©2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Generation of Surface Plasmon Resonance and Lossy Mode

Resonance by thermal treatment of ITO thin-films

I. Del Villar, C.R. Zamarreiio, M. Hernaez, P. Sanchez, F.J. Arregui and I.R. Matias
!Electrical and Electronic Engineering Department, Public University of Navarre,
Campus Arrosadia s/n, 31006 Pamplona, NA, Spain

Corresponding author: ignacio.delvillar@unavarra.es

Abstract: Silicon wafers coated with Indium Tin Oxide (ITO) by application of sputtering
technique have been characterized after different post-annealing techniques, showing that
this last factor is critical for the quality of the thin-film and for the creation and tuning of
both surface plasmon resonances and lossy mode resonances. By adequate selection of the
ITO thin-film thickness both resonances can be tracked in the same spectrum, which can

be used in sensor and optical communications fields.
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1. INTRODUCTION

Indium Tin Oxide (ITO) is a well-known transparent conductive oxide, which finds application
in many different fields such as fabrication of heat shields [1], liquid crystal displays and flat
panel displays [2], organic light-emitting diodes [3] and solar cells [4]. This material has also
been used in the important field of sensors, more specifically in conductimetric gas sensors [5].

More recently, an application has been found within this last research area. It consists of the



utilization of an ITO thin-film for generation of Surface Plasmon Resonance (SPR) [6, 7]. SPR is
based on the excitation of a Surface Plasmon propagating in a thin-film by means of light
coupling [8]. As a result, resonance dips are observed in the electromagnetic spectrum. These
resonances depend mainly on three parameters: the refractive index of the film media in contact
with the thin film, the refractive index of the thin-film and the thickness of the thin-film.
Consequently, the applicability of ITO to develop sensing devices based on conductivity changes
induced by certain gases expands to the optical domain [9]. Moreover, it becomes a potential
substitute of other well-known materials, such as gold or silver, in the development of
biosensors, where a highly selective material, such as antibody or enzyme, is deposited on the
thin-film and permits to detect the presence of the target molecule [10].

The reason why ITO is not the most used material in SPR sensors is that SPR is a phenomenon
closely related with metallic materials, typically silver and gold [11,12]. Both metals permit to
obtain resonance dips in the optical spectrum, typically in the range 400-450 nm and 600-800 nm
respectively, when excited by light.

However, as it has been mentioned above, a transparent conductive material like ITO has been
successfully used for the generation of SPRs [6,7].

Another resonance phenomenon is Lossy Mode Resonance (LMR) [13,14], also named guided
mode resonance or TEp and TMy resonances by other authors [15, 16]. This phenomenon occurs
in different conditions: for SPRs the real part of the thin-film permittivity is negative and higher
in magnitude than both its own imaginary part and the permittivity of the material surrounding
the thin-film, whereas for LMRs the real part of the thin-film permittivity must be positive and

higher in magnitude than both its own imaginary part and the material surrounding the thin-film



[15]. Consequently, non-metallic materials are adequate for LMR generation (polymers [17,18]
and conducting oxides [19]), and can be used for sensing applications.

Surprisingly, a material like ITO, which is used for generation of an SPR [7], can also be used
for LMR generation [13]. This apparent contradiction is explained in detail in this work.

To this purpose several ITO coated silicon wafers are subjected to different thermal post-
treatments. According to [20-22], the post-annealing plays a major role in the properties of ITO
thin-films. Consequently, the composition, crystallinity, conductivity, contact angle, and
refractive index dispersion is studied for all samples in section 2. After the characterization, the
optical spectrum in a Kretschmann configuration is analyzed in section 3, showing the possibility
to generate both SPR and LMR at the same time. Finally, some concluding remarks are given in

the last section.

2. DEPOSITION AND CHARACTERIZATION OF ITO THIN FILMS

Experimental

ITO coatings were deposited with sputtering technique onto four polished silicon wafer
substrates (P type doped with boron, orientation <100>, with polished front surface and etched
back surface from Silicon Valley Microelectronics Inc.).

Prior to the deposition of the ITO coating, it is necessary to prepare the substrates by following a
cleaning procedure using acetone, methanol and isopropanol. After that, for the deposition of the
ITO coatings, a sputtering equipment (K675XD from Quorum Technologies, Ltd.) was used with
a partial pressure of argon of 8x10~> mbar and a current intensity of 150 mA.

Three of the samples (A, B, and C) were thermally post-annealed at 500 °C for 4 hours in a

controlled atmosphere oven (Linn High Therm GmbH VMK-39). Sample A was annealed under



vacuum atmosphere, sample B under nitrogen atmosphere, and sample C under air atmosphere.
The thermal treatment of samples A, B and C finished with a cooling process at room
temperature. Sample D was not subjected to thermal treatment.

After that, the thickness, the composition, the crystallinity, the contact angle and the refractive
index dispersion of the ITO thin-films were analyzed. To this purpose a field emission scanning
electron microscope (SEM) UltraPlus, from Carl Zeiss Inc with an in-lens detector at 3kV and an
aperture diameter of 30 um, an X-ray diffractometer (XRD) SIEMENS D 5000 (angle of
incidence 1°), an atomic force microscope (AFM) model dilnnova from Veeco in tapping mode
and with a scanner of 50x50 pum, a CCD camera based instrument for measuring contact angles
(CA) of liquids on solids model CAM100 from KSV (the liquid: used in the experiments is
ultrapure deionized water 18.2Mohm and the volume used for each measurement 5 microliters),
and an ellipsometer UVISEL with spectral range 0.6-6.5 eV (190 — 2100 nm), an angle of
incidence 70°, an spot size 1 mm and Software DeltaPsi2TM (from Horiba Scientific Thin Film

Division) were used.

Characterization of ITO thin-films

For the sake of comparison all samples were ITO sputtered for the same time, which should lead
to the same coating thickness in all silicon wafers. The results obtained with the scanning
electron microscope (SEM) (see Fig. 1) confirm this fact. The thickness of the samples is around
80 nm.

In Fig. 2 the XRD pattern of ITO coated silicon wafers can be observed. For sample D no peaks
corresponding to X-ray diffraction from planes are observed, whereas for samples A, B and C
there are several peaks. This proves that the film is amorphous when no thermal treatment is

applied, whereas the opposite is true with a post-annealing. For samples A, B and C the



predominant peak is located at 31 degrees, corresponding to Miller index (222), which indicates
that the grains of the thin-film are predominantly aligned in the (111) direction. The rest of peaks
starting from the lowest angle are: (211), (222), (400), (440) and (622) [23].

In Fig. 3 atomic force microscopy (AFM) measurements reveals the roughness of the samples
and the crystallinity of the thin-film. Sample B exhibits a larger grain structure than the rest of
samples, which is typical in polycrystalline thin films [24]. Besides, the roughness, expressed as
the root mean square (RMS) of the peak heights, is 0.2169, 0.6903, 0.1720 and 0.1156 nm for
samples A, B, C and D respectively.

Another important parameter is the conductivity. In this sense it has been calculated the
resistivity of the samples (€2/cm). The values obtained are 448, 160, 393 and 1311 for samples A,
B, C and D respectively. Sample B, the one with nitrogen atmosphere post-annealing, shows the
highest conductivity. This is explained by the larger grain size observed in Fig. 3, which means a
lower grain boundary scattering, leading to an increase in the conductivity [24]. The reason for
this lower grain boundary scattering is explained in [25], where it is proved for (Ba,Sr)TiOs films
that post-annealing in oxygen atmosphere, contrary to post-annealing in nitrogen atmosphere,
leads to the presence of both air to oxygen vacancies and negatively charged oxygen, trapped at
the grain boundary at the electrode/dielectric films interface. This idea is confirmed in [26] for
ITO thin-films.

Finally, sample D, with no thermal treatment, is the least conductive, which is logical in view of
its amorphous structure observed with the XRD pattern obtained in Fig. 2. This confirms that
thermal post-annealing improves the conductivity of the thin film [7].

Regarding the contact angle, the results of samples A, B, C with angles 66.9, 65.8, 67.9

respectively are very similar. These values are in agreement to the contact angle of commercial



ITO [27,28], and are dissimilar to the contact angle of sample D, 87.3. The explanation for this
difference is that samples A, B and C are thermally treated, which causes changes in the
morphology of a metal oxide thin-film [29], and sample D is not thermally treated.

In Fig. 4 ellipsometric measurements are presented of the complex refractive index (n, k) of the
indium tin oxide (ITO) layer.

Plots for sample B and C are similar to each other and resemble that of [20]. If data are modeled

with modified Drude free-electron model [7]:

2

«
P

g(a))=gw—— (1)

o’ +iol

where ) is the plasma frequency, &= is the infrared dielectric constant and I is the damping
coefficient, the plasma frequency of samples B and C is respectively 1.731x10'° rad/s and
1.603x10' rad/s. Sample B is more closely related to the value obtained in [20]: 1.89x10" rad/s.
On the other hand, plots for sample A are middle-way between those of [20] and those of
references [1,7]. The plasma frequency for sample A is 2.131x10'" rad/s, whereas for [7] it is
2.693x10" rad/s and for [1] it is 3.33x10" rad/s.

The plots obtained for sample D do not resemble those typical of ITO. The shape of the plot
representing the real part of the refractive index is flat. The same occurs for the imaginary part.
Consequently, no plasma frequency can be found, which is closely related to the low
conductivity indicated before for sample D. However, the conductivity does not permit to
determine the wavelength ranges regions where SPR and LMR can be generated. For SPR it is
necessary to know the plasma frequency [6], which depends on the dispersion curves of ITO
(Fig. 4). However, a simpler way to know the regions where SPRs can be obtained without the
need for a dispersion model, is by following the rules indicated in [15], which were indicated in

the introduction: the real part of the thin-film permittivity is negative and higher in magnitude



than both its own imaginary part and the permittivity of the material surrounding the thin-film.
This region is located from 1962 nm to higher wavelengths for sample A (this is indicated in Fig.
4 with a discontinuous line) and it is located above 2066 nm (beyond the wavelength range
explored in the ellipsometric measurements) for samples B and C.

Also in [15] the rules for generation of LMRs are given: the real part of the thin-film permittivity
must be positive and higher in magnitude than both its own imaginary part and the material
surrounding the thin-film. Consequently, LMRs can be generated for sample A at wavelengths
lower than 1517 nm (this is indicated in Fig. 4 with a discontinuous line), for sample B at
wavelengths lower than 1861 nm and for sample C at wavelengths lower than 2006 nm. In view
of these results, it can be concluded that both the LMR wavelength region and the SPR region
are closely related. If the limit of the SPR region is red shifted, the limit of the LMR region
increases its wavelength (the opposite is true if the limit of the SPR region is blue shifted).

To conclude this section, after the characterization of the ITO thin-films it is clear that the key
parameter for determining the position of the SPR or the LMR is the refractive index dispersion.
Consequently, in the next section focus will be centered on analyzing the optical spectra with a

Kretschmann configuration, which is mainly dependent of this parameter.

3. ANALYSIS OF THE OPTICAL SPECTRUM WITH A KRETSCHMANN

CONFIGURATION

In order to study the possibility of generating an SPR and an LMR with the ITO thin-films of
section 2, a Kretschmann configuration analyzed with a numerical method based on plane wave
propagation is used [30]. The refractive index of the input medium is that of silica [31], and the

refractive index of the output medium is that of air.



In view that, contrary to SPRs, LMRs can be obtained for both TE polarization and TM
polarization [32], the reflectance for both polarizations is considered: Rte(6,1) and Rtm(0,))
Again the influence of the thermal post-annealing on the properties of the resonances will be
analyzed by comparing the samples. However, for the sake of simplicity only two samples will
be considered: sample A and sample B. Sample C is discarded because it shows dispersion
curves similar to sample B. On the other hand, it was proved in section 2 that D sample shows
dispersion curves not typical of ITO. Consequently it is not adequate for the analysis of this
section

It is also important to indicate that the thickness of the samples in section II (see Fig. 1), was not
randomly selected. The objective was a thickness of 80 nm because an SPR is typically obtained
for values in the range 10-200 nm [7], and an LMR can be obtained for higher values [33], but its
position in the optical in the optical spectrum is highly influenced by this parameter (it
experiments a progressive wavelength shift to the red as a function of thickness and for low
values it is located at wavelengths below the spectrum analyzed). Consequently, a trade-off was
chosen between the need for lower thin-film thickness in SPR generation and higher thin-film
thickness in LMR generation. In the simulation results (SR) shown below it will be proved that a
thickness of 80 nm permits to visualize both LMRs and SPRs in the spectrum from 350 to 2000
nm.

First, the reflectance for the sample A is analyzed. In Fig. 5a, SR for sample A at TE polarization
for angles below TIR (0-42°) are presented.

For low incidence angles one minimum and one maximum are observed in the optical spectrum
at 370 and 590 nm respectively. The explanation is that the thin-film is actually a Fabry-Pérot

cavity for angles approaching normal incidence. For the minimum at 370 nm the refractive index



of sample A is 2.11. If these values and a thickness of 80 nm are introduced in the expression of

the phase shift of the optical beam in the cavity formed by the ITO coating:
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where d is the cavity length, n is the refractive index of the coating and /4 is the wavelength, the
phase shift approximates 2z, which means a constructive interference in transmission and a
destructive interference in reflection.

Regarding the maximum at 590 nm, the refractive index of sample A at this wavelength is 1.92.
If these values are introduced in expression (2), the phase shift is 7 (destructive interference in
transmission and constructive in reflection). Both the minimum at 370 nm and the maximum at
590 nm can be observed also for TM polarization in Fig. 6a. However, the other minimum at
1400 nm for TE polarization is not observed for TM polarization because it is not due to the
Fabry-Pérot interferometer (the refractive index of sample A at this wavelength is lower than that
of silica).

As well as the critical angle is approached, the interferometry is progressively reduced. For
angles above TIR (44-90°), the reflection is maximum except for angles approaching 90°, where
a dip and thin resonance occurs around 800 nm (see Fig. 5b). This is a lossy mode resonance
(LMR), which is obtained by coupling to a TE lossy mode in the ITO thin-film [13].

In Fig. 6, where SR for TM polarization are presented, the main difference with TE polarization
is that in the proximity of the critical angle a double resonance is created, which for angles above
TIR (see Fig. 5b) becomes a single resonance at wavelengths above 1500 nm. In view of its only
presence for TM polarization, it is a surface Plasmon resonance (SPR). This is corroborated with
the results of [6,7], where the SPR occurs for angles between 40 and 60° and wavelengths higher

than 1100 nm. This value changes depending on the ITO properties. For example in [35] it is



stated that, with an ITO thin-film, an SPR can only be obtained for wavelengths higher than 1500
nm. However, even though there is a variation of the exact limit, the resonance obtained at 600
nm in Fig. 6b cannot be an SPR, especially considering the non-metallic behavior of ITO
samples at this wavelength in Fig. 4. This is actually another LMR, obtained by coupling of light
to a TM lossy mode. The position in the optical spectrum is different to that of the LMR
generated in Fig. 5b for TE polarized light. This is explained by the difference in the effective
indices of TE and TM lossy modes [13].

Another interesting question is that the LMR obtained for TE polarization (see Fig. 5b) is much
deeper that the LMR obtained for TM polarization (see Fig. 6b). However, it is important to
indicate that angles in steps of 1° have been analyzed. The depth of the resonance is a very
sensitive parameter [32], and it would be necessary to sweep in steps lower than 1° to see the
maximum depth that can be achieved. In fact in Fig. 7b the resonance obtained for sample B at
TE polarization is deeper than that obtained in Fig. 5b for sample A.

For sample B the same analysis is done both for TE (see Fig. 7) and TM polarization (see Fig. 8).
Conclusions are similar to those obtained for sample A. The main difference is the position of
the SPR in Fig. 8b. It is shifted from a wavelength of 1900 nm (see Fig 6b), to more than 2000
nm, which agrees with the position of SPR limits indicated at the end of section 2. The position
of the LMR at TE polarization is also different. For sample A it was located below 800 nm,
whereas for sample B it is located above 800 nm. The same is true for the LMR obtained at TM
polarization: for sample A it is located below 555 nm and for sample B it is located above 555
nm.

This proves that it is possible to tune the regions of generation of SPRs and LMRs by changing

the thermal treatment. As an example of a possible application, if the devices analyzed in this
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section are used as optical filters, their resonance wavelength can be tuned by adequate selection
of the thermal post-treatement, which is interesting in terms of adaptation to specific optical
communication windows, for instance.

Another application is optical sensing, where the operating wavelength can be moved to the

central wavelength of a laser if a device is based on this type of optical source.

4. CONCLUSIONS

To conclude, the application of a specific thermal treatment is critical for obtaining ITO films
with different physical properties such as distinctive dispersion curves. It has been proved that,
when no thermal treatment is applied, the thin-film is amorphous, whereas the opposite is true
for post-annealed structures. Moreover, when no thermal treatment is applied, the refractive
index dispersion curves indicate that it is not possible to obtain a resonance in the optical
spectrum. In fact the refractive index the key parameter that permits to control the generation and
control of a resonances in the optical spectrum

The selection of a thermal treatment under vacuum, nitrogen or air atmosphere permits to modify
the refractive index dispersion and, consequently, to tune the wavelength region where
resonances can be obtained. In this sense, it has been shown that ITO is an interesting material,
which allows generating two different different types of resonances: the well-known surface
plasmon resonance (SPR) and the less explored lossy mode resonance (LMR).

It has been also clarified that an adequate selection of the ITO film thickness enables the
generation of both types of resonances in the spectral range 450-2000 nm. In other words, the
results in articles reporting that ITO can be used for SPR generation [6,7,9], and the results in

articles reporting that ITO can be used for LMR generation [13,32,34], are not contradictory. An
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SPR is obtained in a wavelength region where ITO owns a metallic behavior, and LMR is
obtained in a wavelength region where ITO owns a non-metallic behavior.

By modifying the thermal post-annealing it is possible to fit the wavelength range of resonances
obtained with ITO thin-film based devices according to the optical equipment of the specific
application the device is designed for. This could be used for the development of interesting

applications, such as sensors and optical filters.
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Figure captions

Fig. 1: Scanning electron microscope (SEM) of ITO coated silicon wafer samples A, B, C and D.
Fig. 2: XRD pattern of ITO coated silicon wafer samples A, B, C and D.

Fig. 3: Atomic force microscopy (AFM) measurements of ITO coated silicon wafer samples A,
B, C and D.

Fig. 4: Complex refractive index (n, k) dispersion curves of ITO coated silicon wafer samples A,
B, Cand D.

Fig. 5: Simulation results: reflectance for sample A (TE polarization) as a function of wavelength
at incidence angles: a) 0-42° b) 44-90°

Fig. 6: Simulation results: reflectance for sample A (TM polarization) as a function of
wavelength at incidence angles: a) 0-42° b) 44-90°

Fig. 7: Simulation results: reflectance for sample B (TE polarization) as a function of wavelength
at incidence angles: a) 0-42° b) 44-90°

Fig. 8: Simulation results: reflectance for sample B (TM polarization) as a function of

wavelength at incidence angles: a) 0-42° b) 44-90°

17



Fig. 1

SAMPLE A SAMPLE B

| 100 0m EHT = 3.00 kv Signal A= InLens Date 28 Dec 2011 m 100am EHT = 3.00 kv Signal A= InLens Date 228 Dec 2011 m

| 1 WD = 48mm Mag = 26279 KX Scan Speed = 4 WO = 73mm Mag = 23816 KX Scan Speed =5
L

SAMPLE C SAMPLE D

6 nm

200 nm EHT = 300 kv Signal A = InLens Date :28 Dec 2011

100 nm EHT = 3.00kV Signal A= InLens Date 28 Dec 2011 W s
N
WD = 47 mm Meg = 23617 K X Scan Speed = 4 ~ o

WD = 48 mm Mag=44725 KX Scan Speed = 6

18



Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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