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Abstract: Capabilities of the Attenuated Total Reflection (ATR) at THz wavelengths for increased
sub-surface depth characterisation of (bio-)materials is presented. The penetration depth of a THz
evanescent wave in biological samples is dependent on the wavelength and temperature and can reach
0.1-0.5 mm depth due to strong refractive index change ~ 0.4 of the ice-water transition; this is quite
significant and important when studying biological samples. Technical challenges are discussed when
using ATR for uneven, heterogeneous, high refractive index samples with possibility of frustrated
total internal reflection (a breakdown of the ATR reflection-mode into transmission-mode). Local
field enhancements at the interface are discussed with numerical/analytical examples. Maxwell’s
scaling was used to model behaviour of absorber-scatterer inside materials at the interface with ATR
prism for realistic complex refractive indices of bio-materials. Modality of ATR with polarisation
analysis is proposed and its principle illustrated, opening an invitation for its experimental validation.
The sensitivity of the polarised ATR mode to the refractive index between the sample and ATR prism
is revealed. Design principles of polarisation active optical elements and spectral filters are outlined.
The results and concepts are based on experiments carried out at the THz beamline of the Australian
Synchrotron.
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1. Introduction

There is a particular advantage to use the attenuated total reflection (ATR) technique at THz
wavelengths, where water absorption can be detrimental to free space THz beam propagation. With
minimal sample preparation, its placement onto an ATR diamond window (in this study) offers a
simple and effective method of material characterisation. Harnessing the THz portion of synchrotron
radiation, high brightness THz beams are extended to < 300 cm ™! wavenumbers (single digit THz
frequencies) where conventional tabletop Fourier transform IR (FTIR) spectrometers are rendered
less useful due to low signal-to-noise ratio (SNR). The high brilliance of THz synchrotron radiation
makes it especially promising for real time monitoring of phase transitions. Due to high transparency
of diamond at THz frequencies characterisation of phase transitions can be extended to an anvil or
pressure cell (using diamond windows) experiments with materials at high pressure and temperature,
recently demonstrated with a 35 MPa cell [1].

The water-ice transition is of particular interest for cryogenic applications in biological materials. It
can also be studied and exploited using the ATR technique for deeper characterisation of bio-samples.
Due to both a large refractive index change from the water-ice transition (~ 0.4) and change in
absorption coefficient through the THz range, the ATR condition can be not fulfilled, i.e., instead of
reflection from diamond-sample interface, THz beam propagates in transmission. The refractive index
of ice is ~ 1.7 at 1-to-3 THz, increases to ~1.9 at 4.2 THz, reduces slowly to 1.75 at 6.5 THz, then
quickly drops to 1.1 by 6.9 THz [2]. This means that between 1 and 3 THz, there is a good refractive
index contrast between liquid water and ice. Due to the air gaps between sample and ATR diamond
window, light tunneling can take place, also contributing to the transmission mode. Addressing these
issues and taking advantage of (some of) them is discussed in this prospective/concept paper with
numerical examples and required analytical expressions.

In this perspective/concept paper, based on recent experiments at the THz beamline at the
Australian synchrotron, technical peculiarities of the ATR operation mode are detailed. We introduce
the concept of a four polarisation (4-Pol) method for the ATR mode and numerically validate it.
Challenges of multi-reflection beam delivery to (and from) the sample in ATR measurements, as
well as ATR condition changes with liquid-solid water transition, are scrutinised in order to extract
useful orientation characterisation of samples in ATR experiments. Polarisation, intensity and spectral
filtering of complex synchrotron THz radiation can provide more flexibility in material characterisation.

2. Experimental: THz beamline at Australian synchrotoron

THz/Far-IR beamline at the Australian Synchrotron (first light 2007) was used in this study.
Polarisation of synchroton radiation has combination of a linear (along the extraction mirror slit)
and circular polarisations [3]. These two components are due to constant and changing magnetic
field through and at the entrance and exit of a bending magnet (the dipole- and edge-emissions,
respectively). The THz and IR microscopy beamlines share the synchrotron radiation extracted from
the magnet. The THz/Far-IR beamline receives mainly the edge-emission; bunch compression can be
achieved to produce coherent synchrotron radiation (CSR) resulting in a flux increase of 2-3 orders in
magnitude between 15-25 cm~! (0.45-0.75 THz; 667- 400 mm).
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Polarisation is defined in the plane of incidence as Es and Ej, which are L and || to the plane
(or TE and TM modes), respectively (Fig. 1(a)). For anisotropic samples, those two components will
be absorbed differently, i.e., alignment of the absorbing dipoles. This opens up the possibility for
determining anisotropy of absorbace in the sample. The s-pol. (TE or E,) probes the orientation of
dipoles in the plane of ATR window. With low refractive index (17 < 1.6) samples, which is typical
for bio-materials, the reflected light at a typical 45° incidence usually does not experience a phase
change upon reflection at the sample-prism interface. However, the p-pol. (TM; E;), which probes the
absorbance in the direction perpendicular to the prism-sample interface has a strong dependence of
the reflected phase on n11. At 0; = 45° incidence, a phase change of 7t occurs when 6 < 6; < 6. (63
and 0. are the Brewster and critical angle, respectively) and the reflected E; component becomes E,,.
The consequence of the phase dependence of the TM mode makes polarisation analysis of ATR signals
complicated, and most of the published data does not discriminate polarisation for excitation and does
not carry out polarisation analysis at the exit after the sample.

A Bruker IFS 125/HR Fourier Transform spectrometer (Bremen, Germany), with a Si bolometer
and a single reflection ATR unit (Pike Technologies Inc.) equipped with a diamond crystal/prism
(refractive index of n; = 2.42) modified for vacuum operation was used. A beamsplitter was used to
select spectral window of interest. The used ATR unit that had the capability for temperature control
by a heater/cooler placed around the diamond ATR prism Fig. 1(a)). Data analysis was carried out
with OPUS 8.0 software (Bruker Optik GmbH, Ettlingen, Germany). Under frustrated total internal
reflection conditions, the transmitted wave was reflected by a gold plated mirror with varied separation
from the ATR diamond crystal surface. In this way, the reflection was redirected back to the ATR
detector. The experiments were conducted over the frequency range of 0.18 to 3 THz due to the high
resolution and high brightness of synchrotron radiation over this frequency window.

3. What to consider in ATR measurements?

3.1. Attenuated Total Reflection

The technique of attenuated total reflection (ATR) spectroscopy has become a popular method to
measure dielectric properties of materials. It relies on the reduction of the reflected signal intensity at
the total reflection angle, i.e. there is no transmitted wave into the sample (placed on top of the ATR
prism). The technique relies on the incident energy being absorbed via an evanescent wave generated
at the interface between the sample and prism. The advantage of the method lies in the fact that
solid and liquid samples can be studied with minimal preparation. This is exceptionally useful for
the THz spectral window since free space propagation of THz radiation under normal conditions is
strongly attenuated due to absorption by water vapor. The observed ATR spectrum is noted to be
nearly equivalent to that of the transmission type, which suggests that the technique is sampling the
absorption coefficient of the sample at the given frequency. If the absorption of the evanescent wave is
negligible, the penetration depth of the evanescent E-field (1/e-level) is given by [4]:

ay” = 2 : M

27tnyy [sin® 0; — (32)2

where A is the wavelength, 11 and 1, are the real parts of the refractive index of the ATR crystal and
sample, respectively, and 6 is the angle of incidence of the incoming radiation; for the beam intensity

I = E?, the penetration depth becomes d§f“) /2. Since \/ sin” 6; — (112/n1)? has to be a real number,
1y < nj sin6; sets the limit on the refractive index of the sample for a given ATR crystal. ATR has found
its use at infrared frequencies from 30 to 400 THz, where the d, is of the order of 1 ym for biological
tissue. At these distances, the total absorption of the evanescent wave at distances in the order of
the d, is, indeed, negligible. However, at low terahertz frequencies (0.3 to 3 THz) the wavelength A
is on the order of 1.0 - 0.1 mm, which yields a d; on the order of 0.02 to 0.2 mm. The absorption of
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Figure 1. (a) Photo and schematics of ATR setup used for temperature dependent absorbance
spectroscopy at the THz/Far-IR beamline. (b) Visualisation of frustrated TIR (Eqn. 2) for different
angles of incidence and refractive indices 7 of the slabs. The index n = 1.6 also corresponds to the case

when two n = 2.4 (diamond) slabs are separated by ng¢,, = 1.5 (bio-sample), i.e., nZT,, = % =1.6.

the evanescent wave becomes not negligible at such depths in biological tissues. A more elaborate
equation for the reflected wave intensity, using the complex refractive index n* = n + ik, where k is the
imaginary part of the complex refractive index n* is required when polarisation becomes important.

It is instructive to estimate what are frustrated- total internal reflection (TIR) transmission
predictions. This affects the intensity reaching different depths of the sample as well as accounting for
the detected THz power losses when an air gap is formed between the sample and ATR prism. The
fraction of light intensity polarized in the plane of incidence (p-pol), at the wavelength A, transmitted
across the gap of width d, with refractive index ng;, = 1, and in the case of ATR prism of refractive
index n is given [5] (Fig. 1):

1 n? — 1\ [(n2 +1)sin?6; — 12 d
Ty=——>—, a= d , y=2m(~ | \/n?sin?0; -1, (2
p < 2n > cos 260;(n2sin 6; — 1) 4 <A> S v @

N asinh?y +1’

where 6; is the angle of incidence onto the first surface (ATR prism); the same material of refractive
index 7 is considered on the both sides of the gap. This set of formulas also shows that larger light
penetration depth can be achieved if a sample on ATR prism has high refractive index inclusions.

We demonstrated the ATR technique for determination of THz penetration depth into
bio-materials at different temperatures using synchrotron radiation (the Australian Synchrotron)
in the frustrated reflection mode with Au-mirror placed above the 2-mm-thick sample [6,7].

3.2. A useful condition when ATR becomes invalid

When measuring reflection of THz radiation in the ATR geometry at 6; = 45°, the ratio of the
refractive indices of the diamond prism n; = 2.42 and sample 7, is important since the ATR occurs at
nysin6; > ny (Eqn. 4). This sets np < 1.71 and is critically important in characterisation of bio-materials
close to this ATR condition (a heating/cooling compatible ATR unit is shown in Fig. 2(a-b)). With
water n1p ~ 2.1 and ice np ~ 1.7 at =~ 1 THz, direct transmission into the sample takes place (Fig. 2(c)).
This change of refractive index can be exploited for better depth characterisation of materials due to
the larger penetration depth of the evanescent field and direct transmission into the sample. The latter
case requires modification of the measurement technique via the addition of a top reflecting mirror
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Figure 2. (a-b) Photo and schematics of the beam path in ATR unit. Three reflections are encountered
from the IN-port to the sample (mirrors m1-3) and extra six for the path sample-to-OUT port (m5-10).
(Image: courtesy Dr. Jeff Kuehl) (c) Schematics of measurements with top reflecting mirror when TIR
conditions are not fulfilled due to the high refractive index 1, of the sample. Plot shows the evanescent
field ratio for the p-pol. (TM) and s-pol. (TE) dj,/ds (Eqn. 3) vs the angle of incidence ;. For the

non-polarised illumination, the penetration depth of evanescent field is d,, = d'ﬂ;d” . Critical angle is at

fc = arcsin(2).

to redirect THz radiation back to the detection direction along the ATR geometry (Fig. 2(c)) as we
introduced recently [6].

The optical path length I in the case of transmission mode in the ATR setup is defined by the
distance, H, to the mirror (see drawing in Fig. 2(c)) as It = 2H/ cos(6;) (from Snell’s law n; sin(6;) =

/ 2
1y sin(6;) and the Pythagorean identity of sin and cos functions one finds cosf, = /1 — (% sin 91) .

Precise determination of H is important since the working surface of ATR prism and sample housing
unit usually have height differences of tens-of-micrometers Fig. 2(a-b). Power reflected at the first
prism-sample interface is I(R;) = RI;,, where R is the energy reflection coefficient and I;; is the
incident power. Considering a perfect reflection R4, = 1 at the top-mirror, the power re-directed back
to the detector is I(Ry) = (1 — R)?I;, exp(—alr).

The experimentally measured ratio Xexp = Bower sampie Diamond  _ (I(R1) + I(R2))/Liyy =R+ (1 —

Power jr/ Diamond
R)?exp(—alr). The absorption (optical losses) coefficient is then & = —Cong) In (}((1”_”1;)1;) The
reflectivity coefficient (power, intensity) is defined by the angle of incidence 6; and the complex
refractive indices of sample and ATR-prism 7i = n + ik = /¢, where ¢ is the permittivity.

For the normal incidence and lossless ATR diamond prism (17, x; = 0), the reflectivity from the
sample (12, %7) is R = [(n7 — n2)? +x3]/[(n1 + n2)? + k3] and the absorbed part of energy is A = 1 — R
since there is no transmission T = 0. The Beer - Lambert law defines the transmitted part T = e~ %/
in a single pass through thickness I; aly = In(10)OD, where the optical density (absorbance) is
calculated from transmittance OD = —1g T (note, this expression can be used for back-reflected signals
in the ATR-setup with a top mirror when transmission is collected in the reflection direction and ATR
condition is not satisfied). For an arbitrary angle of incidence 0;, the reflectivity for s-/p-pol. can be

. 2 2
expressed as Ry = 12 = (7%) and Ry = r%, = (%) , the Fresnel’s sine and tangent

laws, respectively.
The described measurement with invalid ATR condition using a top-mirror allows deeper material
interrogation, owing to the absorption from a much longer optical path as compared to that probed by
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Figure 3. Temperature dependence of butter sample (2-mm-thick) at 1 and 2 THz measured with Au
top-mirror [7]; wavelength of 1 THz is 0.3 mm and 2 THz is 0.15 mm. The insets shows reflectance
intensity vs wavenumber; air (no Au top-mirror) reflectance was taken as the reference. Dotted-lines
(black) are eye guide splines of the experimental data.

the evanescent field (at ATR conditions) as shown in the plot in Fig. 2(c). The penetration depth into
sample at ATR conditions is sub-wavelength and the s-pol. is probing half the depth as compared to
p-pol. at the specific 6; = /4 incidence, regardless the relative refractive index % The penetration
depth for s- and p-polarisations is [4]:

Ao 121 COS 6; Ao 121 cos 0;[2sin? 6; — n3]
= — ,p = — ,
"M (1 —n3)),/sin0? — n, "M (1 - n3))[(1 + n},) sin? 6; — n3,]\/sin? 6; — n},

where 11 = ny/ny (sample/prism), Ag vacuum wavelength, 0; is the angle of incidence onto the
prism-sample interface.

®)

3.2.1. Example: water in butter around water freezing conditions

The THz-ATR technique with a top-reflecting gold mirror was used to measure absorbance of
bio-materials [7]. At the chosen ~ 0.7 — 2.2 THz synchrotron radiation band, polarisation is mostly
linear and corresponds to the s-pol. at the sample-prism interface. Freezing water reduces its real part
of refractive index only slightly (1 is proportional to mass density p), however a very strong reduction
in absorption occurs. Experimental values of ice reflectivity [8-10] show a significant increase at the
56.5-75.0 cm ™! window (1.70-2.25 THz). Up to three times difference between reflectivity of water
(~ 4%) and ice (R > 12%) to that from air was observed [8-10].

Lurpak butter had 14.7% w/w water, 3% w/w non-fatty solids, which are dissolved in the water
and the rest is fat [11]. The temperature was varied from -20 to 24°C over a total time frame of 24 min
with continual scanning; a total of 140 sets of 40 averaged scans were collected during that time span.
Figure 3 shows reflectance evolution with temperature at two spectral regions. The inset presents
reflectivity changes with temperature. There is a featureless temperature dependent reduction variation
with butter which is evident at the most sensitive frequency range of 0.95 to 1.0 THz. Considerably
more strong temperature dependence of reflectivity was observed at 2 THz band. Overall, the reflected
ATR signal for Lurpak butter showed a 13% decrease for over the -20°C to +24°C change at 1.0 THz
and a 3.5 % decrease at 2 THz. A slight decrease in reflectance with temperature variation +20°C
around water freezing is indicating that the water content ~14.7% needs to be regarded as being
“bound” in a homogenous mixture of fat and protein. The temperature related reduction in reflectance
in the region of 2.0 THz showed a plateau in the 2-12°C range. It may be related to a transition in the
constituent fats. These results would suggest that other materials with bound water may not show the
effect of water freezing.
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Figure 4. Maxwell’s scaling (change nm to ym for the same refractive index): numerical Finite

Difference Time Domain (FDTD; Lumerical Solutions) calculations for optical wavelengths of A = 1 ym
- 0.65 ym to simulate evanescent field at the ATR geometry used (at THz radiation) and at the angle
of incidence of 6; = 45° (ATR interface is 45°-tilted). Top-row shows E-field enhancement when a
~ A/20-diameter sphere of refractive index n = 1.3 (water or ice at visible), 2.2 (water or ice at THz) and
gold (Au) touches the ATR prism of n = 2.4 (diamond); all intensity maps were calculated for the same
wavelength A = 1050 nm. Bottom-row shows evanescent field at the interface of A = 1 ym - 0.65 ym;
the interference maxima are recognisable in the n = 2.4 media (wavelength there is A /). Calculations
were carried for p-pol. E-field with strength Eg = 1, hence E/Ej scale represents enhancement.

3.3. Polarisation and field enhancement at the interface of ATR prism

A unique feature of ATR geometry is that the maximum intensity of incident beam, regardless
of its polarisation, is localised at the interface (see details below and Fig. 4). This is defined by the
conditions when light propagates from high-to-low refractive index (even at low angles of incidence
when the ATR condition is not fulfilled). For normal beam propagation from low-to-high index
(incidence from air), the intensity maximum is A /4 above the surface due to interference between the
incident and reflected beams. Maximum intensity at the interface using the back-side illumination
is used in Raman scattering sensing and light-induced back-side wet etching (LIBWE) in subtractive
machining [12,13].

The polarisation of THz beam is not controlled as the beam is delivered to the ATR prism. This is
the condition when maximum intensity is obtained on the sample. The experimentally determined
polarisation was 90% linear and 10% circular due to sum of the linear and circular polarisations at
< 100 cm~!. This translates to the prevailing s-pol. on the sample placed on the ATR window for the
measurements. For wavenumbers larger than 100 cm ™!, the ratio linear-to-isotropic polarisation was
20%-to-80%.

For ATR measurements, the depth of the evanescent field is larger for the p-polarisation as
compared with s-pol (Fig. 2(c); Eqn. 3). It is important in the case of frustrated total internal reflection
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(TIR) modeled for the non-polarised light by Eqns. 2 (see Fig. 1(b)). Also, E-field enhancement for
the component of the E-field perpendicular to the interface between two dielectrics can be harnessed.
Indeed, the boundary conditions of Maxwell equations requires that the normal component of the
displacement D,, = ¢E,, be continuous across the boundary (when there are no surface charges), ¢ is the
permitivity at the corresponding wavelength; the E;,, = Ep, pol. COS ;. Hence, the D, in both the air and
diamond are the same, which defines the E-field enhancement E,;, = ed‘gﬂ#’“’ X Egigmond = 242Egiamond,
since n = ﬁ Note, here we assume the E-field inside the ATR prism as a reference to calculate
enhancement at the air - diamond interface (on the air side). For comparison, reflection at the normal
incidence from vacuum onto the diamond prism with n = 2.4 has R = EZ:%E ~ 17% defining the
transmitted T = 1 — R fraction of THz radiation (would be inside the ATR prism).

The penetration depth of the evanescent field depends on the the wavelength of light in ATR
geometry (see the bottom row in Fig. 4). Intensity distribution in the case of frustrated TIR depends
on the normalised gap d/A (Eqn. 2; Fig. 1(b)). It shows that depending on the angle of incidence and
refractive indices, light transmission can take place only when gaps are sub-wavelength. In standard
ATR measurements, such frustrated TIR conditions can take place due to presence of structures and
different inclusions of higher refractive index in the sample. The wavelength scaling in frustrated
TIR gives insights into light tunneling regardless of the wavelength. Based on this Maxwell’s scaling
it is useful to model light transmission, reflection and enhancement at the interface of ATR prism
using finite difference time domain (FDTD) calculations (Lumerical solutions). Figure 4 shows the
results for the IR-visible spectra range, however, the predictions are universal as long as the refractive

index is the same. To model a sub-wavelength inclusion inside a sample, a sub-wavelength diameter
sphere of different refractive index: dielectric (1.3 and 2.2) as well as metallic (Au) were chosen.
Without the sphere, localisation of the evanescent field at the interface protruding into air gap for
length comparable with A /4 is clearly recognisable. An extra enhancement of the local E-field at the
interface occurred in the nano-gap regions around the sphere. This is an illustration of the E-field
enhancement of the normal E,, component discussed above. For the ATR measurements, the local field
enhancement around inclusions of difference refractive indices would cause a stronger contribution
from those regions where light intensity was larger. Overall, the volume where the light field intensity
is augmented around a sub-wavelength inclusion increases (see the same intensity E = 2.3 markers in
the top-row maps in Fig. 1(a)).

3.4. Four-polarisation (4-Pol) method for ATR

The four-polarisation (4-Pol) method [15] allows determination of orientation of the absorbing
molecular dipoles in the IR fingerprinting spectral range. It can be used to observe complex molecular
arrangement using microscopy and, when combined with high brightness synchrotron radiation,
opens the possibility to observe the change of molecular ordering during phase transitions and
crystallisation in real time. It was implemented to reveal molecular ordering in paracetamol (type-II)
micro-crystals which are better soluble in water [16]. The principle of measuring absorbance at four
sample orientations (or beam polarisation) using linearly polarised light is applicable to any spectral
range. Patterns of sub-wavelength, A/50, features can be revealed by measuring angular dependence
of absorbance/transmittance [17]. Separation of transmittance changes due to birefringence, An, and
dichroism, Aw, in polariscopy (with aligned polariser and analyser) can be realised due to difference in
angular dependence of those two contributions using the 4-Pol technique [18].

We conjecture here that the 4-Pol method of orientational probing of absorbance could be also
adopted for ATR with one light E-field oriented in the plane of prism surface (s-pol.) and another
perpendicular to it (the evanescent field of incident p-pol.). Developing the 4-Pol method for ATR is
next motivation for experiments on the THz beamline at the Australian Synchrotron. The conjecture
is based on basic principles of polarisation analysis and is applicable to any wavelengths in ATR
measurements.
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Figure 5. (a) Geometry and conventions of ATR; photo of Bruker Alpha unit setup on the THz-beamline
compartment. ATR conventions: incident beam (IN) has E; , polarisations selected by a wire grid
polariser incident on the ATR diamond (17 = 2.42 [14]) prism; plane of incidence is xz. The reflected
beam is elliptically polarised due to phase and amplitude changes incurred upon reflection (e.g., air
case 1y = 1). The sample is contributing with absorption and phase change for the output beam (OUT).
At the interface (sample) the evanescent field Etp (or Ez) and E7g or (Ey) defines the light-matter
interaction. (b) The reflected beam can be expressed via Es , projections measured analyser and given
by Eqn. 4. The angle ¢ is the orientation of the wire grid polariser in the incidence side (IN); ¢ = 0°
corresponds for pure Es component incident onto the ATR prism. The amplitude span in the polar plot
is [0-1]. The two components of the E, and Es are shown separately by the dipole-like figures (each
term in Eqn. 4).

To select the required orientation of linear polarisation, a mesh-grid polarised is used. Polarisation
is defined in the plane of incidence as Es and E,, which are | and || to the plane (or TE and TM
modes), respectively. By rotating the mesh-grip polariser by an angle, ¢, the linearly polarised power
(energy, intensity), I, in the plane of incidence is defined by I o« E2 cos® ¢ + 1:"127 sin? ¢ components;
@ = 0° corresponds to the pure E; light [3]. Depending on the angle ¢, a different ratio of the E, and
Ey near-field (Fig. 5) are created in the sample. Those two components will be absorbed differently
depending on the anisotropy of the sample, i.e., alignment of absorbers.

The phase and amplitude changes upon ATR reflection (Appendix Sec. A) shows that one would
expect an elliptically polarised light emerging from the ATR prism (even without sample, see inset in
Fig. A1(b) and Fig. 5). The beam after the prism can be analysed with a linear analyser which is set to
determine Es and E, polarisations. The most general expression of the THz power measured after the
ATR prism would be an addition of two perpendicular contributions along the s- and p-polarisations:

Power©UT) (¢) = As x E2 cos®(@ + Aps) + Ap x Erz, sin (¢ + AYp), 4)

where A; ) are the arbitrary amplitudes accounting for both absorption (losses) and changes in
amplitude due to reflection; Ay, are the phases for s- and p-polarisations, respectively. The angle
¢ defines the orientation of the linear polarisation in the incident beam, i.e., for ¢ = 0° only E;
polarisation is present and ¢ = 90° corresponds to pure E,. When pure E; polarisation is incident on
the sample and there are no changes in the phase of the reflected beam, the orientational output power
will have a horizontally aligned figure-8 (Fig. 5) and, consequently, for the pure E, case - the vertical
figure-8. When the incident beam has both E; and E,, fields, which are absorbed along z- (evanescent)
and y-directions, the emerging field can be modeled with the Eqn. 4 where changes of phases are also
set as fitting parameters. The phase change upon reflection of s-/p-polarisaitons (TE/TM modes) are
solely defined by the real part of the refractive index.

THz beamline receives ~20% of a linear E; (along the slit of the first mirror) polarisation
contributing to Es and the rest 80% is isotropic Ej (circular) contributing to the Es and E, at frequencies
larger than ~ 3 THz [3]. The transmitted power through a metallic linear-grid analyser at the entrance
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Figure 6. Numerical example of polarisation analysis at the ATR output (OUT) based on Eqn. 4.
Angular dependence of synchrotron THz radiation (at THz beamline) comprised by 20% of linear
polarisation and 80% isotropic (circular) [3] is shown. (b) Sample holder for four-polarisations (4-Pol)
ATR measurements: instead of changing linear polarisation of light beam (THz), sample orientation
can be changed; sample shown is isotropic THz absorber - black paper.

port IN to ATR prism is Power!N) (@) = L(E2 + E?) + 1 E2 cos(2¢) = 1(0.2 +0.8) + 10.2cos(2¢9) =
0.5+ 0.1 cos(2¢) (shown in Fig. 6(a)). This would be an expected angular distribution at the IN port if
there is no any polariser. After the ATR, with no absorption for s- and p-components (As ) and no
phase change (A ,) upon reflection (see Eqn. 4) the same angular dependence would be expected.
However, even without any sample the beam reflected from ATR prism will change its polarisation
due to phase changes for s-/p-polarisations A¢; j,, respectively (Eqn. 4); see Fig. A1(b) where s-pol.
(TE) experience an advance of phase by ~ A/5 while the p-pol. (TM) will reduce lag of 27t phase by
similar amount at 6; = 71/4 angle of incidence on the ATR prism. As a result, just by reflection without
any sample, there will be change of polarisation at the OUT port. With sample, the refractive index
contrast (real parts) will change those phase shifts. However, any anisotropy in absorbace A; , will
change the amplitude of the reflected signal at the corresponding polarisation. This would also cause a
change in the polarisation of outgoing beam at OUT port. Equation 4 accounts for those all changes.
Figure 6 illustrates the use of Eqn. 4 for analysis of beam at the OUT-port of ATR. Analysis is
based on two perpendicular field components Es and E, with independent amplitudes. Isotropic and
anisotropic absorbance changes are accounted for by the coefficients A; . Changes of phases of the
s-/p-components with the sample (117) placed on top of ATR prism (11) are accounted for by the Ay; ;.
Isotropic absorbance in y- and z-orientations is presented by the curve 2 with A; = A, = 0.8 and
phase changes corresponding to reflection from low refractive index material (Fig. A1(b)). Anisotropy
along y- or z-direction in the sample is modeled by a 20% change in coefficient As/p. As a result, the
figure-8 (dipole-like absorbance) is rotated /tilted (an angular shift is introduced). This illustrates that
polarisation analysis of ATR results can be a useful tool for measurement of anisotropy in refractive
index as well as absorbance by fitting Eqn. 4 with experimentally measured data with polarisation
analysis at the OUT-port. The TM-mode can experience strong field enhancement at the interface (Fig. 4)
and can cause additional absorption. Sub-wavelength structures at the sample-ATR prism interface

cause depolarisation of E-field components, e.g., Ex = \/ [E2 + E3] — (E7 + E2) in the sample’s frame

of reference (Fig. 5(a)); here the intensity of incident beam is Eizn =E2+ E%,. The above described

polarisation changes in the case of ATR should be possible to determine using polarisation analysis at
the OUT port and it will be carried out in future studies.
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Figure 7. (a) SEM images of THz filters defined by photo-lithography: ~ 6 ym-thick AZ4562 resist
(applied on surface) and SU8 laminate 20-500 ym thickness (SUEX from DJ Microlaminates Ltd.;
applied or free-standing.) The period, length and width P, L, W defines the the central wavelength Ag
and the bandwidth AA of the filter [22]; gap G = P — L. (b) Superimposed five THz bands filter based
of the cross apertures (a). The binary mask (false color) and the (0 — 277) phase map of the filter (see
details in Fig. 8). Spectrum of Australian synchrotron radiation at the THz beamline [23] is shown with
selected five frequencies (star-markers).

Equation 4 can be fitted by Fit(¢) = Amp x cos(2¢ + 2¢) + Of fset, which is used for the 4-Pol
method (see synchrotron radiation angular distribution in Fig. 6(a) plotted with such dependence).
The angle 2¢ indicates orientation of the sample (e,g, absorbing dipoles) and Amp = (Lnax — Lyin)/2
and Of fset = (Imax + Lyin)/2 With Ly iy the maximum and minimum intensities of the transmitted
or reflected light. By analysing the OUT-port polarisation and using the 4-Pol fit, it should be possible
to establish anisotropy in absorbance (A; ;) and refractive index ratio % defining Ay; ;. For large
samples fitting on 3-mm-window of ATR, sample rotation can be used to realise 4-Pol method (Fig. 6(b)).
Visualisation of 4-Pol-ATR method (Fig. 6) is extendable to the hyper-spectral dimension since a broad
THz spectrum is recorded. Metallic grid polarisers are polarisation insensitive and by measuring
spectra at several angles with the analyser on the OUT-port or by rotating the sample on the ATR
prism, sample anisotropy can be examined. One can envisage an ATR geometry where the entire ATR
prism with fixed sample can be rotated (around z-axis (Fig. 5)). Such measurements would require a
hemispherical or conical ATR prism and could provide more flexible setup, e.g., as it is realised for the
synchrotron IR microscopy with Ge-prism [19,20]. Realisation of polarisation rotation on the sample
stage is established in visible light polariscopy, where it is based on an electrically controlled optical
phase retardance in a liquid crystal cell [21].

The high sensitivity ATR detection is realised with multi-reflection slabs/prisms where the
number of reflections from the sample-prism interface can increase more than ten times [24]. Amplitude
and phase changes for such a situation becomes cumulative and reflection (for E-field) can be expressed
as [25]:

o) — M= () + k()

m + [n(w) + ik(w)]
where 17 is the refractive index of the ATR prism, 7i(w) = n(w) + ik(w) is the complex index of the
sample, r(w) = y/R(w) is the field reflection coefficient calculated from the experimentally measured
reflectance R spectrum, and 6 is the phase change introduced by the ATR prism. The refractive index
i = n + ik of the sample is then [25]:

r(w)e«), ®)

I 1—2 ek — —2rsinf “n
T 1+r242rcos® YV T T 1424 2rcosh Y

©)

and can be determined at each wavelength where reflectivity r(w) was measured, while the phase 6(w)
is derived via Kramers-Kronig relation from r(w). It is usually possible to calculate the reflectivity
and phase changes from a single reflection for the entire number N of reflections (see Eqn. 5) as


https://doi.org/10.20944/preprints202106.0505.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0505.v1

12 of 17

IOEum 100 pm
® (9)

Figure 8. (a) Image of super-pixel mosaic design with 5 x 5 elements. (b) A block scheme of
the Gerchberg-Saxton Algorithm with scattering degree ¢ = d/D. Images of spatially randomly
multiplexed cross-filters with for (¢) o = 0.1, (d) o = 0.15 and (e) o = 0.2. SEM images of the fabricated
(f) mosaic type and (g) randomly-multiplexed cross filters on gold coated SUS films on silicon substrate.

F(w) = [Fone(w)]N x ¢!NOone (@) ' where 74y, and 0,y are the corresponding changes occurring at the
single reflection [26].

3.5. Combined spectral filters and polarisers

A toolbox of spectral filters and polarisers are required to fully explore the potential of
spectroscopy for material characterisation. Such a toolbox is less developed for the THz spectral
range. However, due to low resolution photo-lithography required for longer sub-mm wavelengths,
spectral filters can be easily made based on a square lattice (Fig. 7(a)). For the chosen wavelength
ATHz [pm] the period P = 0.78393 X Arp;, the length of cross opening L = 0.1482 x ATy, the width
of the opening W = 0.50897 x Aty [22]. The typical 10 — 15% bandwidth AA/ A for the geometry
defined above becomes smaller as the P/L and P/W ratios are increased while the center frequency
of band-pass filter is mainly dependent on the cross-member length L. It was demonstrated that
transmission T > 0.9 can be obtained using micrometers-thick Cu-foil within 0.5-2 THz spectral range
using the presented scaling [22].

With the known spectral profile of the synchrotron source (inset of Fig. 7(b)), it is possible to
design a transmission mask which will filter spectral bands and sets their intensities. Such filters were
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numerically designed to produce a comb of THz frequencies (five for the pattern shown in Fig. 7(b)).
As is known, it is desirable to have a uniform spectral response such that the gain of the bolometer can
be precisely set in advance. The spectral profile can be precisely engineered by spatially multiplexing
cross-filter designs corresponding to different wavenumbers. The first method is a super-pixel type
spatial multiplexing where every pixel of the mask is formed by the mosaic of the building block of
the different filters. A super-pixel design with 5 x 5 elements is shown in Fig. 8(a). This is the most
straightforward approach but results in undesirable diffraction orders due to the periodic configuration.
The second approach uses a random phase mask. In principle, any random phase mask will work
but in order to allow at least certain number of crosses of the same type, it is crucial to engineer the
scattering ratio of the random phase mask. Such quasi-random phase masks can be synthesized using
the well-known Gerchberg Saxton algorithm (GSA) by giving the scattering ratio as input [27]. The
schematic of the GSA is shown in Fig. 8(b). The algorithm begins with a complex amplitude consisting
of a uniform amplitude and random phase function at plane - 1 which is Fourier transformed. The
amplitude in plane - 2 is replaced by a uniform amplitude within a predefined area which decides the
scattering degree given as o = d/D, where d is the length of the predefined area and D is the length of
the total area. The output of the GSA is a quasi-random phase mask consisting of grey levels from 0 to
27t. As the area of every different phase level is equal, different grey level ranges can be set to different
filters. By controlling the relative ranges, the relative intensity responses can be manipulated. The
images of a section of spatially randomly multiplexed cross-filters for ¢ = 0.1, ¢ = 0.15and ¢ = 0.2
are shown in Fig. 8(c), Fig. 8(d) and Fig. 8(e), respectively. Use of photolithography on thick 20-500 ym
SU8 laminates (SUEX from DJ Microlaminates Ltd.) is particularly appealing due to possibility to
retrieve free standing mesh filters. With gold (or any other metal) coating this would complete the filter.
The SEM images of the mosaic type comb type and randomly multiplexed cross-filters on gold coated
SUS films on Silicon substrate are shown in Fig. 8(f) and Fig. 8(g) respectively. Due to the an isotropic
geometry of cross and symmetry of the square lattice, isotorpic polarisation response is expected [28].
Polarisation active filters can be fabricated using the same approach.

4. Conclusions and Outlook

In this prospective/concept paper analysis of ATR measurements is presented with most of the
examples based on experiments at the THz beamline at the Australian Synchrotron. Explicit formulae
pertinent to the ATR data analysis is presented for the discussion and illustration of practical examples
as well as tutorial value. Challenges to use THz ATR units for polarisation analysis is due to a large
number of internal reflections: five to the ATR prism and extra five to the output port. Moreover,
focusing is carried out on the beam propagation to the sample and those reflections have complex
angular dependence and distribution of angles of incidence. This is additionally complicated by
complex polarisation composition of the synchrotron beam. However, for the unique spectral window
at < 3 THz where table top THz sources are not available for high brilliance/intensity, synchrotron
polarisation is mostly linear (~ 90%; along the slit of the first mirror used to extract THz radiation
from the synchrotron) and can be utilised for THz polariscopy, which is still at the very early stage of
development. Debye rotation, network stretching, rocking 