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PMC is at a local maximum of absolute electric fi eld strength. 
An object placed close (<< λ/4) to the surface of a PMC will 
therefore have a stronger interaction with electric fi elds than an 
object placed close to the surface of a PEC. This unique PMC 
property can be exploited in a broad range of applications from 
antennas, [ 1–4 ]  sensing platforms, [ 5 ]  to optical components. 

 Magnetic conductors do not naturally occur, but their 
response can be approximated using structured surfaces, 
termed artifi cial magnetic conductors (AMCs), or magnetic 
mirrors. [ 6–8 ]  Such a response is typically achieved with arrays 
of resonant elements, such as metallic resonators supported 
by a dielectric layer and a ground plane. [ 8–11 ]  Each resonator, 
together with the ground plane, forms a magnetic dipole that 
exhibits magnetic phase reversal near resonance. Thus, AMCs 
mimic the response of a PMC within a certain operational 
bandwidth, with near-unity refl ectivity and a near-zero phase 
change of the electric fi eld upon refl ection. Metallic resona-
tors are well covered in the microwave range, as they form the 
basis for conventional refl ectarrays. [ 12–18 ]  They remain an active 
fi eld of research in the terahertz [ 19–23 ]  and optical frequency 
ranges, [ 24–26 ]  but are increasingly lossy at such frequencies, 
given the non-negligible loss of the Drude metals. At terahertz 
frequencies, there is an additional challenge of identifying low-
loss dielectrics suitable to support the metallic resonators. [ 27 ]  To 
bypass ohmic heat dissipation, resonant dielectric structures 
are preferable for functional and effi cient AMCs at terahertz 
and optical frequencies. [ 28–30 ]  

 Inside a dielectric structure of moderate to high rela-
tive permittivity, electromagnetic radiation is confi ned into 
standing waves, or resonant modes. The resonance frequency 
is dependent on the geometry and material properties of the 
dielectric resonator (DR). If the DR is unshielded, the modes 
can couple with free space radiation, [ 31 ]  and if the DR is utilized 
as a radiator in this way, it can be termed a dielectric resonator 
antenna (DRA). [ 32,33 ]  DRAs are theoretically scalable across a 
broad range of frequencies, [ 34 ]  and have been demonstrated 
in the visible range. [ 35 ]  Key to the operation of the DRA is the 
quality factors:  Q  diss  is associated with energy lost to dissipa-
tion and  Q  rad  is associated with energy radiated to free space. 
In the majority of cases, it is benefi cial for a DRA to have high 
 Q  diss  in order to ensure effi cient operation, and hence low-loss 
dielectrics are sought to construct DRAs. However, the choice 
of  Q  rad  depends on the desired application. High  Q  rad  is gen-
erally benefi cial for sensing applications, in order to maximize 
resonator sensitivity. Such high  Q  rad  DRAs, using a dielectric of 
high relative permittivity, have previously been employed in the 
terahertz range as resonators for a metamaterial application. [ 36 ]  
However, a drawback of high  Q  rad  is narrowband operation. 

  An array of highly effi cient terahertz passive dielectric resonator 
antennas (DRAs) is investigated. The realization of this device 
requires relatively thick, single-crystal silicon to be incorporated 
on a metal fi lm. To this end, an unconventional microfabrica-
tion procedure is developed, which makes use of a combination 
of SU-8-assisted bonding, photolithography, and deep reactive 
ion etching. The fabricated DRAs exhibit a magnetic dipole 
mode of resonance, and hence the device behaves as a mag-
netic mirror, with a 30% useful bandwidth. The effi ciency of 
the DRA array is determined by numerical simulation to be 
97% on resonance at 0.8 THz. This experimental demonstra-
tion of DRAs at terahertz frequencies opens opportunities for 
highly effi cient terahertz components with impact in the areas 
of imaging, sensing, and communications. 

 Essentially, an electromagnetic wave refl ected from a per-
fect electrical conductor (PEC) experiences a 180° phase shift 
in its electric fi eld component. Owing to this phase shift, the 
standing wave that is produced from the interference between 
the incident and refl ected waves results in zero absolute elec-
tric fi eld strength at the PEC surface. A consequence of this 
process is that strong fi eld–matter interaction can only occur 
at a minimum distance away from a PEC surface. As a coun-
terpart of a PEC, a perfect magnetic conductor (PMC) imposes 
a zero phase change on the electric component of the refl ected 
wave, and the magnetic component undergoes phase reversal. 
In this case, the incident and refl ected electric fi elds close to 
the surface of a PMC are in phase. Hence, the surface of the 

Adv. Mater. 2015, 27, 7137–7144

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201503069


7138 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N Reducing  Q  rad  of the DRAs by selecting a moderate-permittivity 

dielectric material will enhance bandwidth, improving suitability 
for communications and beam control applications. 

 With regard to the dielectric material, single-crystal silicon 
has moderate relative permittivity and exceptionally low dissi-
pation loss, suitable for terahertz DRA applications with high 
 Q  diss  and moderate  Q  rad . While single-crystal silicon is abun-
dantly available in the form of wafers, it cannot be grown on 
metal-coated substrates or on oxide/amorphous substrates. 
This restriction has limited the exploration of single-crystal sil-
icon microstructure applications. 

 In this work, we demonstrate a uniform array of passive 
terahertz DRAs of moderate quality factor. The DRA-based 
array is designed to function as a terahertz AMC of moderate 
bandwidth, with zero refl ection phase. We also present a brief 
numerical study that compares the effi ciency of the DRA with 
that of a conventional metallic resonator of similar resonance 
characteristics. This experimental realization of the terahertz 
DRA array demonstrates new fabrication techniques for com-
bining single-crystal silicon with metallic or amorphous sub-
strates. Furthermore, this realization of a terahertz DRA has 
signifi cant implications for terahertz science and technology, as 
it provides a much needed high-effi ciency alternative to metallic 
resonators. Given that power available from typical terahertz 
sources is limited, effi ciency is a key concern. The applicability 
of this work is therefore not limited to the present AMC appli-
cation, but rather can be applied to virtually any functionality 
previously realized by metallic resonators. 

 As shown in  Figure    1  a, a unit cell of the DRA array is com-
posed of a cylinder of single-crystal high-resistivity fl oat-zone 
intrinsic silicon (HR Si) on a gold ground plane. The HR Si 
is chosen due to its moderate relative permittivity (ε  r   = 11.68), 
and exceptionally low dielectric loss (tanδ < 4 × 10 −5 ) in the tera-
hertz range. [ 37 ]  The cylindrical shape is chosen due to isotropic 
response and practical fabrication concerns. The dimensions of 
the passive DRA are optimized for resonance at 0.8 THz. The 
thickness of the gold layer is 200 nm, which is well above the 
skin depth in the relevant frequency range (≈90 nm at 0.8 THz). 
Given that the lattice constant at the resonance frequency is 
equal to 0.4λ, there are no array diffraction effects associated 
with this device, as grating lobes require a lattice constant that 
is ≥λ. Numerical modeling, using the Drude model to account 
for realistic dielectric and metallic losses, is utilized in order 
to investigate the fi eld–matter interaction and resonance of 
the structure in detail. The fi eld plot in Figure  1 b shows the 
fundamental hybrid mode (commonly denoted as HEM 11δ , or 
magnetic dipole mode) in a single DRA element, excited by a 
normally incident plane wave. In order to operate as an AMC, 
the uniform DRA array must exhibit low loss, and impart a 
zero phase shift on the electric fi eld of an incident wave, within 
a given range of operation. According to the response given in 
Figure  1 c, the simulated peak loss of the DRA is 0.13 dB, equiv-
alent to refl ecting incident energy with 97% effi ciency. Further-
more, phase zero crossing is observed at ≈0.8 THz, which is 
indicative of AMC response. The AMC operation is further con-
fi rmed via near fi eld standing wave results given in Figure  1 d,e. 
It is clear that the maxima in the fi eld magnitude for the DRA 
correspond to minima for the un-patterned ground plane, as 
expected.  

 Designs requiring control over refl ection phase in the tera-
hertz range are conventionally implemented with metallic 
resonators, and such designs typically consist of a periodic, 
planar metallic structure separated from a ground plane by a 
polymer dielectric spacer. [ 19,20,22 ]  The choice of polymers for 
the spacer, as opposed to lower loss materials such as ceramics 
or intrinsic semiconductors, is due to practical fabrication con-
cerns; while polymers may be spin-coated into the thin die-
lectric layers required for terahertz metallic resonators, lower 
loss dielectrics are not compatible with such processes. [ 27 ]  In 
order to compare the DRA in this work to the conventional 
metallic resonator approach, a circular patch-based metallic 
resonator antenna (MRA), illustrated in  Figure    2  a, is inves-
tigated. The circular patch resonator design in particular is 
selected because the isotropic nature of its response and the 
fi eld orientation of its fundamental resonance mode are sim-
ilar to those of the DRA. The unit cell dimensions of the MRA 
are identical to those of the DRA, and the spacer thickness and 
patch diameter are varied in order to optimize the response of 
the MRA.  

 A comparative numerical study of the response of the DRA 
and the MRA is given in Figure  2 b. In order to ensure equiva-
lence of resonance, the MRA is optimized to share the fun-
damental resonance frequency with the DRA, and to have the 
closest possible match to its phase response. Note that, due 
to differences in the nature of higher-order resonances in 
both resonators, the phase response of the MRA is not well 
matched to the DRA above the fundamental resonance of 
0.8 THz. Furthermore, metallic resonators are generally sen-
sitive to the surrounding dielectric, [ 38 ]  and metal–dielectric–
metal structures are typically associated with non-negligible 
losses. Therefore, it is unlikely that a realistic MRA’s di electric 
spacer could be optimized to 1 µm precision in order to match 
the resonance as we have done in the simulation. A range of 
values for the dielectric loss tangent of the polymer spacer is 
simulated, including a lossless case, and the selected fi nite 
values of loss tangent correspond to polypropylene (PP), [ 39 ]  
polyimide, [ 40 ]  and polydimethylsiloxane (PDMS), [ 41 ]  as these 
are all commonly used polymer dielectrics in the terahertz 
range. [ 21,22,42–51 ]  It is found that, in the idealized case in which 
the dielectric spacer of the MRA is lossless, the DRA out-
performs the MRA by a small margin of 0.17 dB. It can be 
inferred from this that, because the ground plane is common 
to both designs, and the MRA’s dielectric spacer is lossless in 
this case, the added loss originates in ohmic dissipation in the 
resonant patch itself. In the case corresponding to PP, the low 
dielectric loss leads to the DRA outperforming the MRA by a 
similarly small margin of 0.3 dB. The advantage of the DRA 
becomes more apparent when lossier dielectrics are utilized. 
When the loss tangent corresponds to polyimide, the DRA 
outperforms the MRA by 2 dB. In the highest-loss case con-
sidered, corresponding to PDMS, the DRA outperforms the 
MRA by 3.7 dB. In order to gain further insight into the loss 
in the DRA and MRA, analysis of the individual origins of 
loss is given in Figure  2 c,d. It is found that the majority of the 
loss in the DRA on resonance is in the ground plane; hence 
ohmic loss is exacerbated by fi eld confi nement on resonance. 
In the case of the MRA, the dielectric spacer corresponding to 
PP exhibits low loss, which is comparable to the ohmic loss in 
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the patch and ground plane. In both other cases, however, the 
majority of the loss on resonance is contributed by dielectric 
loss in the polymer spacer, which is once again exacerbated by 
resonance. 

 For refl ectarray applications in particular, the question of loss 
is critical, as loss can diminish the phase range of a resonator. [ 52 ]  
Therefore, low effi ciency resonators do not merely impair the 
performance of a refl ectarray, but rather, as refl ectarrays require 

resonators with a suffi ciently broad phase range, they may 
compromise functionality altogether. 

 The proposed structure is fabricated in order to experimen-
tally validate its performance as a terahertz AMC. In order to 
realize this design, a silicon–metal–polymer–silicon fabrication 
process was devised, utilizing microfabrication as a combina-
tion of SU-8-assisted bonding, photolithography, and plasma-
enhanced deep reactive ion etching (with the Bosch silicon 
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 Figure 1.    Single cylindrical DRA element a) schematic diagram, with  a  = 150 µm,  r  = 50 µm, and  h  = 50 µm, b) cross-sectional instantaneous fi eld 
plot of single element in uniform array, when illuminated by normally incident plane wave, showing fundamental HEM 11δ  mode excited in dielectric 
resonator, c) refl ection coeffi cient for normally incident radiation, d) near-fi eld standing wave pattern of DRA array, and e) near-fi eld standing wave 
pattern of un-patterned gold ground plane. 
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etching process). [ 53–55 ]  A schematic of the fabrication process 
is depicted in  Figure    3  a–f, and details are given in the Experi-
mental Section. A diagram of the layered construction of the 
completed structure is given in Figure  3 g, and a false color SEM 
image, showing cylinders of high quality is given in Figure  3 h.  

 The refl ection response of the DRA array is characterized 
using terahertz time-domain spectroscopy (THz-TDS), and is 
given in  Figure    4   (see Supporting Information). The response 
to normally incident radiation is given in Figure  4 a,b, and close 
agreement with the simulated phase response is attained. The 
results show the zero phase crossing characteristic of a mag-
netic conductor occurring at ≈0.81 THz, as predicted from sim-
ulations. The useful bandwidth of the AMC, typically defi ned 
as the frequency range between +90° and −90°, [ 1 ]  is about 
30%, namely from 0.71 to 0.95 THz. The magnitude response 
appears to exceed unity around resonance, which is contrary to 
the slight loss in the simulated response. We attribute this to an 
enhancement in the effective aperture of the overall array due 
to mutual coupling between DRA elements (see Supporting 
Information). [ 56 ]  This reduces the beam divergence, and there-
fore results in greater magnitude than the un-patterned refer-
ence mirror. This effect was not accounted for in the simulated 

response. Additionally, it should be noted that, given the large 
number of elements in the array, factors such as Mie scattering 
and the radar cross section of individual elements are insignifi -
cant compared to array factor and coupling effects.  

 The response to obliquely incident radiation at an incidence 
angle of 45° is given in Figure  4 c–f. There is substantial varia-
tion in the magnitude response, possibly due to reductions in 
dynamic range imposed by the use of the iris, as described in 
the Experimental Section. Other possible explanations include 
minor alignment issues and array coupling effects. This mag-
nitude fl uctuation issue, however, does not wholly diminish 
confi dence in the veracity of the phase response, as the phase 
component is less vulnerable than magnitude to noise in THz-
TDS. [ 57,58 ]  As with the results for normal incidence, there is 
a strong agreement with simulation in the phase response, 
and resonance at ≈0.8 THz is observed for oblique incidence 
in both polarizations. In the case of the TE polarization, the 
phase response shows the zero phase crossing at 0.78 THz, and 
useful bandwidth from 0.72 to 0.87 THz. In the case of the TM 
phase response, the simulated response shows a zero crossing 
at 0.78 THz, but the measured response shows the crossing 
at 0.8 THz. This discrepancy is potentially due to some small 
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 Figure 2.    Comparison of the cylindrical DRA with a circular patch-based metallic resonator antenna (MRA) that is engineered to have comparable 
phase response. a) Simulated metallic resonator structure, with  a  = 150 µm,  r  = 59 µm,  t  s  = 21 µm, and  t  m  = 0.2 µm, and b,c) magnitude and 
phase responses of the DRA with the MRA, where the dielectric properties of the polymer spacer are ε  r   = 2.25. Loss tangent values simulated are 
tanδ = 0.0, i) tanδ = 0.002, corresponding to PP, [ 39 ]  ii) tanδ = 0.031, corresponding to polyimide, [ 40 ]  and iii) tanδ = 0.06, corresponding to PDMS. [ 41 ]  
d) Analysis of individual origins of loss in the DRA, and e) analysis of individual origins of loss in the MRA.
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misalignment in the THz-TDS system. The measured useful 
bandwidth in the TM polarization is 0.71 to 0.84 THz. The 
reason for the disparity in the phase response for the normal 
and oblique incidences is that different higher-order modes of 
resonance may be lightly excited in each case, and these res-
onances jointly contribute to the overall phase response. The 
intersection of the useful ranges for all cases tested is 0.72 to 
0.84 THz, and hence the common bandwidth for normal inci-
dence and both oblique polarizations is 15%. 

 In conclusion, an array of passive terahertz DRAs operating 
at 0.8 THz has been designed, fabricated, and characterized 

with THz-TDS. An unconventional fabrication process was 
utilized to realize the etched microstructures of single-crystal 
silicon on metal. While being used to experimentally demon-
strate a terahertz AMC, the approach is adaptable to any micro-/
nanoelectronic device or process. Given the high effi ciency 
and phase response of the DRA array, it behaves as an AMC 
with 30% bandwidth for normal incidence, and a tolerance to 
oblique excitation up to at least 45°. The demonstrated AMC 
is a precursor for advanced structures in terahertz antenna and 
sensing applications, by exploiting the electric antinode near 
the surface. The terahertz DRA can also be considered a high-
effi ciency alternative to metallic resonators in beam-shaping 
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 Figure 3.    Experimental realization of terahertz artifi cial magnetic conduc-
tors a–f) fabrication process, g) layered view of complete structure, and 
h) false color SEM image.

 Figure 4.    Refl ection characteristics of the THz DRA array, showing 
a,b) response to normal incidence, c,d) response to oblique incidence 
at 45° with TE polarization, and e,f) response to oblique incidence with 
TM polarization. Useful bandwidth for AMC functionality is lightly shaded 
in red.
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refl ectarray applications that impart a spatially-varying phase 
response to the refl ected waves.  

  Experimental Section 
  Numerical Modeling of DRAs : The commercially available software 

package CST Microwave Studio was employed for the numerical 
modeling of the DRAs. Floquet ports, together with unit cell boundary 
conditions, were employed in order to study the behavior of a single 
element in a uniform, infi nite array of DRAs. The port was de-embedded 
onto the ground plane to observe the phase response. To account 
for the fi nite loss in the silicon, the Drude model was employed to 
model its material properties. Based on the minimum resistivity of 
2 kΩ cm provided by the manufacturer, the carrier concentration was 
estimated to be around 2 × 10 12  cm −3 , and the mobility to be around 
1360 cm 2  V −1  s −1 . Thus the plasma frequency and relaxation time were 
equal to  f  p  = 0.025 THz and τ c  = 0.202 ps, respectively. For the gold 
ground plane, given the low penetration of fi eld into the metal, a surface 
impedance model was considered adequate. [ 34 ]  The Drude model was also 
employed in order to calculate the frequency-dependent surface impedance 
of gold across the relevant frequency range, [ 59 ]  with DC conductivity of 
σ DC  = 4.1 × 10 7  S m −1 , and scattering relaxation time τ = 0.15 ps. [ 60 ]  

  Microfabrication of Sample : A three-inch silicon wafer was cleaned with 
solvents and dried with compressed nitrogen (Figure  3 a). A 200 nm fi lm 
of gold was deposited on to the wafer, along with a 20 nm chromium 
adhesion layer. The two metal thin fi lms were deposited by electron 
beam evaporation (PVD75, Kurt J. Lesker Co.) at a rate of 0.1 nm s −1  
after pumping down to a base pressure of 1 × 10 −7  Torr (Figure  3 b). 
The functionality of the terahertz dielectric resonator relied on single-
crystal high resistivity silicon on a metal ground plane. To achieve this, 
a process was undertaken that enabled bonding of single-crystal silicon 
to either metal-coated on non-metallic substrates using a SU-8 adhesion 
layer. The gold-coated silicon wafer (from Figure  3 b) was spin-coated 
with a layer of SU-8 2000.5 at 3000 rpm to achieve a fi lm thickness of 
500 nm (Figure  3 c). The SU-8 fi lm was cross-linked using UV exposure 
for 10 s with 65 mJ cm −2  energy (Karl Süss MJB3 mask aligner). A HR 
Si wafer of thickness 125 µm and resistivity >5 kΩ cm was diced into 
35 × 35 mm 2  sections. This HR Si section was then bonded to the 
SU-8 and gold-coated substrate (from Figure  3 c) by passing it through a 
table-top laminator at 100 °C at slow speed, which cured the SU-8 while 
forming a strong bond to the HR Si (Figure  3 d). The bonded 125 µm 
thin HR Si was thinned down to 50 µm in order to fabricate the required 
dielectric resonators. The thinning of the silicon was undertaken by 
plasma-enhanced deep reactive ion etching (DRIE; Oxford PlasmaPro 
100 Estrelas). This etching was performed in a single step with gaseous 
mixture of C 4 F 8  (10 sccm) and SF 6  (200 sccm) with inductively coupled 
plasma (ICP) power of 1500 W for 6 min. Subsequently, photolithography 
was performed using a thick AZ4562 photoresist (PR) spun at 
2500 rpm resulting in 7.5 µm thick layer for defi ning patterns 
corresponding to the diameter of the terahertz dielectric resonators 
(Figure  3 e). Photolithography was followed by DRIE as above, but with 
cyclic processing known as Bosch silicon etching. Each cycle of the 
etching recipe was composed of three steps: deposition, break, and 
etching. In the deposition step, a gaseous mixture of C 4 F 8  (200 sccm) and 
SF 6  (10 sccm) with ICP power of 1000 W for 3 s was utilized. The break 
step utilized C 4 F 8  (10 sccm), SF 6  (100 sccm), and ICP power of 1000 W 
for 2 s. The etching step comprised a gaseous mixture of C 4 F 8  (10 sccm) 
and SF 6  (200 sccm) with ICP power of 1500 W for 3 s. With this recipe 
an approximate etch rate of 0.8 µm per cycle was obtained for the HR 
Si. The required 50 µm deep etch was achieved in 65 cycles (Figure  3 f). 
The photoresist was stripped off and the height of pillars verifi ed with a 
scanning electron microscope (Nova NanoSEM FEI Systems). 

  THz-TDS Characterization of Fabricated Sample : A fi ber-coupled Menlo 
TERA K15 THz-TDS system was used to characterize the refl ection 
response of the sample, with the experimental setup [ 21 ]  shown in 
 Figure    5  . If a focused beam were employed to excite the resonators, it 

would introduce a range of angles of incidence, and would therefore be 
a poor approximation of the plane-wave excitation used in simulations. 
It was therefore deemed necessary to probe the response of the DRA 
array with a collimated terahertz beam. As the size of the patterned area 
was less than the ≈20 mm beam waist of the collimated terahertz beam, 
a ≈5 mm diameter iris was required to isolate the refl ection from the 
patterned portion of the sample, at the cost of reduced dynamic range. 
Another consequence of clipping the beam to a ≈5 mm diameter was 
the introduction of diffractive effects, which resulted in increased beam 
divergence. This beam divergence was common to both measurements, 
and hence normalization was valid to remove the infl uence of the iris. 
In the case of the normally incident measurements, a polished silicon 
wafer was utilized as a beam splitter, and this was expected to impose 
further reductions on dynamic range. For the normal measurements, the 
setup in Figure  5 a was utilized, and a peak dynamic range of 35 dB, and 

 Figure 5.    Measurement setup for a) measurement of normally incident 
radiation, and b) oblique measurement at 45° of incidence.
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a bandwidth of 1.4 THz, were observed. For the oblique measurements, 
the setup in Figure  5 b was utilized, and peak dynamic range and 
bandwidth were 39 dB and 1.6 THz, and 36 dB and 1.8 THz, for the TE 
and TM measurements, respectively. All measurements were performed 
in a dry-air atmosphere, using a gold mirror as a reference. The total 
path length in all experiments was ≈30 cm.   
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