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Self-arrangementof DNA basedstructureson cleanmica andmodi�ed Si surfacesis investigatedby meansof scanning
probemicroscope(SPM)andspectroscopicellipsometry(SE)method.DNA strandsaredepositedfrom a colloidal solution
on solid surfacesat roomtemperature.Surfacesof solid substratesandbiomolecularstructuresareadditionallymodi�ed by
Ag nanoparticles.The self-arrangedsurfacestructuresarevisualizedby SPM.The effect of the multicomponentstructures
on the optical responseof complex hybrid structuresis studied. Changesin the optical responseof the hybrid samplesare
relatedto thecontributionsof self-assembledDNA-basedstructuresandAg nanoparticleson theSi surfaces.Binding of Ag
nanoparticlesto theDNA strandsandformationof well-orderedstructureson thesurfaceswith DNA arediscussed.
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1. Intr oduction

Duringthelastdecadeaninterestin thedevelopment
of self-arrangedhybrid structuresis increasingrapidly.
Advantagesof thesestructuresareexpectedbeingorig-
inatedfrom uniquepropertiesof biomoleculessuchas
proteins,desoxyribonucleicacid(DNA), andredoxen-
zymes[1–5]. Integration of the biomoleculeswithin
solid nanostructuresintroducesbiochemicalrecogni-
tion in the technologyandfunctioningof the devices.
Componentsof electronic circuits, sensors,and ac-
tuators can be createdby nanotechnologyand self-
assemblageof supramolecules[1,2]. Propertiesof
solid nanoobjectscan be signi�cantly modi�ed by
biomolecules[3–5].

Self-assemblagesof biomoleculesare recognized
as attractive templatesfor a large variety of hybrid
structures[6]. Assembliesbasedon the ®-helix type
moleculesarefrequentlydescribedin numerousreports
(e.g., [6–11]). Theassembliesareeasilyobtaineddue
to a high stability of materialsbasedon the ®-helix
[6]. Thesematerialsarefoundacceptableto createnew
self-assembledmaterials,the propertiesof which can
betailoredto speci�c conditionsof application.Possi-
bilities to maketemplatesandscaffoldsfor assemblyof
mineralsand inorganic materialssuchasmetalshave

beenrecognizedas the most attractive ways to make
nanothinwires, interconnects,light emitting andlight
collectiondevices,sensors,andtransducers.The fun-
damentalunderstandingof molecularself-assemblage
including adsorption,nucleation,and growth of two-
(2D) andthree-dimensional(3D) structuresis akey el-
ementin development,optimisation,andexploitation
of thenanotechnologies.

Consideringthe ®-helix type biomolecules,DNA
molecules are the most frequently used “building
blocks” for assembliesof variousdimensionsbetween
nanometresandmicrometres[1,2,7,8]. The negative
charge in phosphatebackboneof DNA moleculesis
favourablefor fasteningmetalnanoparticlesand,con-
sequently, for creatingmultifunctionalandmulticom-
ponentnanostructuresby binding togethermetal and
semiconductorstructures. Formation of complexes
involving DNA can be successfullyexploited in ad-
vancedtechnologyif the mechanismsof the underly-
ing self-assemblageprocessesarewell described.In-
creasingintereststo investigatethesemechanismsare
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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biomoleculescan form the covalentbondsby linking
to the surface through silanole (¡ O¡ Si¡ ), amidine
(¡ NH¡ (C¡ O)¡ ), phosphonate(O¡ (HPO2)¡ ) or car-
boxyle(¡ O¡ (C¡ O)¡ ) groups[12]. For enhancingthe
linkage,thesolidsurfacesareusuallymodi�ed favour-
ing the formationof covalentbonds[13,14]. In order
to modify the surface,Si substratecan be coatedby
(3-aminopropyl)-triethoxysilane(APTES)[15].

The presentstudy is focusedon hybridization of
DNA moleculeswith modi�ed Si surfacesfollowed
by bindingAg nanoparticleswith the hybrid material.
Structural,mechanical,optical, and electricalproper-
tiesareinvestigatedfor themulticomponentsurfacesat
differentstagesof componentassembling.Experimen-
tal investigation aims to describecomparatively large
well-orderedhybrid assemblieson realsurfacesandto
identify intentionally usedcomponentsin the assem-
blies.

2. Methodsand experiments

The referencesampleswere preparedon standard
mica substrateswith very smoothsurfaceson which
z-dimensionvarieslessthan» 1–2nm. On thesesub-
strates,DNA-basedlayerwasdepositedfrom colloidal
solution.A dropof thesolutionwasspreadon thesub-
strate.Thesubstratewaskeptstill in laboratoryatmo-
sphere(T = 293 K, relative humidity about30%) for
15 minutes,thenrinsedin a distilled water. Beforethe
measurements,thesubstratewasdriedin thelaboratory
atmospherefor about24 hours. Several of thesesam-
pleswerecoveredby Ag nanoparticlesfrom colloidal
solutionasit is describedin 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-
aminopropyl)-triethoxysilaneNH2(CH2)3Si(OC2H5)3
(APTES),andasolutionof polyvinylpropylene(PVP)-
covered Ag nanoparticles(? » 5 nm) on Si sub-
strates. The SiO2 layer of 50–150nm thicknesswas
depositedon cleanedSi substratesby sol–gelspin on
technique[16] and annealedat 300±C for 1 h. On
the top of silica-coatedSi substratethe APTES layer
wasformedby immersingthesampleinto APTESso-
lution (5% v=v) in ethanolfor 30 min or (1% v=v) in
toluenefor 4 min. TheAPTES-coatedsubstratesmod-
i�ed in ethanolsolutionwerewashedin aqueous1 mM
aceticacidAcOH.Thesamplesmodi�ed in tolueneso-
lution were repeatedlywashed� ve times in toluene.
After washing, the sampleswere dried at 50–60±C

for 0.5–2 h in air or Ar atmosphere. The APTES-
modi�ed substratewaswashedin diluted1 mM acetic
acid AcOH. The hybrid sampleDNA / APTES/ SiO2 /
Si wasformedby dropcastingof DNA in physiological
solutionanddriedatroomtemperaturefor at least10h.
In the�nal stepthehybrid samplewasimmersedin col-
loidal solutionof PVP-coatedAg nanoparticlesfor 2 h
and then dried in air. The as-preparedsampleswere
washedin waterultrasoundbathat40±C for 20min to
remove theremainsof chemicalprocedure.

In additiontocompleteAg / DNA /APTES/ SiO2 / Si
andAg / DNA / APTES/ Si samples,thereferencesam-
plesAPTES/ Si, APTES/ SiO2 / Si, DNA / APTES/ Si,
andAg / APTES/ SiO2 / Si werepreparedandinvesti-
gated. Along with sol–gelmethod,someother tech-
niques(thermalannealingin air andoxidationin water)
werealsousedfor the formationof silica layer. How-
ever, it was found that uppermostAPTES layer was
makingthemostimportantin�uence on theproperties
of hybrid sample.

Structureof the samplesurfaceswasvisualisedby
SPM. The imagesof the surfaceswere obtainedby
SPM D3100 / NanoscopeIVa (Veeco,Digital Instru-
ments).Standardcontactandnon-contactmodeswere
usedfor descriptionof topography andmoresophisti-
catedfeaturesof the samplesurfaces[17–19]. Com-
binedmodeswereusedfor mappingtheelectricaland
mechanicalpropertiesof the hybrid structuresduring
onescan.

Topography of the surfacesis recordedby measur-
ing thehorizontalandverticalpositionof thetip thatis
scanningthesurfaceareaalongseriesof parallellines.
Verticalpositionof thetip varieswith thesurfaceheight
along the scanline in the contactmodebecausethe
tip is permanentlyengagedwith thesurfaces.Because
the tip is continuouslypressedby the cantilever over
thesurfaces,soft structurescanbedamagedduringthe
contactscan.In thenon-contactmode(TappingMode
in theD3100)thecantilever is forcedto oscillateat or
neartheresonancefrequency in suchawaythatthereis
only anintermittentcontactbetweenthetip andsample
during eachoscillationperiod. The cantilever oscilla-
tion is reduceddueto energy losscausedby thetip con-
tactwith thesurfaces.Thereductionin oscillationam-
plitudeis usedto identify andmeasuresurfacefeatures.
The root meansquare(RMS) signal is determinedby
theSPMsystem.SincetheRMSsignaldependson the
distancebetweenthe cantilever andsurface,the feed-
backsystemadjuststhetip–sampleseparationto main-
tain constantamplitudeof the oscillations. The feed-
backsignal is proportionalto the vertical variationof
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the surfacepro�le. In addition to this type of data,a
phaseshift betweenthe actuatingsignal and oscilla-
tions of cantilever is measuredduring the samescan.
It hasbeendemonstratedthat the phaselag is highly
sensitive to variationsof adhesion,friction, andcom-
positionof thesurfaces[17,19].

Electrical propertieswere characterizedby distri-
bution of electrical potential acrosslimited area of
thesamplesurfaces(ElectricForceMicroscopy, EFM)
[20–22]. In surfacepotential detectionmodeof the
SPM D3100,the effective surfacevoltageof the sam-
ple is measuredby adjusting the voltage on the tip
to matchthat of the surface, therebyminimizing the
electric force from the sample. Conductingandnon-
conductingregionsaswell asregionsof differentmet-
alswill show contrastin theimagesof thepotentialdue
to contactpotentialdifferences.

Surfacepotentialdetectionis a two-passprocedure
wherethe surfacetopography is obtainedby standard
TappingMode in the �rst passandthe surfacepoten-
tial is measuredon thesecondpass.Thetwo measure-
mentsareinterleaved: that is, they areeachmeasured
one line at a time with both imagesdisplayedon the
screensimultaneously. On the �rst pass,in Tapping
Mode, the cantilever is mechanicallyvibratednearits
resonantfrequency by a small piezoelectricelement.
On the secondpass,the tappingpiezodrive is turned
off andan oscillatingvoltageVAC sin(! t) is applied
directly to the probetip. If thereis a DC voltagedif-
ferencebetweenthetip andsample,thentherewill be
anoscillatingelectricforceon thecantilever at thefre-
quency ! . Thiscausesthecantilever to vibrate,andthe
amplitudecanbedetected.If thetip andsampleareat
thesameDC voltage,thereis noforceonthecantilever
at ! andthecantilever amplitudewill go to zero. Lo-
calsurfacepotentialis determinedby adjustingtheDC
voltageon the tip Vtip until the oscillationamplitude
becomeszeroandthetip voltageis thesameasthesur-
facepotential. The voltageappliedto the probetip is
recordedby theSPMandis usedto constructavoltage
mapof thesurface.

The hybrid samplespreparedon Si substrateswere
characterizedalsoby SEtechnique.Photometricellip-
someterswith rotatinganalyzer[23] andphotoelastic
modulatorof light polarization[24] wereusedin the
spectralrangeof 250–800nm. Thecomplex re�ection
wasobtainedfrom experimentaldatafor complex re-
�ection coef�cient

½=
r p

r s tan ª exp(i¢) ; (1)

wherer p andr s aretheFresnelre�ection components
for light polarizedparallel (p) and perpendicular(s)
with respectto the planeof light incidence,ª and¢
arethe ellipsometricparameters,which determinethe
changeof theamplitudesjr k j andphases±k (k = p;s)
of theFresnelre�ection coef�cients:

tan ª =
jr pj
jr sj

; ¢ = ±p = ±s : (2)

The experimentaldataof ellipsometricparameters
for complex hybrid sampleswereanalysedin theframe
of multilayermodel. Thesamplewasmodelledby the
stackof layersparallelto thesubstratesurface,eachi th
layer being characterizedby thicknessdi and dielec-
tric function" i . Theopticalresponseof themultilayer
systemwascalculatedby thetransfermatrix technique
[25] modelling the light propagation and introducing
the2D vectorsfor electricandmagnetic�elds, andtak-
ing into accountthe boundaryconditionon the inter-
faces[23].

For thereferencesamples,likeAPTES/ Si, thespec-
tral dependencesof ellipsometricparameterswerein-
terpretedin the multilayer model making use of the
database[26] for the dielectric functionsof standard
materialslike Si andsilica. In this casethe thickness
and the weight of sublayerswere consideredas ad-
justableparametersat �tting the modelledspectrato
experimentalones.For complex hybrid samples,both
dielectricfunctionandthicknessof sublayersweread-
justableparametersin the �tting procedure. In this
case,the spectraldependenceof ellipsometricparam-
etersª and¢ wasdescribedby contribution of three
Lorentzian-typelines:

" (E ) =
X

k

Ak

E 2
k ¡ E 2 ¡ iE ¡ k

; (3)

whereAk , Ek , and¡ k are the amplitude,the energy,
andthewidth of kth Lorentzianline, respectively, and
i is theimaginaryunit.

3. Results

3.1.Structural studies

SeparatedDNA structureswereidenti�ed in thecor-
respondingreferencesamplesby SPMscanning.Typi-
calSPMimagesof thesurfacesfor samplesDNA / mica
areillustratedin Fig. 1. Shapein planeandvariations
in heightcanbeanalysedin Fig. 1(a)wherevariations
in heightover the surfacesarevisualisedin the grey-
scalemethod.Ball andthreadlike objectswerefound
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(a) (b)

Fig. 1. Two-dimensionalSPMimagesof (a) topography and(b) phasedistribution for DNA layerself-assembledfrom colloidalsolutionon
themicasurfacethanrinsedin distilledwateranddried.

on the mica surfaceof the referencesamplesby SPM
scanning.Threadlike structuresin theSPMimagesin
Fig. 1(a)aretypical of thesamplesbasedon micasub-
strateswith DNA onit (see,e.g., [19,27,28]). Consid-
eringthein�uenceof tip diameteronthedimensionsin
horizontalaxis,thicknessof thethreadsapproximately
representsdiameterof the threadlike DNA structures
andis equalto about7–8 nm. Lengthof thesestruc-
turesvariesbetween0.5 and2 ¹ m. The surfaceden-
sity of thesestructuresseemsbeingapproximatelythe
sameover surfacesof the samesampleas well as in
several referencesamplesobtainedundersimilar con-
ditions.SeparatedDNA structuresweredetectedonthe
surfacesafterempiricalselectionof acceptablesource
by sequentialdilution of the initial colloidal solution
with DNA.

SPMimagesin themainphasemode(Fig. 1(b))dis-
criminatebetweencompositionsof the objectson the
basisof friction andviscosity. Very bright objectsin
Fig. 1(b) areattributedto precipitatesof saltsfrom the
solution. Light grey objectsaremuchsofter thanthe
bright onesand display the biomolecularstructures.
Theorigin of thelight grey spotsin Fig.1(b)thatcorre-
spondto theball like objectsin Fig. 1(a)arenot deter-
minedin presentstageof investigation. It canbesup-
posedthat the ball like objectsin SPM imagesrepre-
sentagglomeratesof biomoleculesremainingfrom the
solutionsusedin theDNA puri�cation technology.

Typical topography of themetallizedDNA layeron
micasubstrateis shown by theSPM imageof heights
in Fig. 2(a). The surface of the sampleis covered
by comparatively smoothcoating(grey backgroundin
Fig. 2(a))andseparatedrocksemerging from thecoat-
ing or laying on the top of it (bright spots).Heightof
theobjectsvariesbetween7 and15nm. Someof these
objectsare evidently different from the background
coatingasit canbeprovedby SPMimageconstructed
from the phasemeasurements(Fig. 2(b)). The bright
spotsin Fig.2(b)areassociatedwith higherfriction and
canbe harderthanthe backgroundcoating. SinceAg
nanoparticlesaredepositedfrom colloidal solutionon
the top of the structure,it seemsreasonableto accept
thebright spotsasvisualizedAg basednanoobjectsin
theSPMimagesin Fig. 2. It followsfrom carefulcom-
parisonof the height and phaseimagesin Fig. 2 (a)
and(b), respectively, thatonly partof separatedobjects
can be supposedto be madeof a more densematter
thanthebackground.Part of clearly identi�able peaks
in the SPM presentationof the heightslooks like the
backgroundin thephasemapin Fig. 2(b). Thediffer-
encesbetweenmechanicalpropertiesof separatedob-
jects in Fig. 2 (a) and(b) canbe explainedassuming
the presenceof a thin coatingof remainingsubstance
from colloidal solutionon theAg nanoparticlesevenif
Ag ballsriseabove thesurface.

The separatedobjectsin the Ag-coatedDNA layer
onmicawerealsoanalysedby EFM modeof theSPM.
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(a) (b)

Fig. 2. Two-dimensionalSPMimagesof (a) topography and(b) phasedistribution for a layercomposedof theAPTESandAg nanograins
onamicasubstratewhenthebasevoltagein theEFM modescanningis + 1 V.

(a) (b)

Fig. 3. Two-dimensionalSPMimagesof theelectricforcephasedistribution for a layercomposedof theDNA andAg nanograinsonamica
substratewith thebasevoltage(a)+ 1 V and(b) + 10V.

Typical surfacepotentialdistribution over thescanned
areais illustrated by electrical force sensitive phase
imagesin Fig. 3. Theareain Fig. 3 is thesameasthe
areain Fig. 2. In Fig. 3, thebright spotsrepresentthe
areasof locally chargeddomainsof thesamplesurface.
Thetwo imagesin Fig. 3 (a) and(b) wereobtainedfor

thesameareaof thesamplebetweenwhich andthetip
theDC voltagedifferenceis equalto + 1 and+ 10V, re-
spectively. A largerDC voltagedifferencebetweenthe
tip andthesampleleadsto alargeramplitudeof oscilla-
tionsof cantileverand,consequently, to ahighersensi-
tivity to thechargeddomains.In Fig. 3(a),bright spots
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of low densitycanbeassociatedwith completelyclean
Ag nanoparticleson the top of DNA layer. Metallic
nanoparticlesthat are partly or even completelycov-
ered by an isolating coating are explicitly displayed
in the EFM phaseimageif the appliedDC voltageis
high enough.Basedon comparisonof thetopography,
standardphaseand the EFM phaseimages,it seems
reasonableto supposethat Ag nanoparticlesarecom-
pletelycoveredby remainingsubstancefrom driedcol-
loidal solutionon the mica substrateandonly part of
thenanoparticlesareclearof thiscoating.

Speci�c multicomponentconstructionsself-assem-
bled on the Si substratesafter �nal stagein the Ag /
DNA / APTES/ [SiO2 / ]Si technology. Thesestruc-
tureswere tracedby the SPM measurements.Typi-
cal imagesof SPM height map are shown in Fig. 4.
Thetwo-dimensionalrepresentationof topography was
obtainedfor the samesamplein as-preparedsamples
andafter rinsing in waterultrasoundbath. Chainsof
nanoparticlesseemto be commonfeatureof arrange-
ment of the surfacesin both SPM imagesin Fig. 4.
Severalwell-orderedmulticomponentobjectsin which
Ag nanoparticlesform linesaretypically tracedin the
square1.5£ 1.5¹ m2 onthesurfaceof thesamples.The
shapeof the lines seemssimilar to DNA imagesob-
tainedfor themicabasedsamples.

Thesizesof nanoparticlesin thecombinedcoatings
weredependentonthe�nal rinsingof thesamples.The
SPM imagein Fig. 4(a) representstopography of the

samplesafterself-assemblageof thetop Ag nanoparti-
clesbasedlayer, while theimagein Fig. 4(b)showsthe
surfacesafterspecial�nal rinsingof thesamples.The
particlesareclearlysmalleronthesurfacesafterrinsing
of samples.Theeffect of sizereductioncanbeunder-
stoodif encapsulationof Ag nanoparticleswithin PVP
coatingis considered.It seemsreasonableto suppose
that several nanoparticlesare trappedwithin single
PVP bubble. Thereforecomparatively large nanopar-
ticles are visualized on the surfacesof as-prepared
samples. Rinsing in water removes the PVP coating
and cleanAg nanoparticlesare displayed. The well-
orderedstructureis determinedby self-assemblageof
Ag nanoparticles,thereforethein-line arrangedobjects
aretracedon thesurfacesof thesamplesbeforeandaf-
ter rinsing.

3.2.Optical studies

Theopticalstudieswereusedfor characterizationof
hybrid samplesandidenti�cation of thecomponentsin
complex structuresdueto their contribution to optical
response.For thispurpose,theopticalresponseof sep-
aratecomponentshasbeenprimarily investigated.

The spectraldependenceof the optical responseof
APTESlayer depositedon Si substrateby immersion
techniquewasfound to be well describedby standard
dielectricfunctionof SiO2 [26]. However, the weight
factor varied in the range of 0.5–1.0 indicating the

(a) (b)

Fig. 4. Two-dimensionalSPMimagesof topography for themultilayersamplesbasedon Si substratesmodi�ed with theAPTEScovered
by DNA layerandadditionallayerof Ag nanoparticlesin (a)as-preparedstateand(b) afterrinsingin ethanol.
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(a) (b)

Fig.5. (a)Experimental(points)andmodelled(curves)of ellipsometricparametersª 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
dependenton technologicalregimeof formation.

Thespectraldependenceof theellipsometricparam-
etersª and¢ for the hybrid sampleAg / APTES/ Si
was�tted by theopticalresponseof 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 �lm was
5.3 and 11.5 nm, respectively. The spectraldepen-
denceof the dielectric function for the effective layer
(Fig. 5(b)) possessestwo features. The low-energy
peakat » 2.2 eV canbe attributedto the residualma-
terial of the solution containingthe PVP-coatedAg
nanoparticles.However, thepeakcanbealsodueto the
interparticledipole–dipolecouplingsof nanoparticles
onsolidsubstrates[29]. Thepeakat» 3.4eV is related
to the surfaceplasmonresonanceof metalnanoparti-

cles[30] andcorrespondsto theabsorptionpeakof Ag
colloidal solution(Fig. 5(b)). The higher-energy shift
of thepeakin hybrid samplewith respectto thatin the
colloidal solutioncanbedueto a reducedaveragesize
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 thickness25and13nmsimulatingtheoptical
responseof DNA andAPTES,respectively. Thedielec-
tric functionof thesurfacelayerdepositedon APTES
(Fig. 6(b)) hasshown two optical features.Thelower-
energy peakat » 2.3 eV is assumedto be due to the
saltsfrom theDNA-solution. Thehigher-energy peak
at 4.6 eV agreeswell with the electronicexcitationof
DNA [31], which is representedby the main peakat
4.9eV andsubsidiaryoneat4.4eV.

(a) (b)

Fig. 6. (a) Experimental(points)andmodelled(curves)of ellipsometricparametersª and¢ for thesampleDNA / APTES/ Si and(b) di-
electricfunctionspectraof theeffectivesurfacelayerobtainedfrom the�tting procedure.
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(a) (b)

Fig. 7. (a) Experimental(points)andmodelled(curves)of ellipsometricparametersª and¢ for the sampleAg / DNA / APTES/ Si and
(b) dielectricfunctionspectraof theupper, lower, andeffectivesurfacelayerobtainedfrom the�tting procedure.

Theoptical responseof thecomplex hybrid sample
Ag / DNA / APTES/ Si is quitecomplicatedbecauseof
interferencepatternwhich manifestsitself alongwith
the contribution of absorbingnon-homogeneoussur-
facelayer. In order to tracethe spectraldependence
of thephaseof the light re�ected from hybrid sample,
additionalmeasurementsof the phasehave beenper-
formedmakinguseof theellipsometerwith photoelas-
tic modulatorof light polarization.Takinginto account
the resultsof thephasemeasurementsandellipsomet-
ric dataobtainedonthereferencesamples,amultilayer
modelwasdevelopedwhich describedtheexperimen-
tal data for complex hybrid sample(Fig. 7(a)). The
modelsimulatedtheopticalresponseof threelayerson
Si substrate:(i) two surfacelayersof thickness22 nm
(uppersublayer)and4.5nm(lowersublayer),eachap-
proximatedby Lorentzianlines,and(ii) APTESlayer
of thickness49.5nm,thecontributionof whichwasas-
sumedto be the sameasfor silica [26]. The spectral
dependenceof thedielectricfunctionof theuppertwo
sublayersalongwith thatfor resultanteffective layeris
shown in Fig. 7(b). As seenfrom Figs.5(b), 6(b), and
7(b), the dielectric function of uppersublayercanbe
interpretedby dominatingcontribution of Ag nanopar-
ticles, whereasthe optical responseof the lower sub-
layeris mainlycausedby DNA, thoughsomecontribu-
tion of Ag nanoparticleshasalsobeendetected.Addi-
tional modelcalculationsof thedirectopticalresponse
of thecomplex systemAg / DNA / SiO2 / Si agreewell
with experimentaldata.

The optical studieshave con�rmed the resultsof
structuralinvestigations. The optical responseof the
DNA moleculesintegrated on the APTES-modi�ed
surfaceof Si substratealongwith the contribution Ag

nanoparticleswereclearlyresolvedin theellipsometric
spectraandwerewell simulatedby modelcalculations.

4. Discussions

Quantitative analysisof the surface topology ob-
tainedby SPM scanningcan be basedon processing
of digitizedpro�les of thescans.It wasdemonstrated
in variousstudies[32–34]thatsomefeaturesof thesur-
facesstructurescanbedescribedby parametersof the
powerspectraldensity(PSD)functionderivedfrom the
AFM surfacepro�le data.

In our experimentthe frequency distribution for a
digitized pro�le of length L , consistingof N points
sampledat intervalsof d0, is describedby formula

PSD(f ) =
2d0

N

¯
¯
¯
¯

NX

n=1

e
i 2¼
N (n¡ 1)(m¡ 1) z(n)

¯
¯
¯
¯

2

for f =
m ¡ 1
N d0

; (4)

in which frequenciesf rangefrom 1=L to (N=2)=L.
The PSD functionsobtainedfor our samplescharac-
terizedby the SPM imagesin Fig. 4 areillustratedin
Fig. 8. The PSDdependenceson frequency aresimi-
lar to thosetypically obtainedfor thesamplesin which
thin layersaredepositedonsmoothsubstrate[32–35].

It wasshown in [35] thatPSDof a thin �lm coating
canbedescribedby a sumof PSDof thesubstrateand
the PSDof the pure �lm. The PSDanalyticalmodel
includesthe mathematicalterm describingthe overall
roughnesscontribution from the substrate(dominated
by fractals)andpure�lm. PSDof thesubstrateswith
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Fig. 8. ThePSDfunctionobtainedfrom theSPMtopography data
in Fig. 4 (points)for the samplesbefore(1) andafter rinsing (2).

Linesaremodelcalculationsexplainedin thetext.

spatial frequenciesf mostly follows a fractal model,
whichobeys theinversepower law [32,35] similar to

PSDfractal (f : K ; º ) =
K

f º +1 : (5)

The intrinsic surfaceparametersdescribingsuchfrac-
tal-likesurfacesarespectralstrengthK andspectralin-
dicesº . The formula (5) is acceptablefor the highly
�nished surfacesthat can be assumedas self-af�ne.
For thesesurfacesfractal analysiscan be appliedus-
ing D asthe fractaldimension.Thefractaldimension
D canberelatedto theexperimentalresultsby formula
[32,35]

D =
7 ¡ (º + 1)

2
=

6 ¡ º
2

; with 0 < º < 2: (6)

ThePSDfunctionof pure�lm canbedescribedus-
ing thek-correlationmodelalsocalledtheAB C model
[32,33,35]. Basedon this model,thePSDfunction is
describedby formula

PSDAB C =
A

(1 + B 2f 2)(C+2) =2
; (7)

with A, B , C being the function parametersand the
valueof C greaterthan2. Thismodelsatisfactorilyde-
scribesrandomroughsurfacesover largelengthscales.
If calculatedaccordingto (7), a “knee” appearsin the
PSDfunction.Thisspeci�c shapeof thefunctionis de-
terminedby B , whichis equalto thecorrelationlength.
At smallf valueswell below thekneethePSDis deter-
minedby A, andathigh f values,beyondtheknee,the
surfaceis fractal and the PSDfunction is determined
by C.

Sumof the terms(5) and(7) wasusedto calculate
theoreticalcurvesshown by linesin Fig. 8. Theparam-

etersin (5) and(7) werevarieduntil theoreticalcurves
�tted experimentaldependencesrepresentedby points
in Fig. 8. The PSDmodelsatisfactorily characterized
thetopographiesof oursamples.Thefractalroughness
componentsof substrateand intrinsic �lm roughness
have beenderived from this modelling. It canbe em-
phasizedherethatthe�rst termrelatedto thesubstrate
andsubstrate-inducedeffect is describedby almostthe
sameparametersfor as-preparedand rinsedsamples.
For the substratethe fractal dimensionequalto about
D = 2.7 is obtained,while the spectralstrengthK is
about104. The parametersof the secondterm repre-
sentingthe AB C model are dependenton the tech-
nology of the coating. For as-preparedcoatingsthe
parameterswere A = 2.8¢109, B = 0.68, C = 4.2.
After rinsing the modeldescriptionof the PSDfunc-
tion givesA = 4¢107, B = 0.17,C = 4.95. It must
bepointedherethatappliedvoltagein theEFM mode
doesnot changethe PSDfunction. Sincethe param-
eterB is proportionalto the correlationlengthrepre-
sentingthe meangrain size in the coating,the model
analysisof PSDfunctionquantitatively de�nesreduced
dimensionsof the nanoobjectsof the layer after sam-
ple rinsing.Consideringthecharacterizationof Si sub-
strate,�at well-preparedsurfaceshave to bedescribed
by D = 2. HigherD magnitudescanbeexplainedby
comparatively largeroughnessof thesurface.It canbe
supposedthattechnologicalproceduresusedfor forma-
tion of themulticomponentcoatingseemto bedamag-
ing the surfacesof the Si substratesthat initially have
beencharacterizedby variationsin heightof about1–
2 nm.

5. Conclusions

Theself-arrangedorderedDNA structuresdecorated
by Ag nanoparticlesare effectively formed on the Si
surfacemodi�ed by APTES.On thesesubstrates,de-
tailed SPM structuralstudiesrevealedthe main regu-
larities in the self-organizationprocessof DNA struc-
tures. The investigationshave shown the commonal-
ities and somespeci�c featuresin the hybrid struc-
tures on smoothmica surface and modi�ed Si sub-
strates.Absenceof regularstructureson micasurfaces
hasproved that binding force of DNA to the surfaces
is much lower in mica-DNA systemcomparedto the
hybrid structurebasedonmodi�ed Si substrates.Spec-
troscopicellipsometrymeasurementswereshown to be
effective tool for characterizationof complex hybrid
samplesAg / DNA / APTES/ Si. The contributions to
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optical responsedueto componentsin hybrid samples
canbeseparatedby detailedellipsometricstudies.
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DNR S �ASAJOSSUDAUGIAK OMPONEN �CIAIS DARINIAIS Si PAVIRŠIUJE TYRIMAS
SKENUOJAN �CIOJO ZONDO MIKR OSKOPU IR OPTINIAIS MET ODAIS

V. Bukauskas,J.Babonas,A. R�eza,J.Sabataityt�e, I. Šimkien�e,A. Šetkus

Puslaidininki�u �zikosinstitutas,Vilnius, Lietuva

Santrauka

Darini �usuDNRmolekul�emissusitvarkymasantšvaraus� �eru�cio
ir specialiaiapdorotoSi pavirši �u yra tirtas skenuojan�ciojo zondo
mikroskopu(SZM) ir spektroskopineelipsometrija(SE).Kambario
temperat̄urojeDNR junginiai nusodinamiantkietojo paviršiausiš
koloidini �u tirpal �u. Kietieji pad�eklai subiomolekul�emistaippatpa-
dengiamiAg nanodaleli�u sluoksniu.Savitvarki �u darini �u paviršiaus

atvaizdasgaunamasnaudojant�ivairius SZM re�imus. Taip pat ti-
riamaoptinioatsako priklausomyb�enuodaugiakomponen�cio hibri-
dinio dariniosandaros.Speci�niai poky�ciai, stebimioptiniameat-
sake, atsirandad�el DNR molekuli �u ir Ag nanodaleli�u susijungimo
savitvarkiamehibridiniamedarinyje antSi paviršiaus.Aptariamos
tvarkingai antkietojopaviršiaussusirikiavusi �u darini �u charakteris-
tikos,siejantjassuDNR ir Ag nanodaleli�u susijungimoypatumais.


