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Abstract 

 

Poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT:PSS) 

has actively been studied and used for its application in optical and electrical 

devices such as photovoltaic, solar cells and sensors due to its superb processibility, 

thermal stability, organic compatibility and high electric conductivity. In this 

thesis, PEDOT:PSS aqueous solutions with different dilution were drop casted on 

the slot antennas of which width ranges from micro to nano size and THz 

transmission was measured. PEDOT:PSS allows the flow of electric current across 

the antenna gap alleviating the capacitive charge accumulation and consequently 

leading to the decrease in transmission. Although the conductivity of PEDOT:PSS 

is 5 orders less than the ones of metal, the effect of PEDOT:PSS in transmission 

decrease appeared clearly favored by the strong electric field inside gap. The drop-

cast of extremely diluted PEDOT:PSS solution of 0.001 wt.% which corresponds 

to a nano thin film displays transmission decrease of 19 % and 5.7 % in each case 

of 30 nm and 1 um slot antenna. The result implies that thin film of PEDOT:PSS 

on the nano slot can be applied as a real-time gas sensor with enhanced sensitivity. 

 

 

Keywords : Terahertz Transmission, PEDOT:PSS, Nano-slot 

antenna           

Student Number : 2017-22335 



ii 

 

Table of Contents 

1. Introduction ................................................................................................ 1 

2. THz transmission of Nano slot antennas .............................................. 4 

2.1. Transmission dependence on slot geometry ........................................ 8 

2.2. Transmission dependence on surrounding dielectric mediums ....... 10 

2-3. Applications of nano slot antenna composites ................................... 12 

3. PEDOT:PSS ......................................................................................... 15 

4. Experiment ........................................................................................... 18 

4-1. Fabrication of slot antennas ............................................................... 19 

4-2. THz-TDS setup .................................................................................... 21 

4-3. PEDOT:PSS drop casting ................................................................... 23 

5. Results .................................................................................................. 24 

5-1. Refractive index of PEDOT:PSS film ................................................ 25 

5-2. Transmission of slot antennas ............................................................ 28 

5-3. Transmission of PEDOT:PSS on slot antennas ................................ 29 

5-4. Analytic calculation of transmission of PEDOT:PSS on slot antennas

 ................................................................................................... 31 

6. Summary .............................................................................................. 34 

7. References ............................................................................................ 36 

국 문 초 록 .............................................................................................. 44 

 



1 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 
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Since the discovery of extraordinary transmission through thin metal films 

perforated with an array of sub-wavelength apertures, the newly introduced 

concept for the enhanced transmission, surface plasmon polariton (SPP), has 

been investigated extensively for decades. (1) In the visible and near-infrared 

regions, the enhanced transmission of light in metallic structures can be achieved 

by the surface plasmon response. (2, 3, 4) In the terahertz regime, the coupling 

between electromagnetic waves and moving charges at the metal surface is 

typically weak for the planar metal. However, as the waveguide cross-section 

tends to be a nanoscale, high electric field confinement appears at THz 

frequencies. (5) It was shown that the nanogap width which was approximately 

four orders of magnitude smaller than the incident wavelengths exhibited 

enormous field enhancement of a thousand. (6) The tight confinement of high 

intensity THz field into small spatial areas provides various potential 

applications such as nonlinear optics, deep-subwavelength imaging and sensing.  

Among many applications of metamaterials based on nano scale gap 

structures, devices for chemical and biological sensing have been developed 

actively exhibiting enhanced THz absorption cross section by virtue of field 

enhancement. (7, 8, 9) Recently, along with colossal THz absorption, it is 

implied that utilization of charge transfer across the metal gap due to field 

enhancement leads to THz applications with advances. (10) Besides light 

absorption mechanism, charge transfer mechanism can solely or mainly be 

utilized in metamaterial applications. Applications of conductive polymers on 
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the gap of metamaterials have been researched recently. For example, real-time 

gas sensor based on split ring resonator coupled with conducting polymer (11) 

and terahertz metamaterials acting as transducers for chemical sensor (12) were 

reported recently. 

In this thesis, the effect of conductive polymer on transmission amplitude 

decrease in THz transmission of metamaterial is investigated. Here we choose 

slot antennas as metamaterials and aqueous PEDOT:PSS solution was drop 

casted on slot antennas to form conductive polymer across metal gap. To see the 

effect of conductive polymer on the transmission with different field 

enhancement, 1 um and 30 nm were chosen for the width of slot. Since now the 

metal gap is filled with conductive material, the following questions arise 

naturally. Will the THz wave-induced charge accumulation of electrons on the 

capacitive metal gap be alleviated enough by the current across the metal gap 

bridged by the conductive polymer even though the electronic conductivity 

value of metal is significantly higher (5 orders) than the one of PEDOT:PSS? 

How much small amount of PEDOT:PSS can be placed on the metal gap so that 

there is a recognizable decrease in transmission? To answer these questions, 

water-diluted PEDOT:PSS solutions with various concentration were drop 

casted on gold slot antennas. Slot width was varied from micro scales to nano 

scales. 
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2. THz transmission of Nano slot antennas 
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One of famous analytical approach for the strong resonance transmittance 

through a subwavelength rectangular hole was conducted by F. J. Garcia-Vidal 

et al.. (13) According to this theory, transmittance is controlled simply by lengths 

of two sides of rectangular. With the approximation of subwavelength regime 

and perfect electronic conductor (PEC) treatment on metal, the normalized-to-

area transmission can be obtained by 𝑇𝑟𝑒𝑠  ≈  
3

4𝜋

𝜆𝑟𝑒𝑠
2

𝑎𝑥𝑎𝑦
 ≈  

3𝑎𝑦

𝜋𝑎𝑥
 , where 𝑎𝑥  and 

𝑎𝑦 are length of short side and long side and 𝜆𝑟𝑒𝑠 is resonance of wavelength 

which is approximately two times of long side length. Since ratio of long side to 

short side of rectangular is proportional to the normalized-to-area transmittance 

at resonance, a huge transmittance can be obtained if aspect ratio of rectangular 

hole is high enough.  

Other than short wavelength regimes such as UV and visible spectrum, 

PEC condition has been applied on metal in THz regime. The plasma frequency 

of metals is typically in the UV region of the electromagnetic spectrum. 

According to Drude model, the real and imaginary components of permittivity of 

metals have very large absolute values in terahertz regime. Thus it is valid that 

metal is treated as perfect electronic conductor (PEC) in THz regime and the 

aforementioned relations are applicable. 

Using the fact that strong field enhancement can be occurred by narrowing 

the width of gap, a lot of researches has been conducted theoretically and 

experimentally. (6, 14, 15, 16) 
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Figure 1 Giant THz field enhancements in nanogap ring structures 

(from Ref. 14) 

 

Fig. 1 (a) is the illustration of THz waves being funneled through nanogaps. Fig. 

1 (b) is a 2D FDTD simulation presenting electric-field enhancement reaching up 

to four orders of magnitude in the 1 nm-wide slit. Fig. 1 (c) shows experimental 

setup for THz-TDS. FIg. 1 (d) is time traces for transmitted THz waves through 

the bare substrate (reference), unpatterned Ag film and nanogap samples with the 

gap sizes of 1, 2, 5 and 10 nm. Fig. 1 (e) is Fourier-transformed electric-field 

transmitted amplitude, normalized by the reference signal, as a function of 

wavelength. In fig. 1 (f), field enhancement was plotted in frequency domain. 
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Dashed lines indicate calculated transmission spectra and solid lines indicate 

measured fields.  
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2.1. Transmission dependence on slot geometry  

 

The incident light onto the slot induces the current in the metal surfaces 

accumulating near the edges of metals. Owing to this accumulation of charges, 

the enhanced electric field presents inside the nanogap. When the thickness of 

metal film h and gap width w are similar in size, the accumulations are spread 

slightly away from the edges by the gap size explaining the strong dependence of 

field enhancement on the gap size. The distortion of current flow on the metal 

surface can be alleviated and resemble the straight current flow on bare metal 

film when the size of width is smaller than that of thickness. In this case, we can 

get the ultimate field enhancement factor, 
𝐸𝑔𝑎𝑝

𝐸0
=  

𝜆

(𝜀𝑔𝑎𝑝𝜀0)𝜋ℎ
 which is 

independent of gap width. 𝐸0 is the incident electric field amplitude and 𝐸𝑔𝑎𝑝 

is the transmitted electric field amplitude through the apertures. 휀𝑔𝑎𝑝 and 휀0 are 

permittivity of the gap material and vacuum respectively. (16)  

     Fig. 2 shows that the electric field enhances dramatically and resonance 

transmission is blue-shifted as the gap thickness decreases. (17) 
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Figure 2 (a) Field enhancements of nano gap antennas as a function 

of the gap thickness (b) Experimental normlaized transmissions and 

field enhancements of 2 nm wide slots on quartz substrate (from 

Ref. 17) 

 

As the gap width is reduced, metal surface plasmons coupling over the gap 

become considerable. Limit in field enhancement and red shift in resonance 

transmission come from gap plasmon. (18) As the gap width goes further to 

subnanoscale, a substantial decrease in transmission amplitude is observed. 

Electrons at the gap edge tunnel through the potential barrier of subnanogap 

preventing charge accumulation at the metal edges resulting in reduced field 

enhancement. (19) Recently it is reported that quantum tunneling of nano gap can 

occur over 1 nm-width gap regime. (20)  
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2.2. Transmission dependence on surrounding 

dielectric mediums 

The transmission resonance of nano gap supported by substrate is red 

shifted compared by the free standing one. The resonance wavelength is related 

with 𝑛𝑟𝑒𝑠  by 
𝜆

2
=  𝑛𝑟𝑒𝑠𝑎𝑦  where the refractive index 𝑛𝑟𝑒𝑠  depends on gap 

thickness and lies in between 1 and the substrate refractive index. (21)  

Besides resonance behavior, the substrate affect the field enhancement as 

shown in Fig 3. 

 

 

Figure 3 Transmission of 5-nm slits with/without silicon substrate 

(from Ref. 22) 
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Cross-section scheme of 5-nm slits with/without silicon substrate of 300 um 

thickness is depicted in Fig. 3 (a). 15 fold enhanced field enhancement is 

observed at 0.14 THz when Si substrate is removed.  The reduced field 

enhancement with substrate can be explained by the nanoslit response to a 

effectively smaller wavelength λ𝑒𝑓𝑓 =
λ

n𝑒𝑓𝑓
 where n𝑒𝑓𝑓 is given by  

n𝑒𝑓𝑓 = √
𝑛𝑔

2+𝑛𝑠
2

2
. 𝑛𝑔  and 𝑛𝑠  denote refractive index of gap and substrate 

respectively. (22, 23) 

The peak position of field enhancement can also be affected by thin 

dielectric film coated on nano gap. (24) The resonance behavior has been 

investigated with sub-10 nm annular gap array.  The 10 nm gap displays 3 times 

higher sensitivity than 1 um gap on detection of 10 nm aluminum oxide (Al2O3) 

film. Since the refractive index on the gap is replaced by the one of Al2O3 instead 

of air one, peak resonance behavior shows red-shift.  However, sub-nano gap (2 

nm, 5 nm) showed lower sensitivity with 10 nm dielectric overlayer. Stronger 

field confinement brings narrower probing region over the gap, which is related 

with field decay length.  Gap-plasmon explains that as gap narrows, effective 

mode index becomes higher rendering the nano gap less sensitive to the index of 

overlayer. 
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2-3. Applications of nano slot antenna composites  

 

As for a first example of the application of nano slot antenna, hybrid 

nanogap-𝑉𝑂2 device exhibits an anomalous transition behavior with switching 

actions at much below the insulator to metal transition temperature of bare 

vanadium dioxide. (25) 

 

Figure 4 Anomalous transition behavior of hybrid nanogap-VO2 

device (from Ref. 25) 

 

Vanadium dioxide has temperature dependant phase transition from 

insulator to metal state at 68 °C. The hybrid structure is depicted in Fig. 4 (a). 

Gold is patterned on 𝑉𝑂2 film using conventional photolithography and atomic 

layer deposition method. At even 40 °C earlier than vanadium transition 

temperature, the responses of thermally excited electrons and holes  are 
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considerable in terahertz transmission due to nano gap interaction as shown in 

Fig. 4 (b). This result implies a potential application as a room-temperature phase 

transition device. 

In a second example, tens of nanograms of RDX (1,3,5-trinitroperhydro-

1,3,5-triazine) drop casting on a single nano slot was conducted filling the gap 

with only tens of femtograms of molecules. (7) 

 
Figure 5 Absorption coefficient of molecules filling the gap as 

function of slot width (from Ref. 7)  

 

The colossal absorption coefficient of nano slot antenna can reach over the 

value of 100000 𝑐𝑚−1 with three orders of magnitude of cross section of the 

molecules as illustrated in fig. 5. In nano slot environment, the asymmetric 

electromagnetic ratio, 
𝐸

𝑍0𝐻
 over 103, is the main mechanism of colossal 

absorption. Here E and H are respectively electric and magnetic field inside nano 



14 

 

slot and 𝑍0 is impedance of free space. This is promising working frame in THz 

chemical and biological sensing area.  

As empirically shown in above examples, the small change of gap 

material’s property brings abrupt changes of optical signals in THz regime.  
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3. PEDOT:PSS 
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A conductive polymer, poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS), consists of PEDOT and PSS. PEDOT is a conjugated 

polymer and carries positive charges. PSS carries negative charges and is 

deprotonated polymer surfactant which helps stabilize PEDOT in water and other 

solvents. PEDOT:PSS dispersed in water is shown in Fig. 6.  

 

Figure 6 The chemical structure of PEDOT:PSS dispersed in water 

(Image from Sigma Aldrich Company) 

 

PEDOT:PSS possesses great processability with water, high transparency 

in visible range, catalytic properties, mechanical flexibility, thermal stability and 

high conductivity (~1S/cm) among other polymers. A wide range of electrical 

conductivity from 10−2 to 104 (S/cm) with additives or post treatment. (26,  
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27) Also, continuous thin film can be built on various substrates by spin coating, 

drop casting, doctor blade, spray deposition, etc. 

 

The conductivity of PEDOT:PSS can be enhanced significantly with 

diverse strategies. For example, the treatment with organic solvents or ionic 

molecules enable the conductivity to reach up to 100 S/cm. (28, 29) Recently,  a 

lot more improved conductivity enhancement has been achieved. Initial doping 

with dimethyl sulfoxide(DMSO) and adding LiClO4 as a secondary dopant 

provide the PEDOT:PSS film with the conductivity of 950 S/cm. (30) Treatment 

with organic solutions and salt of the organic solution, methylammoniun bromide 

(MAI), give the highest value of 2100 S/cm. (31) 

As for the application, PEDOT:PSS can be applied as transparent electrode 

in organic solar cells device. Owing to its advantages such as good adhesion to 

organic and polymeric materials, low cost expense, flexibility and fast response, 

PEDOT:PSS has been accepted one of prominent future component in organic 

solar cells replacing indium tin oxide (ITO). (32, 33)  Besides organic solar cells, 

a wide range of applications such as LED electrode, photovoltaics and field-effect 

transistor are included. (34, 35, 36)  
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4. Experiment 
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4-1. Fabrication of slot antennas 

 

 
Figure 7 The microscope images of slot antennas 

 

Negative photoresist (MAN 2405) was spin coated on silicon substrate of 

500 um thickness and 1 cm by 1 cm area.  After soft baking, photoresist was 

written by electron beam. After developing photoresist with a developer solution 

(ma-D 525), 100 nm thin gold film was deposited on silicon substrate using e-

beam evaporator machine.  We fabricated slot antenna of which length and width 

are 80 um and 1 um respectively. The 20 by 10 slot antennas were arranged over 

1 mm by 1 mm area with 50um by 100 um periodicity. The microscope image of 

1 um-width-slot antenna is displayed in Fig. 7 (a).  

For the fabrication of rectangular shaped nano gap sample, we used 

conventional atomic layer lithography method. Photoresist (AZ 5214E) was spin 

coated on bare silicon substrate and soft baked. Then the silicon substrate was 



20 

 

exposed to UV beam topped by a photomask and reversal baking was processed. 

After second UV exposure without a photomask, the photoresist was developed 

by a developer solution (MIF 500). Using e-beam evaporator, 100 nm gold was 

deposited as a first metal layer. For the adhesion between substrate and gold, 3 

nm- chromium was deposited priorly.  To remove photoresist residual, sample 

was sonicated with acetone. A 30 nm layer of 𝐴𝑙2𝑂3 was grown on the surface 

of sample through atomic layer deposition (ALD) process. Subsequently, second 

metal deposition was conducted. The remnant second metal layer left on the first 

layer was tapped off. Lastly, sample was dipped in KOH solution for 30 seconds 

to etch Al2O3 out of the metal surface. The rectangular shaped- gap of 30 nm  

was formed with side lengths of 10 um and 40 um. The rectangular arrays 

occupied the whole area of substrate surface with the 20 um by 50 um periodicity. 

The microscope image of 30 nm-width-slot antenna is displayed in Fig. 7 (b).  
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4-2. THz-TDS setup 

 

 

Figure 8 The scheme of terahertz time domain spectroscopy setup 

 

We performed far-field THz time domain spectroscopy (THz-TDS). By 

measuring time domain signal, we can get both time and phase information of 

samples. Femtosecond pulses of 780 nm-center wavelength generated by 

Ti:sapphire mode locking were split by polarizing beam splitter for generation 

and detection THz signals. One of the infrared beam was focused onto a GaAs 

photoconductive antenna to generate a THz single pulse with maximum field 

strength of 30 V/cm and the other infrared beam was collected to ZnTe crystal to 

detect THz signal by electro optic sampling. The emitted THz pulse was focused 

on the sample by off-axis parabolic mirrors. The 1 um-width-slot antenna was 

aligned so that the short side of rectangular was parallel to the polarization of the 

pulse. For ring shaped-nanogap of 30 nm sample, the short side of rectangular 

shape was aligned in the same manner. To measure only 1mm by 1mm area of 
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samples, a thick aluminum plate with 1 mm by 1 mm square hole was attached 

to the sample on the incident side. The transmitted electric field in time domain 

data is computationally fourier transformed to get spectral amplitude and phase 

in a range from 0.2 THz to 1.5THz. Then, the far-field transmittance through the 

sample was normalized with the one through bare silicon substrate.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

4-3. PEDOT:PSS drop casting 

 

The aqueous PEDOT:PSS solutions of different concentration were 

prepared by diluting the pristine one with DI water. Pristine PEDOT:PSS aqueous 

solution, consisting of 1.3 wt.% PEDOT:PSS (weight ratio of PEDOT to PSS 1 : 

1.6) dispersed in water was purchased from Sigma Aldrich, USA. The 

conductivity of pristine PEDOT:PSS  was 1 S/cm. By diluting pristine solution 

with different amount of water, four additional solutions of 0.5 wt.%, 0.1 wt.%, 

0.01 wt.%, 0.001 wt.% were obtained. Then, each of solution was stirred for 12 

hours. 5 ul of each solution was drop casted on the slot antenna followed by 

baking of 120 degree for 10 mins.  

To get more uniform polymer film on gold surface, dropped solution was 

confined in a rubber o-ring with inner diameter 5 mm. To avoid surface roughness 

caused by coffee ring effect, the area between center of circle and outermost area 

was chosen for the measurement. Drying of confined solution at room 

temperature followed by 120 degree baking could produce uniform area of 1 mm 

by 1 mm.  
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5. Results 
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5-1. Refractive index of PEDOT:PSS film 

 

To get the refractive index of PEDOT:PSS, aqueous PEDOT:PSS solution 

of two different dilutions (0.5 wt.%, 1.3 wt.%) were drop casted on silicon 

substrate and  after baking, THz transmission was measured. For the lower 

dilutions (0.1 wt.% , 0.01 wt.% and 0.001 wt.%), sample signal was barely 

distinguishable with the reference one. By considering Fabry-Perot effect, 

multiple reflections at interfaces of flat and parallel mediums, refractive index of 

polymer film can be deduced from the measured complex transmission 

coefficients (amplitude and phase). (37) The complex transmission coefficients 

is obtained by dividing the transmission signal with sample (𝐹𝑠𝑎𝑚𝑝𝑙𝑒) by the 

transmission signal without sample (𝐹𝑟𝑒𝑓). (The scheme shown in Fig. 9) 

  

Figure 9 Scheme of medium arrangement for reference and sample 

signals 
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𝑇𝑠𝑎𝑚𝑝𝑙𝑒(ω) =  
𝐹𝑠𝑎𝑚𝑝𝑙𝑒(ω)

𝐹𝑟𝑒𝑓(ω)
=  

2�̃�2(�̃�1+�̃�3)

(�̃�1+�̃�2)(�̃�2+�̃�3)
× exp [−𝑗(�̃�2 − �̃�𝑎𝑖𝑟)

ωL

𝑐
] ×

FP(ω) , where FP(ω)  represents the Fabry-Perot term given by FP(ω) =

 
1

1−(
�̃�2−�̃�1
�̃�2−�̃�1

)(
�̃�2−�̃�3
�̃�2−�̃�3

)×exp [−2𝑗�̃�2
ωL

𝑐
]
 

Here n, ω , c and L denote refractive index of each medium, angular 

frequency, velocity of light and thickness of sample film, respectively. In our case, 

air and silicon substrate were chosen as medium 1 and medium 3. The refractive 

index of silicon substrate, 3.53, was extracted from temporal delay between first 

and second pulse signal in time domain. The thickness of each polymer film was 

obtained by cross-sectional SEM (Scanning Electron Microscope) image. 750 nm 

and 3 um correspond to 0.5 wt.% and 1.3 wt.%, respectively. With the measured 

complex transmission, the unknown sample refractive index can be deduced 

using an algorithm called “on-the-downhill” method. (38) At the frequency of 0.5 

THz and 0.75 THz, the resultant values are presented in Table 1.  
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Refractive 

index 

 

Concentration 

0.5 THz 0.75 THz 

n k n k 

0.5 wt.% 18.4

2 

9.02 15.56 7.56 

1.3 wt.% 10.0

5 

4.8 8.99 5.64 

Table 1 Refractive index of PEDOT:PSS film of different  

concentration at 0.5 THz (left) and 0.75 THz (right) 

 

As concentration is lowered, both real and imaginary part are increased, 

which implies higher conductivity. The morphology of PEDOT:PSS is that 

conductive PEDOT:PSS grains are surrounded by insulating shell of excess PSS 

chains. The conduction of PEDOT:PSS originates from hopping of charge 

carriers between the PEDOT-rich grains. (39, 40) Considering this fact, lower 

conductivity in thicker film is possibly attributed to the slight water remnant in 

between PEDOT:PSS grains, which interrupts hopping mechanism. 
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5-2. Transmission of slot antennas 

 

 

Figure 10 Transmission spectrum of slot antennas  

 

The transmission amplitude and field enhancement are presented at Fig. 10. 

The transmission amplitude was normalized with the reference signal where the 

terahertz waves penetrate only the bare silicon substrate. The peak resonances are 

0.98 THz and 0.78 THz for a 30 nm-sample and a 1 um-sample, respectively. In 

the far field detection scheme, field inside metal gap can be approximately 

obtained using Kirchhoff integral formalism. (41) According to this, field 

enhancement, the ratio of electric field inside gap to incident electric field, is 

simply obtained by dividing normalized amplitude by the coverage ratio of 

nanogaps to the whole sample. The field enhancement of 1 um-sample is 19. For 

30 um-sample, the field enhancement was 169, approximately 9 folds higher than 

former one. 
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5-3. Transmission of PEDOT:PSS on slot antennas 

 

Figure 11 Transmission of slot antennas covered by each 

PEDOT:PSS solution (Left : 1 um-width slot, Right : 30 nm-width 

slot)  

 

Fig. 11 (a) and (b) depict normalized transmission spectrum of 1 um (left) 

and 30 nm (right) sample respectively baked with solutions of various dilution. 

Since the conductivity value brings increment on both the real and imaginary part 

of refractive index, redshift of resonance and transmission decrease observed 

altogether.  

Before further mention about the graph above, it is required to know about 

distribution of polymer around the metal gap. Regarding to the cross-sectional 

SEM image, polymer accumulated well inside the metal gap of 1 um width. 

However, for the 30 nm sample, considering the fact that the size of PEDOT:PSS 
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grain distributes from 20 nm to 80 nm (40), it may assumed that the polymer 

bridges over the metal gap.   

In 0.001 % case, 30 nm sample displayed much higher transmission 

decrease than 1 um-width sample despite of different spatial distribution of 

polymer. The transmission decrease of 30 nm gap is 19 % which is more than 3 

folds higher than the one of 1 um gap (5.7%).   

In 0.01 % and 0.1 % cases, both samples displays similar extent of decrease 

in transmission despite of 1 order difference in field enhancement. In nano-gap 

case, the electric field decays away from gap surface and the spatial decay range 

is similar order with the gap width. (24)  Considering that the thickness of 0.1 % 

polymer is 30 nm, there should be a lot more transmission decrease for 30 nm. It 

is inferred that the height mismatch between first and second metal layer rendered 

the decay range narrower. (42) Accordingly, the polymer distribution of further 

accumulation is not confined in strong-field region for 30 nm sample.  

While the transmission decrease of 1 um sample is almost saturated after 

0.5 % concentration, saturation was not observed for 30 nm sample until pristine 

one. In nanogap sample, it is expected that further accumulation of polymer 

brings additional gravity of polymer which plays closer contact between polymer 

and metal gap.   

 

 



31 

 

5-4. Analytic calculation of transmission of 

PEDOT:PSS on slot antennas 

 

In this thesis, modal expansion method designed by Garcia-Vidal et al. (18) 

is incorporated as a tool for the analytic calculation of transmission of slot 

antennas. In this theory, PEC (perfect electric conductor) condition is assumed 

where the conductivity of metal is supposedly infinite. The electromagnetic field 

is expanded in k-space in the incident region (I) and in the transmission region 

(III). (See below in Fig. 12 (a))  

 

Figure 12 (a) The modal expansion scheme (b) Field enhancement 

of slot antennas (width: 1 um (black) and 100 nm (red)) with gap 

filled with air (straight line) or PEDOT:PSS (dot line) 
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Since the slot width is much smaller than the length as in our case, it is 

assumed that only a single mode of 𝑇𝐸10 in the gap region (II) is excited by the 

incident field. The fields are written as below. 

𝐻𝑦
Ⅰ =  √

휀0

𝜇0
∫ 𝑑𝑘𝑥𝑑𝑘𝑦[𝛿(𝑘𝑥)𝛿(𝑘𝑦)𝑒𝑖𝑘1𝑧𝑧 + 𝑔𝑦(𝑘𝑥, 𝑘𝑦)𝑒𝑖𝜃𝑒−𝑖𝑘1𝑧𝑧] 

𝐻𝑦
Ⅲ =  √

휀0

𝜇0
∫ 𝑑𝑘𝑥𝑑𝑘𝑦[𝑓𝑦(𝑘𝑥, 𝑘𝑦)𝑒𝑖𝜃𝑒𝑖𝑘3𝑧(𝑧−ℎ)] 

𝐸𝑥
Ⅱ = cos

𝜋𝑦

𝑙
[A𝑒𝑖𝛽𝑧 + 𝐵𝑒−𝑖𝛽𝑧], where β = √휀2𝑘0

2 − (
𝜋

𝑙
)2, 𝜃 = 𝑘𝑥𝑥 + 𝑘𝑦𝑦.  

With continuous boundary conditions of electromagnetic fields at the interfaces 

between region I and region II and between region II and region III as expressed 

below,  

𝐻𝑦
Ⅰ(𝑧 = 0) = 𝐻𝑦

Ⅱ(𝑧 = 0) 

𝐸𝑥
Ⅰ(𝑧 = 0) = 𝐸𝑥

Ⅱ(𝑧 = 0) 

𝐻𝑦
Ⅲ(𝑧 = ℎ) = 𝐻𝑦

Ⅱ(𝑧 = ℎ) 

𝐸𝑥
Ⅲ(𝑧 = ℎ) = 𝐸𝑥

Ⅱ(𝑧 = ℎ) 

we finally reach an equation for the electric field at the center of the gap exit, 

𝐸𝑔𝑎𝑝 =
𝐼0𝐺𝑉

(𝐺Ⅰ−𝛴)(𝐺Ⅲ−𝛴)−𝐺𝑉
2,  where 𝛴 =

β

𝑘0

𝑡𝑎𝑛βh
, 𝐺𝑉 =

β

𝑘0

𝑠𝑖𝑛βh
, 𝐼0 =

4√2

𝜋𝑖
, 
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𝐺Ⅰ,Ⅲ =
𝑖

(2𝜋)2 ∫ 𝑑𝑘𝑥𝑑𝑘𝑦[
𝑘𝑥

2+𝑘1,3𝑧
2

𝑘0𝑘1,3𝑧

𝑤𝑙

2
|

2

𝑤𝑙
∫ 𝑑𝑥𝑑𝑦𝑐𝑜𝑠

𝜋𝑦

𝑙
𝑒−𝑖 𝜃

𝑔𝑎𝑝 𝑎𝑟𝑒𝑎
|

2

  

Lastly, as moving from a single slot case to a periodical slot arrays case, the k-

space integrals are replaced with the summation of ∑
2𝜋

𝑑
𝑚𝑚  where m is integer 

and d is the periodicity of array pattern.  

Field enhancement was calculated for each case where the gap is filled with 

or without PEDOT:PSS. (See the Fig.12 (b)) The slot widths were chosen as 100 

nm and 1 um. The other slot specifications are chosen same as the one of 1 um-

width sample. The case of narrower width (less than 100 nm) was limited for the 

exact calculation with PEC condition. In this calculation, the real and imaginary 

part of refractive index of PEDOT:PSS were selected as 8.99 and 5.64 

respectively corresponding to the values of 1.3 wt.% solution at 0.75 THz.  

The transmission decrease of 1 um-width slot antenna was 78.2 % which 

was even higher than the experimental value, 76.4 % where the additional 3 um 

polymer accumulation brought further decrease in transmission. It is expected 

that the photoresist remnant inside the gap alleviated the transmission 

decrease.  It is noticeable that the calculated transmission decrease in 100 nm-

width case reaches 95.6 %. The highest experimental transmission decrease of 30 

nm-width sample was 63.2 %. If the conductive polymer could well trapped 

inside the gap, a lot more decrease (more than 95.6 %) is achievable.  
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6. Summary  
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PEDOT:PSS has been actively and widely used for its superb properties 

such as  processiblity, conductivity, compatibility and stability. In this thesis, 

diluted aqueous PEDOT:PSS solution was employed as a tool for the inspection 

of the effect of conductive polymer on transmission decrease of slot antennas.   

Despite of 5 orders difference in conductivity between PEDOT:PSS and 

gold metal, noticeable change in transmission decrease was observed in both 1 

um-width and 30 nm-width sample covered by nano sized polymer film. 

Especially, for the lowest concentration (0.001 wt.%), 30 nm sample performed 

approximately 3 folds higher sensitivity over 1 um sample. More drastic 

transmission decrease of nano gap can be achieved by geometric adjustment such 

as height match of metal layers, thinner metal layer and narrower gap. 

The conductivity of PEDOT:PSS is affected by gas environment such as 

humidity, ammonia and carbon dioxide etc. (11, 43) Considering the ability of 

slot antennas to detect the nano-thin film in transmission, slot antenna can bring 

further improved sensitivity and faster response to the sensor devices. (39) The 

higher performance can be achieved with a narrower gap sample. 
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국 문 초 록 

 

PEDOT : PSS 는 탁월한 가공성, 열 안정성, 유기적 호환성, 높은 

전기적 전도성으로 인해 광전지, 태양 전지 및 센서와 같은 전기적, 

광학적 장치에서의 응용에 활발히 연구되고 있다. 이 논문에서는 

PEDOT : PSS 수용액을 마이크로에서 나노 크기까지의 폭을 가지는 각 

슬롯 안테나 위에 희석량을 달리한 PEDOT : PSS 수용액 물방울을 

떨어뜨려 말린 후, 테라헤르츠를 투과시켜, 테라헤르츠 투과율 

측정하였다. PEDOT : PSS 는 안테나 구멍을 가로지르는 전류통로를 

만들어 줌으로써, 전기용량적 전하 축적을 완화시키며, 따라서 

테라헤르츠 투과율을 감소시킨다. PEDOT : PSS 의 전도도는 금속의 

전도도보다 대략 105 배나 작음에도 불구하고, 안테나 구멍 내부의 

강한 전기장의 도움을 받아, PEDOT : PSS의 테라헤르츠 투과율 감소가 

뚜렷이 측정이 되었다. 0.001 중량 %의 극도로 희석 된 PEDOT : PSS 

수용액의 경우, 각각 30nm 및 1um 슬롯 안테나에 대해 19 % 및 

5.7 %의 투과율 감소를 보였다. 이 결과는 PEDOT : PSS의 얇은 박막이 

실시간 가스 감지 디바이스에 향상된 감지능력을 가져올 것으로 

전망된다. 

 

주요어 : 테라헤르츠 투과도, PEDOT:PSS, 나노슬랏 안테나  

학 번 : 2017-22335
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