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Abstract— A metamaterial composed of diamond-shaped 
(70 m X 35 m) copper patches was designed and used to 
detect nanoparticles with 0.75-1.1 terahertz transmission 
spectroscopy. Deoxyribonucleic acid (DNA) bases adenine, 
thymine, cytosine, and guanine were detected and 
identified. Cytosine showed 1.7 dB higher absorption 
around 0.975 THz than the other bases. SARS-CoV-2 
infected saliva showed different spectrum and -10 dB 
higher absorption than uninfected saliva over 0.75-1.1 
THz. Other nanoparticles consisting of 100-500 nm  
antimony, carbon black, zeolite aluminosilicate molecular 
sieves), Terfenol-D (Tb0.3 Dy0.7Fe2), Cu2S, Ag2S, dust 
collected from bench tops, 10-100 m size diamond 
particles, red polystyrene beads, iron particles and 
graphene sheets were also tested.  Sensor sensitivity for 
uninfected saliva was 0.3 dB/ng and for infected saliva was 
0.8 dB/ng. The metamaterial surface studied here enables 
detection of airborne particles larger than 10 m in 
diameter.  
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I. INTRODUCTION  
SARS-CoV-2 virus is known to resonantly absorb terahertz 
electromagnetic waves owing to the virus’s vibrational modes 
[1]. The terahertz sensor discussed here has the potential to 
detect SARS-CoV-2 virus in 1-10 ms. Rapid (5-15 min) 
electronic SARS-CoV-2 sensors are reported [2-5] that usually 
require molecular recognition mechanisms based on aptamers 
or antibody/antigens for selective detection of viruses. 
Metamaterial (MTM) terahertz sensors do not require 
molecular recognition tags to differentiate between different 
particles. Viruses show different signature absorptions mostly 
in the 0.5-4 THz range in free space [1,6]. Our work reported 
here shows that coupling viruses and molecules with metallic 
focusing structures shifts their absorption peaks to lower 
frequencies making their detection more accessible with 
currently available commercial terahertz sources.  
 Our main objective is to develop a fast detection technique 
to sense airborne viruses. Preliminary studies by others have 
indicated that viruses such as SARS-CoV-2 absorb terahertz 
electromagnetic waves [1,6]. Label-free terahertz detection of 
SARS-CoV-2 can be enhanced by “focusing” structures such 
as bowtie antennas and by metamaterials. In addition to red-
shifting absorptions, terahertz signals interacting with the 

MTM structures result in hotspots providing enhancements in 
detecting particles/viruses. 
 Here we use an MTM composed of 70 m X 35 m metallic 
diamond patches on a dielectric substrate (r~3.8) (Fig. 1) to 
enhance electromagnetic interactions with airborne viral and 
other particles. SARS-CoV-2 become airborne and spread 
through aerosolized particulates generated by coughing or 
talking. Human saliva has an average relative permittivity of 
76 [7], while water’s relative permittivity is 80 at 20oC [8].  
Saliva consists of 99 % water and 1-2 % of biomarkers, urea, 
ions, enzymes, and other vital components [9]. Saliva exhibits 
different electrical/dielectric characteristics in the same person 
depending on their hydration level, fasting, activity, age, and 
health conditions [10]. Saliva also contains viruses and bacteria 
in infected individuals. Viruses are composed of capsid 
proteins and glycoprotein and inner deoxyribonucleic acid 
(DNA) or ribonucleic acid (RNA) cores that determine their 
dielectric properties [11]. Most DNA and RNA viruses have 
dry relative dielectric constant of 8-10. Our main objective here 
is to develop terahertz virus sensors that take advantage of 
“focusing” resonant structures as well as resonant absorptions 
in viral particles to detect viruses sensitively and selectively.  
 The metamaterial used in this work consists of 70 m x 35 
m diamond shape copper patches on a dielectric substrate 
(r~3.8) that exhibit multiple resonances in the range of interest 
(0.75-1.1 THz).  
  The above metamaterial can be fabricated over large areas 
and can be interrogated using a terahertz beam. To the best of 
our knowledge the work reported here is the first description of 
a remote sensing technique capable of detecting SARS-CoV-2 
viruses residing over large surfaces.  

 
Fig. 1:  Schematic of a diamond shaped metamaterial. 
 
 To detect low densities of materials including viruses, 
focusing structures are required. Metals used for focusing 
structures have large absorption coefficients in the terahertz 
range. Diamond patches used here are similar to partial mirrors 
developed for terahertz Fabry-Perot resonators reported before 
[12]. When virus-infected saliva particles (50 m – 200 m 
diameter) land on the meta surface sensors, they interact with 
the hot spot charges and change the transmission/reflection 
coefficients of the sensor surface. In surfaces without hot spots 

   um

   um

   um



such as uniform dielectric substrates, the change in 
transmission/reflection coefficients is much smaller.  

II. EXPERIMENTAL PROCEDURE AND RESULTS 
The experimental setup shown in Fig. 2 consists of a 

Keysight PNA N5224A and two Virginia Diode WR1.0 
Extension modules covering 0.75-1.1 THz spectral range. The 
MTM sample we used in our measurement had diamond 
copper patches fabricated using a computer-controlled milling 
machine with 30 m linewidth.  

All powder and dry nanoparticle samples were deposited on 
a scotch tape without pressing. It is well-known that this 
method enables the scotch tape to pick up a very thin, nearly a 
molecular/single layer of powder material. Liquid samples 
(usually 1 L) were deposited on the MTM and were 
subsequently supported by a thin film of dielectric (usually 
another layer of scotch tape) that resulted in a liquid film layer 
of ~ 20 m thick held by surface forces. All the terahertz 
spectra had 1601 frequency points and were averaged over 50 
nearby frequency points. 

 

(a  )    (b) 

 (c)         (d) 
 
Fig. 2: a) Schematic of the terahertz spectroscopy system used in our 
work. Samples were located between the transceiver horns.  b) Image 
of the setup. c) Samples deposited on a tape. d) Samples on a tape were 
pressed on the MTM. The THz beam was polarized along the diamond 
long axis. 
 

DNA Bases: Detection and identification of DNA bases 
adenine (A), thymine (T), cytosine (C), and guanine (G)  are of 
outmost importance in developing techniques to detect viruses. 
The DNA bases were deposited on scotch tape that picked up  
one molecular layer of the powder. They were then used 
directly to obtain the spectra shown in Fig. 3a. Subsequently, 
they were attached onto the MTM with the DNA side touching 
the copper patches. The MTM transmission spectra in this case 
is shown in Fig. 3b. All spectra were normalized to have the 
same magnitude at 0.75 THz. It is significant that even without 
the MTM, the DNA on scotch tape spectra are quite distinct. 
Theoretical and experimental studies in the past have shown 
that DNA bases have signature absorptions near 2 THz [13]. It 
appears that the scotch tape coated with DNA bases and the 
MTM have redshifted some of the absorption bands to below 
1.1 THz. The spectra obtained with the MTM structure show 
enhancement of the absorption for the cytosine and has 
modified the other spectra as well. A near-field terahertz probe 

[14] may be able to differentiate between individual molecules 
of ATCG bases.  

(a) 

(b) 
Fig. 3: Transmission spectra of a) DNA bases alone and b) DNA 
bases on the MTM structure.  
 
SARS-CoV-2 and Uninfected Saliva Samples: We placed 1 
µL of different saliva samples on the MTM and performed  3 
consecutive measurements on each sample. A healthy person’s 
saliva has a relative dielectric constant of 76 on average [7], 
and water has a relative dielectric constant of  ~ 78-81 in room 
temperature depending on its ionic content. The infected saliva 
has -5 dB higher absorption at 0.75 THz and increased to -10 
dB at 1.1 THz as shown in Fig. 4. There are other differences 
that will be explored in a future work.  

 
Fig. 4: Transmission spectra of the MTM with uninfected and SARS-
CoV-2 infected saliva. Negative and Positive samples are denoted by 
“N” and “P”,  respectively. 
 
 The MTM structure improved the detection capability and 
identification of saliva by -5 dB compared to the uniform 
substrate. The selectivity of the terahertz technique in detecting 
SARS-CoV-2 is demonstrated in [1]. SARS-CoV-2 is 
negatively charged in the saliva and the combination of its 
structural response to terahertz signal along with its 
conductivity, and its interaction with the sharp metallic regions 
on the MTM, enhanced and contributed to its absorption 
spectrum shown in Fig. 4. Aptamers designed to bind with the 
spiking proteins of the SARS-CoV-2 [4] can be used to coat 
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the MTM structure to increase its selectivity and specificity. 
The SARS-CoV-2 saliva samples used here were obtained 
from the University of Utah Medical School though a 
collaborative effort (please see the acknowledgement). A 
biosafety laboratory level 2 was used in the experiments.  
 
Insulating/Semiconducting/Conducting Nanoparticles:                
Saliva particles may absorb other airborne materials such as 
dust, soot, rust/iron, silica, and other  particles. Thus, it is 
important to understand the contribution of these particles in  
detection and identification of infected/uninfected saliva 
particles. To separate the inherent terahertz properties of these 
particles from the saliva and water, we present the experimental  
results using dry powders deposited on tapes.  
 Fig. 5a shows the results with diamond particles (few 
hundred micrometers in diameter), graphene flakes (up to 500 
m), and fine (~100 nm – 1 m) dust particles. Diamond 
particles have the highest conductivity and scatter the terahertz 
signal the most resulting in the highest absorption beyond 0.8 
THz. Dust particles, collected from benchtops, have the 
smallest absorption followed by the graphene flakes (50-100 
m dia.) 

(a) (b) 
Fig. 5: a) Transmission spectra of diamond, graphene and dust 
particles on the MTM. Dust particles are insulating compared to 
graphene. b) Transmission spectra of antimony, carbon black and 
zeolite particles on the MTM.  
 
    Fig. 5b shows the transmission spectra of antimony, carbon 
black and zeolite (aluminosilicate). Absorption in zeolite is 
smaller than antimony and carbon black. Zeolite is very 
insulating, and its particle size is around 1-10 m according to 
our atomic force microscopy studies. Larger particle sizes can 
result in larger scattering rates and higher effective absorptions 
measured by the instrument as seen in diamond particles. 
Zeolite has a transmission window at 0.93 THz. Carbon black 
and antimony have “signature” spectral variations around 0.8 
and 0.95 THz.  

Fig. 6a shows transmission spectra of CuS2, Ag2S and PdCl2 
that are generally considered as memristor materials with large 
ionic conductivity components. Their absorption coefficients 
are similar to graphene, dust, antimony, carbon black, and 
zeolite. Notably, Cu2O has a transmission window around 
0.965 THz. PdCl2 also has transmission peaks around 0.78 and 
0.975 THz.  

 Next, we examined terahertz transmission spectra of 
polystyrene beads (10-100 m dia. fluorescent), Terfenol-D 
and iron particles that are magnetic materials with high 
electrical conductivities, as shown in Fig. 6b.  Polystyrene is a 

good insulator and has the smallest absorption coefficient 
followed by Terfenol-D and iron particles. 
 The above results can be analyzed using the relationship 
between the terahertz transmission coefficient (T) and the 
electromagnetic properties of the material: T= 2ZL/(ZL+Zs), 
where ZL  is the load impedance at the frequency of  
measurement and Zs is the source impedance. The load 
impedance is the material impedance related to the material 
conductivity (), permittivity () and permeability (): ZL= 
L/(A) +1/(j A/d) or: ZL= L/(A) + j  L, where L is the 
sample length, and A is its cross-sectional area. L and A are 
related to the interaction volume with the terahertz beam. The 
terahertz wave is absorbed by the sample, transmitted, or 
scattered. Non-uniform samples consisting of particles with 
10-100 m sizes can strongly scatter the terahertz signals (1 
THz wavelength is 300 m). The transmitted power (Pt) is 
related to the total incident power (Pin), to the absorbed (Pa), 
reflected power (Pr) and scattered (Psc) powers: Pt=Pin-Pa-Psc-
Pr. The transmitted and reflected powers are forward and back 
scattered powers and are routinely measured using simple 
experimental arrangements.  Psc contains important 
information regarding the particle size. Pa contains important 
information regarding absorption mechanisms in the sample. 
MTM contributes to all these components of the power and if 
not designed properly, it can increase the absorbed power 
significantly. It should have minimum absorption and 
scattering while creating intense hot spots to increase the 
electromagnetic interactions with the sample. In the 
transmission spectra shown in Figs. 3-8 conducting samples 
exhibited smaller transmission coefficients as expected since 
they have larger absorption coefficients.  

(a) (b) 
Fig. 6: a) Transmission spectra of Cu2O, Ag2S and PdCl2 on MTM. 
b) Transmission spectra of polyester red beads (10-120 m in 
diameter), Terfenol-D powder, and iron particles (1-50 m dia.). 
 
 The sensitivity of the terahertz technique is given by: 𝑆a =
−

𝜕𝑆21

𝜕𝑚
, where S21 is the reflection coefficient and “m” is the 

material mass deposited on the senor.  Sa  for uninfected saliva 
was 0.3 dB/ng and for infected saliva was 0.8 dB/ng with MTM 
substrate at room temperatures. 

III. CONCLUSION 
  We demonstrated the ability of a diamond-shaped MTM 
terahertz sensor in detecting and differentiating DNA bases, 
SARS-CoV-2  infected and uninfected saliva samples, and 
many conducting, semiconducting and insulating micro and 
nano-particles. All experimented particles were smaller than 
the THz wavelength  (</10) and were nearly one monolayer 

   

   

  

  

  

  

                

  
  

   
 

               

       
        
      

  

  

  

  

  

  

                          

  
  

   
 

               

        
            
       

  

  

  

  

  

  

                          

  
  

   
 

               

             
   

   

   

  

  

  

  

                          

  
  

   
 

               

                      



thick. The MTM increased the sensitivity of the terahertz 
technique across the board by more than -5 dB.  
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