface, Si substratecan be coatedby
(3-aminopropl)-triethoxysilane(APTES)[15].

The presentstudy is focusedon hybridization of
DNA moleculeswith modi ed Si surfacesfollowed
by binding Ag nanopatrticlesvith the hybrid material.
Structural,mechanicaloptical, and electrical proper
tiesareinvestigatedfor the multicomponensurfacesat
differentstagef componenassemblingExperimen-
tal investigation aimsto describecomparatiely large
well-orderedhybrid assembliesn real surfacesandto
identify intentionally usedcomponentsn the assem-
blies.

2. Methods and experiments

The referencesampleswere preparedon standard
mica substratesvith very smoothsurfaceson which
z-dimensionvarieslessthan» 1-2nm. On thesesub-
stratesDNA-basedayerwasdepositedrom colloidal
solution. A dropof the solutionwasspreadon the sub-
strate. The substratevaskeptstill in laboratoryatmo-
spherg(T = 293K, relatve humidity about30%) for
15 minutes thenrinsedin a distilled water Beforethe
measurementthesubstratavasdriedin thelaboratory
atmospherdor about24 hours. Several of thesesam-
pleswere coveredby Ag nanoparticlesrom colloidal
solutionasit is describedn thenext paragraph.

StandardSi substrates(n-Si(100), ? 5 cm, re-
sistance0.5 - cm) were typically used for deposi-
tion of combined hybrid structures. The samples
were preparedby sequentialdepositionof silica, (3-
aminopropl)-triethoxysilaneNH,(CH2)3Si(OGHs)3
(APTES),andasolutionof polyvinylpropylene(PVP)-
covered Ag nanoparticles(? » 5 nm) on Si sub-
strates. The SiO, layer of 50-150nm thicknesswas
depositedon cleanedSi substratedy sol-gelspinon
technique[16] and annealedat 300*C for 1 h. On
the top of silica-coatedSi substratehe APTES layer
wasformedby immersingthe sampleinto APTES so-
lution (5% v=v) in ethanolfor 30 min or (1% v=v) in
toluenefor 4 min. The APTES-coatedubstratesnod-
i ed in ethanolsolutionwerewashedn aqueoud mM
aceticacidAcOH. Thesamplesnodi ed in tolueneso-
lution were repeatedlywashed ve timesin toluene.
After washing, the sampleswere dried at 50-60*C

for 0.5-2h in air or Ar atmosphere. The APTES-
modi ed substratavaswashedn diluted1 mM acetic
acid AcOH. The hybrid sampleDNA /APTES/ SiO, /
Siwasformedby dropcastingof DNA in physiological
solutionanddriedatroomtemperaturéor atleast10h.
Inthe nal stepthehybrid samplevasimmersedn col-
loidal solutionof PVP-coatedhg nanoparticlegor 2 h
andthendriedin air. The as-preparedampleswere
washedn waterultrasoundbathat 40*C for 20 min to
remove theremainsof chemicalprocedure.

In additionto completeAg/ DNA /APTES/ SiO, / Si
andAg/DNA /APTES/ Sisamplesthereferencesam-
plesAPTES/ Si, APTES/ SiO, /Si, DNA/APTES/ Si,
andAg/APTES/ SiO, / Si were preparedand investi-
gated. Along with sol-gelmethod,someothertech-
niques(thermalannealingn air andoxidationin water)
werealsousedfor the formationof silica layer How-
ever, it was found that uppermostAPTES layer was
makingthe mostimportantin uence on the properties
of hybrid sample.

Structureof the samplesurfaceswas visualisedby
SPM. The imagesof the surfaceswere obtainedby
SPMD3100/ NanoscopdVa (Veeco,Digital Instru-
ments).Standarctontactandnon-contacimodeswere
usedfor descriptionof topograply and more sophisti-
catedfeaturesof the samplesurfaces[17-19]. Com-
binedmodeswereusedfor mappingthe electricaland
mechanicalpropertiesof the hybrid structuresduring
onescan.

Topograply of the surfacesis recordedoy measur
ing the horizontalandverticalpositionof thetip thatis
scanninghe surfaceareaalongseriesof parallellines.
Verticalpositionof thetip varieswith thesurfaceheight
along the scanline in the contactmode becausehe
tip is permanentlyengagedwith the surfaces.Because
the tip is continuouslypressedy the cantilever over
the surfaces soft structuressanbe damagedluringthe
contactscan.In the non-contactmode(TappingMode
in the D3100)the cantilever is forcedto oscillateat or
neartheresonancérequeng in suchawaythatthereis
only anintermittentcontactbetweerthetip andsample
during eachoscillation period. The cantilever oscilla-
tionis reducedlueto enegy losscausedy thetip con-
tactwith the surfaces.Thereductionin oscillationam-
plitudeis usedto identify andmeasureurfacefeatures.
The root meansquare(RMS) signalis determinecby
the SPMsystem.Sincethe RMS signhaldepend®nthe
distancebetweenthe cantilever and surface,the feed-
backsystemadjustghetip—sampleseparatiorio main-
tain constantamplitudeof the oscillations. The feed-
backsignalis proportionalto the vertical variation of
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the surfacepro le. In additionto this type of data,a
phaseshift betweenthe actuatingsignal and oscilla-
tions of cantilever is measurediuring the samescan.
It hasbeendemonstratedhat the phaselag is highly
sensitve to variationsof adhesionfriction, and com-
positionof thesurfaceq17,19].

Electrical propertieswere characterizedy distri-
bution of electrical potential acrosslimited area of
the samplesurfaces(Electric ForceMicroscoyy, EFM)
[20-22]. In surface potential detectionmode of the
SPM D3100,the effective surfacevoltageof the sam-
ple is measuredby adjustingthe voltage on the tip
to matchthat of the surface, therebyminimizing the
electric force from the sample. Conductingand non-
conductingregionsaswell asregionsof differentmet-
alswill shav contrasin theimagesof thepotentialdue
to contactpotentialdifferences.

Surfacepotentialdetectionis a two-passprocedure
wherethe surfacetopograply is obtainedby standard
TappingModein the rst passandthe surfacepoten-
tial is measurean the secondpass.Thetwo measure-
mentsareinterleared: thatis, they areeachmeasured
oneline at a time with both imagesdisplayedon the
screensimultaneously On the rst pass,in Tapping
Mode, the cantilever is mechanicallyibratednearits
resonantfrequeng by a small piezoelectricelement.
On the secondpass,the tappingpiezodrive is turned
off and an oscillating voltage Vac sin(! t) is applied
directly to the probetip. If thereis a DC voltagedif-
ferencebetweerthetip andsample thentherewill be
anoscillatingelectricforce on the cantilever at thefre-
gueng ! . Thiscauseshecantileserto vibrate,andthe
amplitudecanbe detectedIf thetip andsampleareat
thesameDC voltage thereis noforceonthecantilever
at! andthe cantilerer amplitudewill go to zero. Lo-
cal surfacepotentialis determinedy adjustingthe DC
voltageon the tip Vyp until the oscillation amplitude
becomegeroandthetip voltageis thesameasthe sur
facepotential. The voltageappliedto the probetip is
recordedby the SPMandis usedto constructa voltage
mapof thesurface.

The hybrid samplegreparedon Si substratesvere
characterize@lsoby SEtechnique Photometricellip-
someterswith rotatinganalyzer[23] and photoelastic
modulatorof light polarization[24] were usedin the
spectrarangeof 250-800nm. The comple re ection
was obtainedfrom experimentaldatafor comple re-
ection coefcient

p
Vo= :—Stan"ﬁl exp(it) ; @

whererP andr* arethe Fresnelre ection components
for light polarizedparallel (p) and perpendicular(s)
with respecto the planeof light incidence?2 and¢
arethe ellipsometricparameterswhich determinethe
changeof theamplitudegr¥j andphasesy (k = p;s)
of the Fresneke ection coefcients:

tana-jrﬂ' ¢ = 4= & (2)
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The experimentaldataof ellipsometricparameters
for complec hybrid samplesvereanalysedn theframe
of multilayer model. The samplewasmodelledby the
stackof layersparallelto the substratesurface,eachith
layer being characterizedy thicknessd; and dielec-
tric function";. Theopticalrespons@f the multilayer
systemwascalculatedoy thetransfemrmatrix technique
[25] modelling the light propagtion and introducing
the 2D vectorsfor electricandmagneticelds, andtak-
ing into accountthe boundarycondition on the inter-
faceqd23].

For thereferencesampleslike APTES/ Si, thespec-
tral dependencesf ellipsometricparametersverein-
terpretedin the multilayer model making use of the
databasd26] for the dielectric functions of standard
materialslike Si andsilica. In this casethe thickness
and the weight of sublayerswere consideredas ad-
justableparametersat tting the modelledspectrato
experimentalones. For complex hybrid samplespoth
dielectricfunctionandthicknesof sublayersveread-
justable parametersn the tting procedure. In this
case,the spectraldependencef ellipsometricparam-
eters? and¢ wasdescribedoy contrikution of three

Lorentzian-typdines:
X Ay
Kk Eki i 1Eik
whereAy, Eg, andj ¢ arethe amplitude,the enengy,
andthewidth of kth Lorentzianline, respectrely, and

i is theimaginaryunit.

3)

3. Results
3.1.Structual studies

SeparatedNA structuresvereidenti ed in thecor-
respondingeferencesamplesy SPMscanning.Typi-
calSPMimagesof thesurfacesor sampleDNA / mica
areillustratedin Fig. 1. Shapein planeandvariations
in heightcanbe analysedn Fig. 1(a) wherevariations
in heightover the surfacesare visualisedin the grey-
scalemethod.Ball andthreadlik e objectswerefound
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Fig. 1. Two-dimensionaBPMimagesof (a) topograply and(b) phasedistribution for DNA layerself-assembletom colloidal solutionon
themicasurfacethanrinsedin distilled wateranddried.

on the mica surfaceof the referencesampleshy SPM
scanning.Threadlik e structuresn the SPMimagesin
Fig. 1(a)aretypical of the samplesdasedn micasub-
stratesvith DNA onit (seege.g.,[19,27,28]). Consid-
eringthein uence of tip diameteronthedimensionsn
horizontalaxis, thicknessof thethreadsapproximately
representsliameterof the threadlike DNA structures
andis equalto about7—8 nm. Lengthof thesestruc-
turesvariesbetween0.5and2 * m. The surfaceden-
sity of thesestructuresseemseingapproximatelythe
sameover surfacesof the samesampleaswell asin
several referencesamplesobtainedundersimilar con-
ditions. Separate@NA structuresveredetectemnthe
surfacesafter empirical selectionof acceptablesource
by sequentialdilution of the initial colloidal solution
with DNA.

SPMimagesn themainphasanode(Fig. 1(b)) dis-
criminatebetweencompositionsof the objectson the
basisof friction andviscosity Very bright objectsin
Fig. 1(b) areattributedto precipitatef saltsfrom the
solution. Light grey objectsare much softerthanthe
bright onesand display the biomolecularstructures.
Theorigin of thelight grey spotsin Fig. 1(b) thatcorre-
spondto the ball like objectsin Fig. 1(a)arenot deter
minedin presenistageof investication. It canbe sup-
posedthat the ball like objectsin SPM imagesrepre-
sentagglomeratesf biomoleculesemainingfrom the
solutionsusedin the DNA puri cation technology

Typical topograply of the metallizedDNA layeron
mica substratas shavn by the SPMimageof heights
in Fig. 2(a). The surface of the sampleis covered
by comparatrely smoothcoating(grey backgroundn
Fig. 2(a)) andseparatedocksemeging from the coat-
ing or laying on thetop of it (bright spots). Height of
theobjectsvariesbetweer7 and15 nm. Someof these
objects are evidently different from the background
coatingasit canbe proved by SPMimageconstructed
from the phasemeasurementé=ig. 2(b)). The bright
spotsin Fig. 2(b) areassociatedith higherfriction and
canbe harderthanthe backgroundcoating. SinceAg
nanoparticlesare depositedrom colloidal solutionon
the top of the structure,it seemgeasonablé¢o accept
the bright spotsasvisualizedAg basedhanoobjectsn
the SPMimagesn Fig. 2. It follows from carefulcom-
parisonof the height and phaseimagesin Fig. 2 (a)
and(b), respectrely, thatonly partof separatedbjects
canbe supposedo be madeof a more densematter
thanthe background Part of clearlyidenti able peaks
in the SPM presentatiorof the heightslooks like the
backgroundn the phasemapin Fig. 2(b). The differ-
enceshetweenmechanicapropertiesof separateab-
jectsin Fig. 2 (a) and (b) canbe explainedassuming
the presencef a thin coatingof remainingsubstance
from colloidal solutionon the Ag nanoparticlegvenif
Ag ballsriseabore thesurface.

The separateabjectsin the Ag-coatedDNA layer
onmicawerealsoanalysedy EFM modeof the SPM.



V. Bukauska®tal. / LithuanianJ. Phys.48, 287—297(2008) 291

10.0 nm

0.0 1: Height

(@)

(b)

Fig. 2. Two-dimensionaSPMimagesof (a) topograply and(b) phasedistribution for alayercomposedf the APTESandAg nanograins
onamicasubstratavhenthe basevoltagein the EFM modescannings + 1 V.
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Fig. 3. Two-dimensionaBPMimagesof theelectricforcephasdistribution for alayercomposeaf the DNA andAg nanograin®namica
substratevith the basevoltage(a) + 1V and(b) + 10 V.

Typical surfacepotentialdistribution over the scanned
areais illustrated by electrical force sensitve phase
imagesin Fig. 3. Theareain Fig. 3 is the sameasthe
areain Fig. 2. In Fig. 3, the bright spotsrepresenthe
areaof locally chageddomainsof thesamplesurface.
Thetwo imagesin Fig. 3 (a) and(b) wereobtainedfor

the sameareaof the samplebetweenwhich andthetip
theDC voltagedifferences equalto + 1 and+ 10V, re-
spectvely. A largerDC voltagedifferencebetweerthe
tip andthesampldeadsto alargeramplitudeof oscilla-
tionsof cantilever and,consequentlyto a highersensi-
tivity to thechageddomains.In Fig. 3(a),bright spots
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of low densitycanbeassociateavith completelyclean
Ag nanoparticleon the top of DNA layer Metallic
nanoparticleghat are partly or even completelycov-
ered by an isolating coating are explicitly displayed
in the EFM phaseimageif the appliedDC voltageis
high enough.Basedon comparisorof the topograply,
standardphaseand the EFM phaseimages,it seems
reasonableo supposehat Ag nanoparticlesare com-
pletelycoveredby remainingsubstancéom driedcol-
loidal solution on the mica substrateand only part of
the nanopatrticlesreclearof this coating.

Speci ¢ multicomponentconstructionsself-assem-
bled on the Si substratesfter nal stagein the Ag/
DNA/APTES/[SiO2/]Si technology Thesestruc-
tureswere tracedby the SPM measurements.Typi-
cal imagesof SPM height map are shawvn in Fig. 4.
Thetwo-dimensionatepresentationf topograply was
obtainedfor the samesamplein aspreparedsamples
and after rinsing in water ultrasoundbath. Chainsof
nanoparticleseemto be commonfeatureof arrange-
ment of the surfacesin both SPM imagesin Fig. 4.
Severalwell-orderedmulticomponenbbjectsin which
Ag nanoparticlegorm lines aretypically tracedin the
squarel .5 1.5t m? onthesurfaceof thesamplesThe
shapeof the lines seemssimilar to DNA imagesob-
tainedfor themicabasedsamples.

Thesizesof nanopatrticle$n the combinedcoatings
weredependenbnthe nal rinsingof thesamplesThe
SPMimagein Fig. 4(a) representsopograply of the

0.0 1: Height

(@)

samplesafterself-assemblagef thetop Ag nanoparti-
clesbasedayer, while theimagein Fig. 4(b) shavsthe
surfacesafter special nal rinsing of the samples.The
particlesareclearlysmalleronthesurfacesafterrinsing
of samples.The effect of sizereductioncanbe under
stoodif encapsulatiof Ag nanoparticlesvithin PVP
coatingis considered.It seemgeasonabléo suppose
that several nanoparticlesare trappedwithin single
PVP bubble. Thereforecomparatiely large nanopar
ticles are visualized on the surfacesof as-prepared
samples. Rinsing in water removes the PVP coating
and clean Ag nanoparticlesare displayed. The well-
orderedstructureis determinedoy self-assemblagef
Ag nanoparticleshereforeghein-line arrangedbjects
aretracedon the surfacesof the sampleseforeandaf-
terrinsing.

3.2.Optical studies

Theopticalstudiesvereusedfor characterizatioof
hybrid samplesaindidenti cation of thecomponentsn
complex structuredueto their contrikbution to optical
responsekor this purposethe opticalresponsef sep-
aratecomponentfiasbeenprimarily investigated.

The spectraldependencef the optical responseof
APTES layer depositedon Si substratedby immersion
techniquewasfoundto be well describedby standard
dielectricfunction of SiO, [26]. However, the weight
factor varied in the range of 0.5-1.0indicating the

40.0 nm

0.0 1: Height

(b)

Fig. 4. Two-dimensionalSPM imagesof topograply for the multilayer samplesasedon Si substratesnodi ed with the APTEScovered
by DNA layerandadditionallayerof Ag nanoparticleén (a) as-preparedtateand(b) afterrinsingin ethanol.
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(@)
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Fig.5. (a) Experimenta(points)andmodelledcurves)of ellipsometrigparameterd and¢ for thesampleAg/APTES/ Siand(b) dielectric
function spectraof the effective surfacelayer obtainedfrom the tting procedureascomparedwith the absorptionspectrumof colloidal
solutionof Ag nanoparticles.

porosity of APTES layer, which is known [16] to be
dependenbntechnologicategime of formation.
Thespectradependencef theellipsometricparam-
eters? and¢ for the hybrid sampleAg/APTES/ Si
was tted by the opticalrespons®f oneeffective layer
(Fig. 5(a)) on the APTES-modi ed Si substrate.Ac-
cordingto the modelcalculationsfor this sample the
thicknessof the effective layer and APTES Im was
5.3 and 11.5 nm, respectiely. The spectraldepen-
denceof the dielectricfunction for the effective layer
(Fig. 5(b)) possesseswo features. The low-enegy
peakat » 2.2 eV canbe attributedto the residualma-
terial of the solution containingthe PVP-coatedAg
nanoparticlesHowever, thepeakcanbealsodueto the
interparticledipole—dipolecouplingsof nanopatrticles
onsolidsubstratef29]. Thepeakat» 3.4eVisrelated
to the surfaceplasmonresonancef metal nanoparti-

(@)

cles[30] andcorrespondso the absorptiorpeakof Ag
colloidal solution (Fig. 5(b)). The higherenegy shift
of the peakin hybrid samplewith respecto thatin the
colloidal solutioncanbe dueto areducedcaveragesize
of Ag nanoparticles.

Figure 6 illustratesthe datafor the hybrid sample
DNA/APTES/ Si. As seenfrom Fig. 6(a), the exper
imental dataare well describedby the model of two
layersof thicknes25and13 nm simulatingtheoptical
responsef DNA andAPTES respectiely. Thedielec-
tric function of the surfacelayer depositecon APTES
(Fig. 6(b)) hasshawn two opticalfeatures.The lower-
enegy peakat » 2.3 eV is assumedo be dueto the
saltsfrom the DNA-solution. The higherenegy peak
at 4.6 eV agreeswell with the electronicexcitation of
DNA [31], which is representedby the main peakat
4.9eV andsubsidiaryoneat4.4¢eV.

(b)

Fig. 6. (a) Experimentalpoints)andmodelled(curves)of ellipsometricparameterd and¢ for thesampleDNA /APTES/ Si and(b) di-
electricfunctionspectreof the effective surfacelayerobtainedrom the tting procedure.



294 V. Bukauskagtal. / LithuanianJ. Phys.48, 287—297(2008)

(@)

(b)

Fig. 7. (a) Experimental(points)and modelled(curves)of ellipsometricparameteré and¢ for the sampleAg/DNA/APTES/ Si and
(b) dielectricfunctionspectraof the upper lower, andeffective surfacelayerobtainedirom the tting procedure.

The optical responsef the complex hybrid sample
Ag/DNA/APTES/ Siis quitecomplicatechecaus®f
interferencepatternwhich manifestsitself alongwith
the contritution of absorbingnon-homogeneousur

facelayer. In orderto tracethe spectraldependence

of the phaseof thelight re ected from hybrid sample,
additionalmeasurementsf the phasehave beenper
formedmakinguseof the ellipsometemith photoelas-
tic modulatorof light polarization.Takinginto account
the resultsof the phasemeasurementandellipsomet-
ric dataobtainedonthereferencesamplesamultilayer
modelwasdevelopedwhich describedhe experimen-
tal datafor complex hybrid sample(Fig. 7(a)). The
modelsimulatedthe opticalrespons®f threelayerson
Si substrate{i) two surfacelayersof thickness22 nm
(uppersublayerland4.5nm (lower sublayer) eachap-
proximatedby Lorentzianlines, and(ii) APTESIlayer
of thicknes49.5nm, thecontritution of whichwasas-
sumedto be the sameasfor silica [26]. The spectral
dependencef the dielectricfunction of the uppertwo
sublayersalongwith thatfor resultanteffective layeris
shawvn in Fig. 7(b). As seenfrom Figs.5(b), 6(b), and
7(b), the dielectric function of uppersublayercanbe
interpretedoy dominatingcontrikution of Ag nanopar
ticles, whereaghe optical responsef the lower sub-
layeris mainly causedy DNA, thoughsomecontritu-
tion of Ag nanoparticlehasalsobeendetected Addi-
tional modelcalculationsof thedirectopticalresponse
of thecomple systemAg/DNA /SiO, / Si agreewell
with experimentaldata.

The optical studieshave con rmed the results of
structuralinvestications. The optical responseof the
DNA moleculesintegrated on the APTES-modi ed
surfaceof Si substratealongwith the contribution Ag

nanoparticlesvereclearlyresohedin theellipsometric
spectraandwerewell simulatedoy modelcalculations.

4. Discussions

Quantitatve analysisof the surface topology ob-
tainedby SPM scanningcan be basedon processing
of digitized pro les of the scans.It wasdemonstrated
in variousstudieg 32—34]thatsomefeaturesf thesur
facesstructurecanbe describedby parametersf the
power spectrabdlensity(PSD)functiondervedfrom the
AFM surfacepro le data.

In our experimentthe frequeng distribution for a
digitized pro le of length L, consistingof N points
sampledatintervalsof do, is describedy formula

PSD(f ) = 2_doz>(“ eal(ni 1(mj 1) z(n)E
N n=1
mij 1
forf = X 4

in which frequencied rangefrom 1=L to (N=2)=L.
The PSD functions obtainedfor our samplescharac-
terizedby the SPMimagesin Fig. 4 areillustratedin
Fig. 8. The PSDdependencesn frequeng are simi-
lar to thosetypically obtainedfor the samplesn which
thin layersaredepositecn smoothsubstrat¢32—35].
It wasshawvn in [35] thatPSDof athin Im coating
canbedescribedy a sumof PSDof the substrateand
the PSDof the pure Im. The PSD analyticalmodel
includesthe mathematicaterm describingthe overall
roughnessontritution from the substratgdominated
by fractals)andpure Im. PSDof the substratesvith
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Fig. 8. The PSDfunctionobtainedfrom the SPMtopograply data
in Fig. 4 (points)for the sampleshefore(1) andafterrinsing (2).
Linesaremodelcalculationsxplainedin thetext.

spatialfrequencied mostly follows a fractal model,
which obeystheinversepowerlaw [32,35] similarto

K
PSDfractal (f : K;°) = fi; 5)

o)
The intrinsic surface parameterslescribingsuchfrac-
tal-like surfacesarespectraktrengthiK andspectrain-
dices®. Theformula(5) is acceptabldor the highly
nished surfacesthat can be assumedas self-afne.
For thesesurfacesfractal analysiscan be appliedus-
ing D asthe fractaldimension.The fractal dimension
D canberelatedto theexperimentakesultsby formula
[32,35]
7i (°+1)_6j°,
2 2
The PSDfunctionof pure Im canbedescribedus-
ing thek-correlatioormodelalsocalledthe AB C model

[32,33,35]. Basedon this model,the PSDfunctionis
describedyy formula

D=

with 0< ° < 2: (6)

A

(7)

with A, B, C beingthe function parametersand the
valueof C greateithan2. This modelsatisactorily de-
scribessandomroughsurfacesover largelengthscales.
If calculatedaccordingto (7), a “knee” appearsn the
PSDfunction. Thisspeci ¢ shapeof thefunctionis de-
terminedby B, whichis equalto thecorrelationlength.
At smallf valueswell belov thekneethePSDis deter
minedby A, andathighf valuesbeyondtheknee the
surfaceis fractal andthe PSD function is determined
by C.

Sumof theterms(5) and (7) wasusedto calculate
theoreticaturvesshavn by linesin Fig. 8. Theparam-

etersin (5) and(7) werevarieduntil theoreticalcurves
tted experimentaldependencesepresentedby points
in Fig. 8. The PSD modelsatishctorily characterized
thetopographiesf our samplesThefractalroughness
componentf substrateand intrinsic Im roughness
have beenderived from this modelling. It canbe em-
phasizecherethatthe rst termrelatedto the substrate
andsubstrate-induceelffectis describedy almostthe
sameparameterdgor aspreparedand rinsed samples.
For the substratehe fractal dimensionequalto about
D = 2.7is obtained,while the spectralstrengthK is
about10®. The parameter®f the secondterm repre-
sentingthe AB C model are dependenbn the tech-
nology of the coating. For as-preparedtoatingsthe
parametersvere A = 2.8€0°, B = 0.68,C = 4.2.
After rinsing the model descriptionof the PSD func-
tion givesA = 4¢0’, B = 0.17,C = 4.95. It must
be pointedherethatappliedvoltagein the EFM mode
doesnot changethe PSD function. Sincethe param-
eterB is proportionalto the correlationlengthrepre-
sentingthe meangrain sizein the coating,the model
analysisof PSDfunctionquantitatvely de nesreduced
dimensionsof the nanoobject®f the layer after sam-
ple rinsing. Consideringhe characterizationof Si sub-
strate, at well-preparedsurfaceshave to be described
by D = 2. HigherD magnitudesanbe explainedby
comparatrely largeroughnes®f the surface.lt canbe
supposedhattechnologicaproceduresisedfor forma-
tion of the multicomponentoatingseento be damag-
ing the surfacesof the Si substrateshatinitially have
beencharacterizedby variationsin heightof aboutl—
2nm.

5. Conclusions

Theself-arrangedrderedNA structureslecorated
by Ag nanoparticlesare effectively formed on the Si
surfacemodi ed by APTES. On thesesubstratesge-
tailed SPM structuralstudiesrevealedthe main regu-
larities in the self-oiganizationprocessof DNA struc-
tures. The investigationshave shavn the commonal-
ities and some speci ¢ featuresin the hybrid struc-
tures on smoothmica surface and modi ed Si sub-
strates Absenceof regular structureson micasurfaces
hasproved that binding force of DNA to the surfaces
is muchlower in mica-DNA systemcomparedo the
hybrid structurebasedonmodi ed Si substratesSpec-
troscopicellipsometrymeasuremenisereshavn to be
effective tool for characterizatiorof complex hybrid
samplesAg/DNA/APTES/ Si. The contritutions to



296

V. Bukauskagtal. / LithuanianJ. Phys.48, 287—297(2008)

optical responselueto componentsn hybrid samples
canbeseparatethy detailedellipsometricstudies.
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DNR SASAJOS SUDAUGIAK OMPONENCIAIS DARINIAIS SiPAVIRSIUJE TYRIMAS
SKENUOJANCIOJO ZONDO MIKR OSKOPU IR OPTINIAIS MET ODAIS

V. Bukauskas). BabonasA. Reza,J. Sabataitye, |. Simkiere, A. Setkus

Puslaidininku zik osinstitutas,Vilnius, Lietuva

Santrauka

Dariniu suDNR molekukemissusitarkymasantSvaraus erwcio
ir specialiaiapdorotoSi pavirSiu yra tirtas skenuojarmiojo zondo
mikroskopu(SZM) ir spektroskpineelipsometrijg SE).Kambario
temperatroje DNR junginiai nusodinamiantkietojo pavirSiausis
koloidiniu tirpalu. Kietieji padeklai subiomolekubmistaip patpa-
dengiamiAg nanodalelil sluoksniu.Savitvarkiu dariniu pavirSiaus

atvaizdasgaunamasaudojantvairius SZM re imus. Taip patti-
riamaoptinioatsalo priklausomyle nuodaugialomponeuio hibri-
dinio darinio sandarosSpeci niai pokyciai, stebimioptiniameat-
sale, atsirandadel DNR molekuliu ir Ag nanodaleli susijungimo
savitvarkiamehibridiniamedarinyje ant Si pavirSiaus. Aptariamos
tvarkingai antkietojo pavirSiaussusirikiazusiu dariniu charakteris-
tikos,siejantjassuDNR ir Ag nanodaleli susijungimoypatumais.



