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The response of uncooled matrix microbolometric detectors with a thin metal absorber to pulsed terahertz
radiation is studied depending on the pulse duration, its repetition frequency, thermal conductivity and bolometer
thermal relaxation time, which change with increasing gas pressure in the receiver housing, as well as on the
polarization of terahertz radiation. It is shown that the peak value of the microbolometer signal weakly depends
on thermal conductivity if the duration of the radiation pulses is less than the bolometer thermal relaxation time.
Under the opposite condition, the peak value of the microbolometer signal is inversely proportional to the thermal
conductivity value. The manufactured and investigated detectors at a wavelength of 100 um are characterized by a
minimum detectable power of 1.4 - 10™° W and a minimum detectable energy of 2.5 - 1071 J.
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Introduction

Uncooled matrix microbolometer detectors are (MMBD)
traditionally applied in the systems of registration of infrared
(IR) [1,2] and terahertz (THz) radiation [3-9] with constant
or slowly varying intensity, ie. when characteristic time
of variation of radiation power that falls on the detector
is considerably higher than the time of thermal relaxation
of bolometers. However, in a series of cases application
of pulsed radiation enables improvement of the accuracy
of measurement as a result of elimination of constant or
low-frequency parasitic signals and noise. For instance,
a differential method using pulsed THz radiation was
applied already in one of the first studies of registration of
THz radiation with matrix microbolometers which allows
for the subtraction of a constant parasitic signal from
background IR radiation and for the reduction of 1/f
noise [4]. In some cases, such as registration of THz
radiation reflected from a remote object, including the
generation of the image of the object, highlighting by
powerful radiation is required due to scattering [10] and a
significant absorption in the atmosphere [11]. In such cases
a short duration pulsed radiation can be applied to reduce
energy costs and improve the safety just as it is applied
for atmosphere remote sensing [12-17], remote detection of
toxic [18,19] or radioactive [20,21] substances. The use of
pulsed THz radiation may be also attributable to the fact
that some of the radiation sources, for instance, radiation
sources based on photoconductive antennas [22,23] and
nonlinear optical crystals [24] have a pulsed mode of
operation, or, like quantum cascade lasers (QCL) [25-27],
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they have a considerably higher power in the pulsed mode
of operation. Since the advent of systems designed to
emit high-power picosecond pulses of THz radiation at a
repetition frequency of 1 Hz to 1kHz with an energy of a
single pulse from 0.4 to 55mJ [28-31], and microsecond
pulses with energies up to 1J [32,33], it has become
possible to create high-speed pulse systems of registration
of THz images, operating in snapshot mode [34], including
the operation in several spectral subranges, for example,
selected by additional filters. In particular, a single pulse of
THz radiation with an energy of 1 mJ allows (without taking
into account absorption and scattering losses) obtaining a
terahertz image in 10 spectral subranges of equal energy
with signal-to-noise ratio of ~ 1300 on matrix detectors with
size of 320 x 240 that have minimum detectable energy
of 1-107'2J, which can be easily verified by a simple
calculation (320 x 240 x 107! x 1300 ~ 1073/10).

For the successful application of uncooled microbolome-
ter detectors in various applications and studies that require
registration of pulsed THz radiation, it is necessary not only
to increase the sensitivity and speed, but it is also necessary
to study their operation in the pulsed illumination mode.
A fairly general analytical equations for the temperature
response of the bolometer to periodic radiation pulses was
obtained in Ref [34]. It was theoretically shown and
experimentally confirmed on the example of IR bolometers
that the bolometers with high thermal conductivity and
accordingly reduced thermal relaxation time, despite the
reduced sensitivity to continuous radiation, can be highly
efficient for registration of radiation pulses with a duration
less than the bolometer thermal relaxation time. It was
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Figure 1. « — MMBD fragment: / — microbolometer without metal absorber, 2 — with absorber (highlighted in white dotted line);
b — distribution of signal peak value Vs along the rows and columns of the MMBD when it is illuminated by pulsed THz radiation
(wavelength of 100 um, pulse frequency 7 Hz, pulse ratio 2). Radiation falls on the MMBD region containing only microbolometers with
a metal absorber. The pressure in the MMBD housing is 2.5 - 10~° mbar.

also shown there that uncooled matrix detectors of pulsed
terahertz radiation, characterized by a minimum detectable
energy of less than 1 - 10712 J, and frame rate up to 1000 Hz
can be developed based on such bolometers.

The dependences of the magnitude of terahertz signal
of an uncooled MMBD with a thin metal absorber on the
magnitude of the thermal conductivity and the bolometer
thermal relaxation time, radiation pulse duration, pulse
repetition frequency and the direction of polarization of
terahertz radiation are experimentally studied in this paper.
Comparison with the theoretical ratios given in Ref. [34] are
provided.

1. Experimental procedure

Experimental studies are conducted using MMBD with
the format of 320 x 240 pixels manufactured by Institute of
Semiconductor Physics of Siberian Branch of the Russian
Academy of Sciences ( Novosibirsk) and a 100 um quantum
cascade laser (TeraCascade 100 QCL, Lytid SAS). MMBD
pixels with size 51 x 51 um consist of microbolometers,
each of which is a thermosensitive membrane suspended
on thin, weakly thermally conductive beams above a silicon
substrate with a signal reading circuitry. The thermosen-
sitive membrane consists of two ~ 150 nm thick layers of
silicon oxynitride, acting as carrier and passivation layers,
and a ~ 100nm thick vanadium oxide layer, grown by
reactive ion-beam method and acting as a thermosensitive
resistance. The suspension height of the bolometer mem-
brane above the silicon substrate is &~ 2 um and is close to
the optimal value, which ensures the effective absorption of

IR radiation with wavelengths of the order of 10 um. More
detailed description of the MMBD, including description of
the principle of operation of the silicon readout circuit, can
be found in Ref. [35,36]. The MMBD studied in this paper
differed from detectors presented in Ref. [35,36] designed
for the spectral range of 8—14 um in the use of a thin metal
radiation absorber with a close to optimal layer resistance
~ 70Q/0 [5.37] that was applied to the membrane of
the microbolometers of the first 182rows of the matrix
detector for increasing the absorption coefficient of THz-
radiation; the bolometers of the remaining 58 rows did not
have the metal absorber (Fig. 1,a). Also, unlike studies
in Ref [6,35,36], in which the germanium input window
with an anti-reflective coating that increases transmission in
the range of §—14 um was applied in the MMBD vacuum
casing, in the present work, the input window with a
thickness of 2mm was made of anti-reflective coated, high
resistance silicon, more transparent in the THz region [37].
Signals from MMBD elements were read line-by-line
at a frame rate of 25 or 50 Hz, so that the elements of
each subsequent line were measured 40 ms/240 ~ 166 us or
20 ms/240 ~ 83 us after the measurement of the preceding
line. THz radiation was modulated either at different
frequencies (from 3 to 511Hz) with a pulse ratio of 2
using hardware built into the QCL, or with a short
external pulse voltage synchronized with the frame pulse
controlling the operation of the MMBD, while the pulse
ratio could reach 20. The thermal conductivity of the
bolometer Gy and the thermal relaxation time of the
bolometer 7o were 0.8 - 1077 W/K and 15 ms respectively at
high vacuum. After pumping the MMBD vacuum housing
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to 2.5- 107> mbar, the turbomolecular vacuum pump was
switched off, and the gas pressure in the housing gradually
increased, which resulted in an increase of the bolometer
thermal conductivity G and a decrease of the bolometer
thermal relaxation time 7 = C/G, where C is the heat ca-
pacity of the bolometer which is equal to ~ 1.2- 1072 J/K.
The direction of polarization of THz radiation relative
to microbolometers was changed by rotating the MMBD
vacuum housing around the axis of the tube through which
air was pumped out of the MMBD housing.

2. Response of microbolometric
detectors to pulsed THz radiation
with low pulse ratio

Figure 1, b shows 3D-topogram of the peak (maximum in
time) value of the MMBD response (signal) Vs illuminated
by a THz radiation pulse with duration of ty, ~ 70ms,
at which the time dependence of the signal reached
saturation (since t, significantly exceeds 7 = 15ms) and,
therefore, the peak signal was equal to the signal in
continuous illumination mode. QCL and MMBD were not
synchronized in these measurements: the repetition period
of radiation pulses ® was ~ 140ms and was significantly
higher than the time of recording of a single frame (40 ms).
Consequently, the measured values of signals can vary from
a maximum (peak) values (if the signal was read from
illuminated lines at the time of saturation of the signal) to
zero (if the signal was read from illuminated lines before
the arrival of the next pulse), therefore, the frame with
the maximum signal value Vs was selected from a series
of sequentially measured frames for determining the peak
signal value. The QCL radiation was focused using a
polymethylpentene (PMP) or TPX lens on the MMBD area
containing only a microbolometer with a metal absorber.
Main part of the radiation was concentrated in a spot with
the size of 20 x 20 pixels. The power Py, of QCL radiation
incident on the MMBD was determined using pyroelectric
detector THZSI-BL-BNC (Gentec Electro-Optics, Inc.) and
was ~ 50uW. The integral value of the signal Vs for all
pixels exposed to radiation Vspx was 8.7 - 10° mV. The
sensitivity of microbolometers to ,,constant“ THz radiation
S=Vsn/Pru, was ~ 1.8 - 105 V/W, which gives the min-
imum detectable power of Py = Vyoise/S=1.4-10"°W
taking into account the magnitude of the noise of the
detector of Vpise = 0.25mV. The power of radiation in-
cident on the pixel corresponding to the maximum signal
of Vs max =~ 41 mV (Fig. 1,b) is determined by the ratio of
Ppix,max = Vs max/S and amounts to ~ 2.3 - 107 W.

There are additional lobes in the form of a ring around the
main peak of the distribution of MMBD signals (Fig. 1, ).
The value of the signal on the ring has an angular
dependence with a significant decrease of the signal along
the line passing through the maximum of the main peak.
The number of rings increased (up to 10 and more) as
the radiation defocused with a simultaneous decrease of
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the value of the main maximum. Such a distribution of
the QCL registered radiation in the form of concentric
rings is attributable to the interference of the radiation
emerging from its two end faces located at a distance of
about 1mm [38,39]. Furthermore, the lens, the output
window of QCL and the input window of MMBD can make
an additional contribution to the interference.

The QCL radiation was focused on the boundary of
the MMBD regions containing microbolometers with and
without a metal absorber for studying the effect of a thin
metal absorber on the magnitude of the detector signal. The
direction of polarization of THz radiation was either vertical
(along the axis Y in Fig. 1,a) or horizontal (along the axis X
in Fig. 1,a). Fig. 2 shows the results of measurements
performed using QCL modulation with a frequency of
50Hz (pulse ratio equal to 2). It is clear that thin metal
absorber increases the value of the bolometer signal Vs in
case of the vertical polarization of the THz radiation by
more than two times. The value of the signal is much less
for horizontal polarization in the presence of the absorber
than for vertical polarization (by about 5times), and the
signal is almost absent (Vs 1mV) in the absence of the
absorber. Such polarization dependence of the signal can
be explained by the fact that, a quite effective absorption
of vertically polarized THz radiation in the absence of the
absorber is attributable to the vertically spaced contacts
to the heat-sensitive layer of vanadium oxide (highlighted
by white solid lines in Fig. 1,a), performing the role of
micro antennae (width of 4um, length of 24um, layer
resistance of ~ 10/, which ensures the longitudinal
resistance equal to 60 €2, which is close to the characteristic
radiation resistance of half wave dipole antenna). The
horizontally arranged busbars (width 1.5-2um, length
30umm, layer resistance A 25<Q/0J) running along the
supporting beams of the microbolometer have a longitudinal
resistance ~ 375—500 €2, which is much larger than the
characteristic radiation resistance of a half-wave dipole
antenna, and are therefore inefficient radiation absorbers for
both polarizations.

The above-mentioned strong dependence of the mag-
nitude of the MMBD signal Vs on the direction of
polarization of THz radiation indicates that the mechanism
of its formation differs from that in the spectral range of
8—14um, in which virtually no polarization dependence
is observed. This can also cause doubt in bolometric
nature of the measured signal, based on the fact that the
radiation heats the temperature-sensitive membrane and
accordingly the temperature-sensitive resistance. An alter-
native signal conditioning mechanism, given the much lower
emission frequencies, could be, for example, a rectification
mechanism at the p—n-junctions of the silicon readout
circuitry of microantenna-induced alternating voltage. This
provided additional incentive for performing the following
studies which found a good agreement of the experimental
dependences of the signal value on the THz-radiation pulse
duration, its repetition frequency, and the gas pressure
in the MMBD housing with the calculations performed



1274

M.A. Dem’yanenko, I.V. Marchishin, D.V. Sheglov, V.V. Startsev

(O8]
=]
T

—_
(=]
T

0 Iooo.......oofoo.\

150 160 170 180 190 200
Row numbers

150 160 170 180 190 200
Row numbers

Figure 2. Topograms of signals of the MMBB illuminated by pulsed by pulsed THz radiation with a wavelength of 100 um (a, b) and
of distribution of the signal over the sensitive elements of the column passing through the maximum of the signal (¢, d). The boundary
of the MMBD regions containing microbolometers with and without a metal absorber lies between lines 182 and 183 (it is marked with
white horizontal dashes in @, b). The polarization of THz radiation is vertical (along the axis Y in Figure 1,a) (a, ¢) and horizontal (along
the axis X in Figure 1,a) (b, d). The pressure in the MMBD housing is 2.5 - 10™> mbar.

within the bolometric model which confidently confirms the
bolometric nature of the signal.

The effect of radiation pulse repetition rate was studied
by focusing the QCL radiation onto the MMBD region
containing only microbolometers with a thin metal absorber
and by varying the pulse frequency f from 3 to 511 Hz at
a constant pulse rate equal to 2. Given the unsynchronized
mode of operation of QCL and MMBD, as well as a large
range of THz radiation pulse repetition rates, including
frequencies both much lower and much higher than the
frame frequency of the detector, equal to 25 Hz, the mean
value of the signal Vsmean and its RMS deviation from
the mean value Vs s, which were calculated over 50 con-
secutively measured frames, were chosen as the measured
values. 3D-topogram of RMS deviation Vs msmeasured with
a pulse repetition rate of 7Hz, is shown in Fig. 3,a. The
topogram of the mean value of the signal Vsmean had a
similar form, but its value was a little higher. The frequency
dependences of Vs mean and Vs ys shown in Fig. 3, b were
measured on pixels corresponding to the maximum values

of Vsmean On the 3D-topogram. Average value of Vs mean
virtually does not depend on the pulse repetition rate of
the THz radiation, and the RMS deviation Vg s is close to
the average at frequencies of less than 5 Hz and decreases
inversely proportional to the frequency f when its value is
greater than 20 Hz.

The above behavior of Vs mean and Vs ms can be explained
by the dependence of the response of the bolometer Vs
on the time t when it is exposed to the rectangular
radiation pulses following with different frequencies (Fig. 4),
calculated using the relations given in [34]. Due to the
symmetry of the bolometer response relative to the value
Vs pmean, caused by the constant radiation with power
Pmean, €qual to the time-average value of the power of the
modulated radiation incident on the bolometer, available at
the pulse ratio of 2, the mean value of the signal Vs mean
turns out to be equal to Vspmean and does not depend
on the pulse frequency. In this case, the value Vs mean is
equal to half of the maximum value of Vs, achieved in
case of illumination by radiation pulses with the duration

Technical Physics, 2024, Vol. 69, No. 8
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Figure 3. a — 3D-topogram of the RMS deviation of signal Vsms of the MMBD illuminated by pulsed THz radiation (wavelength
100 um, pulse frequency 7 Hz, pulse ratio 2); b dependences of the maximum values of the average signal Vs mean (curve /) and its RMS
deviation Vs ms (curve 2) on the THz pulse repetition rate f. The experiment data are shown by dots, calculated data are shown by lines.

The pressure in the MMBD housing is 2.5 - 10™° mbar.
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Figure 4. The theoretical dependence of the response of the bolometer Vs when exposed to rectangular pulses of THz radiation with
a duration of t, = 1/2f, with a period of ® = 1/f = 2t, (a) and with a period of ® = 100/f = 200t, (b). The dependences I—6
correspond to frequencies f = 3, 11, 35, 70, 140, and 300 Hz; the straight line 7 corresponds to the mean value of Vs. Thermal relaxation

time of the bolometer 7 = 15 ms.

of tp > 7. In consistency with the above, the signal value
VS mean =~ 21 mV, shown in Fig. 3, b, measured at frequency
of f =3Hz, is close to half of the maximum signal
Vsmax =~ 41 mV shown in Fig. 1,b. The signal shape tends
to a rectangular shape at low frequencies, i.e. when ty > 7,
as can be seen from Fig. 4, and hence the RMS deviation
Vsms tends to the value of Vspmean- AVs = Vs—Vsmean
is proportional to the radiation pulse duration tp at high
frequencies (corresponding to the condition t, < 7), and
the RMS deviation Vs;ns becomes inversely proportional
to the pulse repetition rate. In general, the experimental
data presented in Fig. 3, b correspond well to the theoretical
dependencies calculated using the ratios given in Ref. [34]
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obtained within the framework of the bolometric model of
signal formation.

The increase of the gas pressure in the vacuum housing
of the MMDB results in an increase of the thermal
conductivity G of the bolometer and a corresponding
decrease of its thermal relaxation time 7. Fig. 5 shows
the dependence of the mean value of the signal Vsmean
and its RMS deviation Vs;,s on the gas pressure P in
the MMBD vacuum housing measured for different pulse
repetition rates of the THz radiation. It can be seen that the
average signal value Vsmean virtually does not depend on
the pressure at gas pressure less than 1 mbar, and it depends
inversely on P at P more than 1mbar: Vsmean x 1/P. In
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Figure 5. The dependences of the mean signal value Vsmean (@) and its RMS deviation Vsms (b) on the gas pressure P in the MMBD
vacuum housing, measured (points) and calculated (lines) at different values of THz radiation pulse repetition rates, f: 1 — 7, 2 — 40,

3 — 140, 4 — 195 Hz. Pulse ratio is 2.

accordance with the above, Vsmean does not depend on
the radiation pulse repetition rate. The RMS deviation of
the signal Vsms at low frequencies has approximately the
same dependence on the pressure as the mean value Vs mean,
consistent with the fact that Vs ms = Vs mean in the limiting
case of ® > 7 and a pulse ratio equal to two. At high
frequencies Vs ms weakly depends on the gas pressure and,
hence, the thermal conductivity and the thermal relaxation
time of the bolometer. Fig. 5 also shows the theoretical
dependence calculated using the ratios given in Ref. [34] in
which the dependence of the thermal conductivity of the
bolometer G on the gas pressure P was defined by the
following ratio [40]:

A 1

C=Co=r g 1 cTPd

Here Gy is the bolometer thermal conductivity under high
vacuum; Ky — the specific thermal conductivity of air under
normal conditions, equal to 28.4 - 1073 W/(K-m); A —the
area of the microbolometer, equal to 1.6-10°m? d —
the thickness of the vacuum gap between the bolometer
membrane and the substrate on which it is fabricated,
equal to 2-107%m; C = 7.6 - 107> N/(K-m) — a constant;
Ta = 300K — average absolute temperature of gas in the
MMBD housing, P — gas pressure expressed in pascals.
For calculation of the dependences shown in Fig. 5, it
was assumed that the pressure in the vacuum housing
of the MMBD was 60% of the pressure measured by
the sensor installed on the turbomolecular pump. It is
clear that the experimental and calculated dependences
coincide quite well.  Given that the gas pressure of
less than P = 2.5- 1073 mbar did not have any noticeable
effect on the MMBD signal value, the experimental data
corresponding to the pressure of P =2.5-107° mbar, at
which the turbomolecular vacuum pump was switched off,
are moved to the point P = 2.5 - 1073 mbar for clarity and
compactness of Fig. 5. The pressure values changed too
fast up to the value P = 0.5mbar as the pump turbine

decelerated, so experimental data are given either for
pressures of P > 0.5mbar, or for pressures at which the
signal changes. The calculated dependences are given for
the pressure range of P = 2.5- 1072 — 10 mbar.

3. The response of the microbolometer
detectors to THz pulsed radiation with
a large pulse ratio

We considered above the case when the radiation pulse
ratio is 2, and the pulse repetition period © can be smaller
than the bolometer thermal relaxation time 7. Next, we
consider the case when the radiation pulse ratio is large,
for example, equal to or greater than 10, and the radiation
pulse repetition period is knowingly greater than 7. The
bolometer has time to cool between two consecutive pulses
in this case (Fig. 4, b). If the radiation pulse time tp is much
shorter than the bolometer relaxation time 7, then the value
of the bolometer peak response Vs is proportional to the
radiation pulse energy (or pulse duration tp, if the radiation
power does not change), not to its power, and it is inversely
proportional to the bolometer heat capacity [34].

The QCL radiation was modulated by an external pulse
voltage synchronized with the frame pulse controlling the
MMDB operation in the following experimental studies
of the dependences of the MMDB response on the THz-
radiation pulse duration and on the gas pressure in the
detector housing.

Since QCL and MMDB in this case were synchronized,
by introducing a delay of the QCL pulse relative to the
MMDB frame pulse we could read signals from the rows
of the matrix detector, which were illuminated by THz
radiation, either immediately after the end of the radiation
pulse or just before its arrival (Fig. 6). It can be seen that
during the time between radiation pulses, which is equal
to © —tp = 36—38ms, the microbolometers have time to
cool down, because the bolometer thermal relaxation time

Technical Physics, 2024, Vol. 69, No. 8
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Figure 6. Distribution of the MMBD response Vs to a short
pulse of THz radiation over the elements of the column of
microbolometers passing through the maximum intensity of THz
radiation. The frame rate and pulse repetition rate are 25 Hz,
the duration of the radiation pulse: I — 2.0, 2 — 3.0, 3 —
3.8 ms. Lines with dots show signals measured immediately after
the passage of the radiation pulse, points show signals measured
just before its arrival. The inset shows the dependence of the
response value Vs on the radiation pulse duration tp. The pressure
in the MMBD housing is 2.5 - 10~> mbar.

To = 15 ms is more than twofold less than the time between
radiation pulses, and the magnitude of the MMBD response
Vs is proportional to the duration of the radiation pulse tp.
It should be noted that the time of reading of signals from
20lines on which the main peak of the signal is located is
(20/240)40 ms = 3.3 ms, which is much less than 7y and,
therefore, the measured spatial energy distribution of the
THz radiation pulse is not significantly distorted because of
the cooling of the microbolometers.

Both an image of an absolute black body (ABB) model
heated to 400°C and an image of focused pulsed THz
radiation were simultaneously created on the MMBD
surface using lenses for studying the response of MMBD
to short pulsed THz radiation depending on the thermal
conductivity and the bolometer thermal relaxation time. The
topogram of the observed signals is shown in the inset of
Fig. 7. The upper and lower halves of the topogram were
represented with different contrast because the signal from
the THz-radiation QCL was much weaker than the signal
from the ABB IR radiation. The regions corresponding to
microbolometers with and without metal absorber are above
and below the white horizontal dashes, respectively.

The constant IR radiation from a ABB was used
to determine the thermal conductivity of the bolometer
G = Gy (Vs R.conty/VsIR,cont) and, accordingly, the bolome-
ter thermal relaxation time 7 = 19Go/G, varying with the
increase of the gas pressure in the MMBD housing. Here
Vs IR, cont, a0d Vs IR cont — the values of the signal in a region
of constant IR illumination with high and low vacuum,
respectively. Fig. 7 shows the dependence of the peak value
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Figure 7. Experimental (dots) and theoretical (lines) depen-
dences of the peak value of the MMBD signal Vs i, imp On the
thermal relaxation time 7 and the value of the signal in the region
of constant IR illumination Vs g, cont When the MMBD is irradiated
with THz radiation pulses with a duration of 2 (curve /) and 3ms
(curve 2). The inset shows a topogram of the signals caused by
constant IR and pulsed THz radiation.

of the MMBD signal Vs, imp On the thermal relaxation
time 7 in case of irradiation with short pulses of THz
radiation (period © =40ms). Theoretical dependences
were calculated using the ratios given in Ref [34]. It
is apparent that there is good agreement between the
experiment and theory. In particular, the value of signal
Vs THz, imp Weakly depends on 7 at values 7 much larger
than the radiation pulse duration tp in agreement with what
is stated in Ref. [34].

The inset in Fig. 7 shows that the presence of a metal
absorber increases the bolometer signal not only in the
case of THz radiation, but in the case of infrared radiation
ABB (the signal level from the ABB is higher in the
region, consisting of a microbolometer with a thin metal
absorber — the signal increases from dark to light in the
topographic image). However, it should be noted that
in the case of QCL narrowband radiation the increase of
the magnitude of the signal Vs Ty, imp means higher volt-
watt sensitivity to the THz radiation, while in the case of
broadband infrared radiation of ABB the signal increases
due to the widening of the absorption bands. Indeed, IR
radiation is absorbed by the silicon oxynitride membrane
of the microbolometer in a rather narrow wavelength
range (8—13.5um [41]) in the absence of a thin metal
absorber, and in the presence of a metal absorber it is
absorbed in a wider range (for example, 6—50 um with the
layer resistance of the absorber equal to 100 /0] [42]),
limited by wave interference in a thin resonator formed
by a metal absorber and a mirror deposited on a silicon
substrate located at a distance ~ 2.5 um from the bolometer
membrane. In this case the volt-watt sensitivity to IR
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radiation in the range of 8—14um may even be reduced
by the presence of a metal absorber [5].

Minimum detectable energy of the THz radiation pulse
Qin can be determined by the peak value of the signal
Vs THz, imp = 7mV, measured at the center of the focused
THz radiation with a pulse duration of t, = 3ms (Fig. 6),
and incident on the corresponding pixel of the radiation
power Ppix max = 2.3 - 10~7W found in sect. 2. The value
ch = Ppix,maxtp (Vnoise/VS,THz, imp) ~ 2.5 10_11 J obtained
using this method is close to the value that can be
obtained by another method: Qi = 9P = 2.1 10-117,
where Py, — the minimum detectable power equal to
1.4-107°W found in Sec. 2. It should be noted that
the reduction of Py, (approximately 20times) achieved in
this study in comparison with similar detectors presented in
Ref. [6], is attributable, first, to the replacement of the sol-
gel method of obtaining the thermosensitive vanadium oxide
layer by a more advanced ion-beam technology, secondly, to
the use of thin metallic absorbers of THz radiation, thirdly,
to the replacement of germanium input window with silicon
one, and fourthly, to the increase of bolometer bias voltage
from 1 to 1. 5V, which accordingly resulted in the reduction
of Py by 2, 2, 3, and 1.5times (total 2 x 2 x 3 x 1.5 = 18).
In addition, the value Py, given in this paper was obtained
for the wavelength of THz radiation equal to 100um,
while it was obtained in Ref [6] for a wavelength equal
to 130um, which also contributes to a decrease of P
because of an increase of the radiation absorption coefficient
(see Fig. 11 in Ref [37]). The latter is attributable to
the fact that in the case of wavelengths 1 well above the
suspension height of the microbolometer membrane h, the
thin metal radiation absorber is near the standing wave
node formed by the reflection of the incident radiation
from the metal reflector located below the bolometer on
the surface of the silicon readout circuit. In this case, the
electric field in the absorber region and, consequently, the
value of the absorption coefficient appear small but they
increase proportionally to h/A with the decrease of the
wavelength, reaching a maximum under the well-known
condition h = 1/4 [7].

Further increase of the sensitivity of microbolometers
with a thin metal absorber to THz radiation can be
achieved by use of input silicon window with an anti-
reflective coating, increasing the suspension height of the
microbolometer membrane with an absorber applied to it,
reduction of heat capacity (when detecting short pulses
of radiation) and thermal conductivity of microbolometers
(when detecting long pulses or constant radiation).

Conclusion

It was found that the dependences of the MMBD
response on the duration of the THz radiation pulse,
its repetition rate, gas pressure in the detector housing,
thermal conductivity, and the value of the bolometer thermal
relaxation time are well described by the theoretical ratios

obtained in the framework of the bolometric model [34],
which makes it possible to confidently use these detectors
for monitoring and measuring the parameters of pulsed THz
radiation under various conditions.

It was shown that the signal of a microbolometer detector
exposed to pulsed THz radiation weakly depends on the
thermal conductivity of the bolometer and, accordingly, on
the thermal relaxation time of the bolometer, if the duration
of radiation pulses is less than the thermal relaxation time
of the bolometer. This makes it possible to produce highly
sensitive pulsed radiation detectors operating at a frame
frequency of several hundred Hertz. The detectors studied
at the wavelength of 100um have a minimum detectable
power of 1.4 - 10~ W and the minimum detectable energy
of 2.5 107! J, while demonstrating high sensitivity to the
direction of polarization of THz radiation.
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