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Abstract: The dielectric/Ag structures were fabricated on glass substrates
using various metal oxides as dielectrics and their optical properties were
studied through transmittance and ellipsometry measurements. The
structures with 10 nm Ag film deposited on various metal oxides (AL,Os,
Zr0,, SrTiO;, TiO,, CaCusTi;O,, WO; and HfO,) of 30 nm showed
enhancement in transmittance compared to bare Ag film in the visible
region. This enhancement in transmittance was explained through
suppression of surface plasmon coupling at the dielectric/Ag interface. The
surface plasmon wave-vector (ksp) was calculated using the measured
dielectric constants for the dielectric and Ag through ellipsometry and
employed to analyze the transmittance data. The kgp/ky and dsp values were
estimated and used to interpret the enhanced visible transmittance for
different dielectric/Ag structures.
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1. Introduction

Transparent conducting oxides (TCO) are the integral part of the present day electro-optic
devices as transparent conducting electrodes (TCE) in solar cells, displays and solid-state
lighting [1, 2]. The two inherent properties, transmittance and the electrical conductivity of
the TCOs are the important factors which make them the potential candidates for TCE
applications [3, 4]. The present day display industry demands the compatibility of the
fabricated devices on both rigid as well as flexible substrates for applications in wearable
displays, rolled up mobile computers, flexible solar cells, etc [3]. This necessitates the
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component TCEs should adapt to the flexibility without degrading their inherent properties.
Indium tin oxide (ITO) has been the conventional TCO material used extensively in the
fabrication of the electro-optic devices due to its high transmittance (>90%) and good
electrical conductivity (R, < 20 Q/sq) [3, 4]. However, the exhaustive use of this material by
the electro-optic industry, both at present and in near future, escalate its cost due to the
limited resources of Indium (In). In addition, the ITO has some limitations, such as brittleness
and high deposition temperature, which makes it incompatible for flexible and organic
material based devices [4].

In the search for an alternate TCO, replacing ITO, some attempts were made to explore
the suitability of Al doped ZnO (AZO), Ga doped ZnO (GZO) and F doped SnO, (FTO) due
to their good transmittance and electrical conductivity as well as low material cost [5-8].
Attempts were also made utilizing carbon nano tubes [9], conducting polymers [10], metal-
grid embedded in polymer [11], graphene [12], metal nano wires [13], semi-transparent metal
electrodes and multilayered structures [14] as TCEs. However, the properties of all the above
alternatives were not on par with those of ITO. Recently, the dielectric/metal/dielectric
(DMD) structures, i.e. ITO/Ag/ITO are being explored as efficient TCEs [15-17]. The
advantage of having metal sandwiched dielectric layers is achieving excellent electrical
properties and with higher overall transmittance through suppressing the reflection from the
metal layer in the visible region. Here again efforts were made to replace the ITO by other
oxides, such as ZnO/Ag/ZnO [18], AZO/Ag/AZO [19], InZnO/Ag/InZnO [20], thereby
minimizing the indium (In) usage and reducing the overall cost. These efforts resulted in the
overall good electrical conductivity (Ry < 10 Q/sq) and maximum transmittance of about
85%. However, there is no experimental study which gives the detailed analysis of the various
dielectric/metal combinations on the overall transmittance of the structure and about the
deciding factor in selecting a particular dielectric/metal combination and their various
parameters such as the thickness, dielectric constant, optical properties etc.

In this work, in addition to addressing the above said parameters by designing and
fabricating various dielectric/Ag structures, emphasis is given to the understanding of
formation and suppression of Surface Plasmon coupling to enhance the overall transmittance
of the structure. An exhaustive study with detailed experiments on various dielectric/Ag
structures includes the studies on TCE properties correlating the observed transmittance with
the band gap, dielectric constant, refractive index, extinction coefficient of the dielectrics and
Ag. The structural, optical and electrical properties were studied for various dielectric/Ag
structures with dielectrics having different dielectric constant values. The transmittance data
was explained in terms of the surface plasmon effects by estimating the kgp/ky and Jgp values.
The SP coupling showed a strong dependence on the kgp/ky, values. The observed
enhancement in the visible transmittance in the dielectric/Ag structures is interpreted to the
suppression of SP coupling, estimated from the ellipsometry data, due to the larger mismatch
between ksp and k), wave vectors.

2. Experimental

The dielectric/Ag thin films were deposited on glass substrates (Corning Eagle XG 0.7mm,
Alkaline Earth Boro-Aluminosilicate). The single layer dielectric materials (Al,O3, SrTiO;,
TiO,, CaCu;TiyO15, WO; and HfO,) were deposited on glass substrates with optimized
conditions. The TiO, was deposited by DC reactive sputtering, while WO; and SrTiO; were
deposited using the RF sputtering at room temperature and the thickness of films was 30 nm.
Films were fabricated at a constant power of 70 W for SrTiO; and 100 W for WO; with
working pressure of 0.27 Pa and introducing mixed gas of pure Ar and forming gas (Ar and
0,) into the sputtering chamber while sputtering the SrTiO; and WO; target. Al,O;, HfO,,
and ZrO, were deposited by an atomic layer deposition (ALD) with optimized deposition
conditions. The ZrO, oxides were deposited at 270°C and film thickness rate was 270 atomic
layer deposition (ALD) cycles. The Al,O; oxides were deposited at 110°C and film thickness

#220324 - $15.00 USD Received 4 Aug 2014; revised 5 Sep 2014; accepted 5 Sep 2014; published 11 Sep 2014
(C)2014 OSA 1 October 2014 | Vol. 4, No. 10 | DOI:10.1364/OME.4.002078 | OPTICAL MATERIALS EXPRESS 2080



rate was 300 atomic layer deposition (ALD) cycles. The cycled periods includes TMA
purging for 0.1 sec, N, purging for 15 sec and H,O purging for 0.1 sec. Reactions were
carried out in a customized flow type reactor with a nitrogen carrier gas at a flow rate of 200
sccm. Tetrakis (ethylmethylamino) zirconium as a zirconium precursor, Tetrakis
(ethylmethylamino) hafnium as a hafnium precursor, and Trimethyl Aluminum (TMA) as an
aluminum precursor were used for the deposition of ZrO,, HfO,, and Al,O;. The working
pressure was 79 Pa for HfO,, ZrO, and 29 Pa for AL,0;. CaCu;Ti4O,, (CCTO) was prepared
by Langmuir-Blodgett method and was deposited at room temperature at a constant power of
70 W and the working pressure was 0.27 Pa. The film deposition time was 18 min and the
thickness of the film was 30 nm. The Ag films on different dielectric were deposited using
radio frequency magnetron sputtering system with the working pressure of 0.27 Pa and RF
power of 58 W. The target to substrate distance was fixed at 7 cm. For the uniformity of the
films, the substrate was constantly rotated at a constant rate of 7 rpm during sputtering
process.

X-ray diffraction (XRD) studies (Rigaku Dmax 2500/server) with CukK, radiation
(wavelength = 1.54 A) was performed to investigate the crystallographic structure of bilayer
thin films (dielectric/metal). The surface microstructure of dielectric and Ag films deposited
on different dielectric substrate was measured using scanning electron microscopy (HR-LV
NOVA- SEM, FEI). The optical transmittance of the films was measured using a UV-Visible
spectrometer (Perkin Elmer UV/Vis spectrometer Lambda 18) in the wavelength range from
200~900 nm. The refractive index and extinction coefficient measurements were made using
ellipsometry microscope (Ellipso Technology, Korea). The Essential MACLEOD: Optical
Coating Design Software was used to simulate the dielectric/metal structure.

3. Results and discussion
3.1 Crystalline structural characterizations

The XRD patterns of the Ag, ZrO,/Ag, SrTiOs/Ag, TiOy/Ag, CaCu;Ti40,/Ag, WO3/Ag and
HfO,/Ag structures deposited on glass substrates are shown in Fig. 1(a). The metal oxide film
thickness of 30 nm and Ag thickness of 10 nm were kept constant for all the structures. The
XRD pattern of Ag film was compared with the standard Joint Committee on Powder
Diffraction Standards (JCPDS) pattern and observed peaks indexed to (111), (200), (220) and
(311) reflections. Most of the dielectric/Ag structures exhibit the peaks corresponding to the
Ag layer on the amorphous background of the metal oxides, except for the case of ZrO,/Ag,
where, in addition to the peaks of Ag, there are (101), (103) and (211) peaks corresponding to
polycrystalline ZrO,. The metal oxide films deposited at room temperatures on glass
substrates without any post deposition heat treatment. Hence all the structures reflect their
amorphous nature except for ZrO,. The polycrystalline nature of the ZrO, is due to the little
high temperature (270°C) deposition through ALD process.

The sheet resistance of all the dielectric/Ag structures is listed in Table 1. These values
vary from 6.34 Q/sq to 8.15 Q/sq, well below that of glass/Ag (8.6 Q/sq) and in the
acceptable limits for TCE applications. Figure 1 (b-e¢) shows the scanning electron
microscope images of the Ag films on the glass substrate with different thicknesses exhibiting
the surface microstructure. It is noteworthy that the surface morphology of the Ag films
shows the Ag clusters for thickness of 7 nm and 8 nm and it clearly becomes smooth and
continuous when the thickness exceeds 9 nm.
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Fig. 1. (a) XRD plots of various dielectric/Ag structures grown on glass substrates and SEM
images of Ag films deposited on glass with thickness (b) 7 nm, (c) 8 nm, (d) 9 nm and (e) 10
nm.

3.2 Optical properties
3.2.1 Optical constants from ellipsometry

Figure 2(a) and 2(b) shows the variation of refractive index (n) and extinction coefficient (k)
with wavelength for various glass/dielectric structures obtained from ellipsometry
measurements. The n and k exhibit a strong dispersion and decrease monotonically with
increasing wavelength. These are good examples of physically reasonable spectra from the
Cauchy—Urbach model for the optical constants of semiconductors with wide energy band
gaps [21]. The average n values in the visible wavelength range for the various dielectric/Ag
structures are shown in Table 1. The highest value being 2.547 for TiO, and lowest 1.637 for
AlLO;. The k values are almost zero for all the dielectric/Ag structures in the visible range of
wavelengths, indicating good transparency except a very small value in the range of 1.96 x
107 to 1.07 at below 430 nm for WO5 and at all wavelengths for CCTO. It can also be seen
from the figure that, the extinction coefficient shows a strong spectral dependence for A < 380
nm (near band edge) for TiO,, WO;, CCTO and SrTiO;, indicating that these structures
becomes absorbent in the ultraviolet region. The observed n and k data for Ag (shown in
Media 1 in the supplementary) and other oxides (shown in Fig. 2 and Media 1 in the
supplementary) are similar to the data reported in literature [22—24].
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Fig. 2. (a) Refractive index (n) and (b) extinction coefficient (k) as a function of wavelength
for various glass/dielectric substrates.

3.2.2 Transmittance of Dielectric (D) and Dielectric/Metal (D/M) structures

The optical transmittance spectra of the various metal oxides deposited on the glass substrate
is shown in Fig. 3(a). With reference to the bare glass substrate, which show little more than
90% transmittance throughout the visible range of wavelengths (A = 380-770 nm), the metal
oxides show the varied transmittance in the visible region. The Al,O; showing highest close
to 90% transmittance, as much of that of glass substrate, the TiO, and CaCu;Ti;O, (CCTO)
show the lowest about 70-75% and all the other oxides show the transmittance in the range of
about 80-85%. The transmittance decreases at wavelength less than 400 nm in all the metal
oxides due to the increased absorption in UV region corresponding to band to band transition.
The varied nature of the transmittance in the metal oxide thin films (though most of their band
gap energies are greater than 3 eV) might be due to the varied amount of absorption in the
oxides, amorphous nature of the films as well as presence of some defects. Figure 3(b) shows
the transmittance spectra of dielectric/Ag structures deposited on glass substrates with metal
oxide thickness of 30 nm and Ag thickness of 10 nm. In our earlier work, we studied the
effect of Ag thickness on the properties of the ZTO/Ag/ZTO DMD structures and found that
the optimum thickness of Ag for the higher transmittance and lower sheet resistance was 9-10
nm [25]. The Ag thickness below 10 nm showed slightly higher sheet resistance due to the
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discontinuous island structure of the Ag layer where as thickness above 10 nm showed
decreased transmittance due to the increased absorption (opaqueness) of the Ag layer [25].

In Fig. 3(b), the transmittance of 10 nm Ag film, without metal oxide, is plotted as a
reference. In general the transmittance increase with increase in wavelength reaches
maximum value of 77.5% at around 367 nm and then decreases. The decrease in
transmittance at longer wavelengths (towards the red part of the visible spectrum) is due to
high reflectance from Ag. For bare Ag film, the transmittance decreases continuously at
wavelength above 400 nm. This can be attributed to the increased absorption due to the
surface plasmon coupling at the Ag/glass interface [3]. However, as compared to the bare Ag
film, the transmittance of all the dielectric/Ag structures is enhanced in the entire visible
range. This enhancement in transmittance in the visible wavelength is due to the suppression
of the surface plasmons, which will be discussed in the next section (section 4.0). The optical

band gap energies of diclectric/Ag structures were estimated by the following relationship
[26],

ohv=A(hv-E,)" (1)

where a is the absorption coefficient, /v is the photon energy, 4 is a constant, £, is the optical
band gap, and n = 1/2 for direct transition.
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Fig. 3. Optical transmittance spectra for (a) glass/dielectric and (b) glass/dielectric/Ag
structures.
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Table 1. Electrical, optical and surface properties of dielectric/Ag structures

Rs Tove (%) Band gap e &
Sample (Vsq) (380-770 nm) (eV) (380-770 (550 nm) Ko ) e
nm) (380-770
nm)
Ag 8.6 60.99 - - ~10.61 + i0.54 -
ALOy/Ag 6.34 6221 4.65 1.637 2.66 1.49
SITiOy/Ag 6.79 66.78 437 1.91 3.57 1.70
HfO,/Ag 6.8 68.22 4.54 2.095 428 1.82
Zr0,/Ag 6.34 68.54 4.54 2.176 4.64 1.87
WO,/Ag 6.34 66.77 3.92 231 4.88 1.96
CCTO/Ag 6.34 63.77 3.96 2317 5.05 1.96
TiOY/Ag 8.15 65.12 3.95 2.547 5.95 2.10

Figure 4 shows the typical (a/v)* versus Av plots of dielectric/Ag structures. The optical
band gap were estimated by the intercepts of the extrapolated linear regions of the curves to
the energy axis (y = 0), assuming the direct band gap (n = 1/2) as all the curves are linear. The
reduction in the band gap energies of the dielectric/Ag structures with respect to the reported
values of the metal oxides may be due to the amorphous nature of the dielectric as well as the
ionized Ag atoms in the Ag layer of the dielectric/Ag structures [27, 28]. The difference can
be attributable to the fact that the structure of amorphous solid is characterized as an irregular
arrangement of atoms. This disorder is known to influence the optical band “gap” of
amorphous semiconductors as well [29, 21]. The average transmittance (T,,.) value in the
wavelength range between 380~770 nm is shown in Table 1. The difference in the
transmittance with the dielectric/Ag structure can be understood in terms of the surface
plasmon (SP) contribution.

12
2.0x10" = —GiassTio Ag
[—C—Glass/Al,0,/Ag
i 12 Glass/HfO,/Ag
151071 — GlassisrTio,/Ag
o [——Glass/WO/Ag
1S 12 [~ — Glass/CCTO/Ag
©01.0x10" 1 Glassizro,/Ag
-
o
£
5.0x10"
)
— mvrﬂ@‘\\\
0.0 - e

3.00 3.25 350 3.75 4.00 4.25 4.50 475 5.00
Energy (eV)

Fig. 4. Tauc’s plots for various glass/dielectric/Ag structures.
4. Suppression of surface plasmon resonance

The SP coupling is a collective oscillation of electrons induced by the excitations of the
conduction electrons in a metal produced at the interface of a metal and a dielectric. Solving
the Maxwell’s equation under the appropriate boundary conditions yields the SP dispersion
relation [30, 31], i.e. the frequency-dependent SP wave-vector (ksp),

gd Sm
E;tTE,

kg =k, )

where (kg = @/c) is the wave-vector of a photon, &4 and ¢, are the frequency dependent
dielectric permittivity of the dielectric and metal (Ag), respectively. The SP coupling is
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induced at the dielectric/Ag interface when the real part of the dielectric constant of metal is
negative and its magnitude is greater than that of dielectric. In addition, the planar SP
coupling is non-radiative as kgp > ky in free space at the same frequency. Thus, we can
increase the optical transmittance of Ag by selecting suitable dielectric material with &4
greater than e,,. To explain the observed transmittance of our various dielectric/Ag structures,
we calculated the &4 and &4, values using the experimentally measured refractive index (n) and
extinction coefficient (k) from ellipsometry,

& =n? — k> 3)
e"=2nk 4)

Where & and &” are the real and imaginary part of permittivity, respectively. The & and
£” values obtained for various dielectric materials are plotted in Fig. 5. The g4 (¢ = for
visible wavelengths) values at 550 nm (visible range) are tabulated in Table 1 for all the
dielectric along with that of Ag. The &, values obtained for all the dielectrics are much lesser
compared to the reported values, mainly due to the amorphous nature of our samples as they
are deposited at room temperature. From the table it can be seen that all the dielectric
materials have the ¢4 values smaller than that of Ag (even if we consider the value of 9.7
reported for Ag) [32]. The Al,O3/Ag structure with g4 = 2.68 the lowest value, has larger
contribution to the SP coupling and there by showing greater absorption or lowest
transmittance (Fig. 3(b)) in the visible region. The TiO,/Ag structure with highest ¢4 = 6.52
has least SP coupling and hence the highest transmittance in the visible region. The kgp/k,
ratio can be used as an estimate for SP coupling, where kgp is a wave vector required to excite
the surface plasmons at the dielectric/Ag interface [33].
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Fig. 5. (a) Real (¢ and (b) imaginary (¢ ) part of permittivity as a function of wavelength for
various glass/dielectric structures.
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Figure 6 shows the plot of kgp/ky as a function of wavelength. This data supports the
above analysis. From the fig. it is clear that the SP coupling is wavelength dependent. Higher
wave-vector components are required to excite the surface plasmons as the wavelength
increases in the visible range. However, the decrease in kgp/k, at lower wavelengths (A < 350
nm) indicates an increased contribution from the SP coupling due to the air/Ag interface. In
this case, SP excited at air/Ag interface will be much stronger than the dielectric/Ag interface.
Now, if we compare the various dielectric/Ag interfaces, SP coupling depends on the extent
of mismatch of the wave vectors kgp and k, for different combinations of dielectric and Ag.
Table 1 show the calculated average values of kgp/k, for the visible region using the average
values of g4 and €x,. The AlL,O3/Ag showed the least mismatch with average ratio of kgp'ky =
1.49 show stronger SP coupling as it can excite the surface plasmons to a larger extent. The
average ratio kgp/k, increases as we can see from the Table 1 and TiO,/Ag showed the large
mismatch with average ratio of kgp/ky = 2.10 indicating relatively weaker SP coupling. This
analysis perfectly corroborating with our observed enhancement in the optical transmittance
data presented in Fig. 3(b).

The higher enhancement in the visible transmittance for the TiO,/Ag structure can be
correlated to the suppression of the SP coupling due to the larger mismatch between kgp and
k) wave vectors. Similarly, the lowest enhancement in the visible transmittance for the
AlO5/Ag structure can be correlated to presence of SP coupling due to the lowest mismatch
between kgp and k, wave vectors. The other dielectric/Ag structures exhibit the intermediate
enhancement due to the relatively increased suppression of SP coupling. The calculated
transmission spectra, shown in Fig. 7, for the dielectric/Ag structures using the Essential
MACLEOD: Optical Coating Design Software clearly corroborates the above interpretation.

24
2.2
2.0
1.8
1.6
1.4

——TiO/Ag
——ALO/Ag

ksplko

1.2
HfO,/Ag
1.0 —— 210 /Ag
0.8 SrTiO,/Ag
—— WO, /A
0.6 $79

——CCTOI/Ag
500 600 700 800 900 1000
Wavelength (nm)

0.4 L
300 400

Fig. 6. Variations of Ksp/K, as a function of wavelength for various dielectric/Ag structures.
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Fig. 7. Calculated ttransmittance spectra for various dielectric/Ag structures.

Since, we have SP coupling in all our dielectric/Ag structures; it is interesting to
understand the propagation of surface plasmons. Once the light has been converted to SP
mode, it will propagate on the Ag surface but will gradually attenuate owing to losses arising
from absorption in Ag. This attenuation depends on the €4, at the oscillation frequency of SP.
The propagation length (55p) can be found seeking the imaginary part (k; ) of the complex

SP wave vector, k =k +ik_ , fromthe SP dispersion Eq. (2) [31-34],

(1)

1 C g:n +e gm

Sp=— = TG P o )
2k, o\ €,¢, 6

m

| w

’

where €/ and e, are the real and imaginary parts of the dielectric function of the metal, that

is.e, =€, +ie, . We calculated the 8sp for various dielectric/Ag structures and the data is

plotted in Fig. 8. It can be seen from the Fig. that the dsp values are high for the AL,O3/Ag
structures and the values are in the range of 2 — 12 um for the visible range. The dsp decreases
for the structures with increase in g4 of dielectric, it has lowest value for the TiO,/Ag structure
with around 2 - 4 um for which ¢4 = 6.52. The Jgp is strongly depending on the &4 values of
the dielectric. This indicates that even if we have SP modes active in these dielectric/Ag
structures, they are active within this short distance and then die off. By properly selecting a
dielectric with &4 values higher than the &4, the kgp and dsp can be minimized and hence the
transmittance of the dielectric/Ag structure can be enhanced.
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Fig. 8. Variations of sp as a function of wavelength for various dielectric/Ag structures.
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5. Conclusions

The dielectric/Ag structures with various metal oxides such as Al,Os, ZrO,, SrTiO;, TiO,,
CaCu;TiyOy,, WO; and HfO, as dielectric layer were fabricated with optimized thickness of
dielectric and Ag. The structural, optical (transmittance, refractive index, extinction
coefficient, optical band gap) and electrical (sheet resistance) properties were studied for
various dielectric/Ag structures. The transmittance data was explained in terms of the surface
plasmon effects by estimating the kgp/ky and dsp values. The SP coupling showed a strong
dependence on the kgp/k, values. The enhanced visible transmittance in the dielectric/Ag
structures was due to the suppression of SP coupling due to the larger mismatch between kgp
and k, wave vectors.
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