Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2019 IM® (IactutyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2019, 1. 17, Ne 3, cc. 473-482 HaznpykoBaHo B YKpaiHi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsil

PACS numbers: 07.07.Df, 68.65.Ac, 73.20.Mf, 73.21.Ac, 77.55.-g, 78.67.Pt, 78.67.Wj

Observation of Surface-Plasmon Resonance in Metal—Dielectric
Thin Films Covered by Graphene

L. V. Poperenko, A. L. Yampolskiy, O. V. Makarenko, O. I. Zavalistyi,
and V. V. Prorok

Taras Shevchenko National University of Kyiv,
64/13, Volodymyrska Str.,
UA-01601 Kyiv, Ukraine

The plasmon properties of hybrid metal—dielectric nanostructures on the base
of thin Cu films protected from oxidation under atmospheric conditions by
dielectric HfO, layer and/or graphene layer are considered. The ellipsometry
experiment and polarimetry with the excitation of surface plasmons into thin
films within the Kretschmann’s geometry at a probe light wavelength of
A =625 nm are fulfilled. The angular dependences of the ellipsometric param-
eters y(0) and A(D) as well as an internal reflection coefficient R (0,y) are
measured. These experimental data are compared to corresponding depend-
ences calculated by using the matrix method in accordance to the proposed
theoretical model of the multilayer structure. The numerical values of the
heterostructure-layers’ optical constants n and %k, by means of the calcula-
tions, are a subject to variation in order to achieve the minimum error devia-
tion between the experimental and calculated data. This gives a possibility for
additional control of the optical parameters of the structure layers. The angu-
lar dependences of the internal reflection coefficient R (0;y) of the samples
investigated possess a typical form of failure (deep minimum) at a certain an-
gle, which is concerned with surface plasmon-resonance excitation. According
to the feature of behaviour of these curves, conclusions due to suitability of
using these heterostructures as plasmon sensors are made. To estimate the
level of such sensors’ efficiency, theoretical calculations of the internal re-
flection coefficient at variation of the refractive index values of the medium,
which is in contact with the upper structure surface, are performed. The ap-
propriate graphs possess the inclination, which determines sensitivity of the
sensor. Typical sensitivity value for these heterostructures is equal to 100—
200 deg/RIU (Refractive Index Unit) in the vicinity of n = 1.3 RIU.

PosriianyTo maasMOHHI BJIACTUBOCTI MOPUAHNX METAJIOMieIeKTPUUHIX HAaHOPO-
3MIpHUX CTPYKTYP Ha OCHOBi TOHKUX ILTiBOK Cu, 3aXHUINEHNX BiJ OKMCHEHHS B
yMoBax TOBITpAHOI armocdepu miemektpuuynuMm iapom HfO, ta/a6o rpadeno-
BuUM I1apoM. EKcIIepruMeHT IpoBefeHO MeTO0I0 elincoMeTpii Ta moaspumerpii
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i3 30yAKeHHAM MOBEPXHEBUX ILIa3MOHIB y TAKUX CTPYKTypax y KpeumanHOBiit
reoMeTpii mpu AOBKUHI XBUJIi 30HAOBOTO CBiTyIa A = 625 HM. 1715 HUX BUMipSAHO
KYTOBI 3aJI€3KHOCTi ejlincomeTpuyHmx mapameTpis y(0) i A(0), a Takox Koedirrie-
HTa BHYTPIIITHBOTO BinomBaHuA R(Oy). Lli ekcnepuMeHTaNbHI faHi TOPiBHAHO 3
BIATIOBiAHMMHY 3aJIE;KHOCTSIMU, PO3PAXOBAHMMIM MATPUYHOIO METOAOIO 3TiTHO 3
MoiesieM 0araToInapoBoi CTPYKTypu. UMCIOBi 3HAUCHHA ONTUYHUX CTAIUX N i k
IIapiB reTepoCTPYKTYPHU IIiITaHO BapilOBaHHIO AJIA MTOCATHEHHS 30iry 3 MiHiMa-
JILHOIO TOXMOKOI0 Mi’K eKCIIePUMEHTAILHIMY Ta TeopeTuyHuME ganumu. Kpusi
3aJIeKHOCTeH BHYTPiNTHBOTO BimbmBaHHA R;(0Ory) ZOCiim:KeHMX 3paskiB MaroTh
XapaKTepHY 0COOIUBICTD Y BUTVIAAL TJIMOOKOTO MiHIiMyMy IIpU ITIeBHOMY KYTi ma-
IiHHA P-TIOJSAPU30BAHOTO CBiTJIA, IIIO € OAHO3HAUHUM AOKA30M iCHYBaHHA Y HUX
TIOBEPXHEBOT0 IJIA3MOHHOTO Pe30HaHCY. 3a 0COOJIMBOCTAMU IOBEIIHKY ITUX KPH-
BUX 3’ SCOBAHO MOKJIMBiCTh BUKOPHCTAHHSA TAKUX IeTePOCTPYKTYP B SKOCTI IJIa-
3MOHHUX CeHCOpiB. 1 oiHnKY piBHA e()eKTUBHOCTY TAKOT'O TUIIY CEHCOPiB BU-
KOHAHO TEOPETHYHiI pO3PaxyHKMU Koe(illieHTa BHYTPIIHLOTO BiIOMBAHHA IPU
BapilOBaHHI ITOKA3HWKA 3aJIOMJIEHHSA CEPEJOBUIIA, AKE KOHTAKTYE 3 BEPXHBOIO
MOBEPXHEI CTPYKTypu. Ofep:kaHo KPUBI BiIIMOBiAHMX 3ajie;KHOCTell, 3a HAXU-
JIOM SIKMX 3aIIPOIIOHOBAHO BU3HAYATU UYTJUBICTH ceHcopa. TuiloBe 3HAUEHHS
Imiel BeIUYMHY AJIA JOCTiAKeHUX reTepocTpyKTyp craHoBuTh 100—-200/RIU (Re-
fractive Index Unit) B okoxi n = 1,3 RIU.

PaccMoTpeHBI IIIa3MOHHBIE CBOMCTBA MMOPUIHBLIX METAJJIOANIJIEKTPUUECKUX
HAHOPasMEePHBIX CTPYKTYP HA OCHOBE TOHKUX IJIEHOK Cu, 3aIUINEHHBIX OT
OKHCJIEHUS B YCJOBHUSX BO3AVIIHON aTMocdepsbl AUSIeKTPUUYECKUM CJIOeM
HfO, n/unu rpadeHOBHIM cjIoeM. OKCIIEPUMEHT IIPOBENEH METOAOM 3JLJIUIICO-
METPUU U HOJAPUMETPUU C BO30YKJeHUEM IIOBEPXHOCTHBIX IIJIa3MOHOB B Ta-
KHX CTPYKTypax B reoMmeTpunu KpeumaHHa mpu JJMHE BOJHBLI 30HAOBOTO CBETA
A =625 um. [na HUX U3MepeHbI YIJIOBbIEe 3aBUCUMOCTH dJIINIICOMETPUIECKUX
nmapameTrpoB y(0) u A(0), a Takxe Kos(dUIIMEHTa BHYTPEHHET'O0 OTPAKEeHUA
R(6y). OTH sKCIepHMeHTAJIbHBIE HAaHHBIE CPABHEHBI C COOTBETCTBYIOIUMU
3aBUCUMOCTAMM, PACCUUTAHHLIMU MATPUYHBIM METOJOM COTJIACHO MOJEJN
MHOTOCJIOMHOM CTPYKTYpPbI. UMCIOBbIe 3HAUEHUA ONTUYECKUX IMOCTOSHHBIX 7
u k CJIOEB reTepOCTPYKTYPHI IOABEPTHYTHI BaPHUPOBAHUIO IJIA AOCTUKEHUS
COBITAJIEHU S C MUHUMAJIbLHON IIOIPEIIIHOCTBIO MEXKIY SKCIEePUMEHTANbHBIMY U
TEOPETUYECKNMHU NJaHHBIMU. KpHUBbIe 3aBUCHUMOCTEH BHYTPEHHEr0 OTPAKEHU A
R(6;y) mccaemoBaHHBIX 00Pa3I[0B UMEIOT XapPaKTEePHYI0 0COOEHHOCTH B BUJE
ryIybOKOTr0 MUHUMYMa IPHU OIPEAEeJIEHHOM yIJie NaJeHuA pP-IoJIAPU30BaHHOTO
CBeTa, UTO SBJIAETCA OJHOSHAUHBIM JOKAa3aTEeJIbCTBOM CYIIIECTBOBAHUA y HUX
TIOBEPXHOCTHOTO IJIA3MOHHOTO pe3oHaHca. I1o 0cO0eHHOCTAM MOBENEHUSA 3TUX
KPUBBIX YCTAHOBJIEHA BO3MOYKHOCTD MCIIOJb30BAHUA TAKUX I'€TEPOCTPYKTYD B
KauecTBe IIJIa3MOHHBIX CEHCOPOB. JJIs OIleHKYU YPOBHS 3(D(HEKTUBHOCTH TAKOTO
THUIIA CEHCOPOB BBLIMOJHEHBI TEOPETUUYECKHE PACUETHI KO (PUIMEHTAa BHYTPEH-
HEro OTpPasKeHUA IPU BapbUPOBAHUYU MIOKA3aTeNs IPEJIOMIECHUS CPeNbl, KOTO-
pas KOHTAaKTHUPYET C BepXHelH MOBEPXHOCTHIO CTPYKTYPHhI. [loyueHbl KPUBHIE
COOTBETCTBYIOIIMX 3aBUCUMOCTEM, IT0 HAKJIOHY KOTOPBIX IPEAJI0KEHO Ompee-
JIATH YYBCTBUTEJILHOCTH CeHcopa. TummuHoe 3HaueHuwe STON BEJIUYUHBI AJIS
KCCJIeOBAaHHBIX reTepocTpyKTyp cocrasisier 100—200/RIU (Refractive Index
Unit) B okpectrocTu n = 1,3 RIU.

Key words: multilayer structures, dielectric layer, hafnium oxide, gra-
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1. INTRODUCTION

The one of major applications of surface plasmon physics has started
from the theoretical prediction and experimental confirmation of the
huge sensitivity of surface plasmons to their local dielectric envi-
ronment to characterise the growth of films [1] and the electrochemi-
cal and biological processes [2]. Nylander et al. extended this state-
ment to show that surface plasmons could be used as a basis for sens-
ing antibodies in fluids [3]. These experiments paved the way for the
first commercial surface-plasmon resonance (SPR) sensors released by
Biacore [4]. Strong interactions between the surface plasmon and bi-
omolecules on the metal surface have two important consequences,
namely, light can be confined in an area smaller than that predicted
by the diffraction limit, and the local electromagnetic-field intensity
can be enhanced by many orders of magnitude [5, 6].

Metals as materials with high free-electron density and possible
weak interband transitions in the visible range are the most suitable
materials for plasmon applications. Traditionally, gold is widely
used, though silver and copper are perspective as well [7]. However,
these metals have high chemical activity and tend to oxidize in air
ambient. It is clear that SPR response of such sensors will decrease
in time.

In this work, main purpose is to find a way to prolong plasmon
sensors lifetime. A potential solution is to use graphene as a protec-
tive barrier on copper or silver thin film as a base for SPR sensor
within the broad spectral region, namely, from blue to near infrared
[7, 8]. Very stable and flat thin graphene layer can also help to
solve such a problem of functionalization of thin metal film with
biomolecular recognition elements. Usually, the passive adsorption
of receptors to the metal surface represents the most simple and
straightforward functionalization method. It may be note that the
graphene-protected copper and silver SPR sensors also survive only
during 0.5—1 year [7].

We have studied optical properties of plasmon heterostructures of
hybrid systems with atomically thin materials such as graphene and
thin dielectric layer (< 10nm). The graphene coating can provide not
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only additional corrosion barrier but also allow the targeted bio-
functionalization of its surface. The combination of plasmon film
with dielectric layer and graphene has yielded significant advances in
SPR sensing due to the interference of the reflected waves on inter-
faces metal/dielectric and dielectric/graphene and promotes the ex-
tension of the plasmon wave propagation. The aim of the work was to
find out what will be the surface-plasmons’ excitation process in thin
copper films protected from oxidation by a dielectric layer, and to
evaluate the efficiency of their functioning as plasmon sensors with
an additional top graphene layer deposited.

2. GETTING EXPERIMENTAL DATA

All metal films studied were deposited using electron-beam evapora-
tion with glass substrates thickness of 1 mm. To grow these films,
we used a commonly available deposition apparatus with base pres-
sures in the interval of 107 to 10™® Torr. To control growth of the
metal film, a calibrated quartz microbalance (QCM) was used. We
also deposited Cr adhesive layers about of 1.5 nm thick on clean
glass substrates before Cu-films’ deposition. For Cu films prepared,
the good adhesion and random grains were achieved, when Cu depo-
sition rate was equal to =1 nm/s. On the top of Cu films, HfO, lay-
er was also deposited with small rate of 0.05—-0.1 nm/s.

The surface morphology and RMS surface roughness of HfO, lay-
er deposited was characterized by atomic force microscopy (AFM).
AFM analysis is performed in the tapping mode on the sample to
examine the surface morphology in a scan area approximately of
1.5x1.5 pum?® Cu/HfO, heterostructure maintains a quiet smooth
surface morphology (RMS roughness changes from 2 to 3 nm). It is
also worth noting that the investigated hybrid nanofilms exhibit the
continuous (without any islands) morphologies.

Chemical vapour deposition (CVD) graphene transfer on Cu—HfO,
surface was performed as follows. CVD graphene grown on copper
film was removed by etching the copper in 0.15 Mol ammonium
persulfate for 8 hours. Before etching, graphene was covered by

‘Graphene 150°, 30 min anneling
HfO, (7 nm) H{O, (30 nm) Graphene
Cu (43 nm) Cu (43 nm) Cu (43 nm)
Cr (1.5 nm) Cr (1.5 nm) Cr (1.5 nm)
Glass Glass Glass
A B C

Fig. 1. The structure of the samples investigated.
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=~ 500 nm of PMMA with a tape window cut out and placed on the
PMMA; so, the membrane can be mechanically moved after etching.
The free-floating graphene membrane was transferred to a clean
dish of deionised (DI) water for 10 min, then to a second dish of DI
water for a further 10 min to remove contamination from etchant
solution. The PMMA-graphene film was then transferred onto the
target Cu—HfO, films into a desired position. Finally, the PMMA
layer was removed in acetone.

A set of three samples was fabricated, the structure of which is
shown in Fig. 1. The first (A) consists of a thin copper film coated
with a protective oxide HfO, layer; the second (B) has a similar
structure, but still contains an additional graphene monolayer; the
third (C) has only a copper film with deposited graphene layer on
its surface. The graphene surface of sample C was further cleaned
by argon/hydrogen annealing at 150°C for 30 mins.

Optical constants of thin films obtained (refractive index n and ex-
tinction coefficient k) were firstly verified by ellipsometric measure-
ments (Fig. 2, a). In the previous paper [9], ellipsometry was used to
check, if there is some optical anisotropy of such heterostructures, and
its absence was established. In this paper, the studies were also per-
formed on a multifunctional experimental setup described in [10, 11].
This setup allows one to perform various types of optical research, in
particular, polarimetric measurements. Ellipsometric experiment was
carried out according to the typical scheme of rotating analyser [12].
The radiation source was a LED with wavelength A =625 nm and spec-
tral FWHM AA =10 nm. The probe ray fell on the top (thin film) side
of the samples during ellipsometry.

In order to detect plasmon resonance in the manufactured speci-
mens, an optical polarimetric experiment was conducted in the ge-
ometry of surface-plasmon excitation based on Kretschmann’s

Polarizer Analyzer

% Polarizer
Vaseline oil

Analyzer

Graphene
\ y

\ HfO, Glass

Cu

Cr Cr

Glass Cu

HfO,
Graphene
a b

Fig. 2. Two methods of conducting an experiment: ellipsometric (a) and
reflectometric with surface plasmon excitation (b).
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scheme (Fig. 2, b). The sample glass substrate was coupled with in-
ternal reflection prism, through which a probe beam polarized in p-
plane passes. Vaseline oil was applied to create an optical contact
between the specimen and the prism. Its refractive index in the
spectral region selected amounts n =1.464 (refractive index of the
prism is n=1.511, and the glass substrates have n=1.506). When
passing inside the prism, immersion and substrate, the beam was
subjected to attenuated internal reflection, went outside and was
recorded by a photodetector.

Output radiation intensity was being recorded, while scanning
the selected external incident angle Ogxr range (the angle of inci-
dence onto the first prism face). The internal incident angle 6;y onto
heterostructure was changing accordingly. At certain values of O,
favourable conditions were created for the occurrence of a surface
plasmon resonance in the metallic film, because of which a part of
light-wave energy passed into the sample. Thus, it is possible to ex-
perimentally register its SPR-curve R (Oy)-

The calculation of optical characteristics of thin-film structures
was carried out using the matrix method described in [13]. Mathe-
matically, determining the coefficients of reflection, transmission
and absorption of multilayer systems was to find the stationary am-
plitudes of the electric field intensity vectors at all boundaries of
the interface medium, taking into account the interference phenom-
ena in each layer. To find the ellipsometric parameters y and A,
such calculations were performed for p- and s-polarized waves.

TABLE. Comparison of layers parameters n and k& obtained from experi-
ments and given in literary sources [14—16].

Sample | Material, nm Ellipsometry Plasmon excitation
n k n k
Cr (1.5) 3.155" 3.308" 3.155" 3.308"
A Cu (43) 0.11 3.24 0.06-0.55 3.26—-3.37
HfO, (7) 2.107" 0.00" 2.107" 0.00"
Cr (1.5) 3.155" 3.308" 3.155" 3.308"
B Cu (40) 0.16 2.39 0.06-0.55 3.26-3.37
HfO, (30) 2.107" 0.00" 2.107" 0.00"
Graphene 2.724" 1.345" 2.724" 1.845"
Cr (1.5) 3.155" 3.308" 3.155" 3.308"
C Cu (43) 0.11 2.88 0.07-0.66 3.00-3.16
Graphene 2.724" 1.845" 2.724" 1.845"

Note: “The marked values were fixed at variance and accepted to be equal to liter-
ary data [14-16].
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In obtaining the R (0;y) dependences, the probe beam refraction
and reflection during its passing the prism, immersion and sample
substrate were also taken into account. Corresponding correction of
the reflection coefficient was carried out using the Fresnel formu-
lae.

3. RESULTS AND DISCUSSION

At the first stage of the experiment, angular dependences of ellip-
sometric parameters y(0) and A(0) of each sample were measured.
They were compared with theoretically calculated ones, and optimal
n and k values, giving the minimum curves difference, were found.
Because of the impossibility of simultaneously combining both the
curve pair for y(0) and the pair of dependences for the ellipsometric
parameters A(0), which can be caused by the scattering of light in
the samples, only the limits of the values n and k£ can be estimated.
The results of the corresponding variation of the optical constants n
and k are given in Table.

The parameters of thin Cr layer as well as graphene were consid-
ered to be known [14, 16], because their change almost did not af-
fect the form of the dependences wy(0), A(0) and R (O). Neither
dominant was influence of HfO, constants. To compare the results
of the optical constants n and k variation, we note here the corre-
sponding data [17], according to which Cu has n=0.113 and
k=3.484 at the selected wavelength.

For each sample, the R (0;y) SPR-curve was also being measured
in p-polarized light. The corresponding graphs are presented in Fig.
3. They demonstrate a good qualitative agreement between the ex-
perimental data and numerical results, with the exception of sample
B.

1.0

Sample A Sample B Sample C

0.0 R ; Ty
38 42 46 50 5438 42 46 50 5438 42 46 50 54
0, deg. 0 deg. 0, deg.

Fig. 3. Experimentally measured (circles) and theoretically simulated
(lines) SPR-curves of the samples studied.
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All these obtained dependences are characterized by a slightly
smoothed form and a smaller amplitude of experimental-curves’ de-
viation compared with the theoretical ones. In the corresponding
spectral range, such ‘blurring’ of the contours may be caused by an
insignificant statistical spread of the thin-film layers’ thickness on
different parts of their surface, to which theoretical calculations
are sensitive. Because of this, the interference conditions for optical
radiation that passes through these layers are violated. As far as
sample B is concerned, the deviation of data for which is the most
significant one, it is possible to assume significant heterogeneity of
its HfO, oxide layer, which, moreover, has a maximum thickness in
comparison with other samples. This is confirmed by the variation
in the optical thickness of the HfO, layer (nd, where n is refractive
index, d is the layer thickness) used in the theoretical model from
30 nm to 13 nm. Then, the minima position of R(6,y) curves and
their depth are almost identical, although their general shape in
this case is still different.

Similar to ellipsometric data, for the experimental and simulated
R;(6;y) curves shown in Fig. 3, fitting with optimal n and %k con-
stants, search was also been performed. Variation of HfO, layers’
refractive index within n =2.00-2.25 range, as it turned out, only
leads to the curve minimum bias approximately 0.5 without signif-
icantly altering its shape. Therefore, this parameter also left fixed.
The resulting values of the layers n and k obtained are presented in
Table.

The aforementioned theoretical model was also been applied to
assess efficiency level of the investigated structures, when used
them as plasmon sensors. For each of the samples, angular position
of the SPR-curve minimum was computed as a function of an ana-

—(A) Cu 43 nm, HfO, 7 nm
— - (B) Cu 40 nm, HfO, 30 nm, Graphene
-==- (C) Cu 43 nm, Graphene

80
751
70
651
60
551
50
454 ¢
40

Minimal 8, deg.

10 11 12 13 14
n, RIU

Fig. 4. Dependences of the SPR-minimum angular position from the ana-
lyte refractive index n for the sensors considered.
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lyte refractive index (the medium contacting with the top layer of
the sensor). Such dependences are presented in Fig. 4.

It can be seen that the curve for sample A protected by HfO, lay-
er has a certain bias relative to the curve for graphene-protected
sample C. At the same time, for the sample B, this shift is very
significant. Although its functioning as a plasmon sensor in this
case is possible, the available range of analyte refractive indexes for
determining will be limited to 2 1.12 RIU (Refractive Index Unit).

The criterion for the effectiveness of SPR-sensors based on the
structures considered may be their sensitivity to the analyte refrac-
tive index change, which should be determined by the corresponding
curves’ inclination. As one can see from Fig. 4, the inclination
changes somewhat at different of refractive index values. Thus, in
the vicinity of n =1.05 RIU, the sensitivity is about 71 deg/RIU for
sample A, 125 deg/RIU for sample B, and 65 deg/RIU for sample
C. In the vicinity of n = 1.31 RIU, one has 173 deg/RIU for sample
A and 130 deg/RIU for sample C.

The obtained dependences have shown that the available refractive
index range to determine and the sensitivity of the A and C sensors,
coated with oxide and graphene layers, respectively, differ insignifi-
cantly.

4. CONCLUSIONS

Thin Cu films protected from atmospheric oxidation by dielectric
HfO, and/or grapheme layer are characterized by surface-plasmon ex-
citation at an angle of internal reflection 0, ~46° (probe light wave-
length A =625 nm). They can be effectively applied as plasmon sen-
sors, if the oxide-layer thickness does not exceed 30 nm. An overly
thick HfO, layer causes a decrease in the range of analyte refractive
indexes available for registration by such sensors. The typical sensi-
tivity value for optical diagnostics of condensed media using these
structures will be about 100—-200 deg/RIU near n=1.3 RIU.
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