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Abstract

Attenuation of ultrashort THz pulses poses a significant technological challenge due to the
broadband nature of such light pulses. Several methods exist for this purpose, including
crossed wire grid polarizers, high refractive index, high resistivity silicon wafers, and ultrathin
metal films. In this review, we discuss the operational principles of these methods, and
highlight some of the advantages and potential pitfalls of the methods. We describe the limits
of high-frequency operation of wire grid polarizers, relevant for contemporary ultra-broadband
THz sources in air photonics. We discuss the effects of multiple reflections and interference in
sequences of silicon wafers for attenuation, and finally discuss the potential of using ultrathin
metallic films for broadband attenuation.

Keywords Attenuation of terahertz beams - Time-domain measurements - Tutorial

1 Introduction

Technological developments in the past years has made it possible to use commercial table-top
femtosecond laser systems to generate intense, ultrashort THz pulses in the 0.1-5-THz range
with focused field strengths in the megavolt/centimeter range, and pulse energies from
microjoules towards millijoules and beyond from inorganic and organic nonlinear crystals
[1-3]. Such coherent THz pulses are used to investigate nonlinear interactions between strong,
ultrafast THz fields and virtually all material types, including a few examples of studies of
dielectrics [4—6], semiconductors, metals [7, 8], magnetic materials [9], 2D materials [10],
liquids [11, 12], and gases [13].

With the availability of intense light sources comes naturally the need to attenuate the light
in a controllable manner, for instance when investigating phenomena that depend on the peak
field strength. In time-resolved measurements, it is important that the attenuation is uniform
across a very broad bandwidth, so that all frequencies are attenuated by the same amount. In
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this manner, the temporal shape of the THz signal is preserved after attenuation. A pair of
freestanding wire grid polarizers can perform this task as long as the THz signal has its spectral
components within the high extinction range of the wire grids, when wavelength is much
larger than the wire spacing. As a few examples, wire grid-based attenuation has been used in a
range of nonlinear THz studies, using pulses generated by femtosecond tilted pulse front
excitation of lithium niobate covering the spectral range up to approximately 2 THz [5, 14-16]
and femtosecond pumping of organic nonlinear crystals with frequencies up to 5 THz [17].
The main advantage of using a pair of crossed freestanding wire grid polarizers for attenuation
is the absence of a substrate, and thus there are no unwanted internal substrate reflections that
disturb the signal. However, as we will demonstrate in the following, attenuating very
broadband THz pulses with pairs of wire grid polarizers can lead to unexpected and detri-
mental performance. An alternative method for broadband, high-fidelity attenuation of THz
signals is to make use of reflection losses from a sequence of high-index dielectrics such as
high-resistivity silicon (HR Si) [18, 19]. In this case, internal substrate reflections will play a
major role in the transmission properties. Therefore, this method is difficult to apply for
instance for attenuation of continuous-wave or narrow-band THz sources. Narrow-band
attenuation can for instance be realized by metamaterial-based surfaces designed for high
absorption in the vicinity of a specific resonance frequency (see, e.g., [20-22]). Although the
field of metamaterial absorbers is very active, we will not cover this in the current tutorial as
we will concentrate on broadband attenuation.

This tutorial is organized as follows. First we offer a theoretical analysis of
broadband attenuation of ultrafast THz signals with crossed wire grids, and in
particular, we investigate the effect of the wire grids on the polarization state of an
ultra-broadband THz signal. We then proceed with a theoretical and experimental
analysis of broadband attenuation with sequences of HR Si wafers. Here, we focus
on the effect of multiple reflections in and between the wafers in different configu-
rations of such sequences, and we show experimentally that a sequence of HR Si
wafers offers precise and uniform attenuation across the 0.1-17-THz range. Finally,
we discuss, from a theoretical point of view, the performance of partially transparent
thin metal films for attenuation of THz signals. We show that for frequencies well
below the inverse scattering time of the free electrons in the metal, films with
thicknesses in the nanometer range offer broadband and relatively uniform attenuation
of broadband THz beams.

2 Broadband Attenuation with a Pair of Wire Grid Polarizers

The perfect wire grid polarizer transmits the polarization of the THz field perpendicular to the
wires with an efficiency of 100%, and completely blocks the component of polarization
parallel to the wires. However, the frequency range of the wire grid polarizer is limited by
the spacing p and to some extent the diameter d of the wires. The wire grid polarizer works as
expected for wire spacings d < A, with gradual performance loss as the wavelength approaches
d, or the frequency approaches c/d. This means that in practice, there will always be some
transmission of the parallel polarization (here labeled 7)), and the perpendicular transmission
(here labeled 7,) is never exactly unity. In order to show the influence of the imperfect wire grid
polarizer, we will use the Jones polarization matrix formalism to describe the transmission
properties.
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We consider the transmission through the two polarizers shown in Fig. 1. Here, the first
polarizer is rotated an angle 6 with respect to the linearly polarized input field (here chosen to
be in the x direction), and the second polarizer is fixed with wires perpendicular to the x
direction. The transmission through the two wire grids can then be described as:

E,. = PR(0)P R(-0)E,, (1)

where E;, and E,,; are the input and output field vectors, respectively, and P and R(6)are the
Jones matrix for the wire grid, and the rotation matrix, respectively,

[t O [ cosf —sinf
a (0 4 )’ R() = (sin6‘ cosf ) @)
In the special case of x-polarized input field, the output electric field vector is thus:
_ [ t.(ticos’0 + tsin*0)
Eou = E,,,< t)(t,—t))sinfcosd )’ (3)

This shows that, for an imperfect wire grid, the output polarization will be slightly rotated (in
the case of real-valued transmission coefficients), or even elliptically polarized in the more
general case of complex-valued transmission coefficients. This possible change of the polar-
ization state of the THz field is indicated by the red ellipses in Fig. 1.

The parallel and perpendicular transmission coefficients can only be evaluated precisely by
full-wave calculations [23, 24]. However, a transmission line analogy can be used to derive
approximate analytical expressions for the transmission coefficients [25]. The perpendicular
and parallel transmission coefficients are derived for model circuit systems were the wires of
the wire grid form a capacitive or inductive obstacle to the field, respectively. For complete-
ness, we reproduce the analytical expressions from [25] for the perpendicular and parallel
transmission coefficients:

YAV 47

(1+21/20)(Zy/ 20 + 72/ Zo)” (4)

t, =

out

WG2

Fig. 1T Wire grid (WG) pair for attenuation of THz beams. Red arrows and ellipses represent the electric field
vector before, between, and after the wire grids
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with the following list of definitions of the various quantities:
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These equations are derived under the assumption of constant current in the wires, which is a
valid approximation for d « A and d « p, where d is the diameter of the individual wires and p is
the period of the wire grid (i.e., distance between two wires). These conditions are not always
met in a THz wire grid polarizer. State-of-the-art freestanding wire grid polarizers have wire
diameter of 5 um and wire spacing of 12.5 pum,' leading to d/p = 0.4. However, reasonable
agreement with experimental results over a larger range of parameters is claimed in [25] and in
a follow-up experimental study of a variety of wire grids [26].

To give a practical example of the implications of the frequency-dependent perpendicular
and parallel transmission functions of the wire grid polarizer, we consider three different types
of THz pulses, with different bandwidths. Figure 2a shows the temporal profiles of THz
pulses, generated and detected with photoconductive antennas (blue curve), generated by
difference-frequency generation of femtosecond laser pulses in the organic nonlinear crystal

Z5/Zy =

! See for instance Specac Ltd., UK, or PureWavePolarizers Ltd., UK.
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DAST, and detected by free-space electro-optics sampling in gallium phosphide (red trace).
The orange trace represents a THz pulse generated by a two-color femtosecond air plasma and
detected by air biased coherent detection (ABCD). The traces have all been normalized to
unity peak strength (and offset for clarity). Figure 2b shows the corresponding spectral
amplitudes, with the same color coding, on a logarithmic frequency scale. The spectral range
covered by each pulse spans the 0.1-2-THz range, the 0.3—4-THz range, and the 1-30-THz
range, respectively.

In the following, we will show the effect of a wire grid attenuator as shown in Fig. 1 on
each of these signals. As a representative example of high-quality freestanding wire grids, we
will use d=5 um as wire diameter and p=12.5 um for wire spacing. With this, we use
Eq. ((4) and Eq. (5) to calculate the transmission coefficients of the wire grid. Figure 3a shows
the perpendicular and parallel transmission coefficients as function of frequency, across the
relevant spectral range 0.1-70 THz, covering the full spectral window for all representative
signals considered here. Figure 3b shows the phase of the two transmission coefficients across
the same spectral range. Notice again the logarithmic representation of the frequency axis. At
low frequencies, the perpendicular transmission is as expected close to unity, and the parallel
transmission coefficient is close to zero. However, as the frequency increases, the perpendic-
ular and parallel transmission starts to deviate significantly from unity and zero, respectively,
due to the shorter and shorter wavelength. At approximately 24 THz (corresponding to A =p),
there is a strong anomaly in the transmission coefficients, originating simply from the first
diffracted order in the wire grid array, that now works like a diffraction grating. Similarly, the
next two resonances at yet higher frequencies correspond to higher-order diffraction peaks. At
first glance, it may be surprising that the theory based on a transmission line analogy that we
apply here can reproduce diffractive effects. However, according to Blanco et al. [25], in the
transmission line analogy, the resonance effects are due to the onset of coupling to evanescent
higher-order modes of the transmission line.

From this general overview of the behavior of the wire grid, from polarizing element at low
frequencies to a diffractive element at higher frequencies, it is now possible to show the effect of
attenuation of the exemplary THz pulses with a wire grid attenuator. The procedure is to multiply the
spectrum of the THz signal (Fig. 2b) by the wire grid attenuator transmission function (Eq. ((3)), and
then perform an inverse Fourier transform of the resulting two polarization components. This is

2F (@) ok (b) Low bandwidth High bandwidth |
- Medium bandwidth
15t Z ot
2 g
= !
=1 =}
R 508
£ 3
) 3
£ 05 E 0.6F
£ s
3 £ 0af /
m or 38
o
2]
Low bandwidth 02F
-0.5F Medium bandwidth
High bandwidth
-2 -1 0 1 2 3 4 5 0.1 1 10 100
Time [ps] Frequency [THz]

Fig. 2 a Three types of THz pulses, generated by photoconductive antennas (blue curve, low bandwidth), the
organic crystal DAST (red curve, medium bandwidth), and two-color femtosecond air plasma (orange curve,
high bandwidth). b The corresponding spectral amplitudes of the three signals
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Fig. 3 a Perpendicular and parallel transmission amplitudes for a wire grid with d =5 pm wire diameter and p =
12.5 um wire spacing. b Frequency-dependent phase shift of the two transmission coefficients

shown in Fig. 4, for each of the three pulse types, transmitted through a configuration where the first
polarizer is rotated 6 =45°, corresponding to a theoretical field transmission of 50% through ideal
wire grids. The central red curve shows a three-dimensional view of the electric field vector as
function of time, and the projections onto the x-¢ plane and y-¢ plane shows the x component and y
component of the electric field, respectively. The projection onto the x-y plane gives an impression of
the linearity of the polarization.

For the low-bandwidth THz pulse, the wire grid attenuator works exactly as expected—the
x-component of the field is attenuated to 50% of the original field strength, and there are
virtually no signs of cross-polarization. For the medium-bandwidth THz signal, the transmitted
signal now has a small but significant y-component, and, importantly, a small amount of
ellipticity due to the phase difference between the two orthogonal transmission coefficients of
the wire grids. In the extreme case of the high-bandwidth signal, the polarization of the
transmitted signal is highly disturbed, with a strong time-dependent ellipticity and rotation
of the polarization.

Figure 5 shows the transmission in terms of the pulse energy U, temporally integrated over
the duration of the pulse (U « [ E2(0)db), through the wire grid attenuator as function of rotation
angle 6, for the three different THz signals considered here. The open symbols represents the
ideal behavior (¢, = 1, ) =0) that results in E,,, = E;,c0s?0 or U, = U,cos* (see Eq. ((3)). In
line with the observations above, the wire grid attenuator works very well for the low-

Low bandwidth Medium bandwidth High bandwidth

0. 0 ¥
E -5 Time [ps] E Time [ps] E, Time [ps]

Fig. 4 Time-dependent polarization state of the three THz pulse types, after transmission through a wire grid pair
with #=45° d=5 pm, and p=12.5 um. a Low bandwidth. b Medium bandwidth. ¢ High bandwidth. The red
curves show the time-dependent vectorial electric field, and the blue curves are the projections onto the x, y, and z
planes, respectively
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bandwidth signal, reasonably well for medium-bandwidth signal, and rather poorly for the
high-bandwidth signal.

Thus, the wire grid attenuator is useful for THz signals in the lower end of the THz spectral
range, up to approximately 4 THz for the best freestanding wire grids available today.
Although substrate-based wire grids can offer a finer line spacing, the substrate will in practice
limit the operational frequency range, e.g., to a window in the mid-infrared, induce multiple
reflections, and introduce frequency-dependent losses. For THz signals of extreme bandwidth,
such as the plasma-generated signals discussed here, alternative methods for broadband
attenuation are required.

3 Broadband Attenuation with Silicon Wafers

The refractive index of high-resistivity float-zone silicon is n = 3.4175 with a variation of less
than 0.0001 across the THz range (up to 4.5 THz), and the loss is exceedingly low (below
0.025 cm™! up to 4.5 THz) [27, 28]. Ignoring multiple reflections, the transmission coefficient
at normal incidence through a silicon wafer is thus #=4n/(n+1)2=0.700, corresponding to a
power transmission coefficient of 0.491, which corresponds closely to an attenuation of 3 dB.
Virtually all other materials that have been characterized in the THz range display much larger
dispersion and significant frequency-dependent absorption across the THz frequency range
and are thus less than ideal to use for attenuation of broadband THz signals. High-purity HR Si
is commercially available in the form of wafers used as substrates and devices in the
semiconductor industry.? Thus, it could perhaps be tempting to use a sequence of HR Si
wafers as a universal method for attenuation of THz beams, with field and power transmission
through a sequence of N wafers of ty=0.7" and Ty = 0.5", respectively. Figure 6 shows an
example of a THz pulse transmitted through a 525-um-thick HR Si wafer. The transmitted
signal is composed of a directly transmitted part (which we will call the direct pass) followed
by a sequence of echoes due to the multiple reflections of the THz pulse inside the wafer.

2 For instance from Topsil GlobalWafers A/S (www.topsil.com)
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Fig. 6 Time-domain trace of a reference THz pulse (blue curve, vertically offset by — 0.3 units) and the same
pulse transmitted through a HR Si wafer (red curve). The direct transmission is seen at #=0 ps, and subsequent
echoes from multiple reflections in the wafer are seen at 12, 24, and 36 ps. The time window Ty, is available for
distortion-free spectroscopic measurements

Whereas the relative transmission of the direct pass is 0.7 and its relative pulse shape is left
unmodified by the pass through the HR Si, the subsequent echoes influence the applicability of the
THz signal for spectroscopy. It can be seen that there is a useful time window (labeled T, in Fig. 6)
before the arrival of the first echo. Since the available time window is a central part of THz-TDS
analysis [29], these echoes are important to consider when planning a given experiment. The
available temporal window is 2nd/c, which for the 525-um wafers used here equals 12 ps. The
basic frequency resolution of the spectrum of the THz signal recorded with this temporal window is
Af=1/Tyin = c/2nd, equal to 0.084 THz in this example. Although methods exist for inclusion of the
echoes in THz-TDS analysis [30-33], the limited time window of the undisturbed waveform is still
an important side effect of attenuation with HR Si wafers.

Figure 7 shows the two general configurations that will be discussed here.

The configuration in Fig. 7a shows a sequence of N silicon wafers positioned perpendicular
to the propagation direction of the THz beam, and (ideally) evenly spaced by a distance L. As
indicated in the figure, the high index of refraction of silicon leads to substantial reflections at all
the interfaces in the structure, and hence the transmission is best formally described by standard
transfer-matrix formalism, as indicated in Fig. 7b.

In general, the effect of any linear optical element in the path of a collimated optical beam
can be described in the frequency domain by a transfer function:

Eou(w) = T(w)Ep(w), (6)

where E;,(w) and E,,(w) represent the complex-valued (amplitude and phase) of the input and
output electric field, respectively, and 7(w) is the complex-valued transfer function (transmis-
sion or reflection). Propagation in free space over a distance d is represented by 7(w) = exp(iwd/
¢), and transmission over interfaces is described by the standard Fresnel coefficients (see, e.g.,
[34]). The description of the transmission through the sequence of wafers is best described by
the theory of stratified media. Here, we limit the theoretical description to normal incidence of
the THz field, and follow the derivation by Saleh and Teich [35], who uses a combination of
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transfer matrices and scattering matrices. Stratified media are also treated in other standard
textbooks, including Born and Wolf [34] and Pedrotti and Pedrotti [36].

The transfer function of a stack of silicon wafers is modeled by N transfer matrices, that
each is the product of transmission and propagation matrices that describe the interface
transmissions in and out of the silicon and propagation through silicon and air, respectively:

A B
My, = (MIZMSiMZIMair)NE(C D)’ (7)

where the individual matrices are:
1 (fn+1 n-1
M”_Z(n—l n+1>’

1/n+1 1-n
Mﬂ*f( 1-n n+1)’

. (8)
_ (exp(inwd/c) 0
Mg; = P 0 exp(—inwd/c) ) ’
o exp(iwL/c) 0
M, = ( 0 exp(—iwL/C) ) .

The matrix element Sj; of the scattering matrix S then determines the frequency-dependent
transmission through the stack:

s =5 sme)=5("22 1) g

The S}, element is the transmission coefficient, so finally, for a given input signal E(7), the
temporal shape of the signal transmitted through the stack is calculated as:

Ey(t) =7 ' (Su7 (Eo(1))). (10)

where .7and .7 'denote the Fourier transform and the inverse Fourier transform, respectively.

In practice, the distance between the individual wafers needs to be controlled to within a
small fraction of the wavelength in order for the matrix formalism described above to give a
precise representation of the transmission properties. Small random variations in the spacer
distance L can be accommodated in a statistical manner by introducing a normal distribution of
dithering to the lengths used in M;. in Eq. ((7).

The multiple reflections between the individual wafers can be avoided by placing the
wafers at alternating small angles, as shown in Fig. 7c. In this way, the reflected parts of the
beams are diverted away from the propagation axis, and the transmission through the stack can
be described by the transmission through the individual wafer, decoupled from the propagation
in air between the wafers:

l12123€Xp(inwd/C) N
)

Ty(w) = (eXp(iWL/C) 1=ry1ro3exp(2inwd /¢ N (11)
4nexp(inwd /c) )

1+ n)*—(1-n)*exp(2inwd /)

~| exp(iwL/c
(ep( /)(

where the approximation in the second line of Eq. ((11) is that the field is normally incident on
the wafer sequence. It is straightforward to include the additional path length inside the wafers
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Fig. 7 a Dielectric wafers of thickness ¢ and refractive index n, spaced by L. Arrows indicate some of the
infinitely many reflections occurring within the wafers and between them. b Matrix model of propagation in a
multilayered structure. ¢ Angled array of wafers that minimizes on-axis reflections between the wafers

due to the angle of incidence, and to use the full angle-dependent transmission and reflection
coefficients; however, for small angles, the approximation is good. Specifically, the additional
path length inside each wafer at incidence angle 6 is:

Ad(6) :d(ﬁ—l) :d(W—l):g (%)2 (12)

where 6' is the angle of propagation inside the wafer, determined from Snell’s law. For an
incidence angle of 5.5°, the additional optical path is Ad=0.2 um for a 525-um HR-Si wafer.

The transmitted signal through a sequence of wafers can be detected either by time-resolved
methods in THz-TDS, such as photoconductive sampling, electro-optic sampling, or air biased
coherent detection (ABCD)—here the waveform of the transmitted signal E(¢) is detected,
ideally over a time interval sufficiently large to capture the full waveform of the complete
sequence of echoes from the wafer sequence. Alternatively, the power or pulse energy of the
transmitted signal can be detected by an incoherent detector, such as a bolometer, pyroelectric
detector, or Golay detector. In this case, the detected signal is the temporally integrated power,
proportional to:
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P« [ E*(1)dt, (13)
0
where 7is the repetition rate of the signal. For a continuous-wave THz source, Tequals the oscillation
period of the THz field, and for a pulsed source, 7 equals the repetition rate of the system.

4 Experiments and Comparison with Theory

We investigated the transmission function of sequences of up to 7 HR-Si wafers, each with a
diameter of 101.6 mm (4") and nominal thickness of 525 pum. We tested two configurations.
Firstly, wafers were placed at nominal normal incidence angle with distances L =35, 10, and
15 mm (configuration in Fig. 7a), and secondly, wafers were placed at alternating angles of
5.5° with respect to the propagation axis. In both series of experiments, the wafers were placed
in a wafer tray, which due to the width of the wafer slots allowed a small variation of the wafer
distance L of the order of + 0.2 mm, as well as small variations of the incidence angle, of the
order of +0.3°. Care was taken to minimize these deviations by consistent placements of the
wafers during the experiments.

The majority of the experiments were performed in the 0.1-1.5-THz range. In these
experiments, time-resolved detection of the transmission of ultrashort THz pulses was per-
formed with a commercial fiber-coupled THz-TDS system (Picometrix T-Ray 4000), using a
temporal scan window of 320 ps, and a temporal resolution of 78.13 fs. This time window
captures the full sequence of sequential echoes from the wafers detectable above the noise
floor of the system. The incident THz pulses covered a frequency range 0.05-2 THz. In
another set of experiments, we performed transmission measurements over a much broader
frequency range (1-17 THz). The THz pulses were generated by two-color femtosecond
plasma [37-40] and detected by air biased coherent detection [41, 42]. For experimental
details of the setup used here, we refer to [43]. In the experiments discussed here, we used a
temporal resolution of 13.33 and 6.67 fs for the long scans (150 ps time window) in Fig. 16
and short scans (5 ps temporal window) in Fig. 18, respectively.

Measurements of the time-integrated power transmission through the wafer sequences were
performed with a high-power THz system source. We used difference-frequency generation of
intense THz pulses (initial pulse energy 4 pJ) in the organic crystal DAST with 100-fs laser
pulses at a wavelength of 1450 nm from an OPA system (HE-TOPAS, Light Conversion/
SpectraPhysics), driven by 6-mJ, 100-fs pulses at 800 nm from a Ti/sapphire-based laser
amplifier (SpectraPhysics Solstice Ace). The high-power THz pulses covered a frequency
range 1-5 THz, with peak spectral intensity at 2 THz. The power of the transmitted THz pulses
was measured with a calibrated pyroelectric detector (Gentec model THZ9B-BL-DZ).

Figure 8 shows measurements of the transmission through N =0-7 silicon wafers, spaced
by L=35, 10 and 15 mm. The time-domain traces show that the input signal, consisting mainly
of a single cycle of the THz field, separates into a complex pattern of echoes. The leading part
of the echo sequence is delayed corresponding to the increased amount of silicon in the beam
path (At = N(n— 1)d/c or 4.23 ps per wafer). The echo sequence is most complex for the 5-mm
spacing, and for the 10- and 15-mm spacings, the temporal transmission signal is seen to settle
at a characteristic pattern with echoes separated by the round-trip time in the silicon wafer
Atg;=2nd/c=11.96 ps, where the strongest part of the transmission signal is not the leading
part.
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Fig. 8 Measurement of the time-domain signals transmitted through N =0-7 silicon wafers, spaced by a L=
5mm, b L=10 mm, and ¢ L=15 mm. Traces are vertically offset by N/2 for clarity

Figure 9 shows the amplitude of the measured transmission function of the N =1-7 wafer
sequence, based on the time traces shown in Fig. 8, and calculated as Ty(w) = | ExM(w)/Eg(w) | .
The transmission spectra are most complex for the 5-mm spacing, and the spectra for the 10-
and 15-mm spacings evolve into a rather regular Fabry-Perot-like transmission behavior, with
frequency spacing Af=1/Atg; = ¢/(2nd) = 0.0836 THz and deeper modulation of the transmis-
sion minima with increasing number of wafers. We also see that there is a tendency of overall
decreased transmission towards higher frequencies.

As a direct comparison with experiment, Fig. 10 shows the simulated time-domain
transmission of the input signal (lower, blue trace) for N=1-7 wafers, using the transfer
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Fig. 9 Experimental spectra of the transmitted time-domain signals shown in Fig. 8, vertically offset by N-1 for
clarity. a L=5mm. b L=10 mm. ¢ L=15 mm
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Fig. 10 Numerical propagation of a THz signal (lowest trace in each panel) through a sequence (N = 1-7) silicon
wafers at normal incidence, corresponding to the configuration shown in Fig. 8. a L=5 mm. (b) L=10 mm. ¢
L =15 mm. Traces are vertically offset by N/2 for clarity

matrix formalism described by Egs. (7)—(10). Again, the distance between the wafers is 5, 10,
and 15 mm.

The general agreement between the theoretical transmission in Fig. 10 and the correspond-
ing experimental data in Fig. 8 is good. We observe the largest complexity of the transmitted
signal for the smallest spacing (Fig. 10a vs. Fig. 8a), and the emergence of a stable transmis-
sion pattern with increasing number of wafers, especially for the larger spacings. Especially for
the 15-mm spacing (Fig. 10c) the transmitted signal is composed of distinct groups of echo
sequences, separated by the round-trip time between the wafers, At,;,.=2L/c. This temporal
grouping of the transmission signal is also observed in the experimental data (Fig. &c),
although with a significantly smaller amplitude of the signal group, delayed by the round-
trip between the wafers. The reason for this discrepancy is mainly the non-perfect alignment of
the angle and distance between the wafers in the experimental setup. Small angular deviations
of the wafers will divert the reflected parts of the signal from the propagation axis, and small
differences in distance will diminish the constructive interference between the reflected signals
from the different air sections of the wafer sequence.

The combination of standing waves within the individual wafers and between the wafers
can be observed in the frequency domain, as shown in Fig. 11. The calculated transmission
spectra show a superposition of the slowly varying interference pattern from within the wafers
and the more rapidly varying interference from the air spacing layers. Compared to the
experimental transmission spectra in Fig. 9, the rapid modulation is much more pronounced
in the ideal, calculated results. This is a direct consequence of the small misalignment of the
wafers with respect to each other in the experiment. Such misalignment will severely diminish
the standing waves between the wafers.

The effect of random variations of the air distance in a wafer sequence can be observed
directly if the THz-TDS system is capable of displaying a live trace of the detected signal. In
that case, small distance variations can be induced mechanically, and it can be observed how
parts of the echo sequence that belong to the standing-wave pattern between the wafers slightly
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Fig. 11 Calculated transmission spectra through N=1-7 wafers, equally spaced by L=15 mm at normal
incidence. Traces are vertically offset by N-1 for clarity

shifts temporally. In the transfer matrix numerical propagation, this effect can be mimicked by
dithering the distance between the wafers and averaging the transmission function over a large
number of configurations. This procedure washes out the interference between the wafers and
simplifies the transfer function significantly. Figure 12 shows an example of such a calculation.
Here, the nominal air distance L = 15 mm has been dithered by a normally distributed random
distance of 100 um, and the transmission of 100 such configurations has been averaged.

Based on the above results, Fig. 13 summarizes the predicted and measured attenuation
properties of the wafer sequence at nominally normal incidence. The open-circle symbols
represent the measurements with THz-TDS (L = 5, 10, and 15 mm) using Eq. (13) and results
from measurements with the pulsed, high-power THz source and the pyroelectric detector. For
the pyroelectric detector measurements, the wafers were placed at normal incidence with a
spacing of approximately 5 mm. The green curve shows the average value and standard
deviations of the measurements.

For comparison, the light blue, dashed curve shows the relation for attenuation that could be
expected if only the directly transmitted signal is considered (electric field transmission
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Fig. 12 a Time-domain and b frequency-domain average transmission spectra through N =1-7 wafers, where
the nominal spacing L =15 mm has been randomly dithered with a normally distributed random variation of
0.1 mm in a series of 100 calculations. The corresponding experimental data are shown in Fig. 9¢
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Fig. 13 Temporally integrated power transmission coefficient through N=1-7 Si wafers placed at normal
incidence in the beam path at spacings L =5, 10, and 15 mm, and measured with a pyroelectric detector (open
circle symbols), the average and standard deviation of the measurements (green curve). The dark red and blue
curves show the predictions from ideal and dithered transfer matrix formalism, respectively. The light gray traces
show the results of 100 individual transfer matrix calculations with spacings randomly dithered by 0.1 mm. The
dashed, light blue curve shows T(N) = [4n/(n+1)?]2V

HN)=[4n/(n + 1)2]Y), and the dark, red curve shows the expected result from ideal transfer
matrix theory, where L is kept constant through the wafer sequence. If the distance is dithered
by a small amount, here a normal distribution with a standard deviation of 0.1 mm, the
resulting transmission, averaged over 100 independent calculations (blue curve shows the
average and standard deviation and the light gray curves show the individual calculations), is
smaller than the ideal transmission, and approaches our measured values.

Figure 14 shows results of the calculated and measured transmitted signals through N =0-7
wafers arranged at a small angle (alternating + 5.5° with respect to the propagation direction, as
shown in Fig. 7c). The calculations are performed with the independent slab model (last,
approximative part of Eq. ((11)). The temporal and spectral transmission pattern is now only
determined by the standing waves within the wafers, without the rapid oscillations in the
transmission spectrum originating from standing waves between the wafers (Fig. 14c). As was
the case for nominally normal incidence on the wafers, we observe a degradation of the
transmission amplitude at high frequencies in the experimental data.

Figure 15a shows the temporally averaged power transmission through the angled wafers
measured by THz-TDS (orange curves) and pyroelectric detection (purple, open circles, same
data as shown in Fig. 13). The predicted transmission, calculated by the independent slab
model (Eq. ((11)) is represented by the blue curve, and the red, dashed curve again shows the
prediction based on #(V) = [4n/(n + 1)2]V. It is observed that our experimental results are close
to, but lower than, the predicted values from the independent slab model. Figure 15b shows the
measured field and power transmission coefficients through the angled wafer sequence if only
the first part of the temporal signal, the directly transmitted pulse, is considered. The red, open
circles show the transmission coefficient of the peak of this part of the signal. The blue, open
circles show the temporally integrated (in a =5 ps window around the first peak) power
transmission coefficient. The dashed curves are corresponding power-law fits, based on the
measured transmission values after the first wafer. Only in this case, the simple behavior
H(N)=[4n/(n + 1)2]N is recovered experimentally.
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Fig. 16 a Temporal traces of ultra-broadband THz pulses. Blue trace is the reference signal (with system echo at
55 ps), red trace (vertical offset + 0.005) is after transmission through 1 HR Si wafer, and orange trace (vertical
offset + 0.01) is after transmission through 7 HR Si wafers. The dashed boxes indicate zoom regions on the direct
pass and the first, second, and third echoes of the 7-wafer transmission shown in b. In b, each signal is
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5 Ultra-Broadband Performance of HR Si Sequences

Until now, we have only considered the low-frequency (< 1.5 THz) performance of HR Si
sequences. As mentioned earlier, the refractive index of silicon is constant across a very large
frequency range in the far infrared, and the absorption is very low, apart from a narrow region near
18 THz, where a phonon overtone [44, 45] leads to a weak absorption band. Thus, it can be expected
that the discussion in the previous section is valid across a much wider frequency range.

Figure 16 shows a measurement of ultra-broadband THz pulse transmission through the same
sequence of Si wafers as used in the previous section. The single-cycle pulses now cover the
frequency range from 1 THz to beyond 20 THz, and thus, the pulses are much shorter than in the
previous section. Figure 16a shows the time traces of the pulse propagating through the spectrometer
without attenuation (blue trace), with 1 Si wafer inserted (red trace), and with 7 wafers inserted
(orange trace). As expected, we observe attenuation of the signals. However, in this experiment, the
7-wafer temporal transmission pattern does not follow the same pattern as observed in the low-
bandwidth experiment (see Fig. 8 and Fig. 14), where the direct transmission is weaker than the
subsequent echoes. The reason for this observation is indicated in Fig. 16b, where we show a
zoomed-in view of the direct pass and subsequent echoes after transmission through 7 wafers (boxed
regions in Fig. 16a). The direct transmission (blue trace) consists of a single pulse, whereas the
subsequent echoes consist of two peaks (first echo, red trace), three peaks (second echo, orange
trace), and four peaks (third echo, purple trace).

This behavior is due to a small but systematic variation of the thicknesses of the 7 wafers, leading
to two possible path lengths for the internally reflected parts of the signal within the wafer sequence.
In Fig. 17, we show the result of a transfer matrix simulation of the experiment, following the same
procedure as in the previous sections. In the simulation, the wafer thicknesses were chosen randomly
to be either 525 or 528 pm. The origin of this variation is not precisely known, but we suspect that
the wafers are from different production batches, leading to the binary thickness variation. The 3-pum
variation is well within the tolerances for typical thickness specifications of commercial wafers.

3 See for instance specifications of Topsil wafers at http:/www.topsil.com/en/silicon-products/silicon-wafer-

products.aspx
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Figure 17b shows, in the same manner as Fig. 16b, a zoom-in on the simulated direct
transmission and subsequent echoes. A splitting of the echo signals is observed in the
simulation, in close agreement with the experimentally observed splitting. The detailed shape
of the echo sequence, e.g., for the third echo, is determined by the distribution of the
thicknesses of the 7 wafers, and we did not attempt to find the distribution that matches the
experiment the best. Thus, the exact patterns are not the same in the experiment and in the
simulation. The very small spacing of the peaks in the echoes (less than 100 fs) also show why
this effect was not observed clearly in the low-bandwidth experiments in the previous section,
using the same wafers. With a much longer THz pulse, the splitting is simply buried within the
width of the THz pulse.

Figure 18 shows an analysis of the direct pass through N=1 and N=7 wafers, using the
ultra-broadband THz pulses. Figure 18a shows the time traces of the reference (no wafers, blue
trace), after 1 wafer (red trace) and after 7 wafers (orange trace). The traces have been scaled
by the expected attenuation of 0.7V. In the ideal case, this would result in pulses with identical
height. However, there is a slight reduction of the N =7 signal. Figure 18b shows the spectra
(not scaled) of each of the signals in Fig. 18a. The Si phonon overtone absorption band is
clearly visible in all traces, including the reference. This is due to another thicker Si wafer used
in the experimental setup for blocking of residual pump light from the two-color femtosecond
plasma generation of the THz pulse. This residual absorption and the general roll-off of the
signal towards high frequencies results in a useful spectroscopic range of 1-17 THz in this
particular experiment.

Figure 18c shows the calculated transmission coefficient of 1 wafer (blue curve) and 7
wafers (red curve). It can be seen that the attenuation is indeed broadband and approximately
constant across the 1-17 THz range. However, there is a slight tendency for reduced trans-
mission towards higher frequencies. The orange curve is the single-wafer experimental
transmission raised to the 7th power, and the dashed and dotted horizontal lines in the plot
shows the expected attenuation (0.7 and 0.77 = 0.082) based on the single-wafer transmission
4n/(n + 1). The measurements are in good agreement with these estimates.
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Fig. 17 Simulation of ultra-broadband transmission through HR Si wafers, using the experimental waveform as
the input signal, and with a binary thickness variation of 3 um of the wafers. a Reference signal (blue trace)
compared to transmitted signal through 1 wafer (red trace, vertical offset +0.2) and 7 wafers (orange trace,
vertical offset + 0.4). The dashed boxes indicate zoom regions on the direct pass and the first, second and third
echoes of the simulated 7-wafer transmission shown in b. In b, each signal is shifted horizontally to =0 and
vertically offset and scaled by a factor of 5 for clarity
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6 Alternative Methods for Controllable Broadband THz Attenuation

As we have discussed here, attenuation of THz beams by reflection from high-index dielectrics
such as high-resistivity silicon is more complicated than could perhaps be expected from on
simple estimates of the transmission coefficient through a single wafer at normal incidence. A
more complex picture emerges when the full, frequency-dependent transfer function through
the wafer sequence is calculated. Multiple reflections, partly within the wafers, and partly
between the wafers, lead to strong modulations in the transfer function, corresponding to the
free spectral range of the wafers and the cavities between the wafers, respectively. However,
these standing-wave effects lead to echoes in the time domain, transmitted through the wafer
sequence at later times compared to the directly transmitted signal. Hence, if only the directly
transmitted signal is considered, the simple estimate of the total field transmission coefficient
t(N) = [4n/(n + 1)2]N is accurate.

The main reasons for the use of silicon wafers for attenuation of pulsed THz signals is the
spectrally flat response of silicon and the high refractive index, leading to substantial reflection
losses. In principle, a thin film with variable, but spectrally flat transmission would be
preferable, as the majority of the effects related to standing waves in the dielectric substrate
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would vanish. Thin metallic films may be able to fulfill the requirements of flat spectral
response and controllable transmission. Very thin films of high conductivity are required for
such operation, and for instance gold, when deposited in few nanometer thickness, are known
to form isolated islands that lead to a frequency-dependent transmission in the low THz range
[46]. Thin metallic films on high-index substrates can form an antireflection coating for the
internal reflection due to impedance matching with air, as demonstrated with chromium that
form continuous films already from a few nm thickness [47], and with gold films below the
percolation threshold [48]. Hence, careful design of such structures, possibly involving
reproducible deposition on ultrathin, low-index membranes, will be required.

As two design examples, we consider deposition of a thin film of chromium on a thin
polymer substrate and on a thicker HR Si substrate. Chromium is chosen for this design study
due to the favorable coating properties, where thin, continuous films down to 2 nm thickness
can be deposited on silicon [47]. The dielectric properties of the thin metal film are modeled by
the Drude model for the effective conductivity at film thickness a:

o(w) = 94e(@)

= Tiwr(a)’ (14)

where a is the film thickness, o, = Ne27/mis the effective DC conductivity, and 7 is the
effective scattering time, dependent on the thickness of the film. We use a bulk resistivity of
100 pQ2-cm [49], corresponding to a bulk DC conductivity of o4 px=10° S/m and a bulk
scattering time 73, = 10 fS, representative for metals with intermediate conductivity [50]. With
a Fermi velocity in the range of 10° m/s [50], the mean free path of electrons in bulk chromium
is approximately /5 =vs7=10 nm, comparable to the desired film thicknesses. Interface
scattering reduces the effective scattering time, and thus the conductivity of the thin film.
Under the assumption of diffusive scattering at the film interfaces, the reduced DC conduc-
tivity and scattering time can be modeled by [51]:
Odeutk _ Toutk _ P(K)

veld) @) K (13)

ﬁ:%—% (1—11—252>Ei(—n)—%(1—5“)—(%+ll—6”)e*”, (16)
where x =all,, is the ratio of film thickness and mean free path and Ei(—x) is the standard
elliptical integral. The reduction of the bulk conductivity (right-hand side of Eq. ((15)) is
plotted as function of film thickness in Fig. 19. It is clear that for film thicknesses comparable
to the mean free path, the reduction from the bulk conductivity is significant.

The effective conductivity for a specific film thickness can then be converted into an
effective, complex-valued index of refraction of the film (¢ = e., + io(a)/sow, n = /€), and
the frequency-dependent transmission through the full stack, consisting of the metal film and
the substrate, can be calculated using the same transfer matrix formalism as discussed above
(Egs. (7)~(10)).

Figure 20 shows the result of such a simulation for a thin chromium film on a lossless
50-um-thick polymer substrate with refractive index 1.5 (Fig. 20a—c) and on a 525-pum-thick
HR-Si substrate (Fig. 20d—f). The film thickness was varied from 0 to 25 nm in the simulation.
For the calculation, we used the same input signal as in the previous simulations, e.g., the N =
0 trace in Fig. 8a.
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Fig. 19 Reduction of bulk conductivity in thin films of chromium, as function of film thickness. Notice the
logarithmic vertical axis

The temporally integrated power transmission, reflection, and absorption coefficients (7, R,
and A=1— T — R, respectively) are shown in Fig. 20a, d for the thin polymer and thick HR-Si
substrate, respectively. For the polymer film, the power transmission varies from 93 to 5%
when the Cr film thickness is increased from 0 to 25 nm. The reflection increases generally
with Cr film thickness, and the absorption in the Cr film peaks at approximately 10 nm film
thickness. The frequency-dependent field transmission coefficient (Fig. 20b) shows a rather
uniform spectral response that decreases monotonically with film thickness. This leads to a
constant temporal shape of the transmitted THz signal without subsequent echo structure, as
shown in Fig. 20c, and therefore a controllable, broadband attenuation determined by the metal
film thickness.

If the same Cr film is placed on a 525-um HR-Si substrate, the general behavior of the
attenuator changes in some important respects. Most importantly, the frequency-dependent
field transmission coefficient (Fig. 20¢) is now heavily modulated due to the same standing
wave pattern in the substrate as discussed in the first part of the paper. However, at a Cr film
thickness of approximately 9 nm, this modulation is suppressed. The effect of this suppression
is seen in the transmitted temporal waveform (Fig. 20f), where the general appearance of the
transmitted signal is that of a main pulse followed by a weaker signal, coming from the first
round-trip in the substrate. However, at 9 nm Cr thickness, this echo disappears, due to perfect
impedance matching for transmission from the substrate through the Cr film into air. Thus, the
transmitted signal is a single pulse, attenuated by the field transmission coefficient of 45%
(power transmission 20%). This reduction of the internal reflection is identical to the obser-
vation in ref. [47], and therefore not unexpected. However, in the context of broadband
attenuation of THz signals, the simulation illustrates the design of an easily manufactured
structure (9 nm Cr on a standard HR-Si wafer) that offers 45% field transmission and virtually
no temporal reshaping of the transmitted signal.

Crucially, the operational bandwidth of an attenuator based on thin metal films will be
determined by the electron scattering rate of the metal. More specifically, Eq. ((14) shows that
when wr =1, the real part of the conductivity is reduced by a factor of two relative to its DC
value. For chromium with a 10-fs bulk scattering time, the condition w7=1 corresponds to a
frequency of 15.9 THz. Thus, we could expect that the thin-film attenuator optical properties
would be comparable to those shown in Fig. 20 up to much higher frequencies. We will
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Fig. 20 Design of metallic thin-film attenuator for THz beams. a Temporally integrated power transmission,
reflection, and absorption through a chromium film on a 50-pm polymer substrate (n = 1.5), as function of film
thickness. b Spectrally resolved field transmission coefficient in the 0-2-THz range. ¢ Temporal trace of
transmitted THz pulse, as function of chromium film thickness. d—f Same as a—¢, for a thin chromium film on
a 525-um HR-Si substrate

demonstrate this by the following simulation, very similar to the previous discussion with the
exception that we now use an ultra-broadband input pulse, identical to the input pulse used in
the preceding section.

Figure 21a shows the time-domain simulation results of the transmission of the ultra-
broadband input pulse (the blue curve) through the 50-um polymer film covered with various
thicknesses of Cr film (3.2, 9.5, and 25 nm, respectively, for the three red curves). The
transmitted signals have been vertically shifted and horizontally shifted by the indicated values
for clarity. The vertical arrows indicate the position of the first echo from the substrate, visible
especially for the @ =9.5 and 25 nm Cr films.

Figure 21b shows the transmission coefficient through the different film thicknesses,
calculated as the amplitude ratio of the spectra of the transmitted pulses and that of the
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Fig. 21 Ultra-broadband transmission through thin metal films. a Simulated time-domain traces through 3.2, 9.5,
and 25 nm chromium on 50-pm thick polymer film (n=1.5). Traces are offset vertically and horizontally for
clarity. Arrows indicate the echo of the first reflection in the polymer substrate. b Transmission coefficient in the
0-20-THz range of the 3.2, 9.5, and 25 nm film thicknesses. ¢ Same as a, with the thin metal film in a 525-pum
HR Si substrate. d Transmission coefficient in the 0-20-THz range of the 3.2, 9.5, and 25 nm film thicknesses.
Blue curves are the full transmission, taking all echoes in the Si substrate into account; red curves are considering
the direct transmission only

reference pulse. As expected, the transmission reduces with increasing film thickness. The oscilla-
tory behavior of the transmission is due to the interference between the direct pass and the first echo
of the input signal. For the smallest thickness used here (3.2 nm), these etalon oscillations are
significantly reduced, due to the vanishing reflection at this film thickness. The oscillations seen in
the transmission coefficient in Fig. 21b are also observed in the low-bandwidth simulation in
Fig. 20b, where the thickness of minimum reflection was also identified.

Figure 21c¢ shows the simulation results using the 525-um HR Si substrate. Due to the
substrate thickness, the directly transmitted part of the THz pulses are delayed by approxi-
mately 6 ps (At=nd/c), so we have horizontally shifted the transmitted signal by the indicated
amount in order to show the detailed waveform in the same short time window as the reference
signal. In addition to the direct pass, we also observe subsequent echoes at later times, here
delayed by additional multiples of 12 ps. Except for the thinnest metal films, only the first echo
contributes significantly to the full transmitted signal. Figure 21d shows the frequency-
resolved transmission coefficient for the three film thicknesses. The curves in blue color show
the transmission calculated from the full transmitted time trace, i.e., including all echoes, and
the red traces show the transmission coefficient, based on the direct pass (the part of the signals
shown in Fig. 21c).
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Again, we observe that there is an optimal thickness of the metal film for suppression of the
etalon effect in the substrate. However, the antireflection properties are not perfect across this
large bandwidth. This is simply due to the variation of the complex-valued conductivity as
frequencies increase and approach the wr=1 condition. Still, considering the direct-pass
transmission, which is most relevant in THz-TDS measurements, the transmission is rather
constant (¢ = 0.45-0.52 for the 9.5-nm film) across the 0-20-THz range, only marginally larger
variation than observed experimentally for one Si wafer (#=0.7-0.65 across the 1-17-THz
range, Fig. 18).

7 Conclusions

In this review, we have discussed several methods for attenuation of broadband THz signals.
The crossed wire grid attenuator was shown to be an excellent choice in the low-frequency
region below approximately 4 THz for the best freestanding wire grids commercially available
today, whereas signals at higher frequencies experience significant and frequency-dependent
modifications of the polarization state.

For more broadband operation, we discussed how to attenuate broadband THz signals with
a sequence of high-resistivity silicon wafers up to a frequency of 17 THz. Due to the
exceedingly low dispersion and absorption loss, the temporal shape as well as the spectral
amplitude and phase of the transmitted THz signals are maintained after transmission—when
only the directly transmitted signal is considered as will be the case in most applications based
on terahertz time-domain spectroscopy. If only the first transmitted signal is considered, the
transmission through a sequence of N wafers follows a simple power law, based on the
transmission through a single wafer. However, including the full temporal sequence of multiple
reflections in each wafer, the power transmission deviates strongly from the simple power law,
and the transmission settles at a constant value for large numbers of wafers, specifically a
power transmission of 15-20%, depending on the accuracy of the alignment of the wafers with
respect to each other and the THz beam. This scenario is relevant for continuous-wave
applications. The multiple reflections lead spectrally to very strong oscillations in the trans-
mission coefficient, thus limiting the value of this approach in narrow-band or continuous-
wave applications. However, for both linear, low-power and nonlinear, high power THz-TDS
applications, the direct pass is typically used, and the main drawback of subsequent echoes in
the time-domain signal is the limitation of the available time window for undisturbed spec-
troscopic measurements.

As an alternative route to reproducible, broadband attenuation, we suggested and analyzed
the use of thin metallic films, such as chromium, with favorable coating properties to a suitable
substrate such as high-resistivity silicon. With metal film thicknesses in the range of 10 nm, it
is possible to obtain controllable and approximately constant attenuation across a wide
frequency range, here demonstrated up to 20 THz. The upper limit of constant attenuation is
determined by the electron inverse scattering time in the metal.

As has become clear, the main technical challenge with attenuation based on either wafer
sequences or metal-coated wafers is the presence of internal multiple reflections that lead to
oscillatory behavior of the transmission spectrum of the attenuator. With an optimized
thickness of the thin metal film attenuator, it is possible to suppress these internal reflections,
but since this optimal thickness is directly linked to the attenuation, it is not possible to
independently optimize the antireflective properties and the level of attenuation. Thus, a
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perfect antireflective layer on the back side of the wafer would be highly beneficial. Already
some work in the literature addresses the construction of antireflective coatings in the THz
range, based on deep plasma etching of silicon surfaces show promise in this direction [52,
53], and a further increase in performance bandwidth of such surfaces would be a great
technological benefit for the THz community.

Having the right optical components is a prerequisite for advanced optical applications.
With the increasing use of ultra-broadband light sources in the THz range, now approaching
the mid-infrared, we believe that this tutorial has provided useful insights into the selection of
appropriate methods for uniform attenuation of such signals.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.

References

1. K. L. Yeh, M. C. Hoffiann, J. Hebling, and K. A. Nelson, "Generation of 10 pJ ultrashort terahertz pulses
by optical rectification,”" Appl. Phys. Lett. 90, 171121 (2007).

2. C. Vicario, A. V. Ovchinnikov, S. I. Ashitkov, M. B. Agranat, V. E. Fortov, and C. P. Hauri, "Generation of
0.9-mJ THz pulses in DSTMS pumped by a Cr:Mg,SiO, laser,” Opt. Lett. 39, 6632-6635 (2014).

3. J. A. Fiilop, L. Palfalvi, S. Klingebiel, G. Almasi, F. Krausz, S. Karsch, and J. Hebling, "Generation of sub-
m] terahertz pulses by optical rectification," Opt. Lett. 37, 557-559 (2012).

4. M. Shalaby, C. Vicario, and C. P. Hauri, "Extreme nonlinear terahertz electro-optics in diamond for ultrafast
pulse switching," APL Photonics 2, 036106 (2017).

5. M. C. Hoffmann, N. C. Brandt, H. Y. Hwang, K. L. Yeh, and K. A. Nelson, "Terahertz Kerr effect," Appl.
Phys. Lett. 95, 231105 (2009).

6. M. Sajadi, M. Wolf, and T. Kampfrath, "Terahertz-field-induced optical birefringence in common window
and substrate materials," Opt. Express 23, 28985-28992 (2015).

7. K. Iwaszczuk, M. Zalkovskij, A. C. Strikwerda, and P. U. Jepsen, "Nitrogen plasma formation through
terahertz-induced ultrafast electron field emission," Optica 2, 116—123 (2015).

8. A. C. Strikwerda, M. Zalkovskij, K. Iwaszczuk, D. L. Lorenzen, and P. U. Jepsen, "Permanently
reconfigured metamaterials due to terahertz induced mass transfer of gold," Opt. Express 23, 11586—
11599 (2015).

9. S. Baierl, J. H. Mentink, M. Hohenleutner, L. Braun, T. M. Do, C. Lange, A. Sell, M. Fiebig, G.
Woltersdorf, T. Kampfrath, and R. Huber, "Terahertz-Driven Nonlinear Spin Response of
Antiferromagnetic Nickel Oxide," Phys. Rev. Lett. 117, 197201 (2016).

10. Z. Mics, K.-J. Tielrooij, K. Parvez, S. A. Jensen, I. Ivanov, X. Feng, K. Mullen, M. Bonn, and D.
Turchinovich, "Thermodynamic picture of ultrafast charge transport in graphene," Nat. Commun. 6 (2015).

11. P. Hamm, "2D-Raman-THz spectroscopy: A sensitive test of polarizable water models," J. Chem. Phys. 141,
184201 (2014).

12. A. Shalit, S. Ahmed, J. Savolainen, and P. Hamm, "Terahertz echoes reveal the inhomogeneity of aqueous
salt solutions," Nat Chem 9, 273-278 (2017).

13. J. Lu, Y. Zhang, H. Y. Hwang, B. K. Ofori-Okai, S. Fleischer, and K. A. Nelson, "Nonlinear two-
dimensional terahertz photon echo and rotational spectroscopy in the gas phase," Proceedings of the
National Academy of Sciences 113, 11800-11805 (2016).

14. M. C. Hoffmann, J. Hebling, H. Y. Hwang, K. L. Yeh, and K. A. Nelson, "Impact ionization in InSb probed
by terahertz pump-terahertz probe spectroscopy,” Phys. Rev. B 79, 161201 (2009).

15. M. Kozina, M. Fechner, P. Marsik, T. van Driel, J. M. Glownia, C. Bernhard, M. Radovic, D. Zhu, S.
Bonetti, U. Staub, and M. C. Hoffmann, "Terahertz-driven phonon upconversion in SrTiO;," Nat. Phys.
(2019).

16. A. T. Tarekegne, H. Hirori, K. Tanaka, K. Iwaszczuk, and P. U. Jepsen, "Impact ionization dynamics in
silicon by MV/cm THz fields," New J. Phys. 19, 123018 (2017).

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves (2019) 40:878-904 903

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

39.

40.

41.

42.

C. Vicario, M. Shalaby, and C. P. Hauri, "Subcycle Extreme Nonlinearities in GaP Induced by an
Ultrastrong Terahertz Field," Phys. Rev. Lett. 118, 083901 (2017).

R. Shimano, S. Watanabe, and R. Matsunaga, "Intense Terahertz Pulse-Induced Nonlinear Responses in
Carbon Nanotubes," J. Infrared Millim. Terahertz Waves 33, 861-869 (2012).

A. Tarekegne, T. , K. Iwaszczuk, M. Zalkovskij, A. C. Strikwerda, and P. U. Jepsen, "Impact ionization in
high resistivity silicon induced by an intense terahertz field enhanced by an antenna array," New J. Phys. 17,
043002 (2015).

H. Tao, C. M. Bingham, A. C. Strikwerda, D. Pilon, D. Shrekenhamer, N. I. Landy, K. Fan, X. Zhang, W. J.
Padilla, and R. D. Averitt, "Highly flexible wide angle of incidence terahertz metamaterial absorber: Design,
fabrication, and characterization," Phys. Rev. B 78, 241103 (2008).

N. L. Landy, C. M. Bingham, T. Tyler, N. Jokerst, D. R. Smith, and W. J. Padilla, "Design, theory, and
measurement of a polarization-insensitive absorber for terahertz imaging," Phys. Rev. B 79, 125104 (2009).
H. Tao, C. M. Bingham, D. Pilon, K. B. Fan, A. C. Strikwerda, D. Shrekenhamer, W. J. Padilla, X. Zhang,
and R. D. Averitt, "A dual band terahertz metamaterial absorber," J. Phys. D-Appl. Phys. 43, 225102 (2010).
W. G. Chambers, C. L. Mok, and T. J. Parker, "Theory of the scattering of electromagnetic waves by a
regular grid of parallel cylindrical wires with circular cross section," Journal of Physics A: Mathematical and
General 13, 14331441 (1980).

J. Y. Suratteau, and R. Petit, "The electromagnetic theory of the infinitely conducting wire grating using a
Fourier-Bessel expansion of the field," Int. J. Infrared Millimeter Waves 5, 1189-1200 (1984).

A. Blanco, S. Fonti, and A. Piacente, "Transmission coefficients of free-standing wire grids in the far
infrared: A theoretical approach for easy computation,” Infrared Phys. 26, 357-363 (1986).

A. Blanco, S. Fonti, A. Piacente, and V. De Cosmo, "Wide band measurement of power transmission
coefficients and polarizing efficiency of free standing wire grids in the far infrared," Infrared Phys. 27, 275—
279 (1987).

D. Grischkowsky, S. Keiding, M. van Exter, and C. Fattinger, "Far-infrared time-domain spectroscopy with
terahertz beams of dielectrics and semiconductors," J. Opt. Soc. Am. B 7, 2006-2015 (1990).

J. Dai, J. Zhang, W. Zhang, and D. Grischkowsky, "Terahertz time-domain spectroscopy characterization of
the far-infrared absorption and index of refraction of high-resistivity, float-zone silicon," J. Opt. Soc. Am. B
21, 1379-1386 (2004).

P. U. Jepsen, "Phase Retrieval in Terahertz Time-Domain Measurements: a “how to” Tutorial," J. Infrared
Millim. Terahertz Waves 40, 395411 (2019).

L. Duvillaret, F. Garet, and J. L. Coutaz, "A reliable method for extraction of material parameters in
terahertz time-domain spectroscopy,” IEEE J. Sel. Top. Quantum Electron. 2, 739-746 (1996).

L. Duvillaret, F. Garet, and J. L. Coutaz, "Highly precise determination of optical constants and sample
thickness in terahertz time-domain spectroscopy,” Appl. Opt. 38, 409415 (1999).

1. Pupeza, R. Wilk, and M. Koch, "Highly accurate optical material parameter determination with THz time-
domain spectroscopy,” Opt. Express 15, 4335-4350 (2007).

M. Scheller, C. Jansen, and M. Koch, "Analyzing sub-100-pm samples with transmission terahertz time
domain spectroscopy,” Opt. Comm. 282, 1304-1306 (2009).

M. Bomn, and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, Interference and
Diffraction of Light (Cambridge University Press, 1999).

. B. E. A. Saleh, and M. C. Teich, Fundamentals of Photonics (John Wiley & Sons, 2007).
. S.J. Frank L. Pedrotti, and L. S. Pedrotti, /ntroduction to Optics (Prentice-Hall Inc., 1993).

D. J. Cook, and R. M. Hochstrasser, "Intense terahertz pulses by four-wave rectification in air," Opt. Lett.
25, 1210-1212 (2000).

. M. Kress, T. Loffler, S. Eden, M. Thomson, and H. G. Roskos, "Terahertz-pulse generation by photoion-

ization of air with laser pulses composed of both fundamental and second-harmonic waves," Opt. Lett. 29,
1120-1122 (2004).

H. G. Roskos, M. D. Thomson, M. Kre$3, and T. Loffler, "Broadband THz emission from gas plasmas
induced by femtosecond optical pulses: From fundamentals to applications," Laser Photon. Rev. 1, 349-368
(2007).

X. Xie, J. M. Dai, and X. C. Zhang, "Coherent control of THz wave generation in ambient air," Phys. Rev.
Lett. 96, 075005 (2006).

J. Dai, X. Xie, and X. C. Zhang, "Detection of broadband terahertz waves with a laser-induced plasma in
gases," Phys. Rev. Lett. 97, 103903 (2006).

T. Wang, K. Iwaszczuk, E. A. Wrisberg, E. V. Denning, and P. U. Jepsen, "Linearity of Air-Biased Coherent
Detection for Terahertz Time-Domain Spectroscopy,” J. Infrared Millim. Terahertz Waves 37, 592-604
(2016).

@ Springer



904 Journal of Infrared, Millimeter, and Terahertz Waves (2019) 40:878-904

43. A. T. Tarekegne, B. Zhou, K. Kaltenecker, K. Iwaszczuk, S. Clark, and P. U. Jepsen, "Terahertz time-
domain spectroscopy of zone-folded acoustic phonons in 4H and 6H silicon carbide," Opt. Express 27,
3618-3628 (2019).

44. C.S. Wang, J. M. Chen, R. Becker, and A. Zdetsis, "Second order Raman spectrum and phonon density of
states of silicon," Phys. Lett. A 44, 517-518 (1973).

45. S. Wei, and M. Y. Chou, "Phonon dispersions of silicon and germanium from first-principles calculations,"
Phys. Rev. B 50, 2221-2226 (1994).

46. M. Walther, D. G. Cooke, C. Sherstan, M. Hajar, M. R. Freeman, and F. A. Hegmann, "Terahertz
conductivity of thin gold films at the metal-insulator percolation transition,” Phys. Rev. B 76, 125408
(2007).

47. J. Kroll, J. Darmo, and K. Unterrainer, "Metallic wave-impedance matching layers for broadband terahertz
optical systems," Opt. Express 15, 6552—6560 (2007).

48. A. Thoman, A. Kern, H. Helm, and M. Walther, "Nanostructured gold films as broadband terahertz
antireflection coatings," Phys. Rev. B 77, 195405 (2008).

49. E. S. A. Mehanna, S. Arajs, H. F. Helbig, R. Aidun, and N. A. E. Kattan, "Electrical conduction in thin
chromium films," J. Appl. Phys. 61, 4273—4274 (1987).

50. D. Gall, "Electron mean free path in elemental metals," J. Appl. Phys. 119, 085101 (2016).

51. E. H. Sondheimer, "The mean free path of electrons in metals,” Adv. Phys. 50, 499-537 (2001).

52. C. Briickner, T. Kédsebier, B. Pradarutti, S. Riehemann, G. Notni, E.-B. Kley, and A. Tiinnermann,
"Broadband antireflective structures applied to high resistive float zone silicon in the THz spectral range,
" Opt. Express 17, 3063-3077 (2009).

53. C.Kadlec, F. Kadlec, P. Kuzel, K. Blary, and P. Mounaix, "Materials with on-demand refractive indices in

the terahertz range," Opt. Lett. 33, 2275-2277 (2008).

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Attenuation of THz Beams: A “How to” Tutorial
	Abstract
	Introduction
	Broadband Attenuation with a Pair of Wire Grid Polarizers
	Broadband Attenuation with Silicon Wafers
	Experiments and Comparison with Theory
	Ultra-Broadband Performance of HR Si Sequences
	Alternative Methods for Controllable Broadband THz Attenuation
	Conclusions
	References


