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Abstract: A low-cost terahertz beam-splitter is fabricated using ultra-thin
LDPE plastic sheeting coated with a conducting silver layer. The beam
splitting ratio is determined as a function of the thickness of the silver
layer—thus any required splitting ratio can be printed on demand with a
suitable rapid prototyping technology. The low-cost aspect is a consequence
of the fact that ultra-thin LDPE sheeting is readily obtainable, known
more commonly as domestic plastic wrap or cling wrap. The proposed
beam-splitter has numerous advantages over float zone silicon wafers com-
monly used within the terahertz frequency range. These advantages include
low-cost, ease of handling, ultra-thin thickness, and any required beam
splitting ratio can be readily fabricated. Furthermore, as the beam-splitter is
ultra-thin, it presents low loss and does not suffer from Fabry-Pérot effects.
Measurements performed on manufactured prototypes with different
splitting ratios demonstrate a good agreement with our theoretical model
in both P and S polarizations, exhibiting nearly frequency-independent
splitting ratios in the terahertz frequency range.
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1. Introduction

With the continuous increase in power generated by terahertz (0.1 to 10 THz) radiation sources
[1–13] and the progress of optical components, such as beam-splitters [14–16], lenses [17–20],
filters [21] and waveguides [22–25], which operate at these frequencies, there is a need for
beam-splitters that provide small dispersion, low absorption and minimize Fabry-Pérot effects.
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Further qualities of the beam-splitter should include; accurate setting of the ratio of reflected
and transmitted power, minimal time-domain distortion of terahertz pulses and minimal beam
deviation of the transmitted path. This paper proposes a beam-splitter that satisfies these criteria
and is fabricated from low cost materials, in a scalable fabrication process.

Currently, beam-splitters for terahertz frequencies are often fabricated from high impedance
silicon (Hi-Z Si) wafers [15], where a given splitting ratio cannot be rapidly manufactured on
demand. Moreover, silicon wafers suffer from frequency-dependent oscillations arising from
Fabry-Pérot effects. Other beam-splitters meanwhile are polarization dependent [14, 16], are
again restricted to limited splitting ratios, or delay the transmitted time-domain pulse, which
limits their application range.

The proposed ultra-thin LDPE (low density polyethylene) beam-splitter is based on the par-
tial transmission through a very thin conducting film. Any given splitting ratio can be obtained
during fabrication selecting the correct thickness for the thin-metal coating on the top of the
ultra-thin LDPE substrate. The ultra-thin LDPE sheets are typically manufactured for domestic
use to a thickness of 6.5 μm. This simple arrangement does not distort time-domain pulses due
to its very small overall thickness. The properties of the thin-metal film are determined by a re-
flection from a thin conductive layer below the skin depth at terahertz frequencies, as explained
in more detail in Section 2. This beam-splitter may potentially provide an alternative for those
used in reflection mode Terahertz Time-Domain Spectroscopy (THz-TDS) systems [26], high
powered terahertz systems that can accommodate several beams to power multiple systems,
and also for quantum cascade lasers, where a diagnostic sample of the beam may be required
for real-time monitoring.

This paper discusses the theoretical model for the thin-film conductor coating, the fabrication
technique, experimental methods to measure and characterize samples, and comments on the
results achieved with samples of differing thicknesses. A comparison of the prototypes with
commonly used Hi-Z Si wafers will conclude the paper.

2. Theoretical model

Conventional beam-splitters for terahertz applications rely on the partial reflection arising from
the dielectric contrast at material interfaces. Broadband applications preclude the use of λ

4 in-
terference coatings to achieve a better control over the partial reflection and transmission ratio.
In contrast to the traditional dielectric terahertz beam-splitters, the proposed beam-splitter is
based on reflection from a thin metal coating applied to the surface of an ultra-thin dielectric
LDPE substrate. To model this arrangement, we consider a thin conductive layer, with a com-
plex index of refraction and finite conductivity. It is also necessary to estimate the skin depth
required at terahertz frequencies, as a substantial amount of transmission will only be possible
for conductor thicknesses below the skin depth. The skin depth δ can be calculated [27] as

δ =

√
2

μ0μrσ0ω
, (1)

where μ0 is the magnetic permeability of free space, σ0 is the DC conductivity, μr is the relative
permeability of the medium and ω is the angular frequency.

For the silver conductive paint used in this paper, the skin depth calculated in the range of
frequencies from 0.1 to 3.5 THz decreases from approximately 72 to 12 μm, using values of
μr = 1 and σ0 = 500 S·m−1 (this value will be discussed later in Section 5). As it is possible to
fabricate the beam-splitters with coatings below these thicknesses, the transmissive properties
can be accurately determined. For a theoretical calculation of the relative transmission of the
metallic coating, with respect to thickness and frequency, the Tinkham formula [29–32] can be
used
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Fig. 1. (a) A plot of thickness and frequency against relative transmission. The transmission
appears to be nearly invariant over the frequency range, due to the small layer thickness well
below the skin depth. (b) Simplified frequency-invariant model of transmission dependent
only on the thickness of the paint. The blue curve is plotted according to the theoretical
model and fitted with a DC conductivity of 500 S·m−1, while the red points represent the
measured data.

T (ω) =

∣∣∣∣ Esample(ω)

Ereference(ω)

∣∣∣∣= 1∣∣∣1+ σ̃d · Z0
nsubstrate+1

∣∣∣2 , (2)

where T(ω) is the transmission calculated with respect to frequency, σ̃ is the complex conduc-
tivity of the metal, d is the thickness of the metallic layer, nsubstrate is the refractive index of the
substrate and Z0 is the impedance of free space.

The dispersion of the complex conductivity σ̃ = σ1 + jσ2, is calculated as

σ1 =
σ0

1+(ωτ)2 , σ2 = σ0 · −(ωτ)
1+(ωτ)2 , with, τ =

m0σB

Ne2 , (3)

where m0 is the electron rest mass, σB is Stefan-Boltzman constant, N is the free electron
density, e is the electron volt charge and τ is the damping time constant [27].

Using a LDPE substrate, which has a constant refractive index of n = 1.51 from lower tera-
hertz frequencies up to 5 THz, and silver conductive paint as the metallic layer, the relationship
between the thickness and the relative transmission for all frequencies in the considered range
can be calculated using Eq. (2). The result of this computation is shown in Fig. 1a for silver
paint thicknesses between 0 and 20 μm, in the frequency range of 0.1 to 3.5 THz. Of particular
note, it is observed that the relative transmission calculated from the given frequency range
shows that transmission is in fact nearly frequency independent for very thin conductive lay-
ers, which follows the calculations by Walther et al. [32]. Therefore, the frequency dependence
can be removed from the considerations to simplify the model. This results in a transmission
dependence based only on the thickness, as plotted in Fig. 1b. This plot shows that in order to
obtain a 50:50 ratio of reflection to transmission, a metallic coating of approximately 5.5 μm
would need to be obtained assuming a DC conductivity of 500 S·m−1. Other ratios can be sim-
ilarly determined from this data. It is noted that this approximation does not take into account
absorption from the thin substrate.

The presented theoretical model has so far only considered the case of normal incidence. For
practical scenarios, the beam-splitter might need to be placed at different angles of incidence,
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Fig. 2. Schematic diagram of the Fabry-Pérot effect in the layers of the beam-splitter. The
very thin LDPE layer can be neglected here as it does not exhibit any measurable time delay
or losses at terahertz frequencies. The Fresnel coefficients used in Eq. (4) are denoted here
by t1, r1 and r2.

for example 45◦ degrees in interferometric applications. This requires the use of Fabry-Pérot
equations [33–36] for determining the angular dependence for the reflectance and transmittance
of beam-splitter samples at varying angles of incidence. To set-up these equations, the first
medium where the beam is incident is air, the second medium is the silver conductive paint,
followed by air again. The very thin low-permittivity substrate sheet of LDPE is ignored here,
as it has negligible effects at terahertz frequencies. The arrangement is shown in Fig. 2, where
air, silver conductive paint and air are denoted by the subscripts, 0, 1 & 2 respectively and δ1 is
the phase delay between media. The reflectance can be calculated by

R = r1 − t2
1 r2e−2iδ1 + t2

1 r1r2
2e−4iδ1 − t2

1 r2
1r3

2e−6iδ1 + . . . (4)

Standard Fresnel coefficients t1, r1 and r2 in Eq. (4) are defined in Fig. 2, can be cal-
culated for both horizontal (P) and vertical (S) polarizations as given in Heavens [35] and
δ1 = (2πn1d1 cosϕ1)/λ . The terms of the series after the third order can be neglected, due to
the rapid convergence of the model.

The relative ratio A of power absorbed in the lossy paint, can be calculated from Bauer [33]

A =
4y
ñ cosϕ0

(2+ y
ñ cosϕ0)2 , (5)

where ñ is the complex refractive index of the silver conductive paint, y = (σ0d)/(ε0c) with ε0

the permittivity of vacuum and c the speed of light. Now, applying the conservation of energy,
the theoretical transmittance can be calculated as

T = 1−R−A. (6)

The modeled T, R & A for both P and S polarizations will be compared to the measured data in
the results section.

3. Fabrication

Low cost off-the-shelf materials are used for fabrication of the beam-splitter. Initially, a 50 mm
inner diameter aluminum ring is fabricated as the frame structure for the beam-splitter. The
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Fig. 3. Photograph of the fabricated beam-splitters. From the left, beam-splitters are shown
with a terahertz reflection/transmission ratio of 10:90, 50:50 & 90:10. The expanded views
show photos from a microscope camera showing the surface of the silver conductive paint
layer at a magnification of 60×. These microscope photos show that the area of the LDPE is
covered more than 10% and 50% for the 10:90 and 50:50 ratio beam-splitters respectively,
demonstrating that they are not area based polka-dot beam-splitters.

substrate material used is common generic branded supermarket purchased LDPE cling-wrap,
with a thickness of approximately 6.5 μm—this thickness is lower than that of Theuer et al.
[37] as the LDPE is stretched over the aluminum ring. This low cost material presents a low
terahertz absorption and is relatively easy to handle. The aluminum ring is heated in an oven for
5 minutes at a temperature of 160◦C. The LDPE sheet is stretched over the ring, and slightly
melts thereby forming a bond onto the metal surface. The ring is allowed to return to room
temperature in a minimal dust environment. The ring with the LDPE sheet is weighed to provide
a reference point. Common silver paint (Electrolube ESCP03B) is thinned out using ethanol to
obtain sufficiently small paint droplets. This mixture is then placed into an airbrush with a
minimum nozzle size of 200 μm, and sprayed at an arm’s length to the stretched LDPE sheet,
providing a uniform coverage (fabricated samples are shown in Fig. 3). The paint is allowed to
dry at room temperature for 30 minutes and the ring with coated sheet is weighed again. The
increase in weight from the initial value of weight is then used to determine the thickness of
the layer of paint applied to the beam-splitter, given the known density. Optical profilometry
(Ambios Profilometer) is used to check the density, thickness, uniformity and surface roughness
of the coatings, providing confidence that all calculations are accurate. The optical profilometry
shows that samples have good uniformity of with a standard deviation of approximately 1.7 μm
for a sample with average conductive silver paint thickness 9.8 μm. The average value of the
thickness in this case shows good accordance with the calculated values based on paint density,
area and weight difference.

The paint shows good adhesion with the LDPE film, requiring targeted damage to scratch the
paint from the surface. Moreover, the LDPE film requires significant force to dislodge it from
the aluminum ring. With due care, the conductive paint coating has remained intact for over 6
months.

4. Experimentation

The experimental set-up for the measurement of transmittance and reflectance from the beam-
splitter for incidence is performed with a Picometrix T-Ray 2000XP THz-TDS system as shown
in Fig. 4. This system is advantageous as the fibers coupled to the emitter and detector heads
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Fig. 4. Schematic diagram of the Picometrix 2000XP THz-TDS system. The output of
a Ti:Sapphire laser (Spectra-Physics Mai-Tai with a pulse-width of <100 fs) is coupled
into the control box of the Picometrix 2000XP system which is fiber-coupled to movable
emitter and detector heads, allowing transmission and reflection from the beam-splitter to
be be measured for varying angles of incidence.

enable them to be moved around an optical table freely, thus permitting measurements to be
conducted at varying angles of incidence. The limitation of the system however does not allow
reflection measurements to be performed at normal incidence. Therefore, as an exception, a
reflection based THz-TDS [26] has been used for this particular case.

An initial measurement on an uncoated LDPE film confirmed that this layer can be neglected.
Coated samples were then measured to characterize their transmission and reflection profiles.
The measurements were performed in air atmosphere for angles of incidence ϕ0 varying from
25◦ to 50◦ in both P and S polarizations. Transmission measurement of a 9.8 μm coated sample
at normal incidence demonstrate that the transmitted pulse is attenuated compared to the ref-
erence pulse, however without any delay in the time-domain pulse (Fig. 5a) or added spectral
features on the frequency curve (Fig. 5b).

5. Results

Data is obtained from transmitted pulses of multiple beam-splitter samples at normal inci-
dence and are plotted in comparison with the modeled data in Fig. 1b. This measured data
is curve-fitted to the theoretical model of Eq. (2) (Fig. 1b), yielding the DC conductivity of
the silver conductive paint of σ0 = 500 S·m−1, this DC conductivity is much lower than that of
Laman et al. [28], due to the difference between the silver conductive paint and pure metal. This
value fits the data to a correlation factor of R = 0.9965, showing close conformity to the curve
fitted DC conductivity. The discrepancy between the model and the measurements observed
for the thinnest and thickest samples are attributed to the effects related to the uniformity of
the paint layers: Non-uniformities, which are more pronounced for thinner layers, tend to de-
crease the conductivity of the film. It can be observed in the microscope photographs shown,
as insets in Fig. 3, that the paint particles become more densely joined together as the thickness
increases.

Measurement data for the transmittance at normal incidence are presented in Fig. 6 for beam-
splitters fabricated for different splitting ratios averaged over the frequency range of 0.5 to
1.5 THz. The ratios of reflectance to transmittance are varied in steps from approximately
10:90 to 90:10. An interesting observation is that, as the frequency decreases and the thick-
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Fig. 5. (a) Time-domain of the reference pulse and LDPE beam-splitter in lab air. The shape
of the time-domain pulse is not affected by the transmission through the beam-splitter. (b)
Frequency plot of the reference pulse and of the pulse transmitted through the beam-splitter.
The beam-splitter does not contribute additional absorption peaks, while the broadband
attenuation appears to be approximately uniform. The splitting ratio of the beam-splitter
used here is 60:40.
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Fig. 6. Terahertz transmission plots of beam-splitters with varying thickness at normal in-
cidence. The increase in the conductive layer thickness led to decreased transmission. The
peaks in the curves are due to the water absorption in lab air. The modelled values of split-
ting ratios are depicted next to each curve.
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Fig. 7. (a) and (b) P and S polarization plots of relative reflection and transmission of
a beam-splitter with splitting ratio of 60:40 at 45◦ incidence. It can be noted that the P
polarization reflectance (a) is lower than that of the S polarization (b) in agreement with
the modelled results shown in Figs. 8a & 8b.

ness approaches one fifth of the skin depth (approximately 0.8 THz), higher transmission can
be observed. This is consistent with the work presented by Walther et al. [32], where thinner
metal films exhibited higher relative transmission than the theoretical model used due to the
lower conductivity arising from the mentioned inhomogeneities. The thicker coatings in con-
trast, show fewer voids, and thus exhibit a higher conductivity closer to the quoted DC conduc-
tivity of the silver conductivity paint. Back calculations from the data show that the conductivity
drops to 150 S·m−1 for the thinner coatings from 500 S·m−1 of the thicker coatings.

The measurements for 45◦ incidence are shown in Figs. 7a & 7b only for a specific sample
for brevity. These curves illustrate the behaviour of the beam-splitters at 45◦ in both polar-
izations, and as expected, do not exhibit a strong frequency dependence. The selected sample
has an approximate thickness of 9.8 μm and a modelled splitting ratio of approximately 60:40
reflection to transmission. Due to the physical constraints of the system and to the finite size
of the beam-splitter’s aperture, the angular range is limited to ϕ0 equaling 25◦ to 50◦ for both
reflection and transmission. The experimental results at 1 THz are plotted in Figs. 8a & 8b for
the polarizations P and S respectively. A close agreement of the experimental data with the
theoretical model is observed in both polarizations. In particular, an increase in transmittance is
observed in Fig. 8a, as the angle of incidence increases towards the Brewster angle of the silver
conductive paint, at 72◦. In contrast for the S polarization, a steady increase in reflectance is
observed together with a decrease in the transmittance as the angle of incidence increases. The
estimated losses in both polarizations are also consistent with the error range calculated from
the standard deviation of the thickness of the silver conductive paint (in this case approximately
±5.5%). For both polarizations, the efficiency at 1 THz of the beam-splitter is approximately
90%.

6. Comparison with dielectric beam-splitters

Commonly, Hi-Z Si wafers are employed in THz-TDS systems as beam-splitters [15].
The frequency-dependent performance of two such beam-splitters with different thicknesses
(200 μm and 1 mm) have been measured for comparison with the proposed thin-metal-film
beam-splitter. The results are plotted in Fig. 9 and show that Hi-Z Si wafers (without time-
domain echos removed), suffer greatly from strong frequency-dependent oscillations of the
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Fig. 8. (a) Relative transmission, reflection and loss in P polarization. (b) Relative trans-
mission, reflection and loss in S polarization. The error bars in (a) and (b) are calculated
from the standard deviation of the thickness of coatings for a sample with a beam-splitting
ratio of 60:40. The solid lines denote the model used, while the points show the measured
data.

splitting ratio, arising from Fabry-Pérot interference effects. This is particularly critical for
thicker samples, whereas it can be noted that the thinner sample exhibits slower oscillations,
but is difficult to handle. Removing the interferences through time-gating requires thick sam-
ples, which are bulky and expensive. For a similar averaged ratio of reflection to transmission,
the proposed thin conductive film beam-splitter has a much smoother transmission curve and
avoids Fabry-Pérot interference effects, due to the low refractive index and very thin substrate.
An additional advantage of the thin-metal-film beam-splitters are that the ratios of reflection
and transmission can be adjusted and optimized for particular systems unlike the fixed ratio
provided by Hi-Z Si.

7. Potential improvements

To increase the accuracy of ratio adjustment and minimize surface roughness of the silver con-
ductive paint layer, adjustments during fabrication could be implemented. A possible method
for this fabrication would be to replace spray coating by inkjet printing, thus providing a means
for rapid prototyping. In that case, accurately sized droplets of the silver paint can be deposited
layer by layer to achieve the desired thickness. This controlled stepping would allow for a more
controlled surface roughness, making for greater precision in setting the beam splitting ratio.

8. Conclusion

A low cost ultra-thin LDPE beam-splitter has been presented for low-dispersion splitting for
reflection and transmission in THz-TDS systems. Several fabricated samples have been charac-
terized physically and optically, and the transmission/reflection properties have been compared
to a theoretical model. In addition, the angular characteristics for practical applications of the
beam-splitter have been demonstrated at both horizontal and vertical polarizations. Finally, the
performance of this beam-splitter has been compared to the traditionally used Hi-Z Si wafers.
Potential applications for this beam-splitter include a beam-sampler for real-time monitoring
of high-power sources, as well as a potential replacement for Hi-Z Si wafers in reflection mode
terahertz spectroscopy systems or in operating at terahertz frequencies.
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Fig. 9. Comparison of the transmittance curves for a 1 mm thick Hi-Z Si wafer (green),
a thin 200 μm wafer (blue) and a silver painted beam-splitter with a splitting ratio of
38:62. Note that the LDPE beam-splitter exhibits a smoother transmission as a function
of frequency, compared to the two Hi-Z Si wafers without Fabry-Pérot interference being
removed within the time-domain.
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