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Introduction

The state-of-the-art and the addressed problemsBio-inspired artificial electronic
systems for odor detection and recognition (antela nose) are typically based on
non-selective sensors that are, however, charaeteby individual set of parameters.
Adaptability, effectiveness, reliability and thespense time of these systems are highly
dependent on the diversity of sensors includedniraay of detecting module in the
artificial system. Due to expanding areas of pcattapplications, there is still a great
demand for methods and technologies acceptableldeelopment of novel types of
chemical sensors and tuning of the sensor parasneiémpresent, metal oxides (MO),
particularly tin and indium oxides, are the mosiginently used basic materials for the
gas sensors in the electronic noses addressingetds of real users. Fast response, high
sensitivity, stability, reproducibility and cheapoguction are the most attractive
advantages of MO sensors for the practical systémaddition to that, MO are proved
being acceptable for development of future detectmsised on the nanoscaled and
combined (e.g. with biomolecules) systems with uaigmechanisms of conversion of
chemical interaction into physical response. Desftie variety of the mechanisms, the
chemical interactions on the surfaces typicallydoice the changes in the electrical
properties in the MO sensors. The essence of dodriglal response can be explained by
a model commonly accepted for the polycrystallin® KMm. In this film, the double-
Schottky barrier defines the electron transporbulgh the contact between the adjacent
grains. Since the surface charge depends on theistied gases and the barrier
depends on the surface charge, the electrical cbaclce of the film depends on the
composition of the atmosphere. In the oxygen rithosphere, the oxygen species are
dominant in the occupied chemisorption sites on shefaces of MO films and,
consequently, determine the surface chemical @m&tvith the gases. The dominating
chemisorbed oxygen explains fundamental limitatiafisthe selectivity in the MO
sensors in typical practical applications. Develepimof MO based nanosystems and
combined constructions offers novel basis in sg\problems of odor recognition.

Formation of MO based nanosystems and combinedroatisns highly depend on
the changes of the MO film structure during thewgto It is reasonable to expect that
these changes will also modify the both electridarge transport and the response to
gas in thin and ultra-thin films. Since there igek in understanding of the relationship
between the properties of the ultra-thin films &ne response to gas, the film structure
effect in the response is worthy of investigation.

Based on the gas diffusion study it was suppos&idtitie response can be much faster
in thin than in thick films. However, the resporisee in the nanoscaled films can be
much more dependent on the processes specific gon#tmosystems than on the
commonly known effects. In addition, the factor$imiag the selectivity of the response
can also be specific to the nanoscaled systems empecially to the combined
constructions. Understanding of these aspectseofasponse picture is highly important
for the technology and methods of application aflyeemerging gas sensitive systems.

In the nanoscaled constructions, characterizatibnlooale structure, electrical
properties, a response to the external influenndgtze changes of the physical qualities
in the surface-bulk system is crucial for the depetent of technology and application
methods of these constructions. The Scanning probescope (SPM) is powerful tool
for measurement of several physical parameterdiateain selected points and selected
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areas with the high position resolution. If spdgianabled, the SPM can produce
significant changes in the local properties of matéhat makes it applicable for specific
processes in the nanotechnology. Fundamental aspeapplication of the SPM in both
the technology and characterization of gas semsisitructures are still have to be
understood and defined.

The object of investigation.The objects of the investigation in this work anetand
ultra-thin gas sensitive metal oxide (MO), namelyOg, and I3.,O3., films, metal
oxide nanosistems and hybrid (organic/non organaferials integrated with MO films.

Aim of the work. The aim of this work is to apply the methodologafthe SPM for
characterization of the local point and local goeaperties in the gas sensitive MO films
with the nanoscaled thickness that can be useddonosystems and hybrid (combined)
materials in novel types of chemical detectors.

Tasks of the work.

To investigate morphology and physical propertiesetal oxide films with thickness
from a few to about 50 nm and to describe a ralatipp between the gas response and
film thickness.

To define the physical processes resulting in fdlonaof controllable metal oxide
nanostructures with the SPM.

To investigate the external influences such agrideiteld, atmosphere composition and
force on the properties of the MO nanosystems.

To adapt SPM methods for investigation of electri@ad mechanical properties of
hybrid structures based on bio-molecular materials.

Methodology of research.Metal oxide films were grown by DC magnetron spurtig
technique. Electrical properties of the metal oxdesed samples and response to gas
were evaluated from the dc-resistance measureméhés.synthetic atmosphere with
selectable composition of gases was produced bgeaiad gas flow control system
mixing fixed amounts of oxygen and nitrogen witlxefi amounts of pure volatile
compounds from special containers in special gasmdesting chamber. Surfaces of the
samples were investigated and modified by variousthods of Scanning Probe
Microscope (SPM).

Scientific novelty. Novelties of this work include the following resailin the research
area of gas sensitive materials and material seienc

The special Veeco SPM TUNA method was originallgatedd for the investigation
of physical properties of ultra-thin MO films.

An original method based on the SPM probe conulokdectrical current was
proposed for the formation of nanosystems with augsi electrical properties on the
surfaces of thin MO films.

It was proved that the specific oxygen transpotha MO based nanosystem results
in the growth of the nanoobjects on the surfaceglOffilms and the formation of these
objects is sensitive to the composition of the aphere.



It was proved that a dependence of the magnituddgtankinetics of the response to
gas on film thickness is related to the structar@inges of MO films rather than to the
diffusion of gases into the film.

It was shown that the surface properties in theosealed areas of the MO films can
be individually and intentionally modified by bothe SPM driven nanoobject growth
and deposition of the multimolecular 3D objectshwitithout the biochemicaly active
centers.

Practical value. Based on the results of this study, the long teriit df the MO gas
sensors is partly explained by the oxygen redistidin in the thin films under external
voltage and the fundamental aspects valuable famarovement of the sensor stability
are described. Fundamental aspects of original edefitr nano-tuning of ultra-thin MO
films in selected areas are described and theiplascfor formation of multi-component
nano-assembly of solid state and hybrid materiaé@es is proposed.

Defended propositions

1. The electrical response to gas of tin oxide filmthwanometer thickness depends on
the film structure and the related mechanism oftierge carrier transport.

2. Effects of external influence on the propertiestioé surface nanostructures can
experimentally be described by the specific charatics of the scanning probe
spectroscopy displaying the dependences of theeprobtact electric current on both
the probe potential and the probe pressing force.

3. In the thin metal oxide films an external elecfratd can transfer the oxygen from the
bulk to the surfaces that results in formation oétah oxide nanoobjects if the
redistribution exceeds a threshold level. The nhjemts are characterized by the
depth dependent electrical characteristics andnaghanical properties similar to that
of the basic film.

4. The electrical and mechanical properties are cheniaed by the effective parameters
measured by the scanning probe microscope in tmsedand continuous hybrid
materials while the component specific parametezsoatained in the comparatively
low density discontinuous hybrid structures ongbkd surfaces.

Structure of the dissertation
The dissertation (in Lithuanian) includes introdowct 6 chapters, general
conclusions, list of publications and references.

The introduction contains relevance of the dissertation, aim an#stag the work,
methodology used for research, scientific novefiy propositions to be defended.

1. Thin gas sensitive films and formation of nanosiictures on the surface of the
film

A review of scientific reports about gas sensingpprties of metal oxides and related
gas sensors is presented in this chapter. Thewdanidudes information about typical
techniques for detection of the MO response to gas,models and mechanisms of
electrical response to gas in polycrystalline MOGn& and the current trends in the
investigations. It is also reviewed the advantaged disadvantages of MO in gas
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sensing, pros and coins of hybrid structures witimiolecular materials in gas sensing,
and solid surface modifications by SPM techniques.

2. Samples and experimental methods

This chapter of dissertation is dedicated to théhoas of our investigations,
particularly those based on functions of Scannimudp@ microscope (SPM). The
fundamental principles of these methods are digtliSEhe sample technologies and
materials are reported.

3. Relationship of properties of nanometer size mak oxide films with their
response to gas

In this chapter the results obtained in the expenitall studies of electrical properties
and the responses to gas in thin and ultra-thi0(rm) SnQfilms are summarized.

Reduction in thickness of tin oxide films generaligsulted in increase of the
resistance of thinner films compared to the thiakees. An unexpected minimum of the
resistance was found within the narrow intervath@ films thickness from about 4 nm
to 7 nm (Fig. 1). This minimum was obtained for ex& series of the SpCfilms
separately manufactured over individual periodthefwork and at various temperatures
from 525 K up to about 720 K.
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Fig.1. Clean air resistance Fig.2. Relative resistance response to 12
measured in separated Sn@ims ppm (1) and 60 ppm (2) of Hgas in air
with individual thickness), (working measured in separated Sn@®ms with
temperature was 525 K). individual thickness ¢k (working

temperature was 525 K).

The resistance response to gas is also unusugndent on the film thickness in the
interval between 4 nm and 7 nm. Typical resultsioigd for a series of tin oxide films
of individual thickness are shown in Fig. 2. Theiseance response to, lgas was
measured at the working temperature equal to 528 Keneral, the resistance response
of relatively thinner tin oxide films to Hgas was higher itk > 7 nm. For the thinner
films, a correlation between the response to gad #@me film thickness seems
complicated. The tin oxide films of thickness freghmm to 7 nm are considerably less
sensitive than the sensors with relatively thinsmed thicker films. The minimum of the
response to jHgas was observed in the tin oxide films of abouit rim. The thinner
films are characterized by relatively higher resgasto H gas.
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Measurements of the response to various concemisatif H showed that there are
no vast differences between the sensitivity ofttiiener and the thicker Sp@ims (Fig.
3). On the other hand, the slope of the dependenégy. 3 is higher for thinner films
and especially for the film thickness within theeirval of 4-7 nm. In general, the
dependence of the resistance response on gas t@tioenmeasured in the ultra-thin tin
oxide films can be approximated by the same formthat are commonly used for the

description of the resistance response in thickxide devices.
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Fig.3. Dependence of the relative Fig.4. Integral power #p obtained
resistance response tg igas in air on  from the analysis of the power spectral
the gas partial pressure measured for density (PSD) for the surfaces of ultra-thin
individual tin oxide films thickness; @f SnQ, films of individual thickness ¢l
which are 2 nm (1), 5 nm (2), 6 nm (3)
and 15nm (4) (working temperature
was 525 K).

MO films topography of the surfaces of Snfims was analyzed by SPM. It was
found that topography of the tin oxide film surfade dependent on the film thickness.
In general, the surfaces seemed smooth with a istinctive spot-like inclusions in
ultra-thin films @ < 6 nm). In medium thin films (6 nm & < 15 nm), the spot-like
inclusions seemed emerging from smooth coveragenlgwspread over the surfaces.
Comparably thick filmsds > 15 nm) were clearly arranged in a granular stinec

Surface roughness measured by the SPM was chazadtéry power spectral density
(PSD) that represents the amplitude of the surfaceughness as a function of the
spatial frequency of the roughness. The functiothefdigitized surface profile (height
z) is approximated by formula

P(1)=Pst(f)=2

. 2
27 (0 1) m-1)

i z(n)e N

n=1

~m-1
TN @)

In (1) the surface profile is digitized over lendththat is sampled oN points at
intervals of dy. f is spatial frequencym = 1, 2, ...,N. Total power is used as a
characteristic of the surface roughness. The paader Rspis an integral oPpsff) over
the total frequency interval. The square root efititegral equals the standard roughness
Ry, i.€. root mean square (RMS) average of heightatiems taken from the mean image
data plane. The total powBpsp is plotted as a function of the film thicknessFig. 4.

As it can be seen from Fig. Bpsp significantly depends on the film thicknessdif<
10 nm. Higher magnitude &%spin Fig. 4 can be explained by higher roughnesthef
surface while lowePpgp characterizes smoother surfaces. As it followsnftbe results
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in Fig. 4, the roughest surfaces were obtainedh@ithinnest films. The minimum in the
plot in Fig. 4 suggests that the smoothest surfacesobtained for the films with a
thickness of about 5-6 nm. The films thicker thdoowt 10 nm are characterized by
nearly the samépsp but a slight decrease éf-sp in Fig. 4 can be supposed. This
smoothening of the surfaces in the thicker films ba explained assuming more regular
distribution of the grain shape objects in thickiens that, consequently, should result in
column-like structure of relatively thick polycrgdiine tin oxide films.

Such correlation between the-sB dependence on film thickness (Fig. 4) and
resistance and the thickness (Fig. 1) has sinolan fto. It seems reasonable to suppose
that an increase of the surface roughness in litms 6 nm <d; < 10 nm should lead to
reshaping of the electric current channel. A compiet of the connecting necks can be
related to an increase of the channel length amdedse in the channel cross-section.
Complex pathway for the electron transport can leadn increase of the clean air
resistance as it is in Fig. 1.

The resistance response to gas dependence on theade film thickness (Fig. 2) also
qualitatively follows the line of the dependencesafface roughness and film thickness.
A decrease in the response of the films 6 nda< 10 nm can be understood if suppose
that smoothening of the film surfaces results ohearease of the surface area which can
be accessed by gas particles. Roughening of thesfirfaces should result in increase of
the surfaces exposed to gas and, consequentlg thesiges can lead to an increase in
the resistance response.

The kinetics of the response was studied and spgEfameters were extracted from
the experimental results based on a transient efrésponse to a steep change in gas
composition. The transients were described by afstite time constants those define
the response time of the gas sensitive film or @ebased on MO film. On the other
hand, these time constants are determined by plemaogical rates of the surface
chemical reactions, and are highly dependent orstinace properties of the films and
the conditions of the surface chemical reactionpidagl time constants obtained for
various SnQ films of individual thickness are plotted as a eegence of the time
constant versus films thickness in Fig. 5. It wasamed that the time constant of the
sensor response is almost independertk at all the sensor working temperatures from
about 525 K to 720 K. And such correlation betwdes time constant and the film
thickness was practically the same at any amouttieofarget gas. It was obtained from
the experiments that the time constant generallyedeses for all SnQilms if amount of
gas is increased as it is typically obtained feriietal oxide gas sensors.

It is important to note here that changes in therositructure and thickness of the film
do not produce a related change in the time consfatine response to gas. This result
can be understood if suppose that the responsedapends only on the rates of the
surface chemical reactions but is independent emtigration of the chemisorbed gases
over the surfaces of tin oxide film. Assuming tlia¢ gas particles can access all the
reaction sites on the surfaces of the ultra-tHhm fivithout a delay it is understandable
that the response time of the sensor is indeperadahe film thickness and even of the
microstructure of the film.

Differences in the electrical parameters of tindexifilm gas sensors of individual
thickness can not be adequately explained by dgassidin based model. An increase of
the film thickness when the columnar structure g film is formed must result in
increase of the diffusion time. Consequently, #gobnse time of the sensor have to be
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longer for the sensors with thicker tin oxide filithis assumption is not supported by
experimental results of the response kinetics. @mesults do not support the model of
gas diffusion into the depth of the ultra-thin nedaide films. The results are much
more explainable in terms of the percolation theasguming a dependence of the

channel network parameters on the thickness dilths.
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Fig.5. Time constant of the response of separat€y} fims with individual film
thicknesgd; that were exposed to,ldas (12 ppm) in air at the working temperatures T
(K): 1 -525; 2 -575; 3-625; 4 — 675.

4. Surface electrical current spot spectroscopy

This chapter presents applications of specific sicanprobe spectroscopic techniques
for the investigation of the properties of thimfg and hybrid structures.

In films of thickness 5-10 nm the forward path eirrent! dependence on applied
biasUg does not correspond to the back path. The |-V nidgeces were represented by
two lines corresponding to forward (frorUg to +Ug) and back ramping of the bias
voltage. Typical splitting of the 1-V dependences ahown in Fig.6 for the 6 nm thick
SnQ, films. The split-path I-V dependences were obtdif@ the samples only i)
exceeded a threshold magnitude that was aboutn2tihéithicker SnQfilms (di > 4 nm).

If Ug was ramped within the limits lower than the thadhmagnitude, there was
practically no splitting between forward and ba@khs in the I-V characteristics. The
split 1-V dependences in graphical representatiamehthe shape of the number eight.
These dependences can visually be divided intogams corresponding to the lower
branch of the curve (3 in Fig.6) and the highembha(3’ in Fig.6). An increase of the
bias voltage from U to +Ug typically produces the lower current part in th |
dependences. The part of the dependence correggotalithe higher curve branch is
obtained during back ramping of the bias voltagenfrUg to Usg.

Differences in the |-V curves (Fig.6) can be expéai by redistribution of oxygen
vacancies in the nano-structure. The forward péatihe |-V dependence is determined
by a simultaneous transport of the conductancedreles and oxygen ions localized in
the cell points of the metal oxide lattice. Sinke MO films are non-stoichiometric, the
oxygen ions can be transferred from the occupititdacell point to the location of the
vacancy. With the negative bias voltage, the storaktry of the MOX film increases at
the film surface to which the SPM probe is attach®sl a result, the surface potential
barrier increases in the contact area. In the defptine film, the density of the vacancies
(donor type defects) increases and, consequeh#ydensity of the conductive electrons
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in the film also increase. The non-linear |-V clweaistics describe the electron
transport through the varying barrier at the MOMnfisurface. When the positive bias
voltage exceeds the threshold magnitude the oxygenare forced to drift back to the
volume of the MO film. Therefore the back rampirighe bias voltage results in the |-V
dependence that displays the electron transptiniied by decreasing surface potential

barrier.
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Fig.6. The SPM current-voltage dependences inal [mmint on the surface of SRO
film (about 6 nm thickness). Numbers indicatesagdt ramping intervalsg, +Ug] and
measurement path: forward (1, 2 and 3) and ba¢R{&Hnd 3’) voltage ramping in clean
air.
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Gaseous surrounding is found to be important foM SR/ characteristics of thin
SnQ, films. Fig.7. illustrates typical I-V charactercs obtained for Sng¥ilms of 10 nm
thickness at voltages between -5V and +5V inrcleia and in air with CO impurity
gas. The forward voltage ramping line (1 and 3|-gfcurve clearly does not match the
back ramping line (2 and 4) in both atmospheres,tihe difference between the two
paths of the I-V curve is typically lower in CO ¢aminated surrounding than in clean
air. For anyUg from the tested interval in the Sp€amples, the current is always higher
in presence of CO gas. Such increase in curreexptained by the commonly known

model of the response to reducing gases in metdédpased sensors.
1000 -

5004
<
[

04

-500

;
3.7 /i,
1000 ——4f— £ L: E—
0.4 0.2 0.0 0.2 0.4
u,,V

Fig.7. The SPM |-V dependences in a local pointrensurface of SnCilm of
thickness about 10 nm, measured in clean air (&n@)in CO contaminated air (3, 4).
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5. Tunneling current stimulated self assembly of th structures on nanometer
thickness metal oxide films

Chapter 5 presents the formation of MO nanostrestunder external electrical field.
Qualitative model of formation of nanostructuresM@® surfaces under electric field is
presented.

As it was mention in chapter 4, electric field @ause the transport of oxygen ions in
the metal oxide lattice and changes of the form\btdependences, but when the applied
voltage amplitude is higher than threshold one,stinectural changes on the surface of
ultra-thin MO films can be detected. Typical chamgé the structure after the SPM
electric treatment are illustrated in SPM topogsaphages (Fig.8). The results in Fig.8
were obtained on Sn@ilm thickness of which was about 6.5 nm. The hiakageUg
was applied between the SPM probe and the surfattieecsample for time. Several
spots of the surface of Sp@Im were affected by electrical field with inddaal values
of Ug andt. The experiment was carried on in the clean anoaphere. The values 0§
andt, affected the surface shown in Fig.8, can be @nith matrix form like:

-3V is -4V 1s -5V1s -7 1s -10V s
-3V:3s -4V 3s -5V/:3s -7V ;3s -10V;3s
-3V 5s -4V 5s -5V 5s -7V bs -10V 5s

7| _avi0s -4v10s -5v/10s -wi0s -1ovics | @
-3v50s -4/50s -5v/50s -—-7V50s —-10v50s
-3v1006s -4/100s -5v/100s -7V 100s -10v100s
for the left image and
V1s A 1s 5vis N s 10V 1s
3V ;3s A 3s 5 3s N 3s 10v;3s
b 3V 5s 4 5s 5V 5s 7V 58 10V ;5s
“| 3v10s 4v10s 5v/10s V10s 10V 10s (3)
3v50s 4/50s 5/50s 7W50s 10V 50s
3vi100s 4vi100s 5v100s 7V 100s 10v 100s

for the right image in Fig.8.

In left image of Fig.8 the grains in surface to@gury are clearly seen, but there are
no significant changes on the surface of Sfilin on right image. The surface in left
image was flat and smooth in the same area bdfiergrain growth and was similar like
surface in right one. From Fig.8 is clear thatgh&n forms only when the negative bias
was applied to the sample. So it seems reasonaldeigpose that the growth of the
nano-sized structures on metal oxide films is adl®d by specific mechanism that is
different from that known in the surface nano-ofiola when positive bias is applied to
the surface Si and isolating Si@rows in the area of applied bias.

The grains of similar shape were obtained on , 3l surface, when thicknesses of
the films were between 4 and 10 nm. Similar reswise obtained on the surface of
ultra-thin InQ, films, so it is reasonable to propose that sudhcgire changes can be
produced on the surfaces of ultra-thin non-stoictatric MO films.
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Such structural changes depend on the magnitudppdied biadJg and the duration
of the bias has been applied. The height of giagally depends on the bias magnitude
in bias interval -10 V < bJ< -2 V and is proportional to Itfj(on duration of applied bias
in interval 1 s € <100 s.
SV 4V -5V 7V -0V 3V 4V 5V AY 10v Uy
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Fig.8. SPM topography images of surface after tA® dias induced grain growth on
the SnQ film of about 6.5 nm thickness. Left image showdace after negative bias
was applied to the sample, right — positidg.on the scales means the magnitude of the
bias,t — duration of bias was applied for.
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Gaseous surrounding is found extremely importantttie SPM induced nano-grain
growth on the SnQfilms. Influence of the atmosphere on the voluméhe grains is
illustrated in Fig.9. In Fig.9 the cross sectiorisseveral grains are compared. These
grains were grown in the SPM electric mode on imllial areas of the same Spfim
thickness of which was about 6 nm. The growth comé were the same in all tests
except for the surrounding gaseous mixture. Thancker, pure nitrogen atmosphere and
the air with CO gas were the gaseous surroundings.

Typical results in Fig.9 demonstrate that the larggains were obtained in the CO
containing air. Comparatively large grains wereoatdtained in the pure nitrogen
atmosphere. In rich oxygen atmosphere (the clegntla® SPM grown grains were
typically much smaller compared to the CO and g surroundings. It seems
reasonable to suppose that the reactive CO atmasphenuch more favorable for the
growth of nano-grains on the surfaces of metal @Xitins. An influence of gaseous
surrounding on the SPM grain growth supports treiaption about redistribution of
oxygen ions in metal oxide films. The growth of #teuctures in nitrogen atmosphere is
stimulated by removal of the oxygen from the sufat the MO films. On the surfaces
of MO films the density of chemisorbed oxygen spsas controlled by adsorption and
desorption of oxygen from and to the oxygen riamagphere. In nitrogen atmosphere
desorption of oxygen effectively removes the oxygpacies transferred by the electric
field from the bulk to the surface. The growth & tagglomerates is much more
effective in the air with reducing CO gas. The aaef chemical reaction between CO and
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the oxygen species removes the oxygen from thel rogide surfaces and increases an
amount of the oxygen vacancies.

o0 80 'W;c')o 120 140 160
X, nm
Fig.9. The cross section of the grains self-arrdrgethe SnQ film characterized by
the relief line (1) during the fixed point SPM tutimg current tests in clean air (2), pure
nitrogen atmosphere (3) and air with 100 ppm CO (4)

Mechanical properties of the Sp@ms and the grains formed by external electrical
field were investigated by SPM force spectroscdprce-distance curves were measured
and analyzed. There were no differences in foregadce curves measured on the
surface of SnQand grains formed by electric filed, so all medbahproperties of these
two surfaces are the same.

The SPM mapping of the electric properties revetiatithe local conductivity on the
surface the tested films changes with enlargemetiteograins. The area corresponding
to the grains on the surface of Snidm was characterized by extremely low tunneling
current. In contrast, the grains formed on the am@fof thin InQ films had higher
tunneling currents comparing with currents on thdage of the rest of the film. The
change in the surface conductance can be understsigphificant structural changes of
the films are considered. The experimental fact tha structures on MO films can be
made with different electrical conductance let saggpthat this method can be applied
for making nanostructures on the surface MO filmghwarious (or even selected)
conductivity.

6. Investigation of hybrid structures by scanning pobe microscopy

This chapter presents investigation of inner stmgcof continuous hybrid layers and
individual components of hybrid films, which can lesed for external influence
detection.

Possibility to detect inner structure of relativéihyck continuous hybrid layers were
shown experimentally by investigation of self-asbd DNA chains covered by silver
(Ag) nanoparticles. First, there were made refezesamples for each component of
hybrid structures (DNA, and Ag nanoparticles). Comgnts were deposited from
colloidal solutions, dried for 15 min and rinsedttwdistilled water. Ag nanoparticles
were deposited on mica surface and detected udegjrieé Force Microscopy (EFM)
technique. Typical surface potential distributiorenthe scanned area is illustrated by
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electrical force sensitive phase images in Fig.TH& bright spots represent the areas of
locally charged domains of the sample surface. flee images in Fig.10 (a) and (b)
were obtained for the same area of the sample batwhich and the tip the DC voltage
difference is equal to +1 and +10V, respectiveélylarger DC voltage difference
between the tip and the sample leads to a largefitaihe of oscillations of cantilever
and, consequently, to a higher sensitivity to tharged domains. In Fig. 10(a), bright
spots of low density can be associated with corapletiean Ag nanoparticles on the top
of DNA layer. Metallic nanopatrticles that are parmr even completely covered by an
isolating coating are explicitly displayed in th&M phase image if the applied DC
voltage is high enough. Based on comparison ofdpegraphy, standard phase and the
EFM phase images, it seems that Ag nanopatrticledeavisualized not only laying on
the surface, but also covered by some coating@m avthe bulk of the film.

0.0 2: Phase 1.5 |.|mI : 2: Phase
a) b)
Fig.10. EFM images of the electric force phaserithgtion for a layer of Ag
nanoparticles on mica substrate with base voltagd & and b) +10 V.

Inner structure of individual components of hylstductures can be “seen” only when
the density of elements on the surface is low. 8BM investigation of the inner
structure of hybrid materials were selecteff¥® fibrils. Typical topography images of
individual fibril on the surface of mica are shownFig. 11. The images were obtained
by scanning the sample in tapping mode. Fig. 1Irdpjesents the scanning along the
axis of fibril, and (b) — perpendicularly. Heighisttibution along the fibril is shown in
section in Fig.11 (c). Section lines 1 and 2 sheinslar distribution of the height of the
fibril, so we can propose that height variation egms from the inner elements of the
fibril, but not from mechanical damage of bio-malkxs by SPM scanning. According to
the Fig. 11 fibril consists of elements with theekmess of 10-20 nm and length the same
as with of the fibril. Orientation of fibril inneglements is around 90 degrees to the axis
of fibril.
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Fig.11. Topography of P40 fibril on the surface of mica scanned along dajl
perpendicularly (b) the axis of fibril. (c) sectiaiong the fibril: line 1 taken from image
(@), line 2 — from image (b).

Detection of electrical properties of individuakelents of hybrid samples is showed
in Fig.12. There are current distance curves plo#pproaching and retracting SPM
probe to or from the surface of the sample, whemettwere applied 20 mV voltage
between the sample and the probes’ tip. Curvesd3aare measured on the surface of
“clean” SnQ and the curves 1 and 2 measured on the surfaBa@f covered by the
layer of streptavidin fibrils (SA). In curves 3 addwe can see current peaks that are
almost at the same position 3 scale approaching and retracting SPM probe. Taking
into account the pressure SPM tip creates at tHacgicontact area (up to 0.6 GPa), can
be attributed to changing position of electronatest levels under the pressure. Current
significantly decreases if the surface of MO isa@d by the layer of SA (curves 1 and
2 in Fig. 12). The current measured retractingtifnés higher than the current measured
approaching the surface. This can be explainedifigrent position of the fibrils in the
layer approaching and retracting the tip, and theent shown by curve 2 can be
attributed to the current through the lifted filoifand response to external pressure.
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Fig.12. Dependences of electrical current throinghsample on the distance of SPM
probe from the surface: “clean” Sp®, 4 surface, and Sp@©@overed by the layer of
streptavidin fibrils 1, 2.

General conclusions

1. Restructurisation of Sndilms effects electrical response of the film tasg
Higher resistance response to gas of the,Si@s with thickness < 4 nm and > 7 nm
caused by higher ratio of surface area exposedsongplecules and conductive cross-
section of the film. Changes in the microstructanel thickness of the Sp@Im do not
produce a related change in the time constanteofdlponse to gas, i.e. time constant is
independent on Sn@ilm thickness (up to 40 nm). The response timpetels only on
the rates of the surface chemical reactions.

2. According to the experimental results on inyggion of properties of thin SpO
films morphology, electrical parameters and eleatrresponse to gas, there were made
gas sensors for detecting volatile components apipnic acid.

3. Electrical currents and changes of the currentsne that appear in nanosystems
because of the charge transfer through or abovédher depends on:1) properties of
the nanosystem, 2) changes in the system causextbgnal factors of measurement
system, such as electric field and mechanical eti@ed 3) interaction of nanosystem
with surrounding atmosphere (air or gas).

4. It was created original method for formation ménostructures of various
conductivity on the surface of thin metal oxidenid by SPM electric treatment, when
negative bias is applied on the surface. Dimensidrisrmed nanostructures depend on
electrical field magnitude and time it was appléeding the formation, and also on the
atmosphere composition above the metal oxide seirfac

5. Combination of various Scanning probe microscamsthods were applied to
investigate mechanical, electrical properties angccture of relatively thick continuous
hybrid layers and individual components of nonawmius hybrid films by making
special hybrid samples.
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DUJOMS  JAUTRIU  HIBRIDINI U DARINIU IR NANOSISTEMU
INTEGRUOTU METALO OKSIDO PL EVELESE KURIMAS IR TYRIMAI
SKENUOJANCIO ZONDO MIKROSKOPIJOS METODAIS

Tiriamoji problema ir darbo aktualumas

Elektronires sistemos skirtos kvapo detekcijai ir atpazininfdar vadinamos
elektroniremis nosimis) paprastai yra p@gjos neselektyviais jutikliais, kurie, vis tik,
charakterizuojami individuliais parametrrinkiniais. Tokiy sisteny pritaikomumas
praktikoje, efektyvumas, patikimumas ir atsako mdkzenkliai priklauso nuo jutikdj,
atrinkty i atpazinimo modulio masyy jvairowes. Kadangi §i sistemy praktinio
pritaikymo sritys spaiai pleciasi, tai vis dazniau reikia metgdir technologi,
leidZiartiy kurti naujo tipo cheminius jutiklius bei modifiktigy parametrus. Siuo metu
metal; oksidai (MO), pvz. alavo ir indzio oksidai, yra amgausiai duy jutikliams,
tinkantiems praktiams elektronidms nosims, gaminti naudojamos medziagos.
Pagrindiniai MO populiarum lemiantys privalumai yra: greitas atsako laikaslelis
jautrumas, atkartojamumas, stabilumas, pigi gamiastagju met; tyrimy rezultatai
rodo, kad MO iSlieka perspektyvia medziaga atejuégliy gamyboje, MO mazinant iki
nanometrini matmem arba kombinuojant, pvz. su biomolekmis turintiomis unikaly
chemires gveikos keitimoj fizin; atsalkk mechanizm. Chemirk saveika pavirSiuje
paprastai sukelia elektrini MO jutiklio savybip pokyius. Elektrin atsaly galima
paaiskinti remiantis modeliu taikomu polikristalilmse MO  sluoksniuose.
Polikristaliniame MO sluoksnyje susiformgsdvigubas Sotki barjeras lemia elekigon
pernag per kontaki tarp granuli. Kadangi barjeras priklauso nuo pavirSiniako, o
pastarasis nuo pavirSiuje chemisorbudtljy, tai sluoksnio elektrinis laidumas priklauso
nuo atmosferos sétles. Ore, kuriame yra daug deguonies (~21%), d@gudominuoja
MO pavirSiuje uzimtose chemisorbuotuosasénose ir lemia pavirSines chemines
reakcijas su dujomis. Dominuojantis chemisorbudiguonis lemia fundamentines MO
jutikliy selektyvumo ribas. MO nanosistenir kombinuot; dariny kiarimas atveria
naujas galimybes, sprendziant kvapo atpazinimolenoés.

Remiantis duj difuzijos tyrimais tikimasi, kad atsako truknturéty bati mazes@
plonesniuose sluoksniuose lyginant su storesnidtsako trukné nanometriniuose
sluoksniuose gali daug rySkiau priklausyti nuo psovykstartiy nanosistemose, negu
nuo klasikiny efekiy. Faktoriai lemiantys atsako selektyvaigali kiti itin specifiniali
nanosistemose ir ypakombinuotuose dariniuose.ySatsako ypatyli supratimas yra
svarbus kuriant naujas dujoms jautrias sistemas.

Nanometrini darinip charakterizavimas: strukips, elektrini savybi, atsakoi
iISorini poveily, fizikiniy savybiy kitimo, taip pat pavirSiaugi#io sistemos ypatyhi
nustatymas yra svarbus vystant nanodaritechnologij ir ju taikymo metodus.
Skenuojatio zondo mikroskopas (SZM) yra instrumentgglinantis vienu metu
matuoti keled fizikiniy paramety pasirinktuose bandinio pavirSiaus taskuose arba
plotuose su nanometrine (subnanometrine) skijargeba. Specialiai parenkant SZM
valdymo parametrus, galima sukelti taskinius pa&airs fizikiniy savybi; pakitimus, o
tai leidzia pritaikyti SZM jvairiuose nanotechnologijos procesuosgvairius
fundamentinius SZM taikymo, dujoms jauwtri darinip technologijoje bei y
charakterizavime, aspektus vis dar reikia supnasiirti.
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Darbo tikslas.Pritaikyti SZM metodus ultraplagju dujoms jautny metal; oksidy
(MO) sluoksny, kurie gali liti panaudoti nanosistemoms bei hibrigims medziagoms
konstruoti naujo tipo cheminiuose jutikliuose, ftask ir pavirSiaus savyhi
charakterizavimui.

Darbo uzdaviniai.

IStirti jvairaus storio MO sluoksmimorfologijos @sningumus ir nustatytiyj sarysi
su elektriniu atsakudujas ir jo kinetika.

Nustatyti fizikinius procesus lemi&ilns SZM metodais kontroliuojasmanodarini
formavima MO pavirSiuje.

IStirti technologiny faktoriy (elektrinio lauko, dujias aplinkos, ¢gos) itaka MO
pléveliy nanosistem fizikinéms savybms.

Pritaikyti SZM metodus hibridimi dariniy, sudaryg iS bio-molekuling medziag,
morfologijos, elektrini ir mechaniny savybi tyrimui.

Tyrimyg metodika.Metalo oksid; (MO) sluoksniai buvo auginami DC magnetroninio
garinimo metodu. Elektris MO savybs ir atsakad dujas buvo tiriamas dc-varzos
matavimais. Atmosfera su pasirenkamomisydipncentracijomis buvo sukuriama
specialioje srauto kontriégd sistemoje, sumaiSant fiksaateguonies arba azoto kieku
tam tikru kiekiu grym lakiyju komponeni IS kalibruot; konteineny, specialioje duj
jutikliy testavimo kameroje. PavirSiaus tyrimai ir modifikmas buvo atliekami
naudojant jvairius Skenuojatio zondo mikroskopijos (SZM) metodus. Hibridiniai
sluoksniai formuoti savitvarkio formavimosi ant tag pavirSiaus IS koloidini tirpaly
metodais.

Mokslinis naujumas. Rengiant disertacij buvo gauti nauji moksliniu poaiiu
rezultatai dujoms jautiyimedziag ir medziag mokslo srityse:

Ultraplonyju MO sluoksny fizikiniy savybiy tyrimams pritaikytas Veeco SZM
TUNA metodas.

Pasiilytas originalus metodas SZM suformuatrairiomis elektrigmis savylmis
pasizymirgias, nanosistemas phgmm MO pléveliy pavirSiuje.

Irodyta, kad specifin deguonies pernasa MO nanosistemose lemia nandgbjek
augimy MO pléveliy pavirSiuje, o §i objekiy formavimasis priklauso nuo atmosferos
suctties.

Irodyta, kad atsakpdujas amplitués ir kinetikos priklausomypnuo pkvelés storio
labiaujtakoja strukiiriniai pasikeitimai MO sluoksnyje negu dujlifuzija i sluoksn.

Parodyta, kad pavirSiaus savybes nanometriniuosepsirSiaus plotuose galima
individuliai ir tikslingai modifikuoti tiek SZM naoobjekiy auginimu, tiek
daugiamolekulini 3D objekt;, su/be biochemisSkai aktyviais centrais, nusodinimu

Praktiné reikSme.

Remiantis §i tyrimy rezultatais, ilgalaikis MO duyj jutikliy paramety dreifas iS
dalies gali lti paaiSkinamas deguonies persiskirstymu plonosibEe plévelése
veikiant iSoriniam elektriniam laukui. Darbe aprasdundamentals aspektai, vertingi
siekiant pagerinti jutikli stabiluny. ApraSomas originalus MO &leliy, pasirinktose
pavirSiaus vietose, nanomodifikavimo metodas beigéggkomponeé&iy nanojutikly i$
kietojo kiino ir hibridiniy medziag formavimo principai.
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Ginamieji teiginiai

1. Ginamasis teiginys:

Nanometrini alavo oksido pveliu elektrinis atsakasi dujas priklauso nuo
sluoksnio struktros ir jos lemiamo Kivininky pernasos mechanizmo.

2. Ginamasis teiginys:

ISorinio poveikiojtaka pavirSini nanostrukiry savylems eksperimentiskai galiib
aprasomi specialiomis Skenuojam zondo spektroskopijos charakteristikomis,
pagistomis kontaktini elektros srowj priklausomybe nuo zondo potencialo ir jo
prispaudimoggos.

3. Ginamasis teiginys:

Plonosiose metalo oksido épklése iSorinis elektrinis laukas gali nulemirihio
deguonies juglima | pavirSi ir su tuo susijusmetalo oksido nanoobjekformavimsi,
jei charakteringju paramety pokyiai virSija tam tikg slenkstir verk. Vientisosios
medziagos nanoobjekto ir pagrindo sluoksnio meci¢arsavyles sutampa, kai tuo tarpu
elektrines savyls priklauso nuo medziagos, iSorinio poveikio benfavimosi alygy ir
gali biti nevienodos dariniaityje.

4. Ginamasis teiginys

Skenuojatiojo zondo mikroskopijos metodai leidzia aprasSyntykinai vientig
hibridiniy medziag apibendrirdsias elektrines ir mechanines savybes, o kompanent
charakteristikos gali i jvertintos tik santykinai mazo tankioikiuose hibridiniuose
dariniuose ant kietojo pavirSiaus.

Darbo apimtis.Disertacip sudaro 7 skyriai itvadas. Pirmame skyriuje apzvelgiami
iki Siol atlikti tyrimai plonasluoksni dujoms jautmy pléveliy srityje bei pavirSiaus
modifikavimas SZM metodais. Antras skyrius skirgggasyti naudojamoms mataujm
bei bandini gamybos metodikoms. Td@jame skyriuje pateikiami plapu SnQ
sluoksni morfologijos, elektrink paramety ir atsakoi dujas eksperimentinityrimy
rezultatai ir j interpretacija. Ketvirtasis skyrius skirtas apidenti originaly bada skirta
aprasyti plonju metalo oksid sluoksny bei hibridiny pavirSiy charakteristikoms,
gaunamomis kombinuojant tunelinsroviy ir SZM jégu spektroskopijas su taskinio
kontakto sroui spektroskopija, pagsta srogs priklausomybmis nuo prijungtos
itampos tarp zondo bei pavirSiaus, ir nuo zpowneikiartios jgos bei jos krypties.
Penktajame skyriuje aptariamas sukurtas originalagodas, tinkantis nanostrakbms
MO pavirSiuje formuoti beiit strukiiry elektriems savybms keisti. SeStajame skyriuje
aptariami originals hibridiniy pavirSyy tyrimy rezultatai, gauti pritaikant ir savitai
kombinuojant kontaktines ir nekontaktines SZM métad. Septintame skyriuje
disertacijos tema.

Darbo apimtis yra 137 puslapiai, tekste panaudé@®sumeruotos formeés, 76
paveikslai.

Bendrosios iSvados

SnQ, sluoksnip strukiiros persitvarkymas étl klasterizavimosi augimo metu IS
tolydinés (dr = 4-6 nm)j polikristaling (df > 15 nm) padidina atsak dujas @l to, kad
padickja santykis tarp pavirSiaus ploto ir laidziojo dtsaio firio. Esant Zenkliam atsako
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i dujas padiéjimui dél struktiros pasikeitimo, atsako charakteringoji trukpraktisSkai
nepasikaiia.

Remiantis plonju SnQ, sluoksniy morfologijos, elektrini parameti, bei elektrinio
atsakoi dujas tyriny rezultatais, buvo pagaminti dujutikliai propionirés rigsties
lakiyju komponeni detekcijai ir sumontuoti specialioje dugtpazinimo sistemoje.

Nanosistemose étl kriivininky tuneliavimo per barjararba aktyvacinio patwzio
krivio pernasos atsirandé&aos taskirs elektrires srows ir ju kitimas laike priklauso: 1)
nuo p&ios nanosistemos savybi2) pokyiuy toje sistemoje sukeltmatavimo metu
atsirandadiy veiksniy (elektrinio lauko, mechaninio poveikio ir pan.)3)y nanosistemos
saveikos su oru arba dujine aplinka.

Sukurtas originalus metodas, tinkantis nanostingkhs MO pavirSiuje formuoti bei
ty struki@iry elektrirkms savybms keisti. Sis metodas skiriasi nuo gerai Zzinomo
pavirSiaus nanooksidinimo, skirto cheminiam powgilitsparaus sluoksnio formavimui,
tuo, jog gali lati pritaikytas formuotijvairaus elektrinio laidumo nanostrakas MO
pavirSiuje.

EksperimentiSkai pademonstruota, kad panaudojartavimao jrangos poveik i
tirlamaji objekt, galima aprasyti paties objekto savybes, pvz. knodant mechanin
poveiki su elektriniais matavimais.

Pritaikius originalius pakeitimus ir savitas SZM tod; kombinacijas
eksperimentais pademonstruotiadiai, gauti hibriding pavirSyy charakteristikas,
apraSatias strukiirines, chemines ir elektrines savybewairiais aspektais,
priklausartiais nuo mikroskopo taikymo metodikos.

Irodyta galimylk sukurti ant kiaeijy pavirsSyy (Si) periodiSkai iSsigkciusius
tvarkingus hibridinius darinius, kurisavitvarka priklauso nuo apgalvotai pasirenam
iSores faktoriy, tokiy kaip priemaisiniai jonai B& bei magnetinis laukas.

Irodyta, kad nors ir esantys nestabiltirpaluose, nusodinti ant kietojo pavirSiaus,
dauguma biomolekulinidarini iSlaiko savo form ir neyra ilgiau negu 0,5 mettocl
IS ju suformuotus hibridinius darinius galima taikytagtikoje.
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