Effect of thin silicon dioxide layers on resonant
frequency in infrared metamaterials
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Abstract: Infrared metamaterials fabricated on semiconductor substrates
exhibit a high degree of sensitivity to very thin (as small as 2 nm) layers of
low permittivity materials between the metallic elements and the underlying
substrate. We have measured the resonant frequencies of split ring
resonators and square loops fabricated on Si wafers with silicon dioxide
thicknesses ranging from O to 10 nm. Resonance features blue shift with
increasing silicon dioxide thickness. These effects are explained by the
silicon dioxide layer forming a series capacitance to the fringing field across
the elements. Resonance coupling to the Si-O vibrational absorption has
been observed. Native oxide layers which are normally ignored in
numerical simulations of metamaterials must be accounted for to produce
accurate predictions.
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1. Introduction

Metamaterials have been fabricated for infrared (IR) systems to control spectral reflection
[1,2], transmission [3,4], emission [5,6], absorption [7], reflected phase [8], as broad-band
wave plates [9], and for molecular detection [10]. These devices were built on Si wafers, and
the impact of the native oxide layer on device performance has not been studied to date. It is
reasonable to expect that such layers will have an effect, since the resonance of metallic IR
metamaterial elements will be impacted by their fringing-field capacitance which results from
intra-element fields between opposite sides of the element. These fields pass through the
interface between the metal elements and the Si wafer; when a native oxide or other thin
insulating layer is present this capacitance may change considerably.

This paper demonstrates the sensitivity of IR metamaterials fabricated on semiconductor
substrates to thin silicon dioxide (SiO,) layers. This sensitivity is manifest as an SiO,-
thickness-dependent shift in the spectral location of both resonances as well as coupling
between the SRR resonance and the Si-O absorption resonance. The native oxide effect
explains blue shifting in the resonance spectral location in measurements compared to
numerical simulations that is commonly seen in the literature such as Ref. 11.

2. Theory

Split-ring resonator (SRR) type metamaterials operating near 1 THz exhibit dual resonances
when incident radiation is linearly polarized parallel to the gap in the elements [12]. By
scaling down the size of the SRR elements dual resonances in the IR at wavelengths of 4 and
10 um (75 and 30 THz) may be achieved. A schematic of an SRR element with labeled
dimensions is given in Fig. 1.

Fig. 1. (Color online) Schematic of SRR element.

The high frequency resonance at 4 um is due to coupling between elements in the array
and is described in Ref. 13. The fundamental resonance at 10 um is due to the electronic
resonance of the unit cell and may be described as an RLC circuit with resonance frequency,
y, as defined by Eq. (1).
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For SRRs C, is the gap capacitance defined by Eq. (2) with permittivity of free space &,.
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The TiO, layers that occur as part of the adhesion layer and the SiO, layer beneath the
elements form a series capacitance to the fringing field across the diameter of the SRR. This
fringing-field capacitance, Cj, depends upon the permittivity and thickness of the thin film
stack of lower index oxide layers that exist between the SRR elements and the Si substrate as
shown schematically in Fig. 2.
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Fig. 2. (Color online) Schematic of fringing-field capacitance where electric field lines are
shown across the diameter of the SRR penetrating the oxide layers beneath the elements.

As the thickness of the SiO, layer, fsi0,, increases relative to the penetration depth of the
resonant electric field mode, #,, Cydecreases according to Eq. (3)

t.. t.
Cf = {‘C"O * Esion (1 - s;oz J"' Erion [1 - Ttloz J:| xn (3)

where €gi0p and erjop are permittivities of SiO, and TiO, respectively. The term n is a
geometrical factor given by Eq. (4).
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In Eq. (4) a is the rectangular equivalent radius to a circular loop and vy is Euler’s constant.
The inductance may be computed based on the geometry using Eq. (5).
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By combining Eqs. (1) and 3 it is clear that as the thickness of the SiO, layer increases the
reduction in the fringing-field capacitance will decrease resulting in a blue-shifting effect on
the resonant frequency of the metamaterial. Since a similar fringing-field effect may be
expected to occur between elements, it should also be the case that a blue shift should be
observed in the high frequency resonance as the SiO, thickness increases.

3. Experiment and fabrication

An experiment was designed to test the effect of thin SiO, layers from 0 to 10 nm thick at the
interface between the elements and the Si substrate. For 0 nm SiO, thickness a hydrogen
terminated Si surface was used. A 2 nm SiO, thickness was achieved using the native oxide
on the Si wafer. Further 2 nm increments in SiO, thickness up to 10 nm were produced by
depositing SiO, onto Si wafers, taking into account the native oxide layer. This was done by
electron-beam evaporation using in situ ellipsometry to monitor the SiO, thickness. A J.A.
Woolam M-2000 ellipsometer was used for both the native oxide and in sifu thickness
measurements. Evaporated SiO, films have been found to have the correct stoichiometry [14],
but a density that is reduced relative to thermally grown films. A single layer of SRR and
square-loop elements was fabricated on these wafers using electron-beam lithography. The
SRR elements (see the inset of Fig. 4) had a 1 pm periodicity, 750 nm lengths, 150 nm arm
widths, and a 120 nm gaps. The square-loop (see the inset of Fig. 5) had a 2.23 pum
periodicity, 1650 nm length, and a 300 nm arm width. For the 0 nm SiO, sample the resist
pattern was exposed to dilute HF for 30 s to produce a hydrogen terminated surface before
metallization. Then, a 5 nm adhesion layer of Ti was deposited onto the resist patterned wafer,
followed by 75 nm of Au. The metals were deposited by electron-beam evaporation at a base
pressure of 5 x 107° Torr, and a lift-off process was used to produce the elements.

About 5 minutes elapsed between the Ti and Au depositions as the source was changed.
During that time some of the Ti seed layer was converted to TiO, by the absorption of
residual oxygen in the chamber [15]. The Ti seed layer appears at the location of highly
localized surface plasmon oscillations between the Au elements and the Si substrate, and thus
the inclusion of accurate spectral permittivity values in simulations for both TiO, and
evaporated SiO, layers is critical to produce good agreement between simulation and
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measurement. The IR optical constants for Ti, TiO,, and SiO, were measured on 100 nm thick
evaporated films using a J.A. Wollam IR VASE ellipsometer. Figure 3 shows the results of
these measurements. The IR optical constants for Au films have been discussed in Ref. 16.
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Fig. 3. (Color online) IR optical constants for evaporated SiO,, TiO,, and Ti measured using IR
VASE system.

4. Results

Simulations of the spectral transmission of the SRR structures with thin SiO, layers were
performed using rigorous coupled wave analysis (RCWA) [17] incorporating the measured
optical constants shown in Fig. 3. The spectral transmission was measured using FTIR with
the incident radiation linearly polarized parallel to the gap in the elements. Figures 4-5 show
the measured and simulated results for an incremental increase in the SiO, thickness from O to
10 nm. The FTIR measurements with SiO, layers 4 nm and thicker are noiser than the 0 and 2
nm thick measurements due to the likely presence of voids in the thin evaporated SiO, layers.
However the noise does not obscure the blue shift in the resonant frequency.
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Fig. 4. (color online) FTIR measurements of SRR metamaterials with SiO, layer thickness
indicated and SEM insert of fabricated elements in (a), RCWA simulations of same structures
shown in (b).
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Fig. 5. (color online) FTIR measurements of square-loop metamaterials with SiO, layer
thickness indicated and SEM insert of fabricated elements in (a), RCWA simulations of same
structures shown in (b).

The RCWA simulation accurately reproduces the FTIR measurements when the Ti seed
layer is treated as a three-layer stack consisting of 1.25 nm of TiO,, 2.5 nm of Ti, and 1.25 nm
of TiO, to account for the oxidation in the vacuum chamber. Some discrepancy between the
magnitude in the FTIR measurements and the RCWA simulations occurred because back-side
wafer reflections were not included in the RCWA modeling.

The measured long wavelength resonance at 10 um shifts to shorter wavelengths as the
Si0, thickness increases, with the shift slowing for incremental additions over 4 nm. The SRR
short wavelength resonance displayed similar behavior as the long wavelength resonance,
except the resonance continues to shift for thicker SiO, layers. Furthermore, a transmission
minimum is observed near 8 um that is related to absorption due to coupling between the SRR
or square-loop resonance and the Si-O vibrational band in the SiO, layer. At zero-SiO,-
thickness this minimum is not observed in either element type.

5. Discussion

Using Eqgs. (1-4) the fringing-field capacitance model may be compared to the FTIR and
RCWA results for the SRRs. Based on the dimensions of the SRRs the impedance, L, was
calculated to be 0.74 pH, the gap capacitance, C,, was 0.83 aF, and the fringing-field
capacitance, Cy, was 40.1 aF for zero SiO, thickness. To calculate the expected change in the
resonant frequency based upon C; as the SiO, thickness increased we considered that 7, was
approximately equal to 60 nm. The analytical results are compared to the FTIR measurements
and RCWA simulations in Table 1.

Table 1. Comparison of fundamental resonant frequency measured by FTIR to
simulation and analytical calculations.

Si0; thickness| FTIR | RCWA |Analytical
(nm) Fo,1 (Ln) | Ag,p (L) | 29y (num)
u] 10.42 10.35 10.4
2 10.21 1015 10.2
4 9.94 10,02 100
b 10.00 9.91 9.85
g 9.83 9.84 9.67
10 9.95 978 9.49

The most significant discrepancy between the measured and analytical results occurs as
the SiO, thickness increases from 4 to 10 nm. This is due to strong coupling between the SRR
resonance and the Si-O vibrational absorption. When the two resonances are coupled their
resonant frequencies repel each other resulting in a red shift to the measured resonance that is
not accounted for in the current analytical model.
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As seen in Figs. 4-5, the SRR shows a stronger coupling to the Si-O absorption than the
square-loop. The Si-O absorption near 8 um is not visible in FTIR scans of unpatterned SiO,
films with thicknesses ranging between 0 and 10 nm, indicating that the appearance of this
feature in the metamaterial films arises due to resonant enhancement. Additionally in the zero
Si0, thickness measurement in Figs. 4-5 only the area beneath the elements was hydrogen
terminated, and thus a native oxide layer surrounded the elements. The absence of an effect
for this sample indicates that only the element to substrate interface is responsible for the
sensitivity to thin SiO, layers.

Figure 6 compares the on-resonance electric field intensity, obtained using finite-element
method Ansoft HFSS software [18], at the interface between the metallic elements and the
Si0, layer of a square-loop element as in Ref. 5 to a split-ring element. Both element types
are scaled to resonate at 30 THz with similar bandwidths when arrayed with a unit-cell
spacing which is 1.4 times the length of the element. In both simulations the electric field was
a TM mode polarized in the direction perpendicular to the gap of the SRR in Fig. 6. The
smaller dimensions and narrow gap of the split ring results in a maximum electric field
magnitude of 1.5 x 10° V/m compared to 1 x 10° V/m in the square ring. As seen by
comparing the absorption dip at 8 um in Figs. 4 and 5, the SRR showed more sensitivity to
coupling to the Si-O absorption band than the square-loop, and thus we conclude that the
stronger electric field at the surface of the SRR element leads to more resonantly enhanced
absorption in the adjacent SiO, layer.
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Fig. 6. (color online) Electric field intensity calculated by finite-element method HFSS
simulation at element to substrate interface for square ring compared to SRR element from Ref.

5.
6. Conclusion

In conclusion, SRR resonances exhibit sensitivity to a very thin (as small as 2nm) layer of
native oxide present on a Si wafer due to adding a series capacitance to the fringing-field
capacitance. The spectral locations of resonance features shift to shorter wavelength as the
Si0, layer located between the Si substrate and the metallic elements increases in thickness
from O to 10 nm. The spectral shifting is similar for both square-loop and SRR elements, and
thus it does not depend greatly on the fringing-field strength or on the presence of a gap.
Coupling between the SRR resonance and SiO, absorption band was also observed to result in
an additional resonance feature, whose strength is dependent on the electric field strength
immediately below the metallic element, and may be useful in a sensor application to enhance
detection. The thin-SiO, resonance shift is an important design consideration for all
metamaterial structures on high-index substrates with native oxide layers present.
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