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Surface-enhanced electromagnetic response in the resonant regions of split-ring resonators offers a
sensitive way to probe the surface dipoles formed by alkanethiol molecules with a terahertz wave by
a differential transmission (DT) interrogation method. The DT signal mainly comes from the interaction
between alkanethiols and metamaterials by electron transfer and/or the variation of the dielectric
constant. The Lorentz model is used to demonstrate the principle of DT interrogation theoretically, which
suggests the variation of both frequency and damping of resonance can be captured cooperatively. This
method has been employed to experimentally demonstrate the sensing feasibility for the chain length
dependence of the alkanethiol molecules. Numerical simulations confirm that the enhancement is large
at the gap and corner regions of this kind of metamaterials. © 2013 Optical Society of America
OCIS codes: (300.6495) Spectroscopy, terahertz; (160.3918) Metamaterials; (130.6010) Sensors.
http://dx.doi.org/10.1364/AO.52.004877

1. Introduction

Label-free molecular sensing, especially molecules
with specific interactions, are of fundamental
importance for chemical analysis, medical diagnosis,
environmental protection, and so on. Optics-based
label-free sensing methods such as surface plasmon
resonance (SPR) with metallic films [1] and localized
surface plasmon resonance [2] with metallic nano-
particles offer powerful sensing platforms for
effective and practical bio/chemical applications.
These methods are based on the intensity and/or the
resonant frequency change due to the interaction of

electromagnetic waves with the microenvironments.
How to further improve the flexibility and tunability
of this interaction is of significant importance for
the application and manipulation of these sensors
effectively.

Recently, with the concept of effective permittivity
(ε) and/or permeability (μ) engineering, metamateri-
als are thought to provide the opportunity to enhance
the manipulation of electromagnetic response with
the properties that may not be readily available in
nature. This emergent field offers another promising
platform for sensing with the characteristics of desi-
gnable and tunable resonant features [3]. A higher
degree of design freedom is enabled compared with
the conventional SPR sensors [4]. The figure-of-merit
of metamaterials can be enhanced by the pattern
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design and engineering of the light coupling [5]. In
the roadmap of metamaterial applications as stated
by Zheludev [6], sensing applications will be one of
the next pleasant prospects in metamaterials.

Proof-of-principle studies of sensing based on
metamaterials have been demonstrated in sensing
water [7], dielectric film, specific molecules [8], DNA,
protein, and so on, from the microwave region [9–11],
through the terahertz (THz) region [12], to the
infrared-visible region [13–16]. Meanwhile, recently
reported metamaterials-inspired THz waveguide
geometries have also been demonstrated to signifi-
cantly improve the sensitivity because of the
enhanced THz response near the resonant region
[17,18]. In these studies, the resonant frequency
(wavelength) shift and/or intensity change interrog-
ations with metamaterials are usually employed to
evaluate the sensitivity of the sensors. These inter-
rogation methods can capture either the frequency
shift or damp constant variation of the resonance.
For example, many investigations based on the afore-
mentioned methods have been conducted including
DNA sensing using split-ring resonators (SRRs) in
the microwave region by Lee et al. [11,19], protein
detection in the THz region by Yoshida et al. [20],
permeability tunability with silicon nanospheres
by Driscoll et al. [21], flexible metamaterial for thiol
sensing by Xu et al. [13], paper metamaterials for
urea sensing by Tao et al. [22], and ultrasensitive
Fano-resonant metamaterials [23–25] for molecular
monolayers by Wu et al. [26]. Even though the field
started, sensing with metamaterials [27–29] is still
in its infancy, in particular, effective data analysis
and more sensitive sensing methods are in high
demand.

In this paper, we propose an analysis method
based on THz metamaterials to understand the prin-
ciple of differential transmission (DT) interrogation
more systematically. Compared with the aforemen-
tioned data analysis methods which monitor either
the resonant frequency shift or intensity change,
our method can extract the peak–valley difference
(ΔPV) including the variation of both frequency
and damping of resonance cooperatively in DT curve
and in turn the ΔPV is used as the sensing signal.
Surface dipoles formed by alkanethiol molecules in-
teract with metamaterials in the format of electron
transfer and/or the change of the microenvironmen-
tal dielectric constant, which mainly introduces a DT
change in the resonant regions. The Lorentz model
as a symmetric resonant response is employed to
theoretically demonstrate the DT interrogation in
THz metamaterials. All the characteristics of the
dispersive shape change due to the frequency shift
and/or damping constant change of metamaterials
can be captured by ΔPV. Theoretical analysis shows
that ΔPV is approximately linear with the central
frequency (f c) shift and the resonant damping
constant (Γ), which is desirable for the sensing appli-
cation. Experimental results demonstrate that the
ΔPV signal has the capability to resolve the chain

length of alkanethiol molecules with different carbon
numbers. Numerical simulations also confirm that
the enhancement is large at the gap and corner
regions of this kind of metamaterials.

2. Simulation

Numerical calculation using the finite integral
technique is employed to simulate the electromag-
netic response of the metamaterials with the format
of SRRs. In the simulation, periodic boundary condi-
tions were considered and transient solver was
applied. The hexahedral mesh was used and the
thickness for both the gold film of the SRRs and
the single layer of molecules linked on the gold film
were 80 and 10 nm, respectively. We employed the
perfect electrical conductor for gold in the simulation
and its conductivity tended to infinity. The designed
size of the unit cell is similar to our previous pattern
design [30] with the following parameters: unit
cell 43 μm, period 55 μm, width of the line 4 μm, and
the gap 4 μm. The substrate is silicon with the dielec-
tric constant of 11.7. The photography of our
designed SRRs is shown in Fig. 1(a). To model ana-
lyte layers, a thin layer of self-assembled molecules
[schematically shown in Fig. 1(b)] was chosen as an
effective microenvironmental permittivity of 1.2.
Due to the computational complexity, the self-
assembled molecules linked on the U-shaped gold
SRRs were treated as a layer of 100 nm in thickness.
Although the calculation cannot capture the charge
transfer between the metal and molecules, it can

Fig. 1. (a) Photography of the U-shaped SRRs metamaterials
with the parameters stated in the main text. Simulated near-field
amplitude distribution around a SRR for Mode 1 (top right) and
Mode 2 (bottom right). (b) Schematics of alkanethiol molecules
with CH3�CH2�17SH can form a self-assembled monolayer when
they interact with gold (Au).
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provide the key physical properties of the electro-
magnetic response and the near-field enhancement
information in the THz region [31]. Figure 2(a)
demonstrates the calculated transmission spectra of
pristine SRRs (red squares) and the SRRs with the
analyte layer. In the calculation, the THz wave is
polarized along the gap side of SRRs. One mode near
0.4 THz (Mode 1) and one mode near 1.2 THz (Mode
2) are observed, which is consistent with our previous
observation [32]. Mode 1 can be explained by a com-
bination of capacitance and inductance (LC reso-
nance), which is mainly due to the coupling of
electric and magnetic responses in SRRs. Therefore,
Mode 1 has an electric dipole moment parallel to the
open gap and a magnetic dipole moment orthogonal
to the ring. However, with regard to Mode 2, it may
stem from the standing pattern along the length of
the ring, which can be approximately described by
a dipole resonant frequency. It is not evident that
the intensity change or resonant frequency shift of
the monolayer-modified spectra compared with the
pristine spectrum. However, the DT spectrum [blue
line in Fig. 2(a)] unveils the change in the resonant
regions. Here, the DT spectrum is defined as
(�Tmodi − Tpri�∕Tpri, which is the difference between
the pristine and the modified SRRs spectra. It is
evident that Mode 1 and Mode 2 show different sen-
sitivity, which suggests different original electromag-
netic response. Near-field electrical field mapping for
Mode 1 [Fig. 1(a) top right] and Mode 2 [Fig. 1(a) bot-
tom right] also show different distributions. For ex-
ample, the electrical field is strongly localized and
confined in the gap region for Mode 1, while the field
expands along every arm of the SRR unit with three

strong areas in the gap and corners for Mode 2. To
give an estimation of the enhancement in the gap
region, we demonstrate the calculated near-field
spectrum in the SRRs gap as shown in Fig. 2(b). It
is suggested that much stronger electrical enhance-
ment is located in the resonant region.

3. Theoretical Consideration for Differential
Transmission Integration

Even though differential methods such as differen-
tial extinction [33] and differential reflection [26]
have been used to give the “Yes” or “No” answers to
molecular interaction, the intrinsic correlation of
signals to f c and Γ is limited. The meaning for the
differential interrogation is still obscure, even if it
is used in practice in [26] and [33]. A Lorentz model
can be used for the analysis quantitatively in Fig. 3,
which can be written as follows:

T � T0 −
2A
π

Γ
4�f − f c�2 � Γ2 ; (1)

where T0 is the background of the transmission
and A is the spectral weight calculated from the
amplitude distribution of the resonant region. The
resonant curve is shown in the inset in Fig. 3 with
f c � 1.236 THz for electric mode. The background
transmission will influence only the baseline of the
DT spectrum. However, without consideration of the
baseline shift, the differential function of Eq. (1) can
be simplified as:

dT
T

≈
8�f − f c�df c �

�
4�f−f c�2

Γ − Γ
�
dΓ

4�f − f c�2 � Γ2 : (2)

This suggests that under small deviation approxima-
tion, DT is approximately linear with the shift of
f c and the change of Γ. Figure 3 (black line)
demonstrates DT as a function of frequency with f c
redshifted by 0.0001 THz. It is obvious that the red-
shift of f c introduces a dispersive odd symmetry
shape of DT signal with two lobes, in which the first
one is negative and the second is positive. Mean-
while, the blueshift of f c introduces the opposite
polarity (not shown here). On the other hand,
increasing Γ by 0.0001 introduces one positive lobe
(red line in Fig. 3) with an even symmetry and

Fig. 2. (a) Calculated electromagnetic response (red squares) of
SRRs with Mode 1 near 0.4 THz and Mode 2 near 1.2 THz. The
electromagnetic response has been tuned when alkanethiol
molecules (C18) bond to the SRRs (black line). The DT signal is
shown in the bottom panel with the blue line (value offset by
0.06 for clarity). (b) Calculated near-field amplitude enhancement
spectrum near the SRRs gap.

Fig. 3. DT spectroscopy due to the central frequency change
(black curve), damp change (red curve), and both (blue curve).
The peak–valley value (ΔPV) near the resonant region is demon-
strated. The inset is a Lorentz resonator at 1.236 THz.
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decreasing Γ brings a negative lobe. Usually, in sens-
ing experiments, the adsorption of molecules on the
sensing surface will cause a redshift of f c and/or an
increase of Γ [19–22]. As a combination of two
effects, theDT shape is asymmetric as shown in Fig. 3
(blue line). The polarity of the DT signal would be
useful for the simplification of sensing information.

We define the peak–valley value by ΔPV as dem-
onstrated in Fig. 3 as a parameter to evaluate the
change of both f c and Γ, quantitatively. Figure 4 gives
the contour map of the DT signal with the spontane-
ous change of both f c and Γ. The contour line is an
ellipse with the longitudinal axis along f c. It suggests
that the variation of f c will dominate in the DT
signal. If one of them (f c or Γ) is smaller than the
other one or both of the changes are small, the DT
change would be approximately linear with f c or Γ.
The cross section of the contour map (dash line) in
Fig. 4 shows the case when Γ is fixing. The bottom
panel in Fig. 4 demonstrates that the ΔPV changes
linearly with f c (black curve). It is similar to Γ (not
shown). There are some benefits for this peak–valley
definition for DT interrogation. First, if the laser
drifts a little, it can only shift the baseline of the DT
spectrum. However, the ΔPV definition does not
depend on the baseline (as shown in Fig. 3) and it
has the capability to some extent to minimize the in-
fluence from laser drift. Second, it evaluates both f c
and Γ changes due to their linear relationship under
the small signal approximation. Third, the ΔPV sig-
nal is amplified in the resonant regions, which is a
benefit for small change in sensing applications.

4. Sample Preparation and Experimental Setup

Our metamaterials in the format of SRRs [shown in
Fig. 1(a)] were fabricated by traditional microfabrica-
tion methods, involving the processes of photolithog-
raphy, electron beam evaporation, lift-off, and so on.
To ensure the surface clean, oxygen plasma (PVA
TePla, PS210, for 10 min under the power of 600 W)
is used to remove all possible organic materials on
the metamaterials.

The alkanethiol molecule CH3�CH2�nSH (n stands
for different carbon number) can have a specific
chemical interaction with the Au surface. They can
form well-ordered, covalent bonded monolayers and
tailor the metamaterial surface chemical properties
selectively [34]. This affords a playground for not
only applications such as molecular electronics [35]
and lithography [36], but also fundamental property
tests [34].

The Au-based metamaterial surface is functional-
ized via specific thiol chemical interaction to form a
monolayer of thiol-terminated molecules as shown in
Fig. 1(b). The alkanethiol molecules are uniformly co-
valently bond to the metal area and the remaining
nonimmobilized substance was washed way after
deposition. Alkanethiol molecules of CH3�CH2�nSH
(n � 1, 5, 11, and 17) with different carbon numbers
are chosen. The molecules were bought from Sigma-
Aldrich without further purification and 7 mM
alkanethiol solution in ethanol were prepared. The
alkanethiol interacts with the gold surface quickly
with high-sticking probability and reaches satura-
tion in 10 min. The saturation increases with the
raise of the CH2-molecule, and the stabilization of
the transition state is by ∼0.65 kJ∕mol per CH2 [37].
To get the uniform and stable layers on the surface
of metamaterials, the metamaterials have been
immersed into the alkanethiol solution for more than
11 h with the same condition for different alkanethiol
molecules to ensure the dynamical balance of the
reaction. The SRRs were then dried with nitrogen
gas. Following these procedures, the alkanethiol self-
assembled monolayers are well-ordered, tightly
bonded, and highly densed, which provides a simple
motif for selective tailoring of surface chemical prop-
erties [34]. After each experiment, the surface of the
same SRRs was cleaned by oxygen plasma to remove
all possible organic materials on the metamaterials.
The control experiment was also following the afore-
mentioned procedures by immersing the SRRs in
liquid ethanol for 11 h and then drying them with
nitrogen gas. Our home-built THz time-domain spec-
troscopy [8,38] setup is based on the generation from
a low-temperature-grown GaAs photoconductivity
antenna integrated with a silicon hemisphere and
the ZnTe crystal detection of the THz pulse radiation,
which can be found in our previous work [8,39]. The
measurements have been done on the system purged
with dry nitrogen to avoid the strong influence of the
water vapor in the ambient. As for the discussion of
the noise influence to the THz transmission spectros-
copy, the system noise will affect the measured
results. The dynamic range, defined as the maximum
value of the THz signal divided by the maximum of
the background noise, for our employed system can
approach 10,000.

5. Experimental Results and Discussion

Figure 5 (black line) demonstrates the original SRRs
transmission spectra with THz polarization along
with the gap side of SRRs at normal incidence. Mode

Fig. 4. Contour map of the sensor characteristic with the sponta-
neous change of both central frequency and damp. The dash line is
a cross section when the damp constant is fixed and the contour
line is demonstrated in the bottom panel with the linear depend-
ence of ΔPV value with the change of central frequency.
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1 near 0.4 THz and Mode 2 near 1.2 THz are ob-
served, which are consistent with the simulation
results. When alkanethiol molecules (C18) are bond
to metamaterials, the original data have been modu-
lated as shown with the red line in Fig. 5(a). The pass
band around 0.8 THz experiences a large attenuation
when the molecule layer is deposited on the Au
surfaces. This may arise from the molecule-induced
surface impendence change of the metamaterials.
The slight frequency shift and damping constant is
evident from the resonant shape of the curve. Defin-
ing DT response as the differential change due to
the binding of C18 thiol molecules, the DT signal is
shown in the bottom panel. The enhanced DT
response in the resonant region is observed andman-
ifested in Fig. 5(a) by the arrow lines. The response at
1.2 THz (Mode 2) is more sensitive than Mode 1 at
0.4 THz, which could come from a different electro-
magnetic mechanism with different sensitivity and
is consistent with the calculation in Fig. 2(a). How-
ever, Mode 1 could be potentially be more sensitive
than Mode 2 when the SAM molecules were intro-
duced in the gap region of the SRRs [31], which
may change the capacitance and result in the great
redshift for Mode 1. The control experiment about
nonspecific interaction with metamaterials by dip-
ping metamaterials into pure ethanol is conducted
and the curve shapes are almost unchanged in reso-
nant regions as shown in Fig. 5(b).

We further introduce the ΔPV value in the DT
spectra to monitor the change of chain length of
different alkanethiol molecules. The reaction of
different thiol molecules with metamaterials are con-
trolled in the same condition to ensure different thiol
molecules covered metamaterial surfaces efficiently.
Figure 6 shows the ΔPV signal of resonant modes
when thiol molecules bearing different alkyl chain
with different carbon atoms bond to metamaterials.
Figure 6(a) is for Mode 1 and Fig. 6(b) is for Mode 2.
The results suggest that the carbon-number-
dependent tendency is approximately linear (blue

dash lines in Fig. 6). The results are consistent with
the experiments in the visible region, which suggests
the wavelength linearly redshift 3 nm for every
methylene (‒CH2‒) in the alkyl chain [34]. It has
to be mentioned that the C–C bond length is
1.54 × 10−10 m, and the thickness of the layers is
on the scale of several nanometers. The sensing of
these molecules with a THz wave would be challeng-
ing without the help of metamaterials. Compared
with the visible region, the sensing in the THz region
would mainly come from the intermolecular transi-
tion response instead of the variation of the electron
state in the visible region. This method shows some
advantage in comparison with conventional THz
metamaterial sensing. For example, the frequency
shift value would be inevitable for frequency shift in-
terrogation, while the ΔPV still give a reasonable
value. The results also show that the higher reso-
nance mode is more sensitive to molecules than the
lower one. The explanation on the mechanism would
be attributed to the different origin of the two modes.
As stated before, the lower resonance mode arises
from the combination of the capacitance and induct-
ance, while the higher one originates from the stand-
ing pattern along the length of the ring. The higher
resonance mode could be enhanced resonantly to the
bonded intra or intermolecular vibrations [26,31],
resulting in its higher sensitivity compared with that
for the lower resonant mode.

The molecular longitudinal axis is usually not
along the surface normal direction of metamaterials
but along a tilted angle of approximate 20°–35° [40],
which is governed by the intermolecular interaction
as well as the interaction of the dipole with the meta-
materials [41]. The alkanethiol molecules form a
monolayer of positive interface dipoles [40] and these

Fig. 5. Original metamaterial electromagnetic response (black
line) with Mode 1 near 0.4 THz and Mode 2 near 1.2 THz.
(a) The electromagnetic response has been tunedwhen alkanethiol
molecules (C18) bond to the SRRs (red line). (b) The control experi-
ment with ethanol only is also shown. The DT signal is shown in
the bottom of the panel with a blue line.

Fig. 6. (a) ΔPV change for Mode 1 when thiol molecules with dif-
ferent carbon atoms bond to metamaterials (carbon number 0 for
control experiments with ethanol solution). (b) ΔPV change for
Mode 2. The blue dash line is used to guide eyes.
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intersurface dipoles interact with the Au surface
of metamaterials in the format of electron transfer
and/or microenvironmental dielectric constant
change, which introduces DT change and further
ΔPV values near the resonant region. Usually, the
dielectric constant variation mainly leads to the shift
of f c and Γ, while the electron transfer mainly brings
the change of Γ. Frequency (wavelength) and inten-
sity interrogations mainly capture frequency shift in-
formation. DT interrogation, however, in principle
monitor both frequency shift and damping change
information cooperatively, especially for the case as
charge transfers between the substrate and the sens-
ing molecules. Chemically modified metamaterials
with the alkanethiol self-assembled monolayers have
two effects on the metamaterials. First, the polariz-
ability formed by the dipoles introduce the micro-
environment variation on the metamaterial surface
[42] from the vacuum dielectric constant ε0 to an
effective dielectric constant εeff . This mainly introdu-
ces the f c change as demonstrated by others [43].
Second, the surface potential of the metamaterials
is modified due to the Helmholtz potential formed
by the self-assembled monolayer as follows [42]:

ΔEvac�n� � −

enμ0
ε0εeff �n�

; (3)

where e is the elementary charge, μ0 is the dipole
moment of the isolated molecules, and n is the area
density of dipoles on the surface. The surface poten-
tial further introduces the electron transfer between
molecules and metamaterials due to the energy
level alignment [44], which results in the change

of damping constant. As discussed above, ΔPV are
also due to two aspects: one from the εeff and the
other from the surface dipole-induced surface poten-
tial change.

For comparison, we also do Lorentz fittings for the
resonant frequency changes due to different thiol
molecules. The initial f c for Mode1 and Mode 2 is
about 0.420 and 1.232 THz for pristine metamateri-
als, respectively. The initial Γ for Mode 1 and Mode 2
is about 0.1080 and 0.2020 THz, respectively. The fit-
tings suggest that the Γ change is almost constant
with the value of approximate 0.0004 THz for all
thiol molecules. Figure 7 demonstrates the f c change
for Mode1 [Fig. 7(a)] and Mode 2 [Fig. 7(b)] when
thiol molecules with different carbon atoms bond
to metamaterials. It is evident that the carbon num-
ber dependent with f c change is approximately linear
(blue dash lines in Fig. 7). This is consistent with
ΔPV dependent with the carbon numbers in Fig. 6.

6. Conclusion

We have theoretically and experimentally demon-
strated that DT can capture both the frequency shift
and the damping constant change cooperatively in
the application of THz metamaterial sensing. The
enhanced THz response near resonant regions in
metamaterials offers a promising way to read out the
carbon number in the self-assembled alkanethiol
molecular monolayers. Surface dipoles formed by
alkanethiol molecules interact with metamaterials
in the format of electron transfer and/or microenvir-
onmental dielectric constant change, which mainly
introduces DT change near the resonant region.
Numerical simulations also confirm that the en-
hancement is large at the gap and corner regions
of this kind of metamaterials. Our results can be ex-
tended to other wavelength regions and can be used
for other shapes of metamaterials analysis as well.
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