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1. Bevezetés

A nanotechnológia az egyik legakt́ıvabban kutatott terület manapság.
Ennek oka nem más, mint az a cél, hogy a minket körülvevő
technológiai, kommunikációs eszközeink méretét csökkentsük; a
gyógyászatban használt eljárásokat és alkalmazásokat hatékonyabbá és
célzottabbá tegyük.

A nanostruktúrák különleges helyet foglalnak el a nanotechnológia
területén. Amikor egy tömbi anyagot nanoméretekben, például na-
norészecskeként, nanoszálként, nanocsőként vagy bonyolult nanoszerke-
zet formájában álĺıtunk elő, akkor mechanikai, optikai illetve mágneses
tulajdonságai is jelentősen megváltoznak.

A tömör arany nanorészecskék (Solid Gold Nanoparticles = SGNs)
mellett, nagy felsźınük és még a tömör párjaikhoz képest is kedvezőbb
plazmonikai tulajdonságaik miatt a porózus arany nanorészecskék (Po-
rous Gold Nanoparticles = PGNs) is egyre nagyobb figyelmet kap-
tak. Ezen részecskék szerkezete azonban termikusan instabil; már ala-
csony hőmérsékleten (350◦C 1 óra) történő hőkezelés esetében is eltűnik
porózus szerkezetük.

A TiO2 is rendḱıvül népszerű, bevonatként is használt anyag,
biokompatibilitása, antibakteriális hatása, illetve fotokatalitikus és
spektroszkópiai tulajdonságai miatt, ı́gy került kutatásaink fókuszába.

2. Célkitűzések

A munkám során a következő célokat tűztem ki a szakirodalmi
eredmények ismeretében:

• Az atomi rétegleválasztás módszerével TiO2 réteggel bevont
porózus arany nanorészecskék (TiO2 coated Porous Gold Nano-
particles = TPGNs) előálĺıtása különböző hordozókon, ezek szer-
kezeti és optikai tulajdonságaik vizsgálata valamint ezen tulaj-
donságok termikus stabilitásának tanulmányozása.

• Hangolható optikai tulajdonságú nanoszerkezetek kialaḱıtása és
ezen részecskék morfológiai, optikai tulajdonságainak, valamint
termikus stabilitásának vizsgálata.

• Porózus arany nanorészecskék hordozó nélküli előálĺıtása, bőv́ıtve
ı́gy ezek alkalmazásának körét.
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3. Módszerek

Munkám során különböző hordozókra (Si/SiOx, zafir, CaF2)
gyártottam dewetting-dealloying technikákkal porózus arany na-
norészecskéket. A ∼300 nm átlagos átmérővel rendelkező porózus
részecskéket a plazma seǵıtett atomi réteg leválasztás módszerével 7 nm
vastag TiO2 réteggel vontam be. A bevonás után spektrofotométer
seǵıtségével vizsgáltam a részecskék elnyelési spektrumát. A bevona-
tolt részecskék termikus stabilitását is vizsgáltam. A mintákat 350◦C-
900◦C hőmérséklet-tartományon levegőn hőkezeltem és a morfológiai
változásokat pásztázó valamint transzmissziós elektronmikroszkóppal
követtem nyomon.

A részecskék optikai válaszának hangolását kevert fém-oxid rétegek
leválasztásával tettem meg, mely esetében szintén a plazma seǵıtett
atomi rétegleválasztás módszerét használtam. A kevert réteggel bevont
részecskék termikus stabilitását és optikai tulajdonságait is vizsgáltam
a korábban emĺıtett hőmérséklet-tartományon és eszközökkel.

A részecskék szuszpenzió formájában történő előálĺıtásánál
különböző optikai illetve analitikai módszereket használtam. A
részecskék méretét a hordozón történő vizsgálatánál pásztázó elekt-
ronmikroszkóppal tettem meg, mı́g az oldat formában történő méret
meghatározáshoz a dinamikus fényszórás módszerét használtam. Az
arany koncentrációját az oldatokban indukt́ıv csatolású plazma opti-
kai emissziós spektrometria seǵıtségével határozta meg. Az oldatok
elnyelési spektrumait spektrofotométerrel vizsgáltam.

4. Új tudományos eredmények

• [T1.1]: Vizsgáltam a TiO2 réteggel bevont porózus arany
nanorészecskék termikus stabilitását és morfológiai változásait
350◦C -900◦C hőmérséklet-tartományon.

Megállaṕıtottam, hogy az atomi rétegleválasztás módszerével
előálĺıtott, 7 nm vastag TiO2 réteg ∼800◦C hőmérsékletig
megőrzi a részecskék morfológiáját. Efelett a porózus arany na-
norészecskék tömör nanorészecskékké válnak, amelyet ∼50 nm
vastag TiO2 bevonat boŕıt. Megállaṕıtottam, hogy ez változás
a TiO2 allotróp fázisátalakulásának és az arany ligamendumok -
a tömbi aranyéhoz viszonýıtott - alacsonyabb olvadáspontjának
következménye. A TiO2/Au határfelület minimalizálására
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való törekvés miatt tömör arany nanorészecskék jönnek létre,
miközben a felsźınükre nyomják a fragmentált réteg lemezeit.

A tézisponthoz kapcsolódó publikációk: C[1], K[1], K[2], P[1]

• [T1.2]: Vizsgáltam a TiO2 réteggel bevont arany na-
norészecskék optikai elnyelési tulajdonságait; extinkciós spekt-
rumát szobahőmérsékleten, valamint 350◦C-900◦C hőmérséklet-
tartományon.

Megmutattam, hogy 7 nm vastag TiO2 réteggel bevont porózus
arany nanorészecske extinkciós spektrumában legjelentősebb
dipól plazmoncsúcs ∼400 nm-t tolódik a hosszabb hullámhossz-
tartomány felé. Az eltolódás a részecskéket boŕıtó közeg
törésmutatójának változása miatt lép fel. Megállaṕıtottam, hogy
a hőkezelés hatására bekövetkező morfológiai változások követ-
hetőek az optikai elnyelési spektrumban is. 800◦C hőmérséklet
felett a dipól plazmoncsúcs jelentősen eltolódik a rövidebb
hullámhossz-tartomány felé. Bizonýıtottam, hogy a porózus
arany nanorészecskék optikai válasza a morfológia változtatásával
folytonosan hangolható.Megmutattam, hogy a hangolás után a
részecskék mind optikailag, mind termikusan stabilak maradnak
800◦C alatti hőkezelések során.

A tézisponthoz kapcsolódó publikációk: C[1], K[1], K[2], K[6],
P[1]

• [T2]: Irodalmi ismereteim szerint először késźıtettem recep-
tet különböző arányú Al2O3 és TiO2 fém-oxid rétegkeverékek
előálĺıtásához. Plazma seǵıtett ALD módszerrel alacsony
hőmérsékleten (45◦C) álĺıtottam elő 35%-65% illetve 65%-35%
Al2O3-TiO2 összetételű vékonyrétegeket. A kevert rétegek
törésmutatóját ellipszométer seǵıtségével megmértem.

A tézisponthoz kapcsolódó publikációk: C[2], K[3-8], P[2]

• [T3.1]: Bemutattam, hogy a különböző arányú Al2O3-TiO2

kevert rétegekkel bevont porózus arany nanorészecskék extink-
ciós spektruma folytonosan és reprodukálhatóan változtatható.
Ez a relat́ıv hangolhatóság a tiszta oxidrétegek által oko-
zott eltolódások között álĺıtható, amely a dipól plazmoncsúcs
poźıciójában a hosszabb hullámhossz-tartomány felé történő
∼250 nm relat́ıv eltolódást jelent.
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Vizsgáltam a bevonó réteg hatását a különböző kiindulási
részecskeméret függvényében is (∼200 nm és ∼470 nm). Azt
tapasztaltam, hogy a dipól plazmoncsúcs relat́ıv eltolódását a
részecskeméret nem befolyásolja.

Megmutattam, hogy 700◦C felett történő hőkezelés hatására a
nagyobb Al2O3 tartalmú rétegekkel bevont részecskék optikai tu-
lajdonságai nem változnak jelentősen. A nagyobb TiO2 tartalmú
rétegek esetén a fázisátalakulási hőmérséklet felett a dipól plaz-
moncsúcs a rövidebb hullámhossz-tartomány felé tolódik, amely
mind a TiO2 réteg törésmutatójának változása, mind a mor-
fológiai változások következménye.

A tézisponthoz kapcsolódó publikációk: C[2], K[3-8], P[2]

• [T3.2]: Vizsgáltam az Al2O3-TiO2 fém-oxidok keverékével be-
vont nanorészecskék termikus stabilitását.

Megmutattam, hogy a kevert rétegek termikus stabilitása a két
különböző fém-oxid arányától függ és mindig a rétegben do-
minánsabb fém-oxidéhoz hasonló tulajdonságokat mutat. A na-
gyobb Al2O3 tartalmú rétegek magas hőmérsékletű hőkezelések
során mind morfológiailag, mind az optikai tulajdonságok tekin-
tetében stabilak. A nagyobb TiO2 tartalmú rétegek ezzel szem-
ben már ∼ 700◦C közelében elvesztik morfológiai stabilitásukat
és eredeti optikai válaszukat.

A tézisponthoz kapcsolódó publikációk: C[2], K[3-8], P[2]

• [T4.1]: Kétféle, eddig nem ismert előálĺıtási módszert fejlesz-
tettünk ki a porózus arany nanorészecskék hordozóról történő
leoldására és szuszpendálására v́ızben. Az egy-lépéses le-
oldási eljárásnál a dewetting módszerrel létrehozott arany-
ezüst ötvözet nanorészecskéket CaF2 hordozóról salétromsav
seǵıtségével távoĺıtottuk el, egyidejűleg kioldva (dealloying) az
ezüstöt is az ötvözet részecskékből.

A második módszer esetében hidrogén-fluorid h́ıg oldatának
seǵıtéségével távoĺıtottuk el a porózus arany nanorészecskéket
a Si/SiO2 hordozóról. A két különböző eljárással létrehozott
porózus arany nanorészecskék vizes szuszpenzióját analitikai
(ICP-OES), illetve optikai (SEM, DLS, spektrofotometria)
módszerek seǵıtségével elemeztem.

A tézisponthoz kapcsolódó publikációk: C[3], K[7]
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• [T4.2]: A leoldás után v́ızben mértem a porózus arany na-
norészecskék elnyelési spektrumát. A spektrumot meghatározó
dipól plazmoncsúcs a leoldás előtt és utána is ∼ 1450 nm
hullámhossznál található. A szuszpenzióból kicseppentettem és
a beszáŕıtott oldat dipól plazmoncsúcs poźıciója sem változott je-
lentősen a leoldás előtt és a szuszpenzió esetén mért poźıcióhoz
képest.

A tézisponthoz kapcsolódó publikációk: C[3], K[7]
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ország, 2019.augusztus 21.-24.
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1. Introduction

Nanotechnology is one of the key technologies of the 21st century. On
one hand, the reason is the demand for decreasing the extent of our
technological and communication devices, on the other hand making
biomedical procedures and applications more effective and targeted.

Nanostructures have an important role in the field of nanotechno-
logy. The mechanical, optical, or magnetic properties of a material
fabricated as nanoparticles, nanowires, or nanotubes can be drastically
different than in the case of its bulk counterparts.

It is well-known that solid gold nanoparticles (SGNs) are useful
for lots of applications, however, the high surface/volume ratio and
the outstanding optical properties also make porous gold nanoparticles
(PGNs) especially popular from the applications point of view. Alt-
hough PGNs are not stable thermally i.e. PGNs lost their 3D porous
structure after annealing them at 350◦C for an hour.

Due to its biocompatibility, antibacterial effect, as well as excellent
photocatalytic and spectroscopic properties, TiO2 is also extremely po-
pular as a covering layer, which is the reason why it has become the
focus of our research.

2. Aims

In my work, I set the following goals considering the results of the
literature:

• Fabrication of a few nanometer thick TiO2 coated porous gold
nanoparticles on different substrate materials using atomic layer
deposition method, as well as the investigation of their morpho-
logy, optical properties and thermal stability.

• Producing a nanostructure with tunable optical properties. As
far as the morphology, optical properties, and thermal stability of
coated nanoparticles are concerned, they were also investigated.

• Support-free synthesis of porous gold nanoparticles in water,
which can broadened the application field of nanoparticles.
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3. Methods

In my work, porous gold nanoparticles were fabricated on diffe-
rent substrate materials (Si/SiOx, sapphire, CaF2) using dewetting-
dealloying procedures. As a result, porous gold nanoparticles were for-
med with 300 nm diameter on average and samples were covered 7 nm
thick TiO2 layer using plasma-enhanced atomic layer deposition met-
hod. Extinction spectra of coated samples were measured by spectrop-
hotometer. Thermal stability of coated PGNs was also investigated by
annealing the samples at a wide range of temperature (350◦C-900◦C).
Changes in the morphology were followed using scanning and transmis-
sion electron microscopy.

Tuning of PGNs optical properties was reached using a mixture
of metal-oxide coatings, which were also fabricated by the plasma-
enhanced atomic layer deposition method. Mixed metal-oxide coated
samples were also investigated from the morphology, optical response,
and thermal stability point of view.

Investigation of suspended colloidal PGNs was carried out using
different optical and analytical methods. The size distribution of PGNs
on substrate was determined from secondary electron images using NI
Vision software, however, dynamic light scattering was used to measure
the particle diameter in the suspension. The concentration of gold in
the suspension was determined using inductive coupled plasma optical
emission spectrometry. Extinction spectra of suspension were measured
using spectrophotometry.

4. New scientific results

• [T1.1]: Thermal stability and optical response of TiO2 coated
porous gold nanoparticles were investigated in the wide range of
temperature (350◦C -900◦C).

It was found that a 7 nm thick titania layer can preserve the
PGN’s morphology up to 800◦C. Above this temperature, PGNs
lost their thermal stability and become solid gold nanoparticles,
which is covered by ∼ 50 nm thick TiO2 layer. It was also shown
that this change is caused on one hand due to the allotropic phase
transition of TiO2 and on the other hand due to the lower melting
temperature (compared to the bulk one) of gold. The main dri-
ving force is the minimalization of the TiO2-Au interface, which
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leads to the formation of solid gold nanoparticles and at the same
time push the rutile flakes out of its surface.

Publications connected to this thesis point are: C[1], K[1], K[2],
P[1]

• [T1.2]: Optical response of TiO2 coated porous gold nanopartic-
les were also investigated, extinction spectra of TPGNs were mea-
sured at room temperature as well as after annealing the samples
from 350◦C-900◦C.

It was shown that a 7 nm thick TiO2 coating has a significant
effect (∼ 400 nm red-shift) in the position of the most dominant,
dipole plasmon peak.This remarkable change in the dipole plas-
mon peak position is caused due to the change of the surrounding
media’s refractive index.

It was found that the morphological changes due to the annealing
can be followed in the optical extinction spectra. Above 800◦C
the position of the dipole plasmon peak shifts drastically to the
blue. It was also proved that the optical response of PGNs can
be tuned continuously by changing the morphology of the nano-
structure. It was also shown that not only the morphology but
also the optical properties of coated PGNs are thermally stable
after annealing up to 800◦C.

Publications connected to this thesis point are: C[1], K[1], K[2],
K[6] P[1]

• [T2]: According to my literature knowledge, a mixture of
Al2O3/TiO2 metal-oxides was fabricated using atomic layer de-
position the first time. 35%-65%, as well as 65%-35% Al2O3-TiO2

mixture layers, were successfully deposited using plasma enhan-
ced atomic layer deposition at low (45◦C) temperature. Refrac-
tive indices of mixed metal-oxide layers were measured using el-
lipsometry.

Publications connected to this thesis point are: C[2], K[3-8],
P[2]

• [T3.1]: It was shown that the optical response of PGNs can be
tuned in a continuous and reproductive way using different cont-
ent of Al2O3-TiO2 mixture as a covering layer. The extent of the
tuning depends on the effect of the pure metal-oxide layers, as a
consequence, it limits the maximum shift of the mixture layers,
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which is approximately 250 nm relative change in the dipole plas-
mon peak’s position to the red.

It was also shown that the initial size of PGNs does not affect the
tuning of the dipole plasmon peak. PGNs with different initial
diameter (∼200 nm és ∼470 nm) were fabricated and its extinc-
tion spectra were investigated. It was found that the relative
change in the position of the dipole plasmon peak was almost the
same in both cases.

It was found that the optical response of the type 2 (higher Al2O3

content) coated PGNs does not change after annealing up to
700◦C. However, the position of the dipole plasmon peak shifts to
the blue after annealing above the phase transition temperature
of TiO2 in the case of type 3 (higher TiO2 content) coated PGNs.
These phenomenon was indicated by the changing of titania’s ref-
ractive index as well as the morphological changes.

Publications connected to this thesis point is: C[2], K[3-8], P[2]

• [T3.2]: As far as the thermal stability of mixed metal-oxide coa-
ted PGNs is concerned, thermal stability depends only on the
composition of the mixed metal-oxide layer i.e., the dominant
metal-oxide layer defines the properties of the mixed metal-oxide
layer. It also means that type 2 layer (higher-Al2O3 coated po-
rous gold nanoparticles show similar changes in the morphology as
Al2O3 coated ones. Optical and morphological properties are pre-
served up to high temperatures heat-treatment (800◦C). Howe-
ver, the morphology of 3 type (higher TiO2) coated porous gold
nanoparticles has changed after low temperature (∼700◦C) heat-
treatment and lost not only their morphology but also their ori-
ginal optical properties.

Publications connected to this thesis point is: C[2], K[3-8], P[2]

• [T4.1]:It was reported two new methods we developed to synt-
hesize porous gold nanoparticles in water. Gold and silver alloy
nanoparticles were detached from CaF2 substrate and silver was
parallel dealloyed using nitric acid in the so-called one-step pro-
cess. As another method, porous gold nanoparticles were remo-
ved from Si/SiO2 substrate using a low concentration of HF. Both
types of suspension were investigated using analytical (ICP-OES)
and optical (SEM, DLS, spectrophotometer) method.
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Both new procedures give a new way of carrying out dewetting-
dealloying fabricated porous gold nanoparticles in water, which
was previously unknown in the literature.

Publications connected to this thesis point is: C[3], K[7]

• [T4.2]: Extinction spectra of PGNs in water were measured and
it was found that the dominant dipole plasmon peak situated
the same wavelength (∼1450 nm) as previous on the substrate.
Small amount of the suspension was desiccated on sapphire and
optical properties were also checked. It was also confirmed that
position of dipole plasmon peak does not changed after dessicated
the suspension.

Publications connected to this thesis point is: C[3], K[7]
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