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The influence of localized plasmons on the
optical properties of Au/ZnO nanostructures†

R. Viter,*ab Z. Balevicius,cd A. Abou Chaaya,e I. Baleviciute,cf S. Tumenas,c

L. Mikoliunaite,cf A. Ramanavicius,cf Z. Gertnere,g A. Zalesska,a V. Vataman,a

V. Smyntyna,a D. Erts,g P. Mielee and M. Bechelany*e

Optical and structural experiments have been carried out on Si/ZnO thin films modified with ultra-thin gold

layers of different thicknesses. ZnO was produced via Atomic Layer Deposition (ALD) and Au via Physical

Vapor Deposition (sputtering). The structural properties of nanostructures were studied by XRD and AFM.

Optical characterization was performed by absorbance, photoluminescence (PL) and spectroscopic

ellipsometry (SE). A transition from cluster-to-thin films with the increase of Au thickness has been

revealed from an analysis of optical and structural parameters. The analysis of optical features of the

system has shown that slight changes of the localized plasmon absorption peaks in spectra make a

significant contribution to complex refractive index of gold film and, as a result, leads to a strong

enhancement of UV PL peak in the ZnO layer. The mechanism of the tailoring of ZnO optical features

changes by varying the Au layer thickness was discussed. Our studies have shown that through the

changes of structural properties of thin gold layer between the Si substrate and the ZnO film, we can

tune the optical dispersion of each layer and hence the control of ZnO PL spectra enhancement and

quenching in UV-Vis wavelengths region is possible. In order to apply the hybrid structure under

consideration in various optical applications, such as LED, the dispersion of the complex refractive index

of the components should be optimized taking into account a particular target.

A Introduction

Zinc oxide (ZnO) is a promising material for various optical applica-
tions, like LED, optical coatings, gas sensors1 and biosensors.2–6

Being an n-type semiconductor with a band gap of around 3.3 eV, it
demonstrates high exciton binding energy (0.06 eV) and strong
emission bands in both UV and Vis wavelength ranges, which is
caused by near band and defect level emissions, correspondingly.7

The optical and structural parameters of ZnO can be tailored by

varying its layer deposition conditions and/or doping of formed
structures.7,8

Ultrathin metal layers and nanoparticles (e.g. Au, Ag, Cu,
etc.), which are able to generate localized surface plasmon
resonance,9–11 resulted in an optical absorption peak in the
visible range. The peak position strongly depends on the struc-
ture of the layer or the size of the particles and the surrounding
media.12–14 Gold-based templates could be used to control the
growth of ZnO.15,16 It was found that gold nanoclusters sup-
ported the growth of ZnO nanowires from ZnO nanoparticles16

and gold microspheres were used as support for single ZnO
nanowire growth.15 In addition, a lot of studies have been
dedicated to the synthesis and the study of the optical properties
of ZnO/Au heterostructures, by depositing gold on ZnO nano-
structures using different techniques such as the attachment of
Au-capped nanoparticles,17–19 sputtering,20,21 microwave-assisted
chemical synthesis,22 and in situ photochemical metal-deposition.23

It was shown that gold nanostructures can tune the structural
and optical properties of ZnO nanostructures.

Most of above mentioned applications required the enhance-
ment of the photoluminescence of ZnO in the UV range. Localized
surface plasmon resonance of thin gold nanolayers has been
widely used for the enhancement of PL in ZnO layers.21,24

The structure of the thin gold films strongly influences the
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dispersion of the refractive index and extinction coefficient
of such nanostructures, and as a result, the enhancement
efficiency of PL spectra in ZnO. This is the reason why the
optical response of ultrathin metal films is of special interest
and should be analyzed in more detail, in particular in complex
Au/ZnO nanostructures.

In this paper we report the formation of Au–ZnO nano-
structures on a Si substrate using two original methods of deposi-
tion of thin films: atomic layer deposition (ALD) and magnetron
sputtering techniques. Structural properties of nanostructures
were studied using XRD and AFM. Optical characterization was
performed by absorption measurements and photolumines-
cence (PL). Special attention was paid to the determination of
the dispersion of refractive index and extinction coefficient of
gold nanolayers and ZnO films by spectroscopic ellipsometry
(SE). The large interface sensitivity of SE enables us to analyze
in detail, the optical properties of ultrathin layers.25 The aim of
this work was dual. Firstly, SE has been utilized to demonstrate
the influence of thin gold sublayer structures on the growth and
optical constants of ZnO layers and secondly, to reveal the
contribution of the localized surface plasmon resonance (LSPR)
effect to the optical dispersion of gold layers and, as a result, to
the efficiency of ZnO PL spectra in the UV-Vis range.

B Materials and methods
1. Materials

Diethyl zinc (DEZ) (Zn(CH2CH3)2, 95% purity, CAS: 557-20-0)
was purchased from Sigma Aldrich. Silicon wafer p-type (100)
was obtained from MEMC Korea company and glass substrates
from RS France.

2. Synthesis of Au/ZnO nanostructures by ALD/PVD

Substrates were pre-cleaned in acetone, ethanol and deionized
water for 5 min to remove organic contaminants. A custom-
made ALD reactor was used for the synthesis of ZnO.7 ALD
was performed using sequential exposures of DEZ and H2O
separated by a purge of Argon with a flow rate of 100 sccm.
The deposition regime for ZnO consisted of 0.1 s pulse of DEZ,
30 s of exposure to DEZ, 30 s of purge with Argon followed by 2 s
pulse of H2O, 30 s of exposure to H2O and finally 40 s purge
with Argon. ZnO thin films were deposited both on Si sub-
strates and glass substrates by ALD, the temperature being
fixed to 100 1C. The growth rate was typically 2 Å per cycle
for ZnO.7,26

Gold coating was performed using sputtering (Edwards
Scancoat Six) in an argon plasma discharge. The operating
conditions were as follows: working pressure 10�1 mbar, vol-
tage 1.7 kV, substrate temperature close to 20 1C, and current
10 mA. The deposition time was adjusted to get the desired
thickness of gold.27

Thin ZnO–Au nanostructures were obtained: the Au layer was
deposited on the substrate and then coated with a ZnO layer. The
thickness of ZnO was 50 nm and was kept constant for all
depositions. The Au thickness varied from 2.5 nm to 30 nm.

3. Characterization

The structural properties were characterized by X-ray diffraction
(PANAlyticalXpert-PRO diffractometer equipped with a X’celerator
detector using Ni-filtered Cu-radiation). The surface morphology was
studied using a Asylum Research MFP-3D Atomic Force Microscope,
operated in tapping mode and equipped with a commercial silicon
tip. The size of the AFM images was 3 mm � 3 mm.

The optical properties of the samples have been studied
with absorption measurements, photoluminescence spectro-
scopy and spectroscopic ellipsometry. In order to characterize
the optical response of Au/ZnO nanostructures a UV-Vis spectro-
photometer Shimadzu UV-3600 was used to measure absorbance
spectra of the samples in the range of 300–850 nm. The measure-
ment was performed employing an integrating sphere of 60 mm
diameter to account for a possible scattering from nanostructures.

The photoluminescence (PL) spectra of the samples were
measured at room temperature using a custom-made setup.28

Excitation of PL has been achieved using a solid state laser
(355 nm) and the emission spectra were recorded in the range
360–800 nm.28

Spectroscopic ellipsometry measurements have been per-
formed in order to determine the dispersion of refractive
index and extinction coefficient of various thicknesses of gold
and 50 nm ZnO layers. Ellipsometric measurements have been
carried out in the spectral range from 300 nm to 1000 nm
and angle of incidence of 751 degrees. Curves of optical
dispersion of the Au, Au/ZnO films on Si substrate were
obtained employing J.A. Woollam M2000X spectroscopic ellipso-
meter with rotating compensator. The experimental ellipsometric
data were analyzed by means of the J.A. Woollam program
CompleteEase.

C Results and discussion
1. Chemical and structural characterizations

In order to study the influence of Au thickness on the proper-
ties of the ZnO ALD film, six different samples have been
elaborated and fully characterized. The crystal quality of ZnO
and Au films were analyzed by XRD. Fig. 1 shows XRD spectra of
the obtained samples. It was found that the samples with the
thinnest Au layers in the range of 2.5–10 nm showed a low
intensity peak at 2y = 37.81, related to (111) of Au phase,
pointing to the poor crystalline/amorphous structure of gold.
The increase of thickness of Au films (15 and 30 nm) led to the
appearance of the XRD peaks at 2y = 38.71.

A low and wide peak at 2y = 34.21, related to (002) of ZnO
phase, was observed when ZnO 50 nm film was grown via ALD
on Au layers with 2.5 to 10 nm thick. Significant increase of the
peak intensity is observed for Au and ZnO reflections when
the thickness of Au is increased to 15 nm in the Au–ZnO
composition. From XRD data analysis of Au–ZnO nanostruc-
tures, the shift of the peak position towards higher values of 2y
and the decrease of full width at half maximum (FWHM) of the
peaks, related to ZnO were observed with an increase of the Au
layer thickness.
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The grain size D of ZnO and Au nanolayers was calculated
using Scherer’s equation:7,29

D ¼ 0:9l
b cos yð Þ (1)

where l = 0.154 nm (X-ray wavelength), y is the diffraction angle
and b is the half maximum (FWHM).

The wide and the low intense XRD reflections for 2.5 and
5 nm thick Au films point to a grain size lower than 4 nm and a
cluster–cluster like structure of the Au films. The grain size of
Au increased with the thickness of the layer. The grain size
dependence on Au layer thickness is summarized in Fig. 1b for
bare Au nanolayers and ZnO layers in Au–ZnO nanostructures.
A significant increase of the grain size of Au-based layers was
observed with the increase of layer thickness. The grain size of
ZnO layers increased by 10–15% and it became steady when the
Au sublayer thickness reached 30 nm.

The surface morphology of Au layers was characterized by
atomic force microscopy (AFM) (Fig. SI1, ESI†). The investigated
samples consisted of well-shaped crystallites with an average
size of B20–30 nm. Morphology studies have shown that
surface roughness of Au films with thickness in the range of
2.5 to 10 nm differed significantly from samples with Au thick-
ness for 15 and 30 nm. The surface roughness rapidly decreased
and became quasi saturated for the samples with Au thickness
15 and 30 nm. The RMS-values of surface roughness were 2.86, 3,

4.51, 2.46 and 2.5 nm for Au films with increasing film thickness,
respectively (Fig. SI2, ESI†).

2. Absorbance spectra

The absorption spectra of the Au nanostructures, deposited on
glass, of thicknesses ranging from 2.5 to 30 nm are recorded in
the wavelength range of 300–850 nm and the reflectivity spectra
is presented in the ESI† (Fig. SI3). The red shift and broadening
of a localized plasmon band (500–650 nm) increase with an
increase of the thickness from 2.5 to 15 nm. The absorption
spectra of composite Au–ZnO nanostructures with different Au
thicknesses are presented in Fig. 2. The spectra of Au–ZnO
samples clearly show two peaks. The first peak is located in
the visible region at about 570 nm and it is related to surface
plasmon absorption. As is the case in the bare Au nanostruc-
tures, the surface plasmon peak shows red shift and broadens
with the increase of Au thickness from 2.5 to 15 nm. Surface
plasmon absorption does not manifest in nanostructures with
Au layers of 30 nm. The second peak is located in the ultraviolet
region at about 380 nm and it is related to the near band edge
absorption of ZnO.

3. Spectroscopic ellipsometry studies

Spectroscopic ellipsometry measurements have been performed
in order to determine the influence of optical dispersion features
of various gold layers thicknesses on the optical response of
Si/Au/ZnO nanostructures.

The optical response of ellipsometric parameters for pure
gold layers showed that the localized plasmon absorption
manifesting themselves as the dip in the spectra of C(l) and
D(l) were excited at about 520 nm for 2.5–15 nm thick Au layer at
external angles of light incidence equal to 70 degrees. Meanwhile,
for the sample of Si/Au with gold thickness of 30 nm, localized
plasmons are not observed and the optical response of ellipso-
metric parameters was more like that of bulk gold (J.A. Woollam
CompleteEASE database, version 4.13).

Fig. 1 (a) XRD spectra of Au–ZnO nanostructures with different thick-
nesses of Au; (b) grain size of ZnO and Au nanostructures vs. Au nanolayer
thickness.

Fig. 2 UV-Vis absorption spectra of Au–ZnO nanostructures with differ-
ent Au thicknesses. Dashed and dotted curves present, for a comparison
absorption spectra of pure ZnO (thickness B100 nm) and Au (B50 nm).

Journal of Materials Chemistry C Paper
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In order to model the spectral dependence of ellipsometric
parameters of pure Au island-like films, the contributions of Drude
function and Lorentz oscillators were taken into account.30,31

The calculated ellipsometric spectra for island-like Au layers
(2.5–15 nm thick) on the Si substrate were fitted to experi-
mental data, accepting as adjustable parameters the constants
in the dispersion due to the localized plasmon absorption (two
Lorentz terms). The contribution of Lorentz oscillators was
enough to achieve a reasonable agreement between calculated
and experimental data for Si substrate/Au island-like films. The
dispersion of the refractive index for the Au film determined
from the fitting procedure of ellipsometric data for the sample

Si substrate/Au 30 nm is presented in Fig. 3a and compared to
reference data (J.A. Woollam CompleteEASE database, version 4.13).

Analysis of ellipsometric data, which have been obtained on
the hybrid structure with 50 nm thick ZnO films on the top of
Au island-like layers, was performed in a multilayer model
using an analogous fitting procedure to that for the Si/Au
samples. The dispersion of Au island-like films determined
for the Si/Au samples was used as a starting point in the fitting
procedure for the Si/Au with additional ZnO 50 nm thick films.
Regression analysis has shown that the dispersion of the
refractive index and the extinction coefficient of Au island-
like films had the same shape (Lorentz type) as in the case of
Si/Au samples (Fig. 4a–c). A small shift of the localized plasmon
peak to longer wavelengths can be caused by the presence of

Fig. 3 Complex refraction index of 30 nm Au film compared to reference
data (J.A. Woollam CompleteEASE database, version 4.13) (a); spectra of real
(n) (b) and imaginary (k) parts (c) of refraction index of Au island-like films
(2.5–15 nm) obtained from analysis of ellipsometric data in multilayer model.

Fig. 4 Spectra of real (n) (a) and imaginary (k) parts (b) of complex
refraction index of Au island-like films for structure Si/Au/ZnO obtained
from analysis of ellipsometric data in multilayer model. (c) Spectra of real
(n) and imaginary (k) parts of refraction index of ZnO 50 nm films for multi-
layered nanostructure of Si substrate/Au (2.5–30 nm)/ZnO 50 nm.
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the ZnO layer on the top of the gold films. Meanwhile, in order
to model the optical constants of 50 nm thick ZnO films, the
PSemi-M0 function and two Gaussian oscilators as starting para-
meters have been taken from J.A. Woollam software CompleteEase.

Photoluminescence spectra. Room temperature photolumi-
nescence spectra of Au/ZnO nanostructures are shown in Fig. 5.
The spectra clearly exhibit two main optical features, one in the
UV region, located at 3.26 eV, and the second in the Vis region
at about 2.1 eV. The first peak is related to ZnO near-band-edge
excitons and the second one is related to a deep-level emission.
For the Au/ZnO (5/50 nm) nanostructure, the UV emission of
3.26 eV is evidently enhanced while the visible emission is
reduced. For the Au/ZnO (30/50 nm) nanostructure, in contrast,
the UV emission is quenched and the visible peak of 2.1 eV is
increased. For the Au/ZnO (5/50 nm) nanostructure, the UV
emission intensity is larger by a factor of B10 compared to the
intensity of the 30/50 nm nanostructure, while the Vis emission
is decreased by a factor of B2.5 with respect to the 30/50 nm
nanostructure. The PL spectra were analyzed using the Gaussian
function. The decomposition of the excitonic peak is presented
by dashed curves for the Au/ZnO (2.5/50 nm) sample in Fig. 5.

D Discussion

It is reasonable to assume that ultra-thin gold layers demon-
strate different crystalline structures and surface roughness
influenced by their thicknesses.32,33 As noted above, gold
nanolayers with a thickness between 2.5 and 10 nm have shown
cluster-like structures with grain sizes lower than 3–4 nm,
which was confirmed by XRD data and higher surface rough-
ness profiles evaluated from AFM micrographs (Fig. S1, ESI†).
Meanwhile, the increase of the XRD peak intensity and its
narrowing for 15 and 30 nm Au layers demonstrate the
improvement of the crystalline structure of Au layers. Decrease
of the surface roughness values for Au nanolayers in the range
of 15–30 nm indicates the transition to a bulk-like structure.
Therefore, the deposition of ZnO layers on the top of gold

sub-layers can change the structural parameters of the ZnO
films.12,34 Assuming that the different structures of ultra-thin
gold layers strongly influence the deposition process of ZnO
films on the gold surface and hence determine the direction of
growth, the dominating orientation with the increase of the
gold sub-layer thickness should be the (002) direction. Indeed,
the structural data (Fig. 1) have shown that XRD peaks of ZnO
films are shifted and narrowed, which confirms the improve-
ment of the crystalline structure.

Analysis of the absorption spectra and spectroscopic ellipso-
metry data has shown that ultra-thin gold layers have a strong
influence on the optical response of Au/ZnO nanostructures.
In both cases, similar spectral dependencies of the localized
plasmon peak were observed. The red shift of LSPR peaks in the
Au and Au/ZnO absorption spectra could be associated with size
effects based on the Au grain size growth during the formation of
Au nanolayers and the ZnO layer on the top.12,13,34

It is well known that the LSPR peak in pure Au nanostructures
is normally located in the range of 450–580 nm, depending on
the grain size and the surrounding media.12,13,34 The LSPR peak
positions in Au/ZnO samples were red-shifted by 30–60 nm
in comparison to that of bare Au nanolayers. The observed
phenomenon could be related to the ZnO upper layer.

Regression analysis of ellipsometric parameters (Fig. 3a–c)
revealed the different optical responses according to various
dispersion laws in the case of Au island-like films (Fig. 3b
and c) and Au 30 nm, more like bulk (Fig. 3a). The obtained
dispersion spectra of n(l) and k(l) for various thicknesses of
gold films have been shown to possess a typical dielectric
behaviour for 2.5–15 nm (Fig. 3b and c) and the transformation
to the metallic type for the 30 nm thick gold layer (Fig. 3a).35

The Drude dispersion function of the 30 nm thick gold film
changes to the Lorentz type peaks of localized plasmon absorp-
tion for the thin gold films (2.5–15 nm). The red shift of
the plasmon absorption peak in k(l) (Fig. 3c) indicates the
changes in the gold film structure: from separate island-like
films for 2.5–5 nm thick gold to an increase of the crystallites
sizes and the formation of gold clusters on a Si substrate for
10–15 nm thick gold.

Analysis of ellipsometric data of Au/ZnO nanostructures has
shown that, generally, a similar optical dispersion of the Au
layers in hybrid systems of different structures indicates that
the accepted multilayer model is valid for analysis of complex
systems containing metal island-like films.22 Regression analysis
results of the optical dispersion of 50 nm thick ZnO layers are
presented in Fig. 4c and compared with reported data in the
literature (J.A. Woollam CompleteEASE database, version 4.13).
The red shift of absorption line from 356 nm to 375 nm (Fig. 4c)
is clearly seen for ZnO films deposited on the Au island-like films
in comparison with reference data. Such behavior of absorption
line could be related to excitonic peak shift to lower energies
in ZnO.36

Numerous publications were dedicated for the study of the
dependence of the effective refractive index of Au nanolayers to
the structural properties and the coverage of the surface
area.33,37 Different behaviors of the complex dielectric function

Fig. 5 Room temperature photoluminescence spectra of Au/ZnO nano-
structures. Dashed curves presents decomposition of the main excitonic
peak of Au/ZnO (2.5/50 nm) nanostructure.
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for Au nanolayers from the cluster-to-bulk morphology were
observed.33 Chen et al. described changes of the refractive index
and extinction coefficient of Au nanoparticles, which were adsorbed
onto the Si wafer, in relation to the surface coating of the adsorbed
particles.37 As a rule, the Maxwell–Garnett or the Bruggemann
effective medium model for calculations was usually applied to
determine the effective refractive index. The obtained values of the
refractive index increased in the range of 0.1–0.6 surface coating
ratio, reached the maximum at 0.65 and then monotonically
decreased. It should be noted that regression analysis of pure Au
nanolayers and Au/ZnO hybrid structures showed that the rough-
ness of Au films play an important role in the excitation conditions
of LSPR; moreover these optical features strongly influence the
dispersion function and reflect structural changes of gold nano-
layers. Taking into account the behavior of the complex refractive
index determined from the regression analysis of SE for 2.5–30 nm
thick Au layers and the effects reported by Wang et al.,33 Chen
et al.37 and Zhang et al.,32 it should be concluded that the optical
response of bare Au nanolayers and those with the ZnO coating
demonstrate cluster-to-thin film transition when the Au layer thick-
ness increases to more than 15 nm.

The photoluminescence (PL) spectra of the Au/ZnO nano-
structures and pure ZnO layer are presented in Fig. 5. The peaks
observed at 381–382 nm correspond to free exciton emission
(FX0).6,7,29 The peaks in the visible spectral range at 540–
660 nm correspond to defects based on oxygen and zinc
vacancy levels.6,7,29 A pure ZnO layer of 50 nm thickness shows
a weak UV peak and a relatively strong peak for the visible part
of spectrum. However, for Au/ZnO nanostructures of 2.5–10 nm
the strong enhancement of the UV peak and the quenching of
the visible part of spectra are clearly seen; meanwhile for
samples with 15 and 30 nm gold thickness UV enhancement
was not observed. Such a behavior of optical response strongly
correlates with the ability of the gold layer to efficiently excite
the localized plasmon resonance. Therefore the UV peaks were
weak for samples with 15 and 30 nm gold layers where LSPR
was strongly decreased or fully disappeared.

The fact that the presence of the Au/ZnO interface resulted in
the increase of UV and the quenching of the Vis-emission was
reported in numerous publications.20–22,32,38,39,40 It is known
that the Schottky barrier is formed at the interface between Au
and ZnO. The enhancement of UV emission is explained by
electron transfer from the defect states to the conduction band
of ZnO layers through the interaction with localized surface
plasmons.32,40 This leads to an increase of electrons density in
higher energy states of Au layer and further transfer of those
electrons to the conduction band of ZnO leads to the increase of
the UV emission.38,39 Meanwhile the PL peak in the Vis range
reduced or almost disappeared due to electron non-radiative
transition from defect states to the Fermi level of gold. Such a
transition is energetically more probable than the electron
transition to the valence band of ZnO (visible PL spectra).

In our study the intensity of the spectral feature was depen-
dent on the gold layer thickness and hence on the surface area
covered by gold islands on the Si substrate. The precise
determination of optical dispersion dependencies of the Au

layers vs. their thickness changes should be taken into account
for the characterization of the photoluminescence features in
Au/ZnO nanostructures. The structure of the Au layers strongly
affects not only the photoluminescence spectra, but also the
complex refractive index of the same ZnO layer (Fig. 4c).

The change in the photoluminescence response clearly
demonstrates the extreme sensitivity of the system to the
composition and the structure, in particular, to the presence
of thin gold layers, which increases the UV PL peak intensity
and quenches the PL in the visible wavelength range. In order
to apply the hybrid structure under consideration in various
optical applications, such as LED or efficient solid state emit-
ters, the dispersion of optical parameters of the components
should be optimized, taking into account a particular target.

The proposed technological approach allows the tailoring of
the optical and structural properties of ZnO and Au nanolayers,
which could be used for the development of novel hybrid
nanostructure based LSPR and photoluminescence phenomena.

E Conclusions

Optical and structural experiments have been carried out on Si/
ZnO structures modified with ultra-thin gold layers of different
thicknesses. The thin gold layers between Si substrate and ZnO
layer strongly influence the photoluminescence properties of
Si/Au/ZnO nanostructures. However, the optical response of metal–
semiconductor nanostructures was successfully analyzed in the
multilayer model taking into account the contribution of thin gold
layers optical dispersion. It should be noted that analysis of optical
features of the system have shown that slight changes of localized
plasmon absorption peaks in spectra have noticeable contribution
to complex refractive index of gold film and, as a result, this leads
to strong enhancement of UV PL peak in ZnO layer.

In conclusion, we have summarized that through the changes
of structural properties of thin gold layer between Si substrate
and ZnO layer, we can tune the optical dispersion of each layer
and due to that, the control of ZnO PL spectra enhancement and
quenching in UV-Vis wavelengths region is possible.
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