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We designed, fabricated, and optically characterized single and double layer metamaterial-based

gradient index beam steerers for terahertz radiation. We measured a maximal deflection angle of 6�.
The operation bandwidth of the beam steerers was 300 GHz around a center frequency of 1.3 THz.

Within this bandwidth, the amplitude transmission was higher than 50%. Due to a thickness of only

100 lm or below, the implemented beam steerers are ideally suited for integration in compact

terahertz measurement systems. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816345]

The terahertz (THz) frequency region between 0.3 and

10 THz has recently attracted considerable and increasing in-

terest in the realms of applied physics and industry-oriented

research and development. In contrast to x-rays, THz waves

can interact with soft matter without ionizing the material

due to the low energy of THz photons and thus can be safely

applied to human beings. This advantage combined with its

capability to penetrate through clothing and non-metallic

packaging offers promising applications for security technol-

ogy1,2 and quality inspection.3 Although THz radiation offers

such advantageous properties, most state-of-the-art THz

measurement systems are bulky and expensive, which signif-

icantly impedes the opening up of new markets. Especially

in the case of scanning devices where usually beams are

raster-scanned over the surface of an object to obtain full

spectral and topological information about the sample, it

would be desirable to have access to compact and budget-

priced THz measurement systems. So far, such scanners

mostly rely on classical, mechanical beam steerers that are

implemented by basically moving and rotating a prism.4,5 A

more recent design was reported by Busch et al.6 who real-

ized a tunable beam steerer based on optical imprinting a dif-

fractive grating on a silicon wafer.

Especially in the context of compact tunable THz optics,

metamaterials offer promising ways for reducing the cost of

innovative THz measurement systems. In contrast to existing

static7 or dynamic8,9 non-metamaterial-based optics, meta-

materials can be designed to be ultrathin with a thickness of

less than 100 lm while still providing high optical perform-

ance.10 Devices that have already been successfully imple-

mented include, e.g., ultrathin wave plates,11,12 absorbers,13

band pass,14,15 and band stop16 filters, as well as gradient

index lenses.17 Most of these materials can be fabricated by

full wafer processing using standard UV lithography, thus

reducing the cost per piece to a fraction of the piece price of

classical optical components.

Here, we demonstrate the design, fabrication, and exper-

imental investigation of a beam steerer which is based on a

gradient index metamaterial design. The beam deflector is

ultrathin with only 96 lm thickness and can be readily

embedded in ultra-compact THz scanning devices. We theo-

retically and experimentally compared the optical properties

of a single-layer beam steerer versus the characteristics of a

double-layer beam deflector.

Figure 1(a) illustrates the unit cell of the beam steerer.

The functional structure consists of a 3 lm wide annular slot

inscribed in a copperplate of 200 nm thickness. The copper

structure was embedded in 60 lm thick benzocyclobutene

(abbr.: BCB, Cyclotene 3022-63 from Dow Chemicals).

BCB is a robust, highly flexible polymer with a refractive

index of nBCB �
ffiffiffiffiffiffiffiffiffi

�BCB
p ¼ 1:63 and low loss (tan d ¼ 0:012)

at 1 THz.18 In order to determine the optical properties of

the metamaterial design, we performed full wave simula-

tions of the unit cell using CST Microwave Studio and

retrieved the effective refractive index from the calculated

scattering parameters.19

The effective refractive index and the amplitude trans-

mission of the metamaterial are shown in Fig. 1(b). The am-

plitude transmission is about 80% and is weakly depending

FIG. 1. (a) Unit cell of the beam steerer. A 3 lm slit was inscribed in a

200 nm thick copperplate. The copper was embedded in 60 lm thick BCB.

(b) Retrieved effective refractive index n and transmission T versus fre-

quency for different inner ring radii rin. rin was increased in 1 lm steps from

18 lm (black line) to 25 lm (yellow-gray line, highest n). (c) Refractive

index versus the inner ring radius rin at the design frequency 1.3 THz (black

square) as well as 1.2 THz (red circle) and 1.4 THz (blue triangle). Straight

line shows fit with fixed slope of 0:13 1
lm

. (d) Excerpt of a microscope picture

of the fabricated beam steerer. The ring radius increases along the x-axis

from left to right.a)Electronic mail: jneu@eit.uni-kl.de
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on the inner ring radius rin of the ring. The effective refrac-

tive index n on the other hand is strongly depending on rin.

At the design frequency of 1.3 THz, the refractive index

scales from n � 0:5 for the smallest ring radius (rin¼ 18 lm),

up to n � 1:8 (rin¼ 24 lm). The resulting maximal differ-

ence between the lowest obtainable and the highest obtain-

able refractive index is therefore Dn ¼ 1:3. Plotting the

refractive index n versus the ring radius rin, we observe a lin-

ear dependence described by nðrinÞ ¼ �1:39þ 0:13 1
lm

rin in

Fig. 1(c). Within an interval of 6100 GHz around the design

frequency, the approximated linear dependence between ring

radius and refractive index is in excellent agreement with the

exact values retrieved from the numerical calculations.

Based on this linear approximation, we analytically calcu-

lated the deflection angle aa assuming plane wave fronts at

the surface of the beam steerer by aa ¼ arctanðDn
a dÞ, where d

denotes the thickness of the deflector, Dn ¼ nmax � nmin is

the difference between the maximal and minimal refractive

index at the borders of the deflector, and a is the sample size

in x-direction perpendicular to the direction of the incident

beam. In combination with the high transmission, the unit

cell design seems to be ideal for the conception of a THz

beam steerer.

Figure 1(d) shows an excerpt of a microscope picture of

the fabricated beam steerer. We took the picture using an op-

tical transmission microscope, causing the BCB filled gaps

to appear bright while the optically opaque copper appears

dark. For the implementation of the beam steerer, we strung

together 24 unit cells per row in x-direction (see Fig. 1(d)).

In each row, we stepwise increased the inner radius rin of the

rings of neighboring unit cells by 0.3 lm from 18 lm to

24.9 lm. We repeated the same structure in y-direction nor-

mal to the gradient to obtain a total of 150 rows. That way,

we implemented a gradient index beam deflector with a total

aperture of 1.4 mm in x-direction and 9 mm in y-direction.

Considering the fact that typical THz beam diameters are of

the order of about 1 to 1.5 mm, the realized aperture is suffi-

cient to avoid diffraction from the boundaries of the optical

component for beam diameters up to about 1.3 mm. Since

the maximal achievable beam deflection angle depends on

the spatial refractive index gradient @n=@x and because any

design limits the maximal range of realizable refractive indi-

ces Dnmax, a trade-off between aperture size in x-direction

and beam deflection angle is unavoidable in any gradient

index design.

We investigated the optical performance of the proposed

design by full wave simulations of the structure. In the first

model, we arranged 24 unit cells in a row in x-direction

resulting in a beam deflector with an aperture width of

1.4 mm. As THz source we implemented a port that emits a

linearly polarized Gaussian wave with a beam diameter

(FWHM) of 750 lm. The incident wave propagated in

z-direction. We centered the Gaussian beam with respect to

the optical axis of the beam steerer. We investigated the beam

deflection for two orthogonal polarizations in x-direction (par-

allel to the gradient of the structure) and y-direction (normal

to the gradient). In x-direction and in propagation direction

z we limited the calculation domain by open boundary

conditions. Depending on the polarization of the incident

THz wave, we either chose PEC (PEC¼Perfect Electric

Conductors) boundary conditions in y-direction for

y-polarization or PMC (PMC¼Perfect Magnetic Conductors)

boundary conditions for x-polarization. This approximation is

justified considering that the aperture height of 9 mm of the

fabricated sample is much larger than the experimental THz

spot diameter of 0.75 mm at the position of the deflector.

In order to determine the deflection angle, we evaluated

the electric field amplitude at 1.3 THz along cut lines parallel

to the sample for different distances z from the exit surface of

the beam steerer. As expected, the deflected beams had a

Gaussian amplitude distribution. We determined the deflec-

tion angle a by retrieving the position of the Gaussian ampli-

tude maximum depending on the distance z from the

deflector. In a first step, we calculated the deflection angle for

a single-layer beam steerer (sample 1). For x-polarized

waves, we obtained a deflection angle of a¼ 2.05� while the

deflection angle for y-polarization was a¼ 2.4�. Both angles

are in good agreement with the analytically calculated angle

aa ¼ 2:0.

By adding a second identical metamaterial layer in prop-

agation direction z (sample 2), we could significantly increase

the beam deflection to an angle of a¼ 5.5� (x-polarization)

and a¼ 6.1� (y-polarization), which is depicted in Fig. 2(a).

The weak polarization-dependence of the deflection angle

can be understood by considering that the metamaterial ring

structure dominantly responds to the electric field of the THz

wave. For y-polarization, the electric field vector of the

deflected wave stays aligned in the plane of the beam steerer

while for x-polarization the electric field vector tilts out of

plane. Thus, the electric response to x-polarized deflected

waves is different in the metamaterial which explains the

weak polarization-dependence of the deflection angle.

We also evaluated the spectral dependence of the trans-

mission of the beam steerer, which is shown in Fig. 2(b). We

observed a high amplitude transmission in the range between

1.15 and 1.45 THz. For the single-layer beam steerer, the

maximum transmission was about 95% at a frequency of

1.2 THz and decreased slightly below 80% at 1.45 THz. For

the double-layer beam deflector, we obtained a transmission

between 55 and 70%. As expected, the transmission was

only weakly dependent on the polarization of the THz wave.

After obtaining these encouraging results, we fabricated

the single and double layer beam steerers by standard UV li-

thography. In this context, we micro-structured a 200 nm

thick copper layer, which was evaporated on a BCB layer

of 30 lm thickness. In case of the single-layer deflector

FIG. 2. (a) Electric field of a 1.3 THz beam deflected from a double-layer

beam steerer. The beam was deflected by –6.1�. (b) Spectral amplitude trans-

mission of a single- and double-layer beam steerer for two different orthogo-

nal polarizations in x- and y-direction.
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(sample 1), we capped the copper layer by another 30 lm

thick BCB layer to yield a 60 lm thick membrane. For the

double-layer beam steerer, we added a 40 lm thick BCB

layer on top of the first copper structure. On this second

BCB layer, we micro-structured another 200 nm thick copper

layer before passivating it with 30 lm thick BCB. Thus, the

total thickness of the double-layer deflector was about

100 lm, which is still sub-wavelength.

We studied the optical properties of the beam steerers

by THz time-domain spectroscopy (THz-TDS). For this pur-

pose, we focused THz pulses to a spot diameter of 0.75 mm

via a silicon lens and two off-axis parabolic mirrors. We

placed the beam deflectors in the beam waist of the focused

THz beam to ensure plane wave fronts at the location of the

beam deflectors. For spatially resolved detection of the tera-

hertz field amplitude and phase, we employed the technique

of electro-optic sampling in reflection geometry.17,20 We

placed the electro-optic crystal (GaP) on a high-precision

three-axis translation stage with 1 lm positioning accuracy

to scan the THz beam in dependence on the distance z from

the beam steerer. The overall spatial resolution was limited

by the used focusing optics for the optical probe beam that

samples the THz beam. In this measurement, we chose mod-

erate focusing with a comparably long focal length, resulting

in a spatial field resolution of approximately 50 lm, which is

5 times smaller than the wavelength of the corresponding

1.3 THz beam. By performing a Fourier transform of the

measured electric field transients, we obtained spatially

resolved electric field maps in the frequency domain.

First, we measured the beam deflection from a single-

layer beam steerer for a y-polarized incident beam. For

characterization we evaluated the spatial distribution of the

electric field at the design frequency of 1.3 THz. We scanned

the terahertz field point wise in x-direction for varying dis-

tance z between sample and GaP crystal as shown in Fig. 3(a).

Each measurement point corresponds to a 70 ps long field

transient that was Fourier-transformed and evaluated at

1.3 THz. The line graph in Fig. 3(a) refers to the correspond-

ing field distribution obtained from the numerical simulations.

It is obvious from the experimental and numerical results that

the beam center shifts for varying distance z ranging from 5 to

12 mm. For quantifying the beam shift, we fitted Gaussian

functions to the field distributions to determine the beam cen-

ter positions. In Figure 3(b), we plotted the beam center posi-

tion versus the distance z from the beam deflector. We used

red circles to indicate the measured data and a red line for the

simulation results. As expected, the beam steerer deflects the

incident THz waves by a fixed angle, which can be derived

from the linear dependence between beam center position and

distance z. For reference, we also measured the beam center

position without beam deflector in the THz path, indicated by

the black squares in Fig. 3(b). In order to eliminate any errors

stemming from oblique incidence on the deflector or from

possible misalignment of the sample, we performed a third

measurement with the sample rotated by 180� around the z
axis (blue triangles in Fig. 3(b)). For the single-layer beam

steerer, we determined a deflection angle of aþ¼þ3.6� for

beam deflection in þx-direction and a–¼�2.2� for deflection

in �x-direction (180� rotated configuration). With respect to

the reference measurement without beam steerer, we deter-

mined a misalignment of the incident beam from normal inci-

dence of b¼ 0.7�. To compare the measured data with the

numerical simulation, we properly accounted for the slightly

oblique incidence in the simulations. The numerically calcu-

lated deflection angle is plotted as straight lines in Fig. 3(b).

The increasing beam diameter of the Gaussian beam with

increasing distance z is a result of the diffraction of the propa-

gating beam behind the beam waist at the position of the de-

flector and can be equally observed in the reference

measurement and the deflection measurement.

In the described way, we also measured the beam deflec-

tion angle of the double-layer beam steerer. Figure 4(a)

shows the beam center position in dependence on the distance

z from the beam deflector for a y-polarized beam. The blue

triangles indicate the measurement of the beam deflection in

þx-direction, while red circles refer to beam deflection in

�x-direction with the beam steerer rotated around the z-axis

by 180�. We measured a deflection angle of aþ¼þ4.1� for

deflection in þx-direction and an a–¼�3.8� deflection in

�x-direction. Eliminating the impact of deviations from nor-

mal incidence, we therefore obtained a deflection angle of

a¼ 4�, which is in acceptable agreement with the simulated

value of a¼ 6.1�. The difference between simulative and ex-

perimental results can be probably understood in terms of

fabrication imperfections or maybe tension or bending origi-

nating from the mounting of the optical element.

Figure 4(b) illustrates the corresponding dependence of

the beam center position on the distance z from the deflector

for an x-polarized THz beam. Again, we accounted for possi-

ble deviations of the incident beam from normal incidence

FIG. 3. (a) Measured (symbols) and numerically calculated (lines) lateral

THz field intensity distributions in dependence on the distance z from a

single-layer beam deflector at 1.3 THz for a y-polarized beam. x¼ 0 corre-

sponds to the center position of the non-deflected reference beam. (b)

Dependence of the beam center position on the distance z from the beam

steerer as derived from (a). Symbols correspond to measured data and lines

to numerical data. The blue triangles and line correspond to deflection from

a beam steerer that was rotated by 180� around the z-axis. Black squares and

line indicate a reference measurement without beam deflector.

FIG. 4. Beam center position versus distance z from a double-layer beam

steerer for (a) y-polarization and (b) x-polarization.
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by taking two measurements with the beam deflector rotated

by 180� in a second measurement and by referencing the

data to the beam center position without beam steerer in the

beam path. The blue triangles (blue line) in Fig. 4(b) denote

the measured (simulated) beam center position for deflection

in þx-direction while the red circles (red line) refer to the

measured (simulated) beam steering in �x-direction for the

180� rotated deflector. The black squares (black line) indi-

cate the reference measurement (simulation) without beam

steerer. It should be noted that we also accounted for

non-normal incidence in the numerical calculations. We

measured a beam steering by a deflection angle aþ¼þ5� in

þx-direction and a–¼�6� for deflection in �x-direction.

Eliminating the impact of oblique incidence we obtained a

deflection angle a¼ 5.5�, which is in excellent agreement

with the numerically calculated deflection angle a¼ 5.4�.
In order to determine the operation bandwidth of the

beam steerer, we evaluated the deflection angle in a fre-

quency range from 1 to 1.5 THz by the same methods as

described above for beam deflection at 1.3 THz. In all meas-

urements we eliminated the impact of deviations from normal

incidence on the deflection angle. Figure 5(a) shows the

deflection angle in dependence on the frequency for the

single-layer beam steerer. For y-polarization, the deflection

angle, indicated by red squares, varied between a¼ 2.3� and

a¼ 3.1� within an operation bandwidth from 1.15 to

1.45 THz. The measured deflection was in excellent agree-

ment with the numerically calculated steering angle of

a� 2.4� (red circles). For x-polarization, we measured a

deflection angle ranging from a¼ 1.75� to a¼ 2.15� (black

squares) in good agreement with the numerical results (black

circles). For both polarizations, the deflection angle was

nearly independent of the frequency. The spectral range of

the operation bandwidth was defined by two conditions. First,

the transmission of the beam deflector had to be higher than

50% (see Fig. 2(b)) to guarantee practical use in real-world

applications. Second, the beam deflector had to operate in the

effective medium regime which was only fulfilled for fre-

quencies below 1.45 THz before entering the Bragg regime at

higher frequencies. In the case of a double-layer beam steerer

for y-polarized incident beam, we observed that the deflection

angle was only weakly dependent on the frequency as shown

in Fig. 5(b). Within the operation bandwidth from 1.15 to

1.45 THz, the deflection angle varied in a range from 3.6� to

4.3� (red squares) in acceptable agreement with the

simulative results (red circles). For x-polarization we meas-

ured deflection angles varying between 4.7� and 6.1� (black

squares). Again the measurements agreed well with the nu-

merical predictions (black circles). On average, the deflection

angle for both polarizations of the incident THz wave was

a� 5�.
In conclusion, we designed and fabricated a

metamaterial-based beam steerer with a maximum deflec-

tion angle of a¼ 6�. Averaging over the measured deflec-

tion angles for two orthogonal polarizations, we measured a

beam deflection of a� 5�. The deflection angle was only

weakly dependent on the polarization of the incident tera-

hertz beam. The beam steerer provides an operation band-

width of 300 GHz around a center frequency of 1.3 THz and

can be readily redesigned for operation in other regions of

the terahertz spectrum. The aperture of the beam steerer

was 1.4� 9 mm2. Due to a thickness of only 100 lm, the

beam deflector is ideally suited for integration in ultra-

compact terahertz measurement systems.
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