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Abstract—The optical scheme and technical characteristics of terahertz planar Michelson interferometer
based on surface plasmons are presented. A technique for determination of the complex index of refraction of
surface plasmons (7, = n, + iK,) from interferograms is described. The paper presents the results of test mea-
surements on flat surfaces with gold sputtering coated by ZnS layers 0 to 3 wm thick with application of the
high-power coherent radiation from the Novosibirsk free electron laser at the wavelength A, = 141 um. From
the measurement results, the value of the effective permittivity of the sputtered gold surface was found, which
turned out to be an order of magnitude lower than that of crystalline gold. Analysis of the energy losses in the
plasmonic interferometer made it possible to estimate its dynamic range (10°—108 in terms of radiation power)
required for measurements on samples with different 7. Ways to increase the signal-to-noise ratio via opti-
mization of the elements of the optical scheme and detector have also been proposed.

DOI: 10.1134/50020441223030053

1. INTRODUCTION

Intensive mastering of the terahertz (THz) range of
electromagnetic waves with frequency of 0.3 to 10 THz
(which corresponds to wavelengths of 1 mm to 30 pm)
began only in the 1980s; previously, it was hampered
by the lack of high-power sources and sensitive receiv-
ers of THz radiation. With the creation of gas and
semiconductor THz lasers and then free electron
lasers (FELs) and femtosecond lasers, as well as the
invention of photoconductive dipole antennas and
cryogenic bolometers, the development of THz optics
accelerated [1].

An important field of application of THz radiation
is spectroscopy because namely the THz range com-
prises the frequencies of the vibrational and rotational
degrees of freedom of a large number of organic, poly-
meric, and biological molecules, as well as of intermo-
lecular bonds [2]. One of the branches of spectroscopy
is the exploration of surface and its transition layer.
The thickness of the transition layer for most problems
at THz frequencies is much less than the radiation
wavelength A, and therefore the probing radiation
reflected by the surface carries mainly information
about the optical properties of the substrate, not its
transition layer. For this reason, well-known methods
such as reflection absorption spectroscopy [3] and
ellipsometry [4, 5] have insufficient sensitivity in the

THz range. This problem is especially relevant when
objects under study are localized on a metal or semi-
conductor substrate because due to the high reflectiv-
ity of these materials in the THz range, the intensity of
the probe radiation field within the layer under study
tends to zero when reflectometry measurements are
applied [6].

The use of surface plasmons (SPs), a variant of sur-
face electromagnetic waves generated by a probing
radiation on the surface of metals, makes it possible to
improve the sensitivity of measurements due to
increase in both the length of interaction between the
radiation and the layer and the concentration of the
radiation field in the near-surface region [7]. Surface
plasmons are a complex of the wave of the density of
conduction electrons in the near-surface layer of the
metal and a p-polarized electromagnetic wave, the
field of which decays exponentially with increasing
distance from the metal-dielectric (environment)
interface. In the IR and THz ranges, the simplest and
most reliably measured characteristic of SPs is their
propagation length L (the distance at which the wave
intensity decreases by the factor e = 2.718). That is why
surface plasmon absorption spectroscopy has become
more popular [8]. Plasmonic phase spectroscopy is
less common, used at measurement of the phase jump
during surface probing under conditions of surface
plasmon resonance in the visible range [9, 10], or at
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determination of the phase shift of SPs in the mid-IR
[11] and THz ranges [12] after the SPs have run a mac-
roscopic distance.

Interferometry in beams of SPs or bulk waves pro-
duced by SPs enables combining the possibilities of
amplitude and phase measurements for determination

of the complex refractive index of SPs 7, = n, + ik,
which is unambiguously related to the dielectric per-
mittivity of the metal and optical constants of the tran-
sition layer (by the SP dispersion equation for this
waveguide structure) [7, 8]. In addition, plasmonic
interferometry enables study of fast processes on a
conducting surface and can be efficiently used for sen-
sor applications and in plasmonic microscopy [9, 10].

Plasmonic interferometry has found wide applica-
tion in visible-range optical sensor devices due to the
following features of SPs at these frequencies: short
propagation length (which meets the requirement of
miniaturization of sensors) and high concentration of
the plasmon field (which ensures high sensitivity of
devices to changes in the optical characteristics of the
sensor layer on the metal surface) [13]. In such
devices, as a rule, interference of broadband SPs, gen-
erated by white light on two parallel slits (grooves) in
an opaque conductive layer, is observed [14]. SPs that
propagate normally to the slits interfere with each
other, and the result of their interaction is analyzed
with application of spectrometer, located either at one
of the slits or at the surface between the slits [15, 16].

Test experiments on plasmonic interferometry
were also performed in the mid-IR range with applica-
tion of CO, laser [17—19]. The laser radiation beam was
directed through the transparent substrate to the edge of
the opaque wedge-shaped metal layer deposited on the
substrate and covered (for greater stability of SPs) with
the subwavelength dielectric layer. Because of the radi-
ation diffraction at the edge of the metal wedge, SPs
were generated with some efficiency at the metal-
dielectric interface, as was a bulk wave, propagating in
the environment at a grazing angle to the surface. Hav-
ing reached the opposite edge of the metal layer, the
surface plasmons were diffracted by it and converted
into another bulk wave, emitted from the edge at some
angle to the plane of the substrate. In the area of inter-
section of both bulk waves, an interference pattern was
formed, which contained information about the
refractive index of the SPs and their attenuation coef-
ficient.

The possibility of creating a plasmon-polariton
Mach—Zehnder interferometer for sensing applica-
tions in the THz range was considered in [20]. The
main difference between the scheme proposed here
and those known for the visible range is the use of
indium antimonide (InSb) as the material of the layer
that guides surface plasmon polaritons (SPPs), for
miniaturization of the sensor. The InSb plasma fre-
quency ®, is in the THz range rather than in the near
ultraviolet range (as for noble metals) [21], which
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ensures closeness of the frequency w of the radiation

generating SPPs to ®, (more precisely, ® < , /\/5),

i.e., fulfillment of the condition of comparability of L
with A.

However, plasmonic THz interferometers contain-
ing a metal (not a semiconductor) surface and thus
using SPs with large propagation length can be effec-
tively applied for quality control of the surface of metal
and metallized mirrors of macroscopic dimensions;
determination of the effective permittivity of metal
coatings used in THz plasmon waveguides, metasur-
faces, and diffraction gratings; spectroscopy of thin
dielectric films on a conducting surface; various sen-
sor applications [22].

The first scheme of the THz Mach—Zehnder inter-
ferometer based on surface plasmons was proposed in
[23]. In this device, the monochromatic radiation of
the source, prior to its interaction with the metal sur-
face, is divided into two beams: the reference and
measurement ones. The latter is transformed into SPs,
which, after running a certain distance on the surface,
hit the wedge-shaped mirror moving along the SP
track to transform the surface wave into the bulk one.
The bulk waves of both beams overlap and interfere,
and the intensity of their resulting field is recorded by
a photodetector. The sequence of receiver signals
recorded as the distance traveled by the SPs changes is
an interferogram, containing information about both
parts of the complex refractive index of the SPs.

Later on, schemes of static IR and THz interferom-
eters based on SPs were proposed [24, 25], on the basis
of which the theory of dispersive Fourier-transform
IR spectroscopy was developed [26]. Because it is dif-
ficult to separate the useful signal of SPs and parasitic
bulk waves generated on the coupling element and the
components of the optical circuit, no experiments
using these circuits were carried out.

In some schemes, parasitic bulk waves are used as a
reference beam for interference with plasmons. For
example, work [27] realized dynamic plasmonic
refractometry of a conducting surface, in which the
bulk waves generated on the waveguide coupling ele-
ment interfered with the surface waves. Owing to the
single-mode (TM,) tuning of the plane-parallel wave-
guide, the spurious bulk waves arising from diffraction
at the output of the waveguide had a narrow radiation
pattern and propagated in parallel to the conducting
surface, just like the SPs generated by the waveguide.
As noted by the authors, despite its originality and
simplicity, this method can be implemented only for
high-impedance surfaces, for which the phase velocity
of SPs is noticeably lower than the velocity of a bulk
wave in the medium above the surface under study.

With the development and mastering of the tech-
nique of reflection and splitting of THz SPs by flat
mirrors and beam-splitting plates [28, 29], a scheme of
a THz Michelson interferometer based on SPs [30]
Vol. 66
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was proposed, which was soon tested on FEL radia-
tion [31].

The present work describes the design of a proto-
type model of the terahertz Michelson interferometer
based on SPs and the features of measurements with it;
a technique for determination of the complex refrac-
tive index of SPs from interferograms is presented, as
are the results of identification of the effective permit-
tivity of the deposited gold within its skin layer from
the measured characteristics of the SPs at a wavelength
of 141 um.

2. DESIGN OF THZ MICHELSON
INTERFEROMETER BASED
ON SURFACE PLASMONS

Functioning of a THz SP interferometer, like that
of the classical Michelson interferometer, relies on
analysis of interferogram. However, this interferogram
is formed not by bulk waves, but by collinear SP beams
directed by the surface under study [30]. The real part
n,of the SP refractive index is determined via compar-
ison of the FEL emission spectrum with the SP spec-
trum, resulting from the Fourier analysis of the inter-
ferograms. The imaginary part ¥, is governed by the
attenuation of the intensity of SPs as they propagate
along the surface under study.

The main problems we encountered when creating
the planar plasmonic interferometer in the THz range
was the need to increase the signal-to-noise ratio,
raise the rate of interferogram recording, and reduce
the spurious illumination of the receiver. Ways to solve
these problems are obvious: 1) use of a high-power
source of monochromatic THz radiation; 2) enhance-
ment of the efficiency of the conversion of the source
radiation into SPs; 3) decrease in the energy losses of
SPs in the optical circuit of the interferometer;
4) application of sensitive and quite fast receivers of
THz radiation; 5) spatial separation of spurious bulk
waves from SPs and screening of the receiver from spu-
rious illumination. The methods for solving these
problems will be presented, to one degree or another,
in the description of the design of the plasmonic inter-
ferometer in this section.

The source of THz radiation was the Novosibirsk
Free Electron Laser (NovoFEL) [32], whose power
(along with that of gyrotrons) is currently one of the
highest. The NovoFEL radiation is a periodic
sequence of 100-ps pulses following at a frequency of
5.6 MHz; it is linearly polarized and completely
coherent in the beam cross section; the temporal
coherence is 30—100 ps (depending on the operating
mode of the laser). The characteristic average power of
the radiation arriving at the interferometer input is
30—40 W (if necessary, it can be increased to 400 W);
the Gaussian beam diameter is 12 mm. The operating
radiation wavelength A, was chosen to be 141 um with
a line width of less than 1%.
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Because the spectrum of NovoFEL radiation is
unstable in the normal mode of operation (the wave-
length can shift by up to 0.2 um during measure-
ments), for the spectrum variations to be taken into
account, the plasmonic interferogram was recorded
simultaneously with the interferogram formed by the
NovoFEL radiation beams. To this end, the Michel-
son interferometer for bulk waves was added to the
scheme of the plasmonic interferometer [31] (Fig. 1a).

The lithographic polarizer P, extracted the p com-
ponent, corresponding to the polarization of SPs from
the NovoFEL beam coming to the input of the setup.
The 30-um polypropylene film splitter BS, separated
the linearly polarized radiation into two beams. The
mirror M; directed the reflected beam, the intensity of
which was controlled by the polarizer P,, to the bulk-
wave interferometer. The cylindrical metal reflecting
lens CL with focal length of 75 mm focused the trans-
mitted beam onto the upper edge of the end face of the
flat substrate of the sample, where, due to diffraction,
the radiation was converted into SPs. In comparison
with other known methods (generation on a diffrac-
tion grating, waveguide, or flat screen edge), the
method of SP generation on the edge of a flat substrate
(“the end-fire coupling technique” [33]) features high
efficiency (tens of percent at sufficient overlapping of
the incident wave fields and SPs [34]), simplicity, and
small dispersion of the conversion coefficient.

In the plasmonic interferometer, the fixed and mov-
able mirrors M, and M, were used (40 X 20 X 5 mm glass
plates with gold coating on the reflecting faces and
ZnS protective layer). The splitter was the 40 x 25 X
I mm plane-parallel plate BS, made of polyimide
material Zeonex (TYDEX, Russia) [35] and installed
at an angle of 45° to the incident SP beam. The lower
faces of the mirrors and splitter were optically polished
and adhered tightly to the substrate, providing optical
contact with its surface. Unlike other well-known ele-
ments used to reflect or split SPs (Bragg gratings [36]
or geodesic prisms [37] formed on the sample surface),
flat mirrors and splitters create much fewer parasitic
bulk waves in interaction with SPs [29]. In addition,
such elements can be rearranged easily during recon-
figuration of the interferometer.

As substrates for the test samples, 100 X 150 X 11 mm
flat glass plates were used, the upper face of which
(100 x 150 mm) was optically polished. An opaque
layer of gold 300 nm thick was applied to it by magne-
tron sputtering, over which a layer of zinc sulfide
(ZnS) of uniform thickness was deposited by electron-
beam evaporation. Three samples were fabricated:
uncoated one and those with the ZnS layer of thick-
ness d equal to 1.0 and 3.0 um. Such a choice of sam-
ples was due to the significant difference (according to
calculations) in the indices of refraction n, and absorp-
tion K, of SPs on these samples, which made it possible
to estimate the dynamic range of the interferometer.
Vol. 66
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Fig. 1. (a) Optical circuit (top view) of plasmonic THz interferometer: P; and P, — polarizers; BS;—BS; —beam splitter; M;—Ms —
flat mirrors; CL — cylindrical reflective lens; TPX lens — lens made of TPX; (b, ¢) top and side views of plasmonic interferometer.

From the place of generation to the exit from the bulk waves. The element was 1/8 of a cylinder with
sample, the SPs passed a distance of about 160 mm. At  curvature radius of 60 mm, the convex surface of
the output of the plasmonic interferometer, the com-  which contained a gold layer 300 nm thick coated by a
bined SP beams from both arms went to the convex ZnS layer 1.0 um thick. The losses (mainly radiative)
surface of the cylindrical element (adjacent to the side  of the SPs on the cylindrical surface were as high as
face of the substrate) for conversion of the SPs into  99%, although they were minimal at the chosen coat-
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ing thickness [38]. Having reached the opposite edge
ofthe convex face of the element, the SPs diffracted on
it and converted into bulk waves, which were recorded
by the radiation detector. The choice of the cylindrical
coupling element was caused by the necessity of spatial
separation of the bulk waves generated by the SPs on
the output edge of this element from the parasitic bulk
waves that arose during 1) the conversion of the
NovoFEL radiation into SPs (accompanied by the
formation of diffracted bulk waves of high intensity)
[39], 2) SP diffraction on the splitter and interferome-
ter mirrors [29], and 3) transition of SPs from the sub-
strate to the output coupling element. Besides that, an
additional source of parasitic bulk waves was the scat-
tering [40] of the SPs on the roughness and optical
inhomogeneities of the surface of the gold layer, which
led to the appearance of radiative losses of SPs [41].
An additional and effective screen against spurious
bulk waves was the foam “gate” (35 mm long with the
aperture 1 mm high) placed on the sample at the point
of its contact with the output coupling element.

The interfering bulk waves generated by the SP
beams on the free edge of the output coupling element
were detected by the optoacoustic receiver (Golay cell
GC-1T, TYDEX, Russia) with high sensitivity (VEP =
1.4 x 10719 W/Hz!/? [42, 43]) and sufficient operation
speed (receiver response time of 30 ms). The need to
use a highly sensitive receiver was due to the low signal
intensity because of the large losses of SPs during their
diffraction on the circuit elements and attenuation of
the SPs while running along the sample.

In the interferometer for bulk waves, the beams lost
energy insignificantly (only upon reflection from the split-
ter BS;). Therefore, interferograms of bulk waves were

recorded by a less sensitive (VEP =~ 1.9 x 10~° W/Hz!/?)
single-pixel pyroelectric receiver MG-33 (NZPP
Vostok, Russia) [44, 45], having however high speed
(the typical time of receiver heating is about 10 us [46]
and the response time is about 5 ms). The radiation
directed to its sensitive element of 1 X 1 mm in size was
collected by the TPX lens (TYDEX, Russia) with focal
length of 50 mm.

Since the receivers used can record only a radiation
flux that varies in time, a mechanical obturator was
placed at the input of the setup to modulate the radia-
tion intensity at a frequency of 100 Hz. The signals
from each receiver were recorded by two SR-830 syn-
chronous detectors (Stanford Research, USA) with
integration time constant of 10 ms (corresponding to
the modulation frequency). From the outputs of the
detectors, the signals arrived at a two-channel digital
oscilloscope (Handyscope 3, TiePie engineering, the
Netherlands), which operated in the recorder mode.
The measured time dependences were digitized and
written to a file.

The movable mirrors M, and M, were attached to
the platforms of motorized shifters (8MT175-50,
Standa, Lithuania), which ensured motion of the mir-

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

427

rors during scanning along the x axis with a step of
2.5 um. The scanning speed was chosen as the maxi-
mum possible (250 wm/s) at which the detectors had
time to record signals correctly. The recording time for
one pair of interferograms corresponding to a dis-
placement of the movable mirrors by 30 mm was about
2 min.

3. MEASUREMENT TECHNIQUE

Before measurements in the THz frequency range,
the optical circuits of both interferometers were
aligned with respect to the collimated diode laser
beam (A, = 635 nm). The alignment should be carried
out with the high accuracy required for determination
of the SP refractive index ng,, which exceeds unity by

just about 10~ on the uncoated metal. In addition, after
change of the sample, it is necessary to align the plas-
monic interferometer once more, which takes a long time
if the high accuracy is maintained. To reduce the time
spent on the alignment and to take into account the slight
misalignment between the interferometers, we carried
out the measurements in two stages. First, two inter-
ferograms were recorded simultaneously (with the use
of the plasmonic interferometer and the bulk-wave
interferometer) according to the scheme described in
Section 2 for SPs propagating along a sample. At the
second stage of the measurements, two interferograms
were also recorded simultaneously (with the use of the
plasmonic interferometer and the bulk-wave interfer-
ometer), but that time the NovoFEL radiation was not
converted in the plasmonic interferometer into SPs; it
was directed to the splitter BS, for recording of the
interferogram formed by the source radiation in the
environment (air). The control interferogram
recorded with the bulk-wave interferometer contained
information on possible changes in the NovoFEL gen-
eration spectrum. Thus, with the two stages of mea-
surements for each sample (which differed in the
thickness of the ZnS layer), two pairs of interfero-
grams were obtained. At the same time, for collection
of statistics, measurements were repeated four times
for each of the samples.

The procedure for alignment of the plasmonic
interferometer with launching of SPs is worth a sepa-
rate description. A fan of parasitic bulk waves of high
intensity occurred in the optical circuit of the interfer-
ometer (at the conversion of the source radiation into
SPs and on the elements of the optical circuit). Some
of them could get into the detector, and it was not
always possible to determine the presence of a spuri-
ous signal in them in the recorded interferograms.
At the high measurement accuracy required, this will
lead to large errors. For verification if the signal recorded
by the receiver was really caused by SPs, not by parasitic
waves, an absorber in the form of 10 X 40 mm strips of
office paper 0.1 mm thick was placed on different parts
of the SP track in one of the arms of the interferome-
Vol. 66
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Table 1. Attenuation of SP signal (/y/1) in arms of interferometer after application of paper absorber

Sample Depth of penetration of SP fields into Attenuation in arm
air, mm (experimental data [41]) with movable mirror M, |  with fixed mirror M,
Au (d=0) 0.75 25+04 29104
Au+ ZnS (d = 1.0 um) 0.12 50+ 8 50+ 8
Au + ZnS (d = 3.0 um) 0.08 Suppression of signal-to-noise level

ter. The other arm was completely covered by a foam
screen (the signal from this arm did not reach the
receiver). If the placement of the paper strip led to the
same signal decrease regardless of the arm and posi-
tion of the absorber on the SP track, this fact con-
firmed the plasmonic nature of the recorded signal
[39]. If the attenuation of the signal depended on the
location of the absorber, this indicated that the “dif-
fraction satellites” generated by the diffraction of SPs
on the absorber hit the receiver.

As an illustration, Table 1 presents the attenuation
of SP signals as the ratio of the initial signal /; in an
arm to the signal / after the placement of the absorber.
It can be seen that the attenuation in both arms is the
same within the measurement error. With increase in
the coating thickness d, the absorption of SPs grows
due to the increase in the concentration of the SP field
in the near-surface region of the sample (see the sec-
ond column Depth of SP penetration into air). For the
sample with d = 3.0 um, the useful signal was com-
pletely suppressed to the noise level, since almost the
entire field of the surface wave interacted with the
absorber.

(a)
Surface plasmon Bulk-wave
interferometer 0.8 interferometer
SPs
0.4 2
S
> 2}
=0 0 El
5 10 20 30 3
%D 2 Bulk waves g
0.4
1
0 10 20 300

X, mm

Figure 2a presents an example of plasmonic inter-
ferograms and interferograms of bulk waves recorded
on the sample with d = 1.0 um. As the movable mirrors
of the interferometers are displaced along the x axis,
the amplitudes of the sinusoids first increase, then
reach the maximum, and decrease in the final section
of the scanning. This is a typical symmetrical form of
autocorrelation function for a coherent radiation
source [47]. The amplitude envelope has a Gaussian
profile, the width of which determines the length
(time) of coherence, which was 30 mm (100 ps) in this
experiment. This value coincides with the maximum
duration of the NovoFEL radiation pulse during oper-
ation in a stable mode.

Then the spectra of the SPs and NovoFEL radia-
tion were calculated from the interferograms with
application of the Fourier transform (Fig. 2b). The
empty dots in this figure indicate the results of calcu-
lations of the components of the Fourier spectrum.
Note that the number of calculated points is governed by
the interferogram length, which depends on the length of
coherence of the NovoFEL radiation (/,,, = 30 mm).
Next, the spectra were approximated with the Gaussian

()
1.0+ o Mos2 1.0
0.5 i 0.5
0 ‘ 0

141 142 141

Wavelength, mm

Fig. 2. (a) Example of interferograms obtained with plasmonic interferometer (left) and bulk-wave interferometer (right) for sam-
ple “Au + ZnS layer 1.0 um thick”; top row: graphs with SP excitation; bottom row: graphs without SP excitation; (b) Fourier
spectra of SPs and NovoFEL radiation generating them, reconstructed from interferograms in Fig. 2a (empty dots) and approx-

imation of spectra by Gaussian function (solid curve).
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function of the form f(x) = Aexp {—%[uj } + /o

w
and normalized to the value (4 + f;). The w value
defines the spectrum width. The value of the parame-
ter x., which determines the position of the central line
of the spectrum, corresponds to the desired wavelength.
The x, value coincides completely with the results of the
direct (but much more laborious) method of calculation
of the wavelength from the average period of interfer-
ogram. The following wavelengths (central lines of the
spectra) are marked in Fig. 2b: A, and A, found from
the interferograms in Fig. 2a, obtained on the plas-
monic interferometer with and without SP excitation,
respectively; A, and A, — corresponding to these
interferograms wavelengths of NovoFEL radiation in
air, determined with the use of the bulk-wave interfer-
ometer.

Since the complex refractive index 7, of SPs is
defined as the ratio of the wave number k, of SPs to the
wave number of the source radiation in vacuum k, =

21/ Ay,

Ay =£2n5+i%5, (D)

0
the real part ng can be found from the spectra pre-
sented in Figs. 2b according to the following formula:

n = (Mj Re(7,), )

7\01/ Mo
where the ratio A /A, is defined by expression (1),
and the normalization to A, /A, takes into account the
shift in the NovoFEL radiation spectrum that can
occur during the time between recordings of interfero-
grams with and without SP excitation (see Section 2).
The factor Re(7,) in expression (2) makes it possible
to take into account the fact that laser radiation prop-
agates not in vacuum, but in air with the complex
refractive index 77, = 1.0002726 + i0.0000039 [48, 49].
For each sample, the average value of n,was found for

four sets of interferograms.

To find the x, value, we measured the decrease in
the SP intensity at displacement of the movable mirror
M, (see Fig. 1) in the plasmonic interferometer; in this
case, the fixed mirror M, was covered by the absorbing
plate. The characteristic form of the dependence mea-
sured on the sample with the ZnS layer 1 um thick is
shown in Fig. 3. The same figure shows the result of
approximation of the measurement results by a func-
tion of the form g(x) = Bexp(—2x/L) + g,. The expo-
nent indicator takes into account the fact that the SP
path increased by 2x when the mirror M, was dis-
placed by x. The noise level g, was measured experi-
mentally and served as an approximation parameter
(for the plot shown in Fig. 3, the noise level was almost
zero) For each sample, the average length L,, of SP
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Signal, V
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Noise level g =0

0 10 20 30 40 50

Fig. 3. Attenuation of SP intensity on sample “Au + ZnS
layer 1.0 um thick” at displacement x of mirror M, (see
Fig. 1a) in plasmonic interferometer and fixed mirror M,
closed by absorber. Gray dashed line: result of exponential
approximation.

propagation was found from the results of several suc-
cessive measurements (four measurements in our case),
and the x, value was calculated by the formula [7]

> 4nl,,

3

4. RESULTS OF TEST MEASUREMENTS

Table 2 presents the values of the real (without
unity) and imaginary parts of the refractive index of
SPs, found by formulas (2) and (3) for the three sam-
ples. For comparison, the same table shows the values
of these quantities calculated from the SP dispersion
equation for the three-layer structure (“gold—ZnS
layer—air”) at A, = 141 um. This dispersion equation
has the following form [50]:

tanh(k, d /i’ — €4)
\/7[\/’1 — & +\/ _emj
8m

_Ed(\/’l —€ \/I’l — m+ hg _zedj’
€4

Easm
where d is the thickness of the dielectric coating; €

C))

and €, = 7i, is the permittivity of the metal and the
environment, respectively. In these calculations, the
refractive index of ZnS was taken as ny = 2.943 + i0.01
[21], and the gold permittivity €,, was calculated by the
Drude model for reference values of the plasma fre-
quency (o, = 1.37 x 10's7") and the frequency of col-
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Table 2. Refractive indices of SPs (real part without unity (#, — 1) and imaginary part K;), calculated at substitution of exper-
imental results into formulas (2) and (3), as well as their calculated values

ng—1,107* K, 1074
Sample . .
. Calculation by Drude . Calculation by Drude
Experiment Experiment

model model
Au(d=0) 4914 2.7 1.5%+0.1 0.014
Au + ZnS (d =1.0 um) 14+2 10.5 1.1 £0.1 0.4
Au + ZnS (d =3.0 um) 98 + 10 81 3.7x0.1 1.3

(112 £ 16 [27]) (6.6 0.7 [27])

lisions of conduction electrons (@, = 4.05 x 103 s71)
[51]:

2 2

w, iy 0,0,
i

2 2

o + w;

(%)

o(w” + ;)
where ® = 2mc/Ay = 1.34 x 10 s7! (c is the speed of
light in vacuum).

According to Table 2, the experimental value of «,
which characterizes the losses of SPs at propagation
along the sample, is noticeably larger (especially at d = 0)
than the respective calculated value. This can be
because, in addition to the Joule losses in the metal,
SPs experience radiation losses on the roughness and
optical inhomogeneities of the surface [41]. According
to [41], the placement of a dielectric layer on the sur-
face of conductor is expected to lead to decrease in the
radiation losses of SPs due to the bigger difference
between the refractive index n, of SPs and the refrac-
tive index of the source radiation in air. Moreover, at a
sufficiently large thickness of the ZnS layer (d = 1.0
and 3.0 um), the radiation losses become much lower
than the Joule losses, which is expected to lead to
coincidence of the calculated and experimental values
of k.. However, according to Table 2, at 4 = 1.0 and
3.0 um, the measured SP losses are approximately
three times higher than the calculated ones. It can also
be seen that in the experiment the value of (n, — 1) is
consistently greater than the calculated values for the
respective ZnS layer thicknesses. In our opinion, such
discrepancies between the experiment and theory
indicate that the effective permittivity of the metal sur-
face differs from its values in crystalline metal calcu-
lated by the Drude model, which is most likely due to
the granular structure of the surface of the deposited
metal layer and its roughness.

For the sample with d = 3.0 um, the result for (n,— 1)
coincides within the error with the data of [27], which
indicates the reliability of the measurements, whereas
the calculated value of x; is two times less than the
measured one, because the radiative losses of SPs were
not taken into account in [27].

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

From the experimental values of (n, — 1) and K, for
a sample with a given thickness of the ZnS layer, one
can determine the effective permittivity of the metal
surface by solving dispersion equation (4) numerically.
Table 3 presents solutions for the real and imaginary
parts of the permittivity €, of the gold plating, found
from the data in Table 2. The errors for €, correspond
to the scatter of solutions to equation (4) with the
accuracy of determination of (n, — 1) and ¥, taken into
account. Table 3 also shows the gold permittivity val-
ues calculated by the Drude model (see formula (5))
with application of reference data for crystalline gold
at A, = 141 um. As can be seen from the table, the
experimental values of €, are less than the calculated
ones by more than an order of magnitude. The largest
difference (more than two orders of magnitude) is
observed for uncoated gold (d = 0), which is due to the
fact that the analytical model (Eq. (4)) does not take
into account the radiation losses of SPs, which are very
substantial for SPs on a conducting surface without a
coating dielectric layer. More or less close values of €,
are observed in the presence on the metal of the ZnS
layer with thickness of 1.0 and 3.0 um, when the radi-
ation losses of SPs are small. We made detail analysis
of experimental results obtained with various ZnS
dielectric thicknesses, which showed that for correct
measurement of the optical constants of metal surface,
it is necessary to use dielectric coatings of sufficient
thickness.

5. ANALYSIS OF ERRORS AND METHODS
TO INCREASE ACCURACY
OF DETERMINATION OF PERMITTIVITY
OF METAL SURFACE

It is worth paying attention to the very large errors in
the experimental values of €, in Table 3 (54 to 100%).
This is because of the insufficient accuracy of the mea-
surement of (n, — 1) and K, (see Table 2), which did not
exceed 10% on average. Analysis of Eq. (4) shows that
the greatest accuracy requirements relate to n.
To achieve an accuracy of €, determination of 20%, it
Vol. 66
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Table 3. Values of real and imaginary parts of permittivity €., of sputtered gold, found from experimental values of (n, — 1)
and K, from Table 2, as well as €, values calculated by Drude model (see formula (5)) at A, = 141 um

Re(e,,) Im(e,,)
Sample . Calculation by Drude . Calculation by Drude
Experiment Experiment
model model
Au (d=0) —800 + 800 —105000 1700 = 1500 317000
Au + ZnS (d = 1.0 um) —5600 % 3600 2600 + 1400
Au + ZnS (d = 3.0 um) —7000 % 5000 1000 * 800
Table 4. Estimates of energy losses in plasmonic interferometer
KS
Sampl Eiﬁcrzl? " Off lindrical | Total | Signal power at
ample EENCTation O 1 . flat surface | on splitter of on cylindrica otalloss I,=10W
SPs of sample SPs converting
P element [38]
Au (d=0) <0.001 0.14 0.5 0.01 <107 <10 uW
Au + ZnS (d = 1.0 um) 0.3 0.2 <2-1074 <2 mW
Au + ZnS (d = 3.0 um) <0.001 0.005 <2-1078 <200 nW

is necessary to find out n, with accuracy not worse
than 10~ (at an actual error of 10% for k,, which
depends on the signal-to-noise ratio, alignment, and
stability of the NovoFEL radiation intensity). Such
accuracy for n, can be attained if the stability of the
radiation source with respect to the wavelength during
recording of interferogram is not worse than 0.01 um
(at Ay = 141 um) and the width of the generation line
is an order of magnitude smaller than 1.0 — 1.5 um in
normal mode operation. This can be achieved via
reduction of the measurement time and application of
faster and more sensitive detectors. For example, a
pyroelectric detector could be used instead of the
Golay cell (see Fig. 1), which will enable reduction of
the interferogram measurement time by an order of
magnitude (up to 10 s per scan). To increase the sensi-
tivity of the pyrodetector, instead of the germanium
input window (on which more than half of the inci-
dent power is lost because of the Fresnel losses), a
transparent dielectric lens could be used. It would
reduce the reflection losses and collect the entire
beam of bulk waves generated by the SPs darting off
the output coupling element to the sensitive element of
the receiver. It would also be of interest for applica-
tions to use more stable and compact sources of coher-
ent THz radiation than FELs, such as gas lasers [52],
backward wave tubes [53], gyrotrons [54], or quantum
cascade lasers [55].

The NovoFEL immunity to temporal variations in
the radiation wavelength can be better in operation in

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

the mode with negative detuning of the repetition fre-
quency of free electron bunches from the frequency of
revolution of light pulses inside the optical cavity of
the FEL. Such operation is accompanied by decrease
in the average radiation power [56]. When the FEL
operates in this regime, a stable single-mode genera-
tion regime is established, the linewidth of which is as
narrow as possible (0.25%) [47], while the wavelength
shift in 15 min is not more than 0.1 of the width of the
generated radiation spectrum (0.04 wm at A, = 141 um),
which is close to the desired accuracy. However,
achievement of such generation mode requires long
and laborious tuning of the NovoFEL parameters.

A very important parameter that affects the mea-
surement accuracy of both n, and x is the “useful sig-
nal/noise” ratio, which is proportional to the useful
signal from SPs arriving at the detector. Table 4 pres-
ents estimates of SP losses in the interferometer for the
samples used in the experiments described above.
These losses are the sum of losses during the genera-
tion of SPs at the input to the interferometer and prop-
agation along the surface of the sample and the surface
of the cylindrical coupling element (see Fig. 1a). The
losses in the diffraction on the splitter and mirrors and
in the SP passage from the sample to the coupling ele-
ment are not taken into account here. From the mag-
nitude of the total losses of the SPs, one can judge on
the dynamic range of the “source—detector” complex,
which will enable measurements on the plasmonic
interferometer. It must be at least 10 for the sample
Vol. 66
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with the minimum losses (¢ = 1.0 um) and at least 108 for
the sample with the maximum SP losses (d = 3.0 um).
If a THz radiation with an average power of 10 W is
incident on the input of the interferometer, then the
detector sensitivity threshold should be not worse than
200 nW, which is slightly higher than the sensitivity
threshold of the Golay cell used together with a lock-
in amplifier (about 10 nW). Therefore, at work with
THz radiation sources inferior in power to NovoFEL,
for detection of the useful signal in the interferometer
it is necessary to use more sensitive detectors.

The requirements for the dynamic range (and detec-
tor sensitivity) can be lowered via reduction of the SP
losses in the interferometer. This can be achieved in two
ways: 1) reducing the size of the interferometer to the
minimum values, determined by the size of the cross
section of the plasmon beam (it was 12 mm in our case);
2) using a cylindrical coupling element with minimum
SP losses on its surface, which are achieved at a certain
radius of its curvature; increase in this radius leads, on
the one hand, to decrease in the radiation losses, and
on the other hand, to higher Joule losses due to the
longer SP track on the convex surface.

6. CONCLUSIONS

The paper presents the optical circuit and technical
characteristics of a prototype model of planar THz SP
Michelson interferometer. A technique for determina-

tion of the complex refractive index of SPs (74, = n, +
ix,) from interferograms is described in detail. The
interferometer was tested on flat surfaces with gold
sputtering coated with a ZnS layer 0 to 3.0 wm thick
with application of high-power coherent radiation of
NovoFEL at the wavelength A, = 141 um. From the

found values of 7i; the effective permittivity €, of the
deposited gold surface was calculated, which turned
out to be an order of magnitude lower than that of
crystalline gold. The large error for the found values of
€., is mainly due to the insufficient temporal stability
of the emission spectrum of NovoFEL. For practical
applications of the plasmonic interferometer, it is nec-
essary to use more stable and compact sources of THz
radiation.

Analysis of the energy losses of SPs in the plas-
monic interferometer has made it possible to estimate
its dynamic range in terms of the radiation power
(10°—10%) required for measurements on samples with

different 7, and suggest methods to increase the sig-
nal-to-noise ratio by optimizing the optical elements
of the interferometer and the THz radiation detector
used in it.
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