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Abstract: The development of efficient and reliable sensors operating at room temperature is essential
to advance the application of terahertz (THz) science and technology. Pyroelectric THz detectors
are among the best candidates, taking into account their variety, outstanding performance, ease of
fabrication, and robustness. In this work, we compare the performance of six different detectors,
based on either LaTiOj3 crystal or different polymeric films, using monochromatic radiation of the
Novosibirsk Free Electron Laser facility (NovoFEL) in the frequency range of 0.9-2.0 THz. The main
characteristics, including noise equivalent power and frequency response, were determined for all of
them. Possible reasons for the differences in the obtained characteristics are discussed on the basis of
the main physicochemical characteristics and optical properties of the sensitive area. At least three
detectors showed sufficient sensitivity to monitor the shape and duration of the THz macropulses
utilizing only a small fraction of the THz radiation from the primary beam. This capability is crucial
for accurate characterization of THz radiation during the main experiment at various specialized
endstations at synchrotrons and free electron lasers. As an example of such characterization, the
typical stability of the average NovoFEL radiation power at the beamline of the electron paramagnetic
resonance endstation was investigated.

Keywords: THz radiation; pyroelectric detector; polyvinylidene difluoride; lithium tantalite; tetra-
aminodiphenyl; noise equivalent power; free electron laser

1. Introduction

Pyroelectric sensors made on the basis of various thin crystals or polymeric films
play an essential role in modern technology, medicine, and scientific research [1-6]. Such
detectors use permanently poled ferroelectric materials capable of producing an electric
current when absorbing incident radiation. These materials, especially lithium tantalite
(LiTaO3) [7] and triglycine sulfate [8], have been successfully used in the infrared (IR) and
terahertz (THz) frequency ranges and are admirable candidates for broadband detectors
operating at room temperature. In addition to inorganic or organic single crystals, various
polymeric pyroelectric sensors are currently matured technological products. Polarized
polymers such as polyvinylidene difluoride (PVDF) or 2,2’ 4,4’-tetra-aminodiphenyl (TADP)
demonstrate strong and stable piezoelectric and pyroelectric activities, giving rise to their
abundant practical applications [9-12]. The attractiveness of polymers is determined by
their low cost, flexibility, mechanical and chemical resistance, and the possibility to be
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deposited on various types of substrates. Recent advances in pyroelectric sensor technology,
comprising both single crystal and polymeric materials, include: (i) pulsed-laser detectors
based on composite materials [13]; (ii) biomedical system-on-a-chip [14]; (iii) integrated
sensors [15,16]; (iv) detectors for THz time-domain spectroscopy and imaging [17-20];
(v) detectors for optoacoustic microscopy [21,22]; (vi) the use of the terajet effect and
Fano response to improve performance of detectors [23,24]; (vii) 3D-printed detectors [25];
(viii) X-ray generators [26], etc.

Characterization of the pyroelectric transducers in the far-infrared and terahertz
regions is usually performed by measuring the broadband response of the detector to
blackbody radiation of a Fourier transform infrared spectrometer (FTIR) source [27,28]. The
use of monochromatic radiation is usually limited to HeNe or CO; lasers [29] with a few
exceptions [30], since similar radiation sources in the THz region are not common [31,32].
There is also a lack of direct comparisons of different sensors made under identical or at least
similar experimental conditions. Such comparisons are mainly accomplished in reviews [2].
In this paper, using the unique capabilities provided by the Novosibirsk Free Electron Laser
(NovoFEL) facility, we characterized the performance of several different detectors at four
wavenumbers: 66.7, 50.8, 41.7, and 28.6 cm~!. Given the rapid progress in terahertz science
and technology, a detailed comparison of sufficiently cheap and widespread detectors is
essential to wisely select a suitable transducer for any practical applications, including
the development of specialized THz endstations at synchrotrons or free electron lasers.
Six detectors of different kinds were used: two commercially available detectors and four
home-made ones based on poled PVDF film coated with different electrodes. For all of
them, noise equivalent power (NEP) was measured at the specified wavenumbers. Their
frequency response and linearity were also determined. The optical properties of the PVDF
film with different electrodes were characterized by FTIR spectroscopy, which allowed us
to find correlations between them and the obtained NEP. Finally, we describe the typical
values of NovoFEL radiation instabilities and a possible way to correct them by controlling
the shape and duration of the THz macropulses during experiments using one of the
investigated detectors as an example.

Section 2 of the article describes the radiation source, the layout of the detectors at the
endstation, the preamplifier used for home-made detectors, and a comparison of the main
physicochemical characteristics of the sensitive area of the detectors. Section 3 presents the
obtained NEP values, frequency responses, linearity check, and two application examples
of the detectors at the electron paramagnetic resonance endstation.

2. Materials and Methods
2.1. Radiation Source—Novosibirsk Free Electron Laser Facility

The performance of the pyroelectric detectors was investigated using monochromatic
radiation from NovoFEL with four different wavenumbers: 66.7 cm~! (150 um; 2.0 THz);
50.8 cm ™! (197 um; 1.5 THz); 41.7 cm™~! (240 um; 1.25 THz); 28.6 cm ™! (350 pm; 0.85 THz).
The radiation spectra are shown in Figures 51-54 of the Supplementary Material. The
NovoFEL facility includes three free electron lasers (FELs) operating in the terahertz,
far-infrared, and mid-infrared spectral ranges [33,34]. Since its launch to users in 2004,
terahertz FEL remains the most powerful source of coherent narrowband (5A/A = 0.2-2%)
radiation in the world in the 25-111 cm™! (90400 um; 0.75-3.3 THz) frequency range.
Its average power of radiation reaches 0.5 kW and its peak power is about 1 MW. The
unique radiation parameters are provided using the energy recovery linear accelerator for
electron acceleration and resonator-type FEL. All three FELs work in quasi-continuous
mode with a light pulse frequency of ~5.6 MHz, determined by the length of the optical
resonator. The duration of each pulse is about 100 ps. The radiation of each pulse is
fully spatial and transverse coherent. The coherence between pulses strongly depends
on the operation regime and can be observed in a sequence of up to 200 pulses [35,36].
Since various pyroelectric transducers are well described in the visible, near-infrared,
mid-infrared, and far-infrared spectral ranges [27,29], only THz radiation in the 0.9 to
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2 THz range was used in this work. The NovoFEL facility can also operate in the so-called
macropulse lasing mode [37]. In this regime, the electron beam consists of macropulses of
electron bunches, phased with the FEL optical resonator and separated by unsynchronized
bunches. This makes it possible to switch between quasi-continuous mode and macropulse
regime without overloading the accelerating system of the facility. The minimum duration
of the macropulse is determined by the optical resonator and is usually a few microseconds.
Given this limitation, there are no other practical constraints on the time profile of the THz
macropulse, including its maximum duration, repetition rate, and duty cycle. Macropulse
fronts at a certain wavenumber depend on the ratio of optical mode losses and the FEL
gain for the macropulse rise time, and on the quality factor of the optical cavity for the
macropulse decay time. A duty cycle of 2 was used in all measurements, unless otherwise
specified. The detectors have been characterized and are currently being used at the THz
beamline of the electron paramagnetic resonance (EPR) spectroscopy endstation, which
allows the study of paramagnetic species in various media using continuous wave and
time-resolved EPR techniques [38,39].

2.2. Characterization of the Detectors

Two classes of the detectors were used: (i) commercially available detectors combined
with a preamplifier in a standardized “metal can” semiconductor package; (ii) home-made
pyroelectric detectors based on bioriented poled PVDEF film coated with different electrodes.

Commercial detectors under study are QS-IF5 (Gentec-EO, Quebec, QC, Canada) and
MG-32 (Vostok, Novosibirsk, Russia). The QS-IF5 pyrodetector has a sensitive area of 5 mm
and is based on a thin LiTaOj3 crystal, which has a high pyroelectric coefficient of up to
480 pC-m~2-K~! [40]. The sensing unit of the QS-IF5 has a metallic coating of unknown
thickness, and it is exposed to radiation without a protective window. The MG-32 detector
has a sensitive area of 1 mm made of a 1 pm thick polymer film of TADP. The sensing
element of the MG-32 has a 30 nm thick aluminum coating applied by sputtering, has no
protective window, and is directly attached to a polypropylene lens. The addition of the
lens was a special modification made by the manufacturer. The materials, thicknesses,
and sensitive areas listed are summarized in Table 1. Detectors based on PVDF films are
described in Section 2.3.

Figure 1 shows the layout of the investigated detectors at the EPR spectroscopy
endstation. The detector in an aluminum case is mounted on a movable hollow copper
tube. At one end of the tube there is a copper mirror located at an angle of about 45° to
the incident almost Gaussian beam of THz radiation [41]. The second end of the tube is
1-2 mm from the sensitive area for all the transducers except MG-32, for which the tube
rests against the polypropylene lens. Placing the tube in front of the first focusing element
of the optical system only slightly reduces the total power, at the same time allowing one
to control the shape and duration of the NovoFEL macropulse during experiments (see
Section 3.4). This also ensures that the sensitive area of the detector is uniformly irradiated,
which is important when measuring noise equivalent power. Photographs of the detector
and copper tube placed in the optical system of the EPR endstation are given in Figure S5
of the Supplementary Material.
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Figure 1. The layout of the pyroelectric detector at the THz beamline of the EPR spectroscopy
endstation. Numbers show: 1—movable mechanical shutter; 2—movable copper tube with outer and
inner diameters of 8 and 6 mm, respectively, and a copper mirror at one end; 3—off-axis parabolic
mirrors. THz beam at the entrance of the optical system is nearly Gaussian [41].

Table 1. Comparison of the main characteristics of the investigated transducers.

Detector Name QS-IF5 MG-32 ITO Cu/Ni Au Ag-ink
Sensiti Material LaTiO; TADP 2 PVDFP PVDFP PVDFP PVDEP
61“51 Wte Thickness (um) —c 1 28 28 12 28
elemen Diameter (mm) 5 14 4 4 4 4
Material Me © Alf ITof Cu/Nif Auf Ag8
Electrodes . c h
Thickness (nm) — 30 2500 70/10 100 10,000
Preamplifier Resistance (M(2) 100 103 100 100 100 100
feedback Capacitance (uF) — 0.22 — — — _

a: polymer film of 2,2’ ,4,4'-tetra-aminodiphenyl; b: polymer film of polyvinylidene difluoride; c: exact numbers
not provided by the manufacturer; d: polypropylene lens is directly connected to the sensitive area; e: exact metal
is not provided by the manufacturer; f: sputtered metal electrodes; g: screen-printed electrodes; h: calculated based
on ITO sheet resistance of 300 (}/sq, as specified by the manufacturer, using a resistivity of 7.5 x 10~ Q-cm [42].

NEP (Section 3.1) was defined as the ratio of average radiation power to signal-to-noise
ratio (SNR), measured in a 1 Hz output bandwidth [43]. Radiation power was determined
by Ophir Juno (Ophir Optronics, Jerusalem, Israel) equipped with a calibrated 3A-P-THz
sensor (Ophir Optronics, Jerusalem, Israel). To measure the power, the Ophir sensor
was installed instead of the pyroelectric detector (see Figure 1). For simplicity, all power
measurements were taken at duty cycle of 2 and then multiplied by the corresponding
factor. Using a duty cycle of 1 (continuous radiation) gives the same results. The measured
radiation power was recalculated to the sensitive area for all detectors except the MG-32,
assuming a uniform distribution of radiation at the end of the copper tube. No correction
was used for the MG-32 because it has a polypropylene lens directly attached to the
sensitive area.

SNR was measured with a SR860 lock-in amplifier (Stanford Research System, Sun-
nyvale, CA, USA) using a time constant of 100 ms and a low-pass filter of 12 dB/oct that
corresponds to f_34p of 1.02 Hz. The QS-IF5 and MG-32 detectors contain a hybrid pream-
plifier, so they were directly connected to lock-in by a BNC cable. The lock-in amplifier was
synchronized with the NovoFEL electronic modulation system. The signal from PVDF-
based detectors was passed through a home-made preamplifier (see Section 2.4) and then
through SR240A 300 MHz preamplifier (Stanford Research System, Sunnyvale, CA, USA),
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which additionally amplifies the signal by a factor of approximately 5. To obtain the SNR,
400 points were measured with the mechanical shutter open (see Figure 1), after which the
same procedure was repeated with the shutter closed. The former data were used to calcu-
late the signal level as a mean value, and the latter data were used to calculate the noise level
as a standard deviation. The received signal was phase-corrected via multiplication by the
factor exp(ip), where ¢ was chosen so that the entire signal was in one channel. Therefore,
only the X channel was analyzed to obtain the SNR. The measurements were automated
using the open-source software Atomize (https://github.com/Anatoly1010/Atomize ac-
cessed on 1 October 2023).

The frequency characteristics (Section 3.2) were determined at 66.7 cm ™! (150 um;
2.0 THz) in the range of 10-5000 Hz using the NovoFEL electronic modulation system,
changing the macropulse repetition rate, while maintaining a duty cycle equal to 2. The
upper frequency limit is determined by the minimal reasonable macropulse length, which
is 50-100 ps in the 0.9-2.0 THz range.

The linearity of the response of the studied detectors (Section 3.3) was verified at
41.7 cm™! (240 um; 1.25 THz) by comparing their response with the calibrated Ophir
sensor. The maximum average radiation power was approximately 20 mW. It was further
attenuated by placing several 1 mm thick polyethylene terephthalate films in front of the
mechanical shutter (see Figure 1).

The time profiles of the THz macropulses were obtained using a 350 MHz Keysight
DSOX3034T oscilloscope (Keysight Technologies, Santa Rosa, CA, USA) to which the output
signal from the detectors was connected. The NEP was also calculated from the measured
macropulse time profiles using half the sampling frequency as the noise equivalent band-
width. The obtained numbers coincide with the NEPs measured by the lock-in amplifier
within 10% and are not provided. The arbitrary wave generator of the same oscilloscope
was used to trigger the electronic modulation system. The spectral power densities of the
noise were obtained by a fast Fourier transform of the oscillograms, measured in the 1 or
5 s time windows.

FTIR transmittance and reflectance spectra of PVDF films with different coatings
were measured using a Bruker Vertex 80v FTIR spectrometer (Bruker, Billerica, MA, USA)
in the far-infrared range using a room temperature PE/DLaTGS D201 detector. The re-
flectance spectra were measured using A510/Q-T 11 combined transmission and specular
reflection accessory.

2.3. PVDF-Based Detectors

Four different types of electrodes that cover the PVDF film on both sides were investi-
gated, namely indium tin oxide (ITO), Cu/Ni, Au, and Ag. All of them were manufactured
by PolyK (PolyK Technologies, Philipsburg, PA, USA) using either metal sputtering (ITO,
Cu/Ni, Au) or screen printing (Ag). A comparison of the material and thickness of the
electrodes, as well as the thickness of the PVDF film, is given in Table 1. Pyroelectric
coefficient of PVDF is 30 pC-m~2-K~!, according to the manufacturer. Hereinafter, pyro-
electric detectors based on PVDF films are named the same as electrodes, with the exception
of Ag-coated film, where the name Ag-ink is used to emphasize a different method of
manufacture. The sensitive area of the PVDF-based detectors had a diameter of 4 mm and
was defined by a hole in the copper clad laminates, which also play the role of electric
contacts (Section 2.4). The entire PVDF film placed between the contacts was 6 mm square.
When a square piece of PVDF film was replaced with a similar piece, the measured NEP
values varied within 5%, indicating good quality of film coating. A photograph of the films
under study before their placement between the copper clad laminates is given in Figure S6
of the Supplementary Material.

The transmittance and reflectance of PVDF films with different coatings as well as pure
PVDF were studied in the far-infrared spectral range using 3 cm squared pieces mounted
in A510-H sample holder of the FTIR spectrometer. According to Figure 2a,b, pure PVDF
film demonstrates the average transmittance of about 80% over the shown energy range.
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The average reflectance (neglecting interference) is about 10% mainly due to reflection at
the boundary of media with different optical densities (¢pypr is about 13.0, according to
the manufacturer). Thus, the possible absorption of radiation by the 28 pm thick PVDF
film does not exceed 10%, and its optical properties are determined mainly by the coatings
used. Sputtering the PVDF film with a semiconductive ITO material reduces transmittance
to 20% uniformly over the entire energy range investigated, while reflectance increases
to 30-35%. Based on the percentage of transmitted and reflected energy, one can assume
that the rest of the radiation (~40%) is absorbed in the ITO layer. Films with sputtered
(Cu/Ni, Au) or screen-printed (Ag-ink) metal coatings are impervious to incident radiation
in the range of 40-320 cm~!. At the same time, the reflection of these films is close to the
reflection of the gold plate used in this experiment as a reference. The reflection behavior of
the Ag-ink film is probably determined by scattering of radiation on the particles forming
the coating. Their size, apparently, is comparable with the wavelength of radiation in the
short wavelength part of the spectrum (~30 um), which gives rise to a monotonic decrease
in the reflection level with wavelength. Considering the transmittance and reflectance
levels of Cu/Ni, Au, and Ag-ink coated films, one would expect the absence of significant
absorption by these films. Nevertheless, the reflectance of Cu/Ni is still lower than that of
Au, i.e.,, Cu/Ni probably absorbs more incident radiation than Au that correlates with the
obtained NEP (see Section 3.1).

Wavelength (um)

10200150 100 70 50 40
o (@
0.8F
8 Eh,
€ 06} —o—PVDF
g | —o
% 04F —ao— Cu/Ni
s | AU
= 02 W § Ag-ink 5
O_O jﬂh.ﬁ/}.t;mfiu».,,—,.w.,.:--.-.—. B — - —O—
1.4 i ' ’ ' '
m (b)
1.2 yainn— =
1.0 Prsvime s —+
N Y
s 08F -
5 I ——PVDF ——Au
& 06 = ——y10 Ag-ink
& 0_4:3 —o— Cu/Ni  —«— Reference
0.2}
00F

40 80 120 160 200 240 280 320
Wavenumber (cm_1)

Figure 2. (a) FTIR transmittance spectra of the studied PVDF films with different electrodes, as well
as of pure PVDF of 28 um thickness in the far-infrared spectral range. Symbols and line colors show:
black, “O”—PVDEF; blue, “x”"—ITO; dark green, “0”—Cu/Ni; pink, “A”—Au; orange, “+"—Ag-ink.
The Cu/Ni, Au, and Ag-ink spectra are superimposed. (b) Same as (a) for reflectance. The red line
marked with an asterisk “¥¢” shows the reference signal of the gold plate used. The vertical dashed
lines show the wavenumbers at which the NEP values were determined.
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2.4. Preamplifier

Commercially available pyroelectric detectors are usually combined with a preampli-
fier in a small “metal can” semiconductor package. In order to compare their performance
with cheap PVDF-based detectors with different electrodes, a preamplifier was made for
the latter. It was assembled according to the current-to-voltage converter circuit. An
operational amplifier (OA) LTC6268 with extremely low input bias current (on the order
of a few fA) and low input capacitance was used as an amplifier. The signal amplitude
recorded by the PVDEF-based sensors is in the order of 1-5 mV at 100 to 5000 M(), i.e.,
the current produced by the sensor is in the order of 1-10 pA. Therefore, the influence
of the input currents of the OA on the resulting signal can be neglected. An additional
amplifier was used to create a virtual ground. The preamplifier was powered by three AA
batteries and enclosed in an aluminum case to reduce the influence of external interference.
The complete circuits are provided in Figure S7 of the Supplementary Material. Electric
contacts with PVDF electrodes are carried through two copper clad laminates with tinned
holes. A PVDF film is placed between them and then they are clamped with an aluminum
cover. Detailed photographs of the assembled preamplifier and contact plates are shown
in Figures S5 and S6 of the Supplementary Material. No additional heat sink except for
copper clad laminates was used.

3. Results and Discussion
3.1. Noise Equivalent Power

Using monochromatic radiation of the NovoFEL at four different wavenumbers, the
corresponding NEPs at 500 Hz (QS-IF5, ITO, Cu/Ni, Au), 250 Hz (MG-32), or 20 Hz (Ag-
ink) were determined for all the pyroelectric transducers studied. The exact frequency was
chosen based on the response of the detectors (see Section 3.2). The data obtained for all
considered detectors are summarized in Table 2.

Table 2. NEP of the pyroelectric detectors measured using monochromatic laser radiation of the
NovoFEL with different wavenumbers as indicated in the table.

NEP 2 (uW-Hz12)

Detector Wavenumber (cm~1); Wavelength (um); Frequency (THz)
66.7;150; 2.0  66.7;150;2.0°  50.8;197;1.5 41.7;240;1.25  28.6; 350; 0.85
QS-IF5 © 2.2 x 1072 1.8 x 1072 2.8 x 1072 29 x 1072 47 x 1072
MG-32 de 1.3 x 1072 1.6 x 1072 1.5 x 1072 1.0 x 1072 1.3 x 1072
ITO¢© 23 25 22 31 2.8
Cu/Ni ¢ 418 33.8 23.0 37.3 50.3
Auc® 53.3 59.6 48.0 88.3 109.5
Ag-ink f 28.9 26.7 23.7 37.2 144.3

a: specific detectivity D*, which is another valuable characteristic of the detector, can be calculated from the
inverse NEP multiplied by a square root of the known sensitive area of the detector (see Table 1); b: measurement
at 66.7 cm~! (150 pm; 2.0 THz) was repeated twice on different days to check reproducibility; c: measured at
500 Hz; d: measured at 250 Hz; e: because of the polypropylene lens, the value was highly dependent on the
alignment of the optical system and probably overestimated; f: measured at 20 Hz.

The experimental results presented in Table 2 can be summarized in six main theses:
(i) NEPs of commercial detectors are at least two orders of magnitude better than those
of PVDEFE-based ones, which is probably determined by the pyroelectric coefficient of the
sensitive material; (ii) the MG-32 detector based on TADP polymer film shows the best
sensitivity; (iii) there is no significant spectral dependence of the NEP in the investigated
energy range; (iv) among PVDF-based detectors, the lowest NEP shows ITO, which is a
consequence of higher radiation absorption (see Section 2.3); (v) the NEP of other PVDF-
based detectors also correlates with the optical properties of their coatings; (vi) the results
show good reproducibility in independently performed experiments.

In more detail, the two commercial detectors studied have NEP in the order of dozens
of nW-Hz~1/2 in the 0.9-2.0 THz range, while the home-made analogues based on PVDF
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films have characteristics at least two orders of magnitude worse. The apparent difference
in NEP appears to be caused by the difference in the pyroelectric coefficient that is 480 and
30 uC-m~2-K~! for LaTiO; (QS-IF5) and PVDF, respectively. Nevertheless, given the low
cost and ubiquity of PVDF polymeric film, as well as the possibility to use the unique shape
of the sensitive area and contact assembly of the electrodes, such detectors can be useful in
certain circumstances, despite the higher NEP. For instance, they can be placed inside the
MW cavity or waveguide of an EPR spectrometer [44,45].

For the QS-IF5 and MG-32 detectors, the NEP values are comparable to those for
Schottky barrier diodes. To date, the latter detectors are probably the best known uncooled
transducers in the THz frequency range, achieving NEP in the order of 10-'2,1071%, and
10~ W-Hz /2 at 0.1, 0.9, and 2.52 THz, respectively [46—49]. Some metal bolometers
and field-effect transistor-based terahertz detectors can also achieve NEP in the order of
(2-5)-10~ W-Hz /2 in the THz frequency range [50-53], while Golay cells show almost
the same NEP as we obtained for the best pyroelectric transducers.

According to Figure 3, the frequency dependence of NEP measured at 28.6 cm ™!
(350 pm; 0.85 THz) shows the same trend as the frequency response of the detectors
(see Section 3.2). This means that there is no significant change in detector noise in the
investigated frequency range. The only exception is the frequencies near 50 Hz for all
PVDEF-based detectors, where the NEP increased about fourfold due to an increase in
detector noise. The same is observed in the noise power spectral densities that are shown in
Figures S8-513 of the Supplementary Material. This is at least partly a consequence of the
use of the additional SR240A preamplifier. It was used to increase the noise level of these
detectors higher than the intrinsic noise of the lock-in amplifier. The SR240A preamplifier
was powered from the mains, not from the internal battery, and its noise power spectral
density is shown in Figure S14.

10°F | 50 Hz
10| :;s .
ﬁ/\ g——— 90— ©- o—0
i 5[ *
E 10 — / \x———-”‘\—x x___x//x
£ 10°F
o 107F . e
w = T <>,———cz——”"‘:/ﬁ
Z10°F —o—QS-IF5 —o— Cu/Ni
107° ‘ ——MG-32 ——Au
: ——ITO Ag-ink
10—10“1 N PR S | " PP | . P
10 100 1000

Frequency (Hz)

Figure 3. Frequency dependence of NEP measured at 28.6 cm ™! (350 pum; 0.85 THz). Symbols and
line colors show: black, “O”—QS-IF5; red, “v<”"—MG-32; blue, “x”"—ITO; dark green, “¢&”—Cu/Ni;
pink, “A”—Au; orange, “+”—Ag-ink. The frequency of 50 Hz is indicated by a dashed vertical line.
The upper frequency of 5 kHz used is determined by the minimal reasonable THz macropulse length.
Please note that the values were not measured at frequencies that are multiples of 50 Hz, but very
close to them, i.e. not at 50 Hz, but at 49 Hz, to reduce line interference, but to keep the trend.

The visible transparency of the ITO coated film allows a visually inspected additional
manual coating of the electrode. Graphite was used as an example because, according
to the literature, it has decent absorption in the THz range [14,28,54-56]. Graphite was
applied to the electrode of the ITO detector with a pencil, and its NEP was measured again.
No significant difference in the NEP value was obtained that probably indicates insufficient
thickness of the graphite layer for a meaningful increase in absorption.
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3.2. Frequency Response

Figure 4 shows the frequency response of the transducers measured at 66.7 cm ™!

(150 pm; 2.0 THz) in the range of 10-5000 Hz. Relevant information about the resistance
and capacitance in the preamplifier feedback is given in Table 1. Let us firstly discuss the
high frequency part of the response. The MG-32 shows a significant signal drop above
700 Hz that is caused by the RC of the preamplifier feedback. In contrast, the ITO and
Ag-ink detector signal fall off is controlled by the intrinsic temporal response of the films
and their coatings. The behavior of the other detectors, namely QS-IF5, Cu/Ni, Au, is
somewhat more confusing, since their frequency characteristics are comparable to both RC
and the rise and decay times of the NovoFEL radiation caused by its optical resonator. In the
case of reduced resistance in the preamplifier feedback, the QS-IF5 allows the detection of a
fine structure of the NovoFEL macropulses, as shown in Figure 515 of the Supplementary
Material. In contrast, the Cu/Ni and Au detectors demonstrate almost the same behavior
as was detected with 100 M(Q) resistance. This means that their frequency response is
governed by their intrinsic temporal response, while for the QS-IF5 it is limited by the RC
of the preamplifier feedback. The temporal response of the detectors, if has been observed,
correlates with the total thickness of the sensitive area and electrodes. The thinner the film
and the electrodes, see Table 1, the faster the temporal response and the wider the detector
bandwidth. The time profiles of the NovoFEL macropulses obtained by all detectors are
given in Figures S15-517 of the Supplementary Material.

oFf . —
g |
=
2 , [
o <[
= L —o—QS-IF5
o gL —oMG32
2 I ——ITO
i [ —— Cu/Ni
& -4F ——Au
Ag-ink
_5-..| s PR | " Ll ¥
10 100 1000

Frequency (Hz)

Figure 4. Frequency response of the detectors measured at 66.7 cm ™! (150 um; 2.0 THz). Symbols and
line colors show: black, “O”—QS-IF5; red, “¥<”"—MG-32; blue, “x”"—ITO; dark green, “0”—Cu/Ni;
pink, “A”—Au; orange, “+”—Ag-ink. The dashed horizontal line indicates the —3 dB level. The
upper frequency of 5 kHz used is determined by the minimal reasonable THz macropulse length.

As for the low frequency part of the response, for the MG-32, ITO, Au, and Cu/Ni
detectors there is a noticeable drop in the measured signal at frequencies below 20-100 Hz.
The most pronounced effect is observed for the Au detector that, according to Table 1, has
the thinnest sensitive area among PVDF-based detectors. This means that the effect may be
related to the macroscopic thermal relaxation of the sensitive area of the detectors, which
obviously depends on the overall thickness. The behavior of the MG-32 cannot be directly
compared because it has a different design and a different heat sink as a consequence.
Nevertheless, the thickness of the sensitive area of the MG-32 is only 1 pm.

3.3. Linearity of the Detector Response

According to Figure 5, all investigated detectors exhibit linear behavior up to at least
20 mW of applied averaged power. Higher power was not used since it is rarely achieved
in experiments, taking into account the layout of the detectors at the EPR endstation, (see
Figure 1). Nevertheless, all the detectors are resistant to short-term use of average power in
the order of 100-500 mW in the range of 0.9-2.0 THz. As a test experiment, high-power
focused radiation was applied to the PVDF-based ITO detector. An average power of
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about 2-3 W was able to burn a hole in the sensing area that, however, did not lead to the
complete destruction of the detector, since the electrodes were not short-circuited.

1.0 r EE
: o QS-IF5
Py % MG-32
2 08 r x ITO
L o Cu/Ni %
£ 06- A Au
B F Ag-ink g
S 04} T
E | s
[ gfoﬁ/ 1 Arb. U. of Power = 20 mW
0.0 & , , ) , )
0.0 0.2 0.4 0.6 0.8 1.0

Normalized Power

Figure 5. Linearity of the detector responses measured at 66.7 cm~! (150 um; 2.0 THz) using a
calibrated 3A-P-THz sensor. Symbols and line colors show: black, “O”—QS-IF5; red, “%”"—MG-32;
blue, “x”"—ITO; dark green, “0”"—Cu/Ni; pink, “A”—Au; orange, “+”—Ag-ink. The dashed line is a
guide for eyes. One arbitrary unit of power corresponds to 20 mW. One arbitrary unit of intensity

depends on the detector used and varied from a few mV to several V.

3.4. Application at the EPR Endstation

The regular operating mode of the NovoFEL does not provide for day-and-night oper-
ation. It switches on and off every day, resulting in a long period of thermal stabilization.
During this period, there can be significant instability in the parameters of the electronic
systems, primarily in the phases of the radio frequency resonators that accelerate the elec-
tron beam. The cathode emission also changes over the operating time. In addition, despite
the use of active thermal stabilization circuits, there is a time-dependent heating of the
mirrors and the walls of the optical resonator that leads to a change in the synchronization
of the light and electron bunches. These effects affect the output power of radiation, so it is
necessary to control the shape and duration of the THz macropulses during experiments.
Such a possibility is realized at the EPR endstation, using the optical system described in
Section 2.2 and one of the pyroelectric detectors utilized in this work. Figure 6 shows a
typical example of the registered THz macropulses during an experiment lasting 40 min.

160 F
120 F
80
40
0)3 | 1 | | L 1 | I 1
105.0
102.5
100.0
97.5
95.0 ———

(@)

Time (us)

| Stability: £2.5% (b)

1/ 1o (%)

PR TR I B S B RS S BT

0 4 8 12 16 20 24 28 32 36 40

Experimental Time (min)

Figure 6. THz macropulses with a duration of 60 us, a wavenumber of 76.9 em 1 (130 pm; 2.3 THz),
and a repetition rate of 2.3 Hz measured with the QS-IF5 detector in parallel with the experiment.
(a) Two-dimensional plot showing the shape of the macropulses and their horizontal jitter; (b) the
time profile of the signal stability in the middle of the macropulses (shown in (a) by the white
dashed line).
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According to Figure 6b, the NovoFEL is capable of generating stable macropulses
during a fairly long 40 min experiment. The maximum variation in THz power during
the experiment is +2.5%, which is comparable with the detector noise. There is also no
significant horizontal jitter (see Figure 6a) that is even more important for experimentalists
because it cannot be easily corrected, but can significantly distort the results of time-
resolved experiments. Because of the high duty cycle (500-10,000) typically used at the EPR
endstation, the entire time profiles of the macropulses are recorded with the oscilloscope
instead of using lock-in detection.

The stability of the average THz radiation power over long periods of time is strongly
dependent on the wavenumber of the THz radiation. At a wavenumber of about 77 cm ™!
(130 um; 2.3 THz), the stability is sufficient for typical experiments (see Figure 6), whereas,
for example, at 1100 cm™! (9 um; 33.3 THz), the parameters are worse. Therefore, when
working with mid-infrared laser radiation, stabilization of the radiation power is required.
A practical example of an EPR experiment performed at 1118 cm ! (8.95 um; 33.5 THz) with
poor stability of the radiation power is shown in Figure 7. In the experiment, irradiation
of the system under study by THz radiation leads to a decrease in the EPR signal due to
heating of the sample, which does not depend on the irradiation time. To stabilize the
averaged THz power applied to the sample over the entire long-term experiment, the
repetition rate of the THz macropulses was adjusted using the integral intensity of the
macropulse measured by the QS-IF5 detector, as shown in Figure 7a. The change in the
repetition rate was up to 26% that is large enough to substantially distort the experimental
results. The correction applied kept the resulting EPR signal stable within a range of
approximately £1.5%, improving the long-term stability of the average THz power by
more than an order of magnitude.

20+ THz is on (a)

5 [ e e
N | ++26% ® Ll NS
g 1.8 /\.\._././.
m
w

o 1.6 -— /.\o/.&.’.

391

o—'—'\"./o\ _e—0—0—a—0-0g 00

< e =

EPR Intensity (mV)

33r |£1.5%

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Experimental Time (min)

Figure 7. (a) Adjustment of the repetition rate of the THz macropulses used in the experiment.
Macropulses with a duration of 100 us and a wavenumber of 1118 cm 1 (8.95 um; 33.5 THz) were
measured by the QS-IF5 detector in parallel with the experiment. The repetition rate was varied to
have the same integral intensity of the macropulse. (b) Stability of the EPR signal resulting from the
influence of the THz macropulses after adjustment of the repetition rate.

To summarize, the QS-IF5, MG-32, and to some extent ITO detectors are sensitive
enough to monitor the NovoFEL radiation parameters concurrently with the experiments
conducted at the endstation. This feature enhances the quality of the data acquired and
helps prevent incorrect interpretations, caused by the presence of inevitable factors affecting
the radiation power.
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4. Conclusions

The results indicate differences in the performance among different types of pyroelec-
tric detectors based on LaTiO; crystal, TADP or PVDF polymeric films when exposed to
pulsed THz radiation in the range of 0.9-2.0 THz. The noise equivalent power, measured
using monochromatic radiation of the NovoFEL at 66.7, 50.8, 41.7, and 28.6 cm~1, is on the
order of tens of n\W-Hz /2 for commercially available detectors and at least two orders
of magnitude higher for home-made PVDF-based detectors. The MG-32 detector based
on the TADP polymer shows the best sensitivity, which is probably caused by the highest
pyroelectric coefficient and the better quality of the embedded preamplifier. Among the
four PVDF-based detectors studied, the film, whose electrodes are coated with ITO, has
the lowest NEP of several uW-Hz~!/2, which is determined by the optical properties of
the coating. Despite their limited performance, PVDEF-based detectors can be useful for
monitoring radiation at synchrotron and free electron laser IR and THz endstations, given
their low cost, flexibility, mechanical and chemical resistance, and simple possibility to use
a large sensitive area. All the detectors show no significant spectral dependence of the NEP
in the investigated frequency range of 0.9-2.0 THz. The frequency response of the MG-32
and QS-IF5 detectors were limited by the RC of the preamplifier feedback. In the case of
PVDEF-based detectors, the response is controlled by the intrinsic temporal response of the
sensitive area. Typical values are hundreds of microseconds for the Ag-ink detector and
tens of microseconds for the Cu/Ni and Au detectors, while the ITO shows intermediate
numbers. In the case of reduced RC, the QS-IF5 is able to detect the fine structure of the
NovoFEL THz macropulse. It means that the intrinsic temporal response of the QS-IF5 is
below a microsecond. The pyroelectric transducers studied exhibit linear behavior up to at
least 20 mW of applied averaged power and are tolerant to short-term exposure to average
power on the order of 100-500 mW in the 0.9-2.0 THz range.

The stability of NovoFEL radiation power is affected by instabilities of several pa-
rameters, mainly related to thermal drift of various elements. This makes tracking the
shape and duration of the THz macropulses during experiments highly desirable. The
QS-IF5, MG-32, and, to some extent, ITO detectors have sufficient sensitivity to monitor the
NovoFEL radiation in parallel with the experiment at the endstation. This was illustrated
by two practical examples. They showed that in an experiment lasting 40 min the typical
stability of the radiation power is on the order of +2.5%, and horizontal jitter is practically
absent. If the average power of THz radiation applied to the sample is considered, the
influence of power variation can be further reduced by adjusting the repetition rate of the
THz macropulses.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym15204124 /51, Figure S1: Radiation spectrum used for
the performance study of the detectors at 66.7 cm~! (150 um; 2.0 THz); Figure S2: Radiation spectrum
used for the performance study of the detectors at 50.8 cm ™! (197 um; 1.5 THz); Figure S3: Radiation
spectrum used for the performance study of the detectors at 41.7 em~1 (240 um; 1.25 THz); Figure S4:
Radiation spectrum used for the performance study of the detectors at 28.6 cm ™! (350 um; 0.85 THz);
Figure S5: Photograph of the arrangement of the assembled preamplifier in the optical system and
photograph of the front panel of the preamplifier; Figure S6: Photographs of 6 mm square pieces of
PVDF film covered on both sides by four different types of electrodes and photograph of the contact
plates on the two copper clad laminates; Figure S7: Circuit diagram of the preamplifier used to create a
virtual ground and circuit diagram of the signal preamplifier; Figure S8: Noise power spectral density
of the QS-IF5 detector in 7-400 Hz and 10-2000 Hz frequency ranges; Figure S9: Noise power spectral
density of the MG-32 detector in 7—400 Hz and 10-2000 Hz frequency ranges; Figure S10: Noise
power spectral density of the ITO detector in 7-400 Hz and 10-2000 Hz frequency ranges; Figure S11:
Noise power spectral density of the Cu/Ni detector in 7-400 Hz and 10-2000 Hz frequency ranges;
Figure S12: Noise power spectral density of the Au detector in 7—400 Hz and 10-2000 Hz frequency
ranges; Figure S13: Noise power spectral density of the Ag-ink detector in 7-400 Hz and 10-2000 Hz
frequency ranges; Figure S14: Noise power spectral density of the SR240A preamplifier with a 50 ()
load at the input instead of the signal in 7-400 Hz and 10-2000 Hz frequency ranges; Figure S15: Time
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profiles of NovoFEL the macropulses of 350 us duration obtained at 66.7 em ™! (150 um; 2.0 THz)
using the QS IF5 pyroelectric detector with two different resistances in the preamplifier feedback:
200 kO and 100 MQ); Figure S16: Time profiles of the NovoFEL macropulses of 5 ms duration obtained
at66.7 cm~! (150 pm; 2.0 THz) using the MG-32 pyroelectric detector; Figure S17: Time profiles of
the NovoFEL macropulses of 1 ms duration obtained at 66.7 cm~! (150 um; 2.0 THz) using different
PVDF based pyroelectric detectors.

Author Contributions: Formal analysis, A.R.M.; investigation, A.R.M. and E.VK.; resources, E.VK,,
Y.VG,D.AS., VV.G. and O.A A ; data curation, A.R.M.; writing—original draft preparation, A.R.M.;
writing—review and editing, A.RM.,, EVK, Y.V.G,, V.V.G, M.VE and S.L.V,; supervision, S.L.V.;
project administration, M.V.F; funding acquisition, A.R.M. and S.L.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the Russian Science Foundation, grant number 23-73-00042.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw experimental data are available from the corresponding
authors upon reasonable request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Wang, Y.; Zang, P,; Yang, D.; Zhang, R.; Gai, S.; Yang, P. The Fundamentals and Applications of Piezoelectric Materials for Tumor
Therapy: Recent Advances and Outlook. Mater. Horiz. 2023, 10, 1140-1184. [CrossRef]

2. Whatmore, RW.; Ward, S.J. Pyroelectric Infrared Detectors and Materials—A Critical Perspective. J. Appl. Phys. 2023, 133, 080902.
[CrossRef]

3.  Zhang, D.; Wu, H.; Bowen, C.R; Yang, Y. Recent Advances in Pyroelectric Materials and Applications. Small 2021, 17, 2103960.
[CrossRef]

4. Surmenev, R.A.; Chernozem, R.V,; Pariy, 1.O.; Surmeneva, M.A. A Review on Piezo- and Pyroelectric Responses of Flexible Nano-
and Micropatterned Polymer Surfaces for Biomedical Sensing and Energy Harvesting Applications. Nano Energy 2021, 79, 105442.
[CrossRef]

5. He, H; Ly, X;; Hang, E.; Chen, C.; Zhang, H.; Lu, L. Advances in Lead-Free Pyroelectric Materials: A Comprehensive Review. J.
Mater. Chem. C 2020, 8, 1494-1516. [CrossRef]

6.  Martins, P; Lopes, A.C.; Lanceros-Mendez, S. Electroactive Phases of Poly(Vinylidene Fluoride): Determination, Processing and
Applications. Prog. Polym. Sci. 2014, 39, 683-706. [CrossRef]

7. Schossig, M.; Norkus, V.; Gerlach, G. Dielectric and Pyroelectric Properties of Ultrathin, Monocrystalline Lithium Tantalate.
Infrared Phys. Technol. 2014, 63, 35-41. [CrossRef]

8.  Trybus, M.; Szlachta, A. Pyroelectric Response of Single-Crystal Samples of Trigycine Sulphate in Three Dimensions. Infrared
Phys. Technol. 2022, 123, 104211. [CrossRef]

9. Yang, Y.; Pan, H.; Xie, G; Jiang, Y.; Chen, C.; Su, Y.; Wang, Y.; Tai, H. Flexible Piezoelectric Pressure Sensor Based on Polydopamine-
Modified BaTiO3 /PVDF Composite Film for Human Motion Monitoring. Sens. Actuators Phys. 2020, 301, 111789. [CrossRef]

10. Thakur, P; Kool, A.; Hoque, N.A.; Bagchi, B.; Khatun, F; Biswas, P; Brahma, D.; Roy, S.; Banerjee, S.; Das, S. Superior Performances
of in Situ Synthesized ZnO/PVDF Thin Film Based Self-Poled Piezoelectric Nanogenerator and Self-Charged Photo-Power Bank
with High Durability. Nano Energy 2018, 44, 456-467. [CrossRef]

11. Mao, Y.; Zhao, P.; McConohy, G.; Yang, H.; Tong, Y.; Wang, X. Sponge-Like Piezoelectric Polymer Films for Scalable and
Integratable Nanogenerators and Self-Powered Electronic Systems. Adv. Energy Mater. 2014, 4, 1301624. [CrossRef]

12.  Xing, L.; Nie, Y.; Xue, X.; Zhang, Y. PVDF Mesoporous Nanostructures as the Piezo-Separator for a Self-Charging Power Cell.
Nano Energy 2014, 10, 44-52. [CrossRef]

13. Xu, Y, Li, W, Yu, T,; Li, Y,; Li, R,; Lin, Q. Pulsed-Laser Detectors Based on Metal Halide Perovskites. Laser Photonics Rev. 2021, 15,
2100169. [CrossRef]

14. Pullano, S.A.; Mahbub, L; Islam, S.K; Fiorillo, A.S. PVDF Sensor Stimulated by Infrared Radiation for Temperature Monitoring in
Microfluidic Devices. Sensors 2017, 17, 850. [CrossRef] [PubMed]

15.  Sung, M.; Shin, K.; Moon, W. A New Transduction Mechanism for Hydrophones Employing Piezoelectricity and a Field-Effect
Transistor. Sens. Actuators Phys. 2015, 233, 557-568. [CrossRef]

16. Jia, E-E; Zhong, H.; Zhang, W.-G; Li, X.-R.; Wang, G.-Y.; Song, ].; Cheng, Z.-P,; Yin, ].-Z.; Guo, L.-P. A Novel Nonenzymatic ECL
Glucose Sensor Based on Perovskite LaTiO3-Agp 1 Nanomaterials. Sens. Actuators B Chem. 2015, 212, 174-182. [CrossRef]

17.  Miiller, R.; Gutschwager, B.; Hollandt, J.; Kehrt, M.; Monte, C.; Miiller, R.; Steiger, A. Characterization of a Large-Area Pyroelectric

Detector from 300 GHz to 30 THz. |. Infrared Millim. Terahertz Waves 2015, 36, 654—661. [CrossRef]


https://doi.org/10.1039/D2MH01221A
https://doi.org/10.1063/5.0141044
https://doi.org/10.1002/smll.202103960
https://doi.org/10.1016/j.nanoen.2020.105442
https://doi.org/10.1039/C9TC05222D
https://doi.org/10.1016/j.progpolymsci.2013.07.006
https://doi.org/10.1016/j.infrared.2013.12.005
https://doi.org/10.1016/j.infrared.2022.104211
https://doi.org/10.1016/j.sna.2019.111789
https://doi.org/10.1016/j.nanoen.2017.11.065
https://doi.org/10.1002/aenm.201301624
https://doi.org/10.1016/j.nanoen.2014.09.004
https://doi.org/10.1002/lpor.202100169
https://doi.org/10.3390/s17040850
https://www.ncbi.nlm.nih.gov/pubmed/28406447
https://doi.org/10.1016/j.sna.2015.07.008
https://doi.org/10.1016/j.snb.2015.02.011
https://doi.org/10.1007/s10762-015-0163-7

Polymers 2023, 15, 4124 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

Miiller, R.; Bohmeyer, W.; Kehrt, M.; Lange, K.; Monte, C.; Steiger, A. Novel Detectors for Traceable THz Power Measurements. J.
Infrared Millim. Terahertz Waves 2014, 35, 659-670. [CrossRef]

Wang, J.; Gou, J.; Li, W. Preparation of Room Temperature Terahertz Detector with Lithium Tantalate Crystal and Thin Film. AIP
Adv. 2014, 4, 027106. [CrossRef]

Winnewisser, C.; Jepsen, P.U.; Schall, M.; Schyja, V.; Helm, H. Electro-Optic Detection of THz Radiation in LiTaO3, LINbO3; and
ZnTe. Appl. Phys. Lett. 1997, 70, 3069-3071. [CrossRef]

Liu, Y.-H.; Kurnikov, A.; Li, W.; Kazakov, V.; Ni, R.; Subochev, P.; Razansky, D. Sensitive Ultrawideband Transparent PVDF-ITO
Ultrasound Detector for Optoacoustic Microscopy. Opt. Lett. 2022, 47, 4163-4166. [CrossRef]

Sherstov, 1.V.; Kolker, D.B. Photoacoustic Methane Gas Analyser Based on a 3.3-um Optical Parametric Oscillator. Quantum
Electron. 2020, 50, 1063. [CrossRef]

Minin, O.V.; Calvo-Gallego, ].; Meziani, Y.M.; Minin, L.V. Improvement of an InfraRed Pyroelectric Detector Performances in THz
Range Using the Terajet Effect. Appl. Sci. 2021, 11, 7011. [CrossRef]

Tavakoli, F; Zarrabi, E.B.; Saghaei, H. Modeling and Analysis of High-Sensitivity Refractive Index Sensors Based on Plasmonic
Absorbers with Fano Response in the near-Infrared Spectral Region. Appl. Opt. 2019, 58, 5404-5414. [CrossRef] [PubMed]

Xu, Q.; Zhao, X,; Li, X.; Deng, H.; Yan, H.; Yang, L.; Di, W.; Luo, H.; Neumann, N. 3D-Printing of Inverted Pyramid Suspending
Architecture for Pyroelectric Infrared Detectors with Inhibited Microphonic Effect. Infrared Phys. Technol. 2016, 76, 111-115.
[CrossRef]

Yap, E.W,; Kumar, N.; Damjanovic, D.; Preston, R.M.; Daniels, J.E. Pyroelectric Material Property Considerations for X-ray
Generation. J. Appl. Phys. 2022, 131, 114503. [CrossRef]

Paulish, A.G.; Gusachenko, A.V.; Morozov, A.O.; Dorozhkin, K.V,; Suslyaev, V.I.; Golyashov, V.A.; Minin, O.V.; Minin, L.V.
Characterization of Tetraaminediphenyl-Based Pyroelectric Detector from Visible to Millimeter Wave Ranges. Opt. Eng. 2019, 59,
061612. [CrossRef]

Lehman, J.; Sanders, A.; Hanssen, L.; Wilthan, B.; Zeng, J.; Jensen, C. Very Black Infrared Detector from Vertically Aligned Carbon
Nanotubes and Electric-Field Poling of Lithium Tantalate. Nano Lett. 2010, 10, 3261-3266. [CrossRef]

Hammerich, M.; Olafsson, A. A Versatile, Low-Cost Pyroelectric Laser Power Monitor for the 1 mW to 50 W Range. J. Phys. E
1988, 21, 80. [CrossRef]

Zhu, W.; Izatt, ].R.; Deka, B.K. Pyroelectric Detection of Submicrosecond Laser Pulses between 230 and 530 um. Appl. Opt. 1989,
28,3647-3651. [CrossRef]

Mittleman, D.M. Perspective: Terahertz Science and Technology. . Appl. Phys. 2017, 122, 230901. [CrossRef]

Zhang, X.C.; Shkurinov, A.; Zhang, Y. Extreme Terahertz Science. Nat. Photonics 2017, 11, 16-18. [CrossRef]

Kulipanov, G.N.; Bagryanskaya, E.G.; Chesnokov, E.N.; Choporova, Y.Y.; Gerasimov, V.V.; Getmanov, Y.V,; Kiselev, S.L.; Knyazev,
B.A.; Kubarev, V.V,; Peltek, S.E.; et al. Novosibirsk Free Electron Laser—Facility Description and Recent Experiments. IEEE Trans.
Terahertz Sci. Technol. 2015, 5, 798-809. [CrossRef]

Shevchenko, O.A.; Arbuzov, V.S.; Vinokurov, N.A.; Vobly, P.D.; Volkov, V.N.; Getmanov, Y.V.; Gorbachev, Y.I.; Davidyuk, I.V,;
Deychuly, O.I,; Dementyev, E.N.; et al. The Novosibirsk Free Electron Laser—Unique Source of Terahertz and Infrared Coherent
Radiation. Phys. Procedia 2016, 84, 13-18. [CrossRef]

Kubarev, V.V,; Chesnokov, E.N. New Time-Domain Spectroscopic Methods at Novosibirsk FEL. In Proceedings of the 2022
International Conference Laser Optics (ICLO), St. Petersburg, Russia, 20-24 June 2022; p. 1.

Kubarev, V; Bae, S.; Getmanov, Y.; Jeong, Y.U.; Shevchenko, O. Fine and Hyperfine Structure of FEL Emission Spectra; JACOW
Publishing: Geneva, Switzerland, 2019; pp. 276-281.

Shevchenko, O.A.; Melnikov, A.R.; Tararyshkin, S.V.; Getmanov, Y.V.; Serednyakov, S.S.; Bykov, E.V.; Kubarev, V.V.; Fedin, M.V,;
Veber, S.L. Electronic Modulation of THz Radiation at NovoFEL: Technical Aspects and Possible Applications. Materials 2019, 12,
3063. [CrossRef]

Veber, S.L.; Tumanov, S.V.; Fursova, E.Y.; Shevchenko, O.A.; Getmanov, Y.V.; Scheglov, M.A.; Kubarev, V.V.; Shevchenko, D.A;
Gorbachev, LI; Salikova, T.V.; et al. X-Band EPR Setup with THz Light Excitation of Novosibirsk Free Electron Laser: Goals,
Means, Useful Extras. |. Magn. Reson. 2018, 288, 11-22. [CrossRef] [PubMed]

Melnikov, A.R.; Kiskin, M.A.; Getmanov, Y.V.; Shevchenko, O.A.; Fedin, M.V.; Veber, S.L. Technical and Software Improvements
of the EPR Spectroscopy Endstation at the NovoFEL Facility: Status 2020. AIP Conf. Proc. 2020, 2299, 030010. [CrossRef]

Liang, Z.; Li, S.; Liu, Z,; Jiang, Y.; Li, W.; Wang, T.; Wang, J. High Responsivity of Pyroelectric Infrared Detector Based on
Ultra-Thin (10 um) LiTaOs. J. Mater. Sci. Mater. Electron. 2015, 26, 5400-5404. [CrossRef]

Kubarev, V.V.; Sozinov, G.I; Scheglov, M.A.; Vodopyanov, A.V.; Sidorov, A.V.; Melnikov, A.R.; Veber, S.L. The Radiation Beamline
of Novosibirsk Free-Electron Laser Facility Operating in Terahertz, Far-Infrared, and Mid-Infrared Ranges. IEEE Trans. Terahertz
Sci. Technol. 2020, 10, 634—646. [CrossRef]

Farhan, M.S.; Zalnezhad, E.; Bushroa, A.R.; Sarhan, A.A.D. Electrical and Optical Properties of Indium-Tin Oxide (ITO) Films by
Ion-Assisted Deposition (IAD) at Room Temperature. Int. J. Precis. Eng. Manuf. 2013, 14, 1465-1469. [CrossRef]

Richards, P.L. Bolometers for Infrared and Millimeter Waves. . Appl. Phys. 1994, 76, 1-24. [CrossRef]

Iwasaki, T.; Inoue, T.; Nemoto, T. A Matched-Load Type PVF2 Pyroelectric Detector for Millimeter Waves. IEEE Trans. Instrum.
Meas. 1979, 28, 88-89. [CrossRef]


https://doi.org/10.1007/s10762-014-0066-z
https://doi.org/10.1063/1.4865097
https://doi.org/10.1063/1.119093
https://doi.org/10.1364/OL.462369
https://doi.org/10.1070/QEL17316
https://doi.org/10.3390/app11157011
https://doi.org/10.1364/AO.58.005404
https://www.ncbi.nlm.nih.gov/pubmed/31504008
https://doi.org/10.1016/j.infrared.2016.01.003
https://doi.org/10.1063/5.0080924
https://doi.org/10.1117/1.OE.59.6.061612
https://doi.org/10.1021/nl100582j
https://doi.org/10.1088/0022-3735/21/1/014
https://doi.org/10.1364/AO.28.003647
https://doi.org/10.1063/1.5007683
https://doi.org/10.1038/nphoton.2016.249
https://doi.org/10.1109/TTHZ.2015.2453121
https://doi.org/10.1016/j.phpro.2016.11.004
https://doi.org/10.3390/ma12193063
https://doi.org/10.1016/j.jmr.2018.01.009
https://www.ncbi.nlm.nih.gov/pubmed/29360045
https://doi.org/10.1063/5.0030338
https://doi.org/10.1007/s10854-015-3088-y
https://doi.org/10.1109/TTHZ.2020.3010046
https://doi.org/10.1007/s12541-013-0197-5
https://doi.org/10.1063/1.357128
https://doi.org/10.1109/TIM.1979.4314768

Polymers 2023, 15, 4124 15 of 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Melnikov, A.R.; Zikirin, S.B.; Kalneus, E.V.; Ivannikov, V.I; Grishin, Y.A.; Anisimov, O.A. Application of Pyroelectric Sensors
Based on PVDF Films for EPR Spectra Detection by Heat Release. Sensors 2021, 21, 8426. [CrossRef] [PubMed]

Sizov, EE; Reva, V.P; Golenkov, A.G.; Zabudsky, V.V. Uncooled Detectors Challenges for THz/Sub-THz Arrays Imaging. J.
Infrared Millim. Terahertz Waves 2011, 32, 1192-1206. [CrossRef]

Kubarev, V.V.; Kazakevitch, G.M.; Jeong, Y.U.; Lee, B.C. Quasi-Optical Highly Sensitive Schottky-Barrier Detector for a Wide-Band
FIR FEL. Nucl. Instrum. Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. Equip. 2003, 507, 523-526. [CrossRef]
Bozhkov, V.G. Semiconductor Detectors, Mixers, and Frequency Multipliers for the Terahertz Band. Radiophys. Quantum Electron.
2003, 46, 631-656. [CrossRef]

Hesler, ].L.; Crowe, T.W. Responsivity and noise measurements of zero-bias Schottky diode detectors. In Proceedings of the 18th
International Symposium Space Terahertz Technology (ISSTT 2007), Pasadena, CA, USA, 21-23 March 2007; pp. 89-92.

Hwang, T.; Schwarz, S.E.; Rutledge, D.B. Microbolometers for Infrared Detection. Appl. Phys. Lett. 2008, 34, 773-776. [CrossRef]
Grossman, E.N.; Miller, A ]J. Active Millimeter-Wave Imaging for Concealed Weapons Detection. In Proceedings of the Passive
Millimeter-Wave Imaging Technology VI and Radar Sensor Technology VII, Orlando, FL, USA, 23-24 April 2003; SPIE: Bellingham,
WA, USA, 2003; Volume 5077, pp. 62-70.

Javadi, E.; But, D.B.; Ikamas, K.; Zdanevi¢ius, J.; Knap, W.; Lisauskas, A. Sensitivity of Field-Effect Transistor-Based Terahertz
Detectors. Sensors 2021, 21, 2909. [CrossRef]

Tkamas, K.; Cibiraite, D.; Lisauskas, A.; Bauer, M.; Krozer, V.; Roskos, H.G. Broadband Terahertz Power Detectors Based on 90-nm
Silicon CMOS Transistors with Flat Responsivity Up to 2.2 THz. IEEE Electron Device Lett. 2018, 39, 1413-1416. [CrossRef]
Venkatachalam, S.; Zeranska-Chudek, K.; Zdrojek, M.; Hourlier, D. Carbon-Based Terahertz Absorbers: Materials, Applications,
and Perspectives. Nano Sel. 2020, 1, 471-490. [CrossRef]

Didari-Bader, A.; Saghaei, H. Penrose Tiling-Inspired Graphene-Covered Multiband Terahertz Metamaterial Absorbers. Opt.
Express 2023, 31, 12653-12668. [CrossRef] [PubMed]

Alden Mostaan, S.M.; Saghaei, H. A Tunable Broadband Graphene-Based Metamaterial Absorber in the Far-Infrared Region. Opt.
Quantum Electron. 2021, 53, 96. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/s21248426
https://www.ncbi.nlm.nih.gov/pubmed/34960518
https://doi.org/10.1007/s10762-011-9789-2
https://doi.org/10.1016/S0168-9002(03)00911-2
https://doi.org/10.1023/B:RAQE.0000024993.40125.2b
https://doi.org/10.1063/1.90669
https://doi.org/10.3390/s21092909
https://doi.org/10.1109/LED.2018.2859300
https://doi.org/10.1002/nano.202000067
https://doi.org/10.1364/OE.485847
https://www.ncbi.nlm.nih.gov/pubmed/37157421
https://doi.org/10.1007/s11082-021-02744-y

	Introduction 
	Materials and Methods 
	Radiation Source—Novosibirsk Free Electron Laser Facility 
	Characterization of the Detectors 
	PVDF-Based Detectors 
	Preamplifier 

	Results and Discussion 
	Noise Equivalent Power 
	Frequency Response 
	Linearity of the Detector Response 
	Application at the EPR Endstation 

	Conclusions 
	References

