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Abstract. We demonstrate the bottom-up approach to the formation of a glass-metal
nanocomposite. The approach is based on simultaneous diffusion of different metal ions in glass
and the self-assembly of the reduced ions with the formation of metal nanoparticles. In particularly,
the approach includes: sputtering of silver and gold thin films on the surface of the glass, embedding
of silver and gold ions in glass via field-assisted ion-exchange (applying DC voltage to metal films)
and annealing of the ions-enriched glass at the temperature above the glass transition temperature.
The formed nanocomposite is glass substrate with the buried layers of gold and silver nanoparticles,
which is characterized by two distinct optical resonances (bi-resonant nanocomposite). The
influence of the parameters of the ion exchange (thickness of metal films, ratio of the metals, and
applied voltage) and annealing (temperature and duration) on the formation of silver and gold
nanoparticles and optical properties of the glass-metal nanocomposite is considered.
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AHHOTamUg. MBI TIpOACMOHCTPHPOBAIN IIOOXOH <«CHU3Y-BBEepX» M (OPMHUPOBAHMUS
OUPE30HAHCHBIX CTEKJIOMETAINYECKUX HAHOKOMIIO3UTOB, MPEACTABISIONIMX CO00il CTEKIIO C
30JIOTBIMU U cepeOpsIHBIMU HaHodacTulaMu B oObeMe. Ilomxon 3akiitoyaeTcss BO BHEAPSHUU
MOHOB cepebpa M 30J10Ta B CTEKJIO IIOCPEACTBOM BJEKTPOCTUMYJIMPOBAHHON muddysnn
METaJUIOB M3 TOHKOIUJICHOUYHBIX MHOTOKOMITOHEHTHBIX DJIEKTPOIOB, M B BOCCTaHOBJIICHUU
WOHOB W KJlacTepuM3allMd aTOMOB C 00pa3oBaHWEM HAHOYACTHUI[ TIpU TIOCHIEIyIoIIei
BBICOKOTEMIICpAaTypHOII 00paboTke. B pamMkax pabOTHl M3y4eHO BIUSHUE I1apaMETPOB
Inddy3nn 1 BEICOKOTEMIIEpaTypHOIT 00paboTKM Ha Tiporecc (opMUpPOBAHUS HAHOYACTUIL U
OITUYECKME CBOMCTBA CTEKJIOMETA/UIMYECKMX HAHOKOMITO3UTOB.
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Introduction

Media containing metal nanoparticles receive a significant attention due to their unique opti-
cal properties related to the phenomenon of localized surface plasmon resonance (LSPR) in
the nanoparticles [1]. Engineering spectral position and intensity of LSPR allows enhancement
of light emission [2], optimizing photovoltaic structures [3], optical nonlinearity effects [4] and
transmission spectra [5], etc. LSPR strongly depends on material, shape and size of nanoparti-
cles, and numerous studies are devoted to the manipulation of fine features of the nanoparticles
and precise nanofabrication to adjust LSPR position [6, 7]. Another approach is to combine
several LSPRs and, thus, modify/expand the spectral range in which the properties of a material
as a whole are significantly affected by the plasmonic properties of the embedded nanoparticles.
This possibility has been confirmed by formation of core-shell [8] and alloyed nanoparticles
[9], or joining of different types of nanoparticles on a substrate [10]. In this work, we present
an approach to manipulate optical properties of a glass embedded with metal nanoparticles that
is glass-metal nanocomposite (GMN), which is based on simultaneous diffusion of different
metal ions in glass and the self-assembly of silver and gold nanoparticles with the formation of a
bi-resonant structure.

Materials and Methods

Two series of GMNs have been made and optically characterized using SPECORD 50 spec-
trometer. The depth distribution of the formed nanoparticles was characterized via monitoring
absorption spectra of GMN during it step by step etching in HF solution (5 ul HF: 5 ¢ NH F: 40
g H,0) and measuring thickness of etched glass layer with mechanical profilometer Ambios XP-1.

First series

We embedded gold ions in glass by applying DC voltage, +250 or +1000V, to 50 nm-thick
gold film sputtered on the glass surface. During this procedure the glass slide was heated to 300 °C
to accelerate diffusion of the ions (field-assisted ion-exchange) [11]. The procedure continued
until current flowing through the glass slide decreased down to ~0.1 mA. To form gold nanopar-
ticles, we annealed the glass slide for 30 min at 650 °C.

Second series

Both, silver and gold ions were embedded in glass by the field-assisted ion-exchange. The sur-
face of the glass slide was covered with gold and silver films, each 50 nm thick, and topped with 10
nm-thick gold layer to protect silver from oxidation. We applied DC voltage of +250 or +1000 V
to the bi-layer film at elevated temperature of 300 °C until current flowing through the glass slide
decreased down to ~0.1 mA and annealed the obtained samples for 30—60 min at 650—700 °C. The
bi-layer anode with different ratio of thicknesses of silver/gold layers was also tested. In particular,
DC voltage of 1000+ V was applied to the surface of the glass slide covered with 50 nm-thick gold
and 30 nm-thick silver films; the glass slide was annealed for 60 min at 700 °C.
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Fig. 1. Optical absorption spectra of GMN (first series) obtained under 1000 V (/) and 250 V (2) (a).
Dependence of the intensity of gold LSPR in the spectrum of GMN on thickness of etched glass
(the GMN was obtained under 250 V) (b)

Results and Discussion

The absorption spectra of the samples of the first series are presented in Fig. 1,a. One can
see, gold doping of glass by field-assisted ion-exchange combined with the high-temperature
annealing results in the formation of a structure with LSPR at ~525 nm which is characteristic
for gold nanoparticles [12]. The concentration of gold nanoparticles is higher in the sample
obtained under 1000 V comparatively to the one obtained under 250 V, which follows from
the noticeable difference in the LSPR intensity. Note, ultrasonic cleaning of the samples’
surface in acetone did not affect the spectra, which evidences formation of gold nanoparti-
cles in the glass bulk that is GMN. To characterize depth distribution of the nanoparticles
we step by step etched GMN in HF solution, measured thickness of etched glass and GMN
absorption spectra (see section 2 for details). The results for the sample obtained under 250
V are presented in Fig. 1,b. Evidently, a thin, ~1300 nm, layer of GMN is formed in anodic

subsurface region.
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Fig. 2. Comparison of optical absorption spectra of GMN (/, first series) and bi-resonant GMN
(2, second series) obtained under 250 V (a). Dependence of the intensity of gold (/) and silver (2)
LSPRs in the spectrum of bi-resonant GMN on thickness of etched glass (b)
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The absorption spectrum of the sample in the second series obtained under 250 V and anneal-
ing for 30 min at 650 °C is presented in Fig. 2,4 and compared with the spectrum of the sample
in the first series obtained under the same conditions. The spectrum of the sample in the second
series demonstrates two optical resonances at ~410 and ~525 nm, and does not change after ultra-
sonic cleaning of the sample surface in acetone. Thus, both silver and gold ions diffused into the
glass in the course of the field-assisted ion-exchange with the bi-layer anode, and the high-tem-
perature annealing resulted in reduction of the ions and formation of nanoparticles in the glass
bulk that is a bi-resonant GMN. The difference in silver/gold LSPR intensities supposedly indi-
cates a difference in concentrations of silver and gold nanoparticles in the GMN.

Intensity and spectral position of the longer-wavelength LSPR coincide well with ones of
LSPR in the GMN formed by the field-assisted ion-exchange with single-layer gold anode and
hence presence of silver does not essentially influence gold diffusion and clustering (see Fig. 2,a).
We assumed that silver nanoparticles form separately from the gold ones.

To determine the burial depth of gold and silver nanoparticles we repeated the step by step
etching. The results for the 250 V sample are presented in Fig. 2,b. One can see, gold LSPR van-
ishes from the GMN spectrum when ~1300 nm of glass is etched off, which corresponds with the
results of the etching of the sample obtained using single-layer gold anode (see Fig. 1,b). Silver
LSPR remains in the spectrum, even when ~5000 nm of glass is removed. Note, silver LSPR
disappeared from the spectrum when ~15 um of glass was removed. The results clarify process
of ions diffusion in the course of the field-assisted ion-exchange with bi-layer gold-silver anode:
the concentration of silver ions in glass increase faster than gold one due to higher mobility of
silver ions [13, 14]. However, since ions continue to move from glass surface towards bulk under
the electric field, silver ions go deeper in the glass, which results in spatial separation of gold
and silver ions. The high-temperature annealing results in reduction and clustering of the ions
and formation of bi-resonant structure represented as layered GMN: gold nanoparticles in the
subsurface glass layer of the thickness of ~1 um and silver nanoparticles-containing layer buried
deeper in glass by ~ 15 pym.
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Fig. 3. Optical absorption spectra of bi-resonant GMNs obtained under different applied voltage
and annealing duration: 1000 V and 60 min (7), 1000 V and 30 min (2), 250 V and 30 min (3);
annealing temperature 650 °C (a). Spectra of GMNs obtained under 1000 V, 700 °C and 60 min using

bi-layer anodes with different ratio of thicknesses of gold/silver layers (Au:Ag): 1:1 (1), 1.5:1 (2) (b)

The ratio of silver/gold LSPR intensities in the formed bi-resonant GMN can be varied by
the ratio of thicknesses of silver/gold layers in bi-layer anode, the applied voltage, temperature
or duration of the annealing. For example, increase in the voltage from 250 V to 1000 V or the
annealing duration from 30 to 60 min results in the intensification of silver LSPR (Fig. 3,a), while
increase in the annealing temperature from 650 to 700 °C or decrease in thickness of silver layer
in bi-layer anode from 50 to 30 nm results in the intensification of gold LSPR (Fig. 3,b).
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Conclusion

Two-step bottom-up approach is demonstrated for fabrication of bi-resonant GMN. The
approach includes applying DC voltage to bi-layer gold-silver film sputtered on glass surface
and annealing of the glass at 650—700 °C. Obtained GMN contains gold nanoparticles in ~1
um thick subsurface region and silver nanoparticles in an essentially thicker region. The GMN is
characterized by two resonances which spectral positions correspond to LSPR in silver and gold
nanoparticles. It is demonstrated that the ratio of silver/gold LSPR intensities can be adjusted by
varying the applied voltage, temperature or duration of the annealing.
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