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The mechanism of leakage current formation in p+-n junctions of photodiodes in the presence
of local defects is investigated. The patterns of formation of local defects in dielectric layers are
considered in order to determine the conditions that reduce their density. On n-type
monocrystalline silicon (Cz-Si) wafers with a diameter of 100 mm and a resistivity of
4-5 ohms.cm and orientation (100) were used to produce elements with a pad size of
1.4x1.4 mm2. The manufacturing process cycle included the operations of oxidation in
H.O + HCI vapors, photolithography, corralling (precipitation) of boron from BN, boron
diffusion and phosphorus diffusion in various modes. Both liquid sources POCL3 and PCLs
and solid sources — aluminum metaphasate (MFA) (Al.O3, 3P.0Os) plates were used as a
diffusant source during phosphorus diffusion. It has been established that the current-voltage
characteristic of silicon photodiodes with anomalous "'soft' characteristics is determined by
the tunneling current flow mechanism. The use of optimal gettering modes leads to a sharp
decrease in the number of photosensitive elements with anomalous current-voltage
characteristic.

Keywords: silicon photodiodes; monocrystalline silicon; defects; current-voltage characteristics.
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Introduction Paper [4] considers the

formations of these defects
conditions reducing their density.

patterns of
to determine
The cycle of manufacturing silicon

photodiodes typically involves the diffusion of
high concentrations of boron and phosphorus to
form p-n junctions and doped regions.
The process of phosphorus diffusion often leads
to the formation of local defects in the dielectric
layers acting as a protective mask [1-3]. These
defects can lead to the formation of local
n*-channels in p*™—n junctions and defects on the
silicone surface causing leak currents (“soft” volt-
ampere characteristics) resulting in the increase
of photodiodes noise, including low-frequency
ones with 1/f type spectrum.

The purpose of this paper is to study the
mechanism of formation of leak points in p*™—n
junctions of photodiodes if the specified defects
are present.

Experiment

Photosensitive elements (FSE) with a pad
size of 1.4x1.4 mm? were manufactured on the n-
type monocrystalline silicon (Cz-Si) plates with a
diameter of 100 mm and specific resistance of 4—
5Q-cm and orientation (100). Process cycle of
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manufacturing included the processes of
oxidation in H2O + Hcl vapors, photolithography,
pre-depositon (precipitation) of boron from BN,
boron and phosphorus diffusion in different
modes.

Both liquid POCL3s and PCL solid sources
such as aluminum metaphosphate plates
(Al203/3P20s) were used as a diffusant source
during phosphorus diffusion.

The concentration and distribution of local
defects over the plate were determined on the
manufactured samples using an optical
microscope. Optical, atomic-force microscope
and REM were used to determine the dimensions
and shape of defects. The manufactured samples
were used to measure volt-ampere characteristics
(VAC) of PSE in the temperature range from
—60 °C to +70 °C and reverse voltage from 0.01
Vto20 V.

Results

Part of the samples showed a significant
increase of dark currents (l¢) with the increase of

reverse bias (“soft” VAC). To determine the
causes of this phenomenon, measurements of
VAC were carried out on such PSE in the
temperature range from —60 °C to +70 °C and
reverse voltage from 0.01 V to 20 V, the results
are shown in fig. 1. The obtained results show a
weakening of the temperature dependence of the
dark current with the increase of reverse voltage
and its near absence with large leak currents
(voltage 20 V).

To determine the nature of the 14 except for
reverse voltage, the VAC was plotted in l4/V
coordinates  from V2 (fig.2)  which
demonstrated a transition from the area with
dependence lg~VY? characteristic of the
generating current, to an area with exponential
current increase.

Fig. 3 shows VAC in the area of “soft”
characteristics at two temperatures (—60 °C and
25 °C) confirming exponential dependence of
current on voltage and its weak dependence on
temperature.

Temperature dependence of dark current of diode at
different values of reverse bias

107
10_5-100 -50 0
10°
107
10°*
107

1o:'°

50 100

Fig. 1. Temperature dependencies of the current at different bias voltages
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Fig. 3. Tunneling current dependence on voltage at temperatures of —60 °C and 25 °C
in the voltage range of 3-10 V



Applied Physics, 2025, No. 6

Discussion of the results

Obtained dependencies of dark current on
reverse voltage in the area of exponential growth
indicate a tunneling mechanism of current flow.

Indeed, a known expression for the
tunneling current is as follows [5]:

| =AE2 exp (-B/E) (1)

where E is the electric field strength; A4, B —
coefficients poorly depending on the electric
field.

Dependence of the electric field in the sharp
p*—n-junction E on the voltage V if there are local
areas with increased field voltage, can be
represented as follows [6]:

20N,

€s

E =BE, ., =B{ ](vb +V)¥

)
where Vy is inbuilt potential, Ng — concentration
of charge carriers in the n-area, Emax — maximum
field strength in a homogeneous area of the
spatial charge, B — coefficient considering local
field changes due to the defect, &s — dielectric
constant.

Considering (1, 2), current dependence on
voltage can be expressed as follows:

In ! =Ina-b(V, +V) ™"’
(] na-b(s+v)

3)
where [5]:

(Zm*)ll2 q°EV

47_[2 (hjz Eé/Z 1
& (4a)

12
4(2m") " E,?
R C
3 (th(ZQNd ]2 (V, +V )1/2

T &g (4b)

where m” — effective electron mass; Eq — band gap
of silicone.

Experimental data shown in fig. 3 confirm
with a high degree of certainty the presence of
specified dependence between current value and
applied voltage at values P in expression (4b)
equal to 184.6 and 211.8 for temperatures —60 °C

and 25°C, respectively. Obtained values f
according to (2) lead to electric field values in the
defective region (3.1-3.6)x10° V/cm at V=1V
and (0.98-1.15)x10" V/ecm at 10 V which
significantly exceeds the field strength during
avalanche breakdown in silicone (~5x10°V/cm)
and complies with literature data for tunnel
breakdown [5,6]. An additional argument
confirming the tunneling mechanism of current
flow is its weak temperature dependence with a
negative temperature coefficient (dl/dT <0)
(fig. 1).

Using expression (4a) and experimentally
obtained dependencies of tunneling current on
voltage (fig. 3):

1/V = 0.0095exp(—24.37v—”2) at —60 °C, (5a)

1 /V = 0.031exp(—28.18v-”2) at 25 °C, (5b)

It is possible to determine the ratio of tunneling
current to its density J: and, respectively, the area
of the emitting area A: from the ratio At=I/J.
Obtained values A;=350-650 A indicate the
presence of local current flows making up to
5x101°-2x10 of the area of the p—n junction at
temperatures of -60 °C and 25 °C, respectively.

Since the distribution of PSE with “soft”
characteristics over the area of plates is random, it
may be caused be local defects, such as oxide or
the silicone surface defects formed by phosphorus
diffusion [6]. The location of defects causing
tunneling currents near the surface is confirmed
by the fact that in the considered range of reverse
voltages the width of the spatial charge area of
the p™—n junction with high field strength does
not exceed 5 microns. Penetration defects of the
specified type may result in tunnel breakdown of
parasitic p*-n" junctions due to a high
concentration of alloying admixtures, as well as
formation of local defect areas on the silicate
surface (fig. 4) containing impurities of oxygen,
carbon [6] and heavy metals (impurity
precipitates) around which the electric field
strength increases.

The influence of local defects on the
formation of PSE with abnormal “soft” VAC is
confirmed by a correlation between the number of
PSE with low density of defects on the plate
(<5cm?) detected using an optical microscope
(N¢er) and the number of PSE with low dark
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currents (Npse) (fig. 5). The data are specified for
100 plates from different batches, each of which
contains 70 lines of 16 PSE. Consequently, an
important task is to reduce the density of oxide

Z AXis, nm
. 200

Y Axis, um
100

19

defects which is achieved by the optimization of
phosphorous diffusion modes and improvement
of the quality of the oxide formed before
diffusion [1, 4].

- X AXxis, um

Fig. 4. Image of defect in silicone and atomic-force microscope

80

NPSE

2025

y = 1.6685x + 13.442
R? = 0.6892

¢ Rangel

—— Linear (Range 1)

$e
o8

0 10 20 30

" Nger
40

Fig. 5. Dependence of the number of PSE with 14 < 1x10™* A at 10 mV on the
number of PSE with density of defects less than 5 cm

The formation of impurity precipitates near
defects is more obvious out of two considered
reasons of tunneling currents occurrence.
Obviously, thermal operations following the
phosphorous diffusion cannot remove the formed
n*-channel. At the same time, the selection of
optimal modes of the subsequent gettering
operation resulting in the removal of

contaminating impurities from silicone volume,
including impurity precipitates, makes it possible
to almost practically exclude the formation of
PSE with abnormal characteristics.

Repeated carrying out of the impurity
gettering operation on plates containing PSE with
“soft” characteristics also leads to the reduction
of such elements.
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Conclusions of 3x10°-107 V/cm. The reason of occurrence of
such areas can be impurity precipitates formed on
the silicone surface during the formation of
defects in the oxide.

3.Use of optimal modes of impurity
gettering leads to sharp decrease in the number of
photosensitive elements with abnormal VAC.

1.1t is established that voltage-current
characteristic (VAC) of silicone photodiodes with
abnormal “soft” characteristics is determined by
tunneling mechanism of current flow.

2. The cause of tunneling currents are local
areas with a small area and electric field strength
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A retrospective analysis of a production control database for growing tellurium-doped GaAs single
crystals using the Czochralski method was conducted. The asymmetry and Smirnov criteria were
used to evaluate the normal distribution of material and process parameters.
The strength of the relationship between material parameters and process parameters was assessed
using the gradation of the paired correlation coefficient (|rxy| € 0.013-0.420). A significant
discrepancy was observed between the actual and predicted results within the regression model (the
correlation coefficient R varied in the range of 0.23-0.47). Using cognitive graphics techniques, it
was shown that convective mixing of the melt with a flat crystallization front
is necessary to achieve high free carrier mobility at a low density of structural defects
(Nd < 1.8x10* cm™2).

Keywords: Czochralski method; I11-V; GaAs; retrospective analysis of industrial control databases;
cognitive graphics techniques; statistics.

DOI: 10.51368/2949-561X-2025-6-11-16

Introduction

Monocrystalline gallium arsenide (GaAs) is
one of the most promising and demanded
semiconductor materials [1]. In addition to
demand for semiconducting single crystals, the
development of electronics also justifies the
growing requirements for their quality.

Earlier, using the example of InSb single
crystals alloyed with Te, it was shown [2] that it
is possible to optimize the complex of its
electrophysical and structural properties by
selecting an effective mode of growing single
crystals. Digital instruments for monitoring single
crystal growth and intermediate control of its
structural and electrophysical parameters allow to
obtain a representative amount of data which
determines the effectiveness of the application of

post-event analysis instruments to identify critical
technology factors determining the quality of
products.

The post-event analysis is a passive
experiment in the K-dimensional space of the
production process parameters (&x) or, in other
words, end-to-end analysis of the technology —
from source material to final product [3].
Effectiveness of such an approach competes with
active experiment (search for material quality
dependence y on &k within the allowed tolerance

range [&M; &™) based on the response &yi,

however, different order of material costs
determines the interest in “data mining” [4].

The purpose of this work was to evaluate
the possibility of post -event analysis applied to
the technology of growing GaAs single crystals
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using the Czochralski method with liquid
encapsulation of melt based on post-event
analysis of production control databases to search
for critical factors of the technology.

Object of the Study

The object of research in this work was the
production control of a database of in-house
technology for growing GaAs single crystals
using the Czochralski method with liquid
encapsulation of melt (LEC) in the
crystallographic direction [100]. The database
was a matrix the number of rows in which
corresponded to the number of grown single
crystals (168 pcs.) and the number of columns
corresponded to the number of recorded process
parameters (Vf, V¢ — movement speed of the
crystal and crucible; Wy, W¢ — rotation speed of
crystal and crucible with melt; Twn, loh — main
heater temperature and current on the
background) and material (density of dislocations
and free-carrier mobility — Ngg and ).

Quality certification was carried out
according to the adopted regulation on plates cut
orthogonally to the direction of growth from the
beginning and end of the single crystal [5].
The gradient value of electrophysical parameters
(concentration of charge free carriers was
evaluated by optical method — by reflection
spectra in the far and medium infrared region [6].

The procedure of post-event analysis
included the building of correlative models,
regression models, histograms, which capacity (k)
was determined by the minimum RMS deviation
of the found distribution from the actual one
which is achieved at k~NY3, where N is the
volume of experimental sample [7]. The type of
distribution of parameters of technology and
product was estimated by the values of
asymmetry coefficients As and excess Es in the
normal distribution type — according to the
Smirnov goodness-of-fit-test, the degree of
relationship between two variables y; and
&k based on the matching correlation coefficient
|rxy] — according to Chaddock scale [8].

Results and their discussion

Correlation analysis showed that in the
“technological factors — quality parameters” pair

the relationship closeness is weak (|rxy| << 0.3)
excluding the influence of V¢, Tmn, Wc 0On the
dislocation density at the beginning (0.37, 0.41,
0.42, respectively) and lon (—0.32) on the mobility
of free charge carriers at the end of the single
crystal, corresponded to a moderate bonding
strength. Such results can be a consequence of the
combined influence of temperature and dynamic
parameters on the quality and rejection level,
which is usually described by the equation of
linear regression yi(&k) [9]. The forecast of density
dislocation (Ng) and mobility of free charge
carriers (u) relative to the temperature and
dynamic parameters of GaAs single crystal
growing process — We, Ve, Wr, Vi, Tmn, lon Within
regression models revealed a high data of actual
and expected discrepancy results — correlation
coefficient R varied in the range of 0.23-0.47.

3.0

N
Ul

N
o

y=0.22x+173
R=047

=
3,

density Ngg, cm

=
o

Predicted values of dislocation

o
o

0 05 1 15 2 25 3 35 4 45

Observed values of dislocation density Ngq, cm?

Fig. 1. Correspondence of observed and predicted values
of dislocation density

One of the conditions for performing
regression is the correspondence of distribution
type of control parameters to the normal law.
However, in our case the distribution of values W
and Tmh are bimodal and have two expressed
modes in the ranges of 988-1078; 1257-1347 °C
and 11.6-12.6; 14.8-15.8rpm (fig.2). The
distribution of values V&, V¢ is characterized by
left-hand asymmetry As (-5.4 and —2.86) with its
sharp spike (Es=46.99 and 15.62), while for
values W, lon — right-hand (1.26 and 0.87) and &s
excess coefficient value (1.11 and 0.87),
respectively. A similar situation is observed when
analyzing the distribution of GaAs single crystal
quality indicators: values of asymmetry and
excess coefficients for u and Ng were 1.31-2.06
and 0.39-0.70; 11.67-14.26 and -0.33-0.34,
respectively. And if the Gaussian hypothesis not
rejected for quality characteristics for N



Applied Physics, 2025, No. 6

13

(at As=0.39 <Aser with risk o <0.01 [9]), this
primarily reflects the symmetry of the values
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Fig. 2. Histograms of the distribution of the crucible rotation velocity (a), as well as the mobility of free charge carriers

(b) at the end of GaAs single crystal

In our case the application of Smirnov non-
parametric test showed that the distribution of
dislocation density values at the end of GaAs
single crystals is subject to normal law— texp = 0.1
at travle = 1.36 o = 0.05. In this regard, it can be
useful to determine the influence of process
parameters on the products quality estimated by
the totality of values of its characteristics at the
upper and lower limits of their distribution (tails
of the corresponding distribution histograms
(fig. 2b) [3].

The assessment of the combined impact of
process parameters on the limit values of material
quality characteristics was carried out based on
the search and separation of “dense” clouds of
points when displaying the dependence yi(Ek) on
different planes &—&m.  When selecting an
optimal plane &x&m, the existing physical
patterns were considered. In particular, the
reducing of the non-homogeneity of the thermal
filed (reduction of axial V7a{d and radial VT4
temperature  gradient) alignment  of
crystallization front is required to reduce the
stress level and improve the dislocation structure
of GaAs. An increase of the rotation speed of the
crystal Wr and decrease of the rotation speed of
the crucible W, [10] also results in a flatter
crystallization front and distinct cutting of the
single crystal which confirms the display of

dependence vi(Ex) on the plane WW: (fig. 3).

It was established that in the range of
rotation speeds W =13-17 and W, =5.5-7 rpm,
it possible to obtain a low level of density
dislocations at the beginning of the single crystal
with almost zero probability of obtaining a high
density of defects of the crystal lattice
(Nge> 3.0 cm™). However, it was possible to
obtain a low density of dislocations at the end of
a single crystal (Ngc<1.8cm™) with a risk of
a=0.29, only at a maximum crystal rotation
velocity Ws= 17 rpm which also provided high
mobility of free charge carriers at the end of the
single crystal.

It was established that at Wf = 13 rpm and
W, = 5 rpm at the end of single crystal with risk
of o =0.25 channel inhomogenity is formed
(facet effect), expressed as separate segments at
its periphery. Area enriched with tellurium due to
the active capture of its atoms by planes
{111} was not significant on the scale of the plate

and is ~4mm? with a range of FCC
values ~0.7x10cm=2 which however can
reduce the material’s resistance to brittle

structure — reduction of fracture toughness
(K¢ value) [11].

For those processes where the identified
patterns were not observed, a consistent species-
by-species analysis of the technology trajectories
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which in some cases allowed us to identify the  process of growing GaAs was formed with a risk
reasons for this. On this basis, a flow chart of assessment of obtaining products with an
scenarios for the passing of the technological acceptable quality (fig. 4).
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A — Nga < 1.4x10%* cm2; Nge < 1,8x10* cm2; ® — Ngg > 3,0x10* cm2; Nge > 6,2x10% cm?; & — p, > 3437 cm?/V s
Le> 2972 cm?/V-s; @ — 11, < 2992 cm?/V's; e < 2502 cm?/V-s

Fig. 3. The combined influence of the crucible rotation speed W. with melt and crystal Wr on the

dislocation density (Nd) and mobility of free charge carriers () in the beginning (a, b) and end (c, d) of the
GaAs single crystal, respectively



Applied Physics, 2025, No. 6

15

Naga <1.4x10* cm™
N, <1.8x10" cm™
w, >2972cm’/V s

Cross-section > 0.24
No Rotation > 0.24
Yes

3256 < i, <3437 (cm?/V -s)

[\ >1.4x10* cm™?

Ny >1.4x10* cm™
N, <1.8x10%cm™
u, >3437cm?/ Vs
u, >2972cm?/ Vs

Ny, <1.4x10* cm™?
Nge <1.8x10* cm™

2724 <, <2972 (cm?/V -s)

N, <1.8x10" cm™ No

2992 < 1, <3437 (cm?/V -s)
2724 <y, <2972 (cm®/V -s)

N,, <1.4x10* cm™

y

Ny, <1.4x10* cm™

N, <1.8x10%cm? (risk 0.29)

u, > 3256 cm? / V -s (risk 0.66)
u, > 2972 cm?/ V -s (risk 0.54)
Risk FE ~0.25

. <1.4x10* cm™

N, <1.8x10%cm? (risk 0.29)
u, > 3256 cm? / V-5 (risk 0.66)
U, >2972 cm?/ V- (risk 0.54)

N, >3.2x10% em™ I 2724 <y, < 2972 (cm?/V -s) |

2992 <, <3437 (cm?®/V -s)

= == |imit values of output parameters of the value (on the distribution tail area

values higher and lower than the average values for the samples, respectively

Fig. 4. A fragment of flow chart for the GaAs growing process

The presence of such flow chart allows to
optimize the passage of technological process —
limiting, in particular, the ranges of changes of
certain technological parameters. Thus, for
example, a decrease in the rotation speed of
crucible with melt lower than 5 rpm naturally
(due to a decrease in its convective mixing)
resulted in the increased number of structural
imperfections and decreased mobility of free
charge carriers. It turned out to be possible to
compensate for such effect of such disturbance on
free carriers u. by setting the following
temperatures and dynamic  conditions -
Tmg > 1000 °C, Ipn>90 A, Ws> 14 rpm, and on
uc Ngc at crystal rotation velocity <15 rpm. In
turn, the effect associated with an increase of
dislocation density Ndg at decreased crystal
rotation velocity (Ws< 17 rpm) was neutralized by
a change in the value of the Tmn/lw ratio from
10.69 to 10.58 °S/A, for example due to a current
increase at the background heater, which is likely
due to a change in the axial radial gradient at the
crystallization front [12].

It was also established that it is possible to
ensure the limit quality level of GaAs single
crystals (Nax < 1,4x10*cm?; Ngc< 1,8x10*cm;
s> 3437 cm?/V's; pe> 2972 cm?/V-s) with the
following combination of growing process

parameters: W. > 6 rpm, W < 16 rpm, Tmnh > 987,
Ibh > 90 A.

Conclusions

1. It was established that the distribution of
the values of the parameters of GaAs single
crystals growing technology using the
Czochralski method and its product is not subject
to normal law except for the distribution of
dislocation density values at the end of GaAS
single crystal — experimental values of the
Smirnov criterion texp = 0.1 at trane = 1.36 and risk
level o = 0.05. Asymmetry coefficient and excess
of experimental samples varied in the ranges —
0.95-46.9 and -5.44-0.87, respectively.

2. Correlation analysis showed that in the
“input-output  parameters” system a low
correlation ratio according to the Chaddock scale
IS observed |ry| =0.0125-0.298, except for the
effect of movement V. and rotation Wc of the
crucible, as well as the temperature of main
heater Tmh on the density of dislocation and
current at the background heater Ipn on the
mobility of free charge carriers that are
characterized by a moderate correlation ratio —
[rxy] = 0.37, 0.41, 0.42 and 0.32 respectively.

3. There was a significant discrepancy
between actual and expected results within the



16

Applied Physics, 2025, No. 6

regression model (correlation coefficient R varied
within the range of 0.23-0.47). This is due to the
deviation of the type of distribution of material
parameter values and process from the normal
law, as well as the presence of unaccounted data
on the passage of technological process.

4. The effectiveness of cognitive graphics

technology parameters (and their risk zones
within tolerance extent) which was used during
drawing up a flow chart of scenarios of GaAs
single crystals growing processes. Its presence is
the basis for the adjustment of growing
technology in order to improve the quality of
GaAs single crystals.

techniques was confirmed for identifying critical

REFERENCES

1. Mayanov E., Gasanov A., Knyazev S. and Naumov A., E'lektronika: nauka, texnologiya, biznes, Ne 2, 172-184
(2018).

doi: 10.22184/1992-4178.2018.173.2.172.184

2. Komarovskiy N. Y., Parkhomenko Y. N., Molodtsova E. V. et al., Russ Microelectron 53, 827-834 (2024).
https://doi.org/10.1134/S1063739724701038

3. Kudrya A. V. and Sokolovskaya E. A., Kachestvo i zhizn®, Ne 1, 27-35 (2017).

4. Nalimov V. V. Teoriya eksperimenta. Moscow, Nauka, 1971.

5. Book of semi standards 0600 — USA California — 2000 p.4837

6. Komarovskiy N. Yu. et al., Applied Physics, Ne 6, 54 (2023) [in Russian].

doi: 10.51368/1996-0948-2023-6-54-59

7. Chentsov N. N. Statistical decision rules and optimal inferences. Moscow, 1972.

8. Orlov A. A. and Orlov A. 1., Kontrolling, Ne 4, 30 (2024).

9. Melnichenko A. S. Data Analysis in Materials Science. Part 2. Regression Analysis. Moscow, lzdatel skij Dom
MISIS, 2014.

10. Faiez R. and Asadian M., Journal of crystal rowth 311 (3), 688-694 (2009).

11. Bogdanova V. A. et al., Fizika tverdogo tela 50 (2), 236 (2008).

12. Faiez R., Najafi F. and Rezaei Y., Intern. J. of Computational Eng. Res. 2015.

About authors

Komarovskiy Nikita Yuryevich, Head of the research group of the laboratory of high-temperature semiconducting
compounds of A"BYV group, Sazhin Giredmet JSC (111524, Russia, Moscow, Electrodnaya St.2, bldg. 1). University of
Science and Technology MISIS (119049, Russia, Moscow, Leninsky Prospekt, 4, bld. 1). E-mail: nickkomarovskiy@mail.ru,
NYKomarovsky@rosatom.ru https://orcid.org/0000-0002-7869-7886, Scopus Author ID 58510893300, Web of Science
Researcher ID NRX-9045-2025, SPIN-code: 9642-8920

Knyazev Stanislav Nikolaevich, Ph.D. of Technical Sciences, Head of Laboratory Sazhin Giredmet JSC (111524,
Russia, Moscow, Electrodnaya St.2, bldg. 1).

Trofimov Alexander Aleksandrovich, Ph.D. of Technical Sciences, Deputy Head of mass production RD&P Center
ORION, JSC (111538, Russia, Moscow, Kosinskaya st., 9). E-mail: aa-trofimov@yandex.ru SPIN code: 3716-5536,
AuthorID: 818356

Savinykh Ekaterina Aleksandrovna, student University of Science and Technology MISIS (119049, Russia,
Moscow, Leninsky Prospekt, 4, bld. 1). E-mail: swa.ekaterina@yandex.ru https://orcid.org/0009-0005-0748-7629

Sokolovskaya Elina Aleksandrovna, Candidate of Technical Sciences, Associate professor of the Department of
the Metallurgical science and Physics of strength, University of Science and Technology MISIS (119049, Russia, Moscow,
Leninsky Prospekt, 4, bld. 1). E-mail: sokolovskaya@misis.ru ORCID 0000-0001-9381-9223, Web of Science Researcher ID
AAM-6419-2021, Scopus Author ID 15077468100, SPIN-code: 2633-6344, AuthorID: 185426

Kudrya Aleksandr Viktorovich, Doctor of Technical Sciences, Holder of chair ad interimr of the Department of the
Metallurgical science and Physics of strength, University of Science and Technology MISIS (119049, Russia, Moscow,
Leninsky Prospekt, 4. 1). E-mail: AVKudrya@misis.ru ORCID: 0000-0002-0339-2391, Web of Science Researcher ID GWZ-
8579-2022, Scopus Author ID 6603628218, SPIN-code: 6497-2109, AuthorID: 11030


mailto:swa.ekaterina@yandex.ru

Applied Physics, 2025, No. 6

UDC 621.315.592:536.2
EDN: ATYWXM

PHOTOELECTRONICS

17

PACS: 66.70.-f, 81.05.-t, 85.35.-p

Conformal thermal metamaterials — new opportunities for managing heat flows

in electronics
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Overheating is a fundamental barrier to the development of electronics due to the rapid increase in
heat flux density (up to 200 W/cm? in processors). The paper presents the results of the
development and validation of a new class of materials — Conformal Thermal Metamaterials
(CTM), possessing a unique triad of properties: pronounced thermal conductivity anisotropy
(AxylAz ~20-30, where Axy = 60-80 W/(mK), Az = 24 W/(mK)), enabling "*heat flow turning";
conformality — the ability to precisely replicate surface topography and bend up to 180 °¢ for
geometric flow control; auto-effect of thermal contact improvement due to micro-extrusion of
internal thermal paste. CTMs occupy an intermediate position (level L1+ *flexible planar
routing"") between rigid anisotropic plates and heat pipes, combining their advantages at a lower
cost. Validation experiments on LED strips, point LED sources, and power resistors showed a
reduction in crystal temperature by 28-45 <C, equivalent to a 2-3 times increase in service life. The
efficiency of CTMs, comparable to aluminum radiators, has been proven, with the potential to create
completely flat, radiator-free devices.

Keywords: thermal metamaterials; thermal conductivity anisotropy; conformal materials; thermal

routing; LEDs.
DOI: 10.51368/2949-561X-2025-6-17-20
Introduction

The issue of excess heat dissipation
accompanies the development of any technology,
but in electronics it is particularly critical. As the
specific power increases (e.g., up 10-15 W/mm?
in LED systems and up to 200 W/cm? in
processors), so does the heat generation, thus
leading to overheating and reduced efficiency and
reliability of components. Traditional solutions,
such as bulky isotropic heat sinks and thermal
interfaces, have exhausted their potential as a
result of facing limitations including incomplete
contact, rigid geometry, and isotropic thermal
conductivity. Therefore, the search for alternative
materials for heat dissipation has become a major
industrial priority. One promising solution is the
use of synthetic diamonds grown by chemical

vapor deposition from carbon plasma followed by
polishing to an ideal crystalline structure. As a
result, they fit to the chip surface as tightly as
possible and ensure efficient heat dissipation
from hotspots [1]. However, the cost of this
solution remains high due to complex
manufacturing processes. Hybrid solutions, such
as diamond-copper heat sinks, are being
developed simultaneously [2]. Considering that
the leading global manufacturers adopt
manufacturing of 2 nm chips and implement
increasingly complex chip packages, the search
for new solutions ensuring effective heat
dissipation and thermal flow management has
become a vital problem [3].

One of such fundamentally new approaches
is the use of thermal metamaterials [4], whose
properties are determined not by chemical
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composition, but by a specially designed
microarchitecture. Such materials feature unique
properties that cannot be developed using natural
substances [5] and consist of numerous
elementary cells of a specific shape and size
arranged in a periodic pattern [6].

This paper presents the results of the
development and experimental validation of
conformal thermal metamaterials (CTMM), a
new class of materials that combine strong
anisotropy of thermal conductivity with
geometric flexibility and manufacturability.

Materials and methods

The basis of CTMM is a metal matrix
frame [7, 8], which is an assembly of specially
bonded micro-profiled and micro-perforated
sheets of aluminum foil (see Fig. 1). This matrix
is fully impregnated with a highly viscous
thermal paste based on zinc oxides. The thickness
of sheet samples is 1-1.5 mm.

CTMM shown in Fig. 1 feature a unique
triad of characteristics that cannot be found in
natural materials.

One such characteristic of CTMM thermal
properties is thermal conductivity anisotropy.
The developed architecture provides the
anisotropy having a technical significance.
The transverse thermal conductivity (Az) is
2—-4 W/(m-K) (measurements were conducted in
LG and Foxconn laboratories), while the
longitudinal thermal conductivity (Axy) is 60—
80 W/(m-K) (measurements were conducted in
laboratories in Sweden and Germany). The
anisotropy coefficient reaches 20-30, enabling
the effective implementation of the heat flow
“turn” effect and its transport within the

material's plane.

Fig. 1. Topology variants of conformal thermal

metamaterials

Another key (mechanical) characteristic is
the conformity and flexibility of presented
CTMM. Due to the presence of numerous micro-
cells and use of thin, ductile foil, CTMM is able
to precisely replicate the shape of almost any
contacting surface — from a rectangular chip on a
printed circuit board to a cylindrical laser — even
under minimum pressure. The material bends
easily in any direction (up to 180°), thus offering
fundamentally new prospects for the geometric
management of heat flows. For example,
obstacles can be bypassed by simply bending
CTMM, which is infeasible for rigid graphene
plates.

The
automatic

third feature (technological) is
improving of thermal contact
(autothermal contact). During mounting, the
thermal paste is extruded through micro-
perforations onto the surface (resulting in a
“honeycomb effect”), which displaces air, the
main enemy of heat transfer, and ensures
practically ideal contact in combination with the
matrix plasticity.

If CTMM are considered in terms of their
ability to manipulate heat flows (heat collection
in area A  (collector),  concentration,
transportation, and unloading in area B (emitter),
then the concept of thermal routing can be
introduced to systematize the capabilities of
CTMM, which allows classifying the existing
solutions into the following levels:

e LO (no routing) — isotropic materials
(metals, plastics, ceramics), where the flow
direction is dictated by external gradients;

e L1 (rigid planar 2D routing) -
anisotropic materials (graphenes) that conduct
heat in a straight line due to their rigidity;

e L2 (3D routing) — heat pipes, which
effectively transfer the heat from point A to point
B but are expensive and require additional bulky
collectors and heat sinks.

In this classification, CTMM take an
intermediate position marked as L1+ (flexible
planar 2D+ routing). They not only collect and
transport the heat like graphenes, but, due to their
conformity and flexibility, can also easily change
the trajectory and final destination of heat
delivery, bypassing obstacles and adapting to the
actual three-dimensional geometry of the device.
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Experimental validation of CTMM thermal
characteristics was conducted using LED strips,
point LED modules, and high-power resistors.
Temperature fields were recorded using Testo
873 thermal imager in Super Resolution mode.

Experimental section

To evaluate the effectiveness of CTMM for
distributed heat sources, an experiment was
conducted to cool an LED strip. The strip was
mounted in a plastic profile: its one half was
cooled passively, its other half — with an inserted
piece of CTMM (see Fig. 2).

As can be seen from Fig. 2, the LED strip at
15V reached the temperature of 126 °C with
passive cooling and 86 °C when cooled using the
inserted piece of CTMM. Thus, the temperature
difference across lenses (chip temperature
indicator) was approximately ~ 40 °C in favor of
the section comprising CTM. Temperature
reduction by 40 °C can extend the service life of
LED several times or allow for a significant
increase of light flux.

Steady-state junction temperatures (see
Fig. 3) proved to be practically identical, thus
confirming the feasibility of front-side cooling
and heat flow redirection.

To compare the effectiveness of CTM with
standard heat sinks, an experiment was conducted
to cool high-power resistors. Several cooling
schemes were applied (Fig. 4): a basic scheme
using only thermal paste for cooling; a traditional
scheme using a E-shaped heat sink for cooling;
and a scheme using CTM, where two CTM plates
formed a closed “cocoon”-like shell around the
resistor.

Q b)

plastic

g CTMM

— e .
4[—M--—A‘.ﬂ R i

126 °C 86 °C

Fig. 2. Comparison of temperature fields of the LED strip
in standard cooling conditions (plastic profile) and with
the use of CTMM

To demonstrate the “thermal turn” effect,
the ability to redirect the heat flow by 180° was
shown using high-power point LEDs. One LED
was cooled by a traditional E-shaped heat sink,
while the other was cooled by tulip-shaped CTM
that enveloped the sides and rear and redirected
the heat forward (Fig. 3).

€ CTMM

6,5V 1,6a

Fig. 3. Temperature comparison of high-power point
LEDs wunder traditional (rear) cooling (U-shaped
aluminum heat sink) and with the use of tulip-shaped
CTMM (front cooling)

Fig. 4. Cooling schemes for the high-power resistor: a) — thermal paste only; b) — standard aluminum heat

sink; ¢) — CTM cooling (“cocoon’ configuration)
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Temperature of high-power resistors vs.
dissipated electrical power for all three cooling
schemes is shown in Fig. 5.

T,°C

100

15 P,wt

5 10

Fig. 5. Temperature of high-power resistors vs. dissipated
electrical power for the cooling schemes: 1 — thermal
paste only; 2 — standard aluminum heat sink; 3 — CTM
(“cocoon” configuration)

As can be seen from the curve in Fig. 5, the
use of CTM in the “cocoon” configuration
(line 3) across the entire load range up to 16 W
provided the efficiency equivalent to that of a
standard aluminum heat sink (dashed line 2) and
significantly outperformed the scheme with
thermal paste only (line 1). Thus, the feasibility
of turning a printed circuit board into an actual
effective flat heat sink using CTM is confirmed.
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Effect of negative corona discharge on the contamination of sunflower seeds
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Studies of the influence of negative corona discharge on the contamination of sunflower
oilseeds have been conducted. Treatment of seeds of this crop with cold plasma corona
discharge helps to reduce their infection with fungi that cause plant diseases. As the duration
of exposure increases, the effectiveness of cold plasma increases. With an exposure of 180 and
240 minutes, the negative corona reduced the rust contamination of medium-sized sunflower
seeds by 100 %, but was ineffective on large ones.

Keywords: corona discharge; sunflower seeds; infestation; germination; disinfection; fungal

diseases.
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Introduction

To combat fungal diseases of sunflower
(such as rust — Puccinia helianthi Schwein.,
Phomopsis — Diaporthe helianthi (Phomopsis
helianthi) Muntaniola-Cvetkovi¢, Mihaljcevic &
Petrov. white rot (Sclerotinia rot) — Sclerotinia
sclerotiorum (Lib.) de Bary, gray rot — Botrytis
cinerea Pers. ex. Fr. and many others), seed
treatment with chemicals is commonly used.
Widespread use of pesticides in agriculture
is known [1] to have led to environmental
problems — environmental pollution and
deterioration of human health. The trend toward
production of healthy organic products has been
growing and requires the greening and
biologization of agricultural technologies. Papers
[2, 3] show that plasma has a sterilizing effect on
fungi, bacteria, and viruses. Its application does
not harm the natural environment, humans, or
animals, is more economically beneficial than the
use of chemical or natural fungicides, and
represents a promising direction for the greening
and biologization of agricultural production.

Cold plasma treatment has been evaluated
in various studies as a successful technology for
surface contamination and seed germination
stimulation [3, 4]. Our research has established
that low-temperature plasma has a
decontaminating capability, for which reason this
property needs more thorough investigation to
determine the optimal application parameters for
greening the preparation of field crop seeds for
sowing [5-8]. The effects of corona discharges on
the surface of winter wheat and barley seeds were
examined in our papers [6-8]. Exposure to
positive and negative corona has been shown to
reduce fungal disease infection in a number of
cases, which indicates that use of corona
discharges for grain disinfection can be
promising. This paper continues those studies
[6-8]. It investigates the impact of a negative
corona discharge on the overall infection level of
sunflower seeds. Such studies have not been
conducted previously, although the need to
explore methods for affecting fungi on sunflower
seeds was indicated in paper [1]. The choice of a
negative corona is based on experiments [6-8]
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which demonstrated that fungi are eradicated by a
negative corona more intensively than by a
positive one.

Experimental unit

This study utilized the same setup described
in papers [7, 8], which presents the schematic
diagram and photographs of the setup used to
study the effect of a corona discharge on fungal
diseases. It consists of a cuvette filled with the
substance under study and an electrical circuit.
The upper electrode assembly of 19 needles (with
a tip radius of 0.4 mm) was positioned 8 mm
above the grain surface. The space between
electrodes in the multi-electrode configuration
was 11 mm. The electrodes were under the
negative voltage. The cuvette was dielectric, with
a metal electrode at its bottom, cylindrical, with a
cuvette diameter of 90 mm, the treated area
equaled to 6400 mm?, and the cuvette height was
18 mm. To treat the substance in the cuvette more
uniformly, an electric motor was used to mix
grains in the vertical plane. The grain mass in the
cuvette was 70g in all cases. Grains in the
cuvette formed approximately 12 layers. Each
layer contained 98-100 grains, with a layer
weight of about 6 g. A DC power supply was
used; the voltage in the experiment varied within
U = 8-10kV, and the current varied within
I =20-100 pA.

Measurement results

The table presents data on the time
dependence of average parameters of the negative
corona discharge. The table shows that discharge
parameters changed during measurements, which
was due to the inconstancy of current and voltage
magnitude at the discharge. At the same time, the
amount of energy deposited into the grain
changed by an average of 30 % for treatment
durations of 3 and 4 hours.

Table

Time dependence of average parameters of the negative
corona discharge

Time 1h 2h 3h 4 h

Voltage, kV 8 8.7 8.7 8.6

Current, pA 6.5 8.3 9.1 5
Sunflower seeds were monitored for

inspection extent according to the procedures

developed by the Federal State Budgetary
Institution ~ “All-Russian  Center for Plant
Quarantine” FSBI “VNIIKR” and outlined in
their methodological recommendations 67-2021,
using the “Plant Disease Identification Guide”
[9]. Seeds were placed in Petri dishes sterilized in
an autoclave, with two layers of sterilized filter
paper moistened with water that had been boiled
for 30 minutes in a closed flask (or sterilized).
Seed germination was carried out in a thermostat
at a temperature of 22-23 °C. After 10 and 14
days, the infection of sunflower seeds was
determined using a microscope. Tests were
performed for all major fungal diseases of
sunflower. It was established that the seeds were
infected only with rust.

After the exposure during 180 and
240 minutes, the negative corona contributed to
complete disinfection of medium-sized seeds
(weight of 1000 seeds — 55.8g) of oilseed
sunflower from rust and had no effect on this
disease in large seeds (weight of 1000 seeds —
79.7g). Our experiment did not reveal any
provable effect of decontamination by cold
plasma on large sunflower seeds. This is most
likely related to the thickness of the seed coat and
the degree of seed plumpness (Seed
plumpness refers to the degree of its maturity and
filling, the completion of synthesis processes for
the substances constituting the mature seed). In
the case of small and medium-sized sunflower
seeds, their seed coat is thin and smooth, whereas
in the case the seed coat of large seeds is denser
and ribbed.

According to the results, plasma ions and
active particles generated in the corona discharge
do not manage to penetrate the thickened seed
coat of sunflower seeds during the treatment time.
Therefore, the treatment time or, correspondingly,
the setup power becomes important when the
corona discharge plasma is used. When small and
medium-sized sunflower seeds are treated, the
discharge voltage can be increased to 20-25 kV,
which would halve the grain treatment time.

Another important factor is the seed coat
thickness. The use of corona discharge plasma is
only effective in the case of thin seed coats.
It should be noted that our experience of working
with wheat and barley grain shows that the results
of treatment with a negative corona are better
than with a positive corona. This is primarily
related to the different molecular composition of
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the plasma, as in the negative corona plasma,
more negative atomic oxygen ions O~ and oxygen

significant reduction of their infection with rust
(Puccinia helianthi Schwein). As the exposure

atoms O are produced via dissociative sticking of  duration increases, the effectiveness of cold

electrons e to oxygen molecules O: plasma application improves. After the exposures
e+0,—>0+0) [10]. These particles during 180 and 240 minutes, the negative corona
are converted into ozone molecules Os led to complete (100%) disinfection of medium-
in the reactions O +0,—>e+03 wu sized sunflower seeds from the rust germ and had

no decontaminating effect on large sunflower
seeds. To use corona discharge for treating
sunflower seeds, varieties with a thin seed coat
should be selected. When considering the impact
of cold plasma on potato seeds, there is no
difference from treating sunflower grain and
potato seeds.

O + O2 + N2 — Oz + N2 [10], which enhance the
sterilizing effect of the grain surface.

Conclusion

The treatment of oilseed sunflower seeds
with cold corona discharge plasma contributes to
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The results of an experimental study of pulsed gas discharge in helium at atmospheric
pressure with ultraviolet pre-ionization of the gas in a ""mesh cathode — flat anode™ system are
presented. The voltage on the discharge capacitor was varied in the range of 3-14 kV. It was
found that the peak current value increases monotonically from several tens to ~1000 A with
increasing applied voltage, demonstrating an almost linear dependence of the peak current

value (Imax) on the applied voltage.
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Introduction

The study of physical processes in pulsed
gas discharges at atmospheric and higher
pressures is of significant interest from both
fundamental and applied perspectives,
particularly for the development of efficient
radiation sources in the VUV, UV, and visible
ranges, as well as for pumping gas lasers.
Substantial roles in the formation of such
discharges are played by gas pre-ionization
mechanisms, electrode system geometry, high-
voltage voltage pulse parameters, and working
gas medium properties.

The review by Osipov V. V. [1] outlines the
current state of research in the field of physics of
high-power electrical discharges capable of
exciting large gas volumes. The properties and
characteristics of self-sustained high-pressure
discharges are described. Experimental results
and physical models of their formation and
contraction are examined. The lower ignition
limit of a volume discharge is shown to be
associated with cathode instability. The
challenges in deriving a complete theory of

volume discharge are noted. One of the main
reasons for discharge contraction is the
development of explosive processes on the
electrode surfaces, ectons, a topic addressed in
the review paper by G. A. Mesyats.

The review paper by V. F. Tarasenko et al.
[3] summarizes data on diffuse and volume high-
pressure discharges with transverse pumping.
It emphasizes that the major difference between
them is due to the ignition mechanism: a volume
discharge requires pre-ionization and a uniform
field, while a diffuse discharge is enabled through
streamer-type breakdown and runaway electrons,
especially with a small electrode radius of
curvature.

The series of modern studies using high-
voltage pulses [3—7] have shown that the structure
and dynamics of the discharge channel depend on
the ionization history, field distribution, and gas
pressure. It has been established that, an
oscillatory current regime can develop due to
parasitic circuit inductance under certain circuit
and gas parameters [8-10], while the spatial
structure of the discharge can change from diffuse
to spark pattern.
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The previous studies [11-13] provide the
detailed analysis of electrical, optical, and
spectral characteristics of a pulsed discharge in
helium subjected to UV pre-ionization (solid
cathode, mesh anode). The paper [11] analyzes
the process of contraction of a volume discharge
in helium at the atmospheric pressure while the
initial experimental conditions are being changed.
The paper [12] reveals the features of the
emission spectrum of the gas under study and
electrode material’s spectrum under various
initial conditions: specifically, in the mode of
homogeneous burning of the volume discharge, in
the mode of transition from the volume discharge
to the spark channel, and in the mode of transition
from the volume discharge to the high-current
diffuse mode in the helium pulsed discharge of
high pressure. The paper [13] outlines the
experimental results of studying the emission
spectrum of the pulsed discharge in helium vapor-
gas mixtures of high pressure, where easily
ionizable impurities of electrode material vapours
(Fe, Al) appear due to sputtering of electrodes
subjected to ion bombardment. The electrode
material vapours were shown to have significant
influence on the discharge and largely determine
its spectral characteristics.

This paper presents the results of the
experimental study of a pulsed gas discharge in
helium at the atmospheric pressure subjected to
ultraviolet pre-ionization of gas in a “mesh
cathode — flat anode” system, and compares
experimental data to the calculations of the
equivalent circuit parameters.

Experimental Setup and Measurements

Figure 1 shows the schematic diagram of
the setup for studying the pulsed discharge in
helium. After capacitor Co was charged to 3-
14 kV, the voltage therefrom was applied to two
electrodes: a flat anode with radii ro =2 cm and a
mesh cathode, with a distance d = 1 cm between

them. Pre-ionization was performed with a spark
discharge.

A photo of discharge glow was taken using
mirrorless digital camera Sony Alpha A7 1lI
(ILCE-7M3B). The discharge voltage and current
were recorded using Tektronix TDS 2024B
digital oscilloscope with 200 MHz bandwidth,
low-resistance shunt R, and ohmic voltage

divider R1, Ra.

Ro C

=

K
S S,
Co S |:|R1

——
————

|

Fig. 1. Schematic diagram of the setup. Co - discharge
capacitor, Rb - ballast resistor, K — switch, S1 -
pre-ionization source for the switch’s gas medium,
S — main discharge gap, Sz - pre-ionization source
for the main discharge gap (Ro=3002, Ri=21.3kQ,
R2=50 2, C=4 nF, Co =15 nF)

Results of Studying the Aperiodic Discharge
Characteristics

Figure 2 shows the oscillograms of the
current discharge in the aperiodic current
conduction mode for two values of the voltage
applied. In the aperiodic mode, the current pulse
shape changes depending on the voltage applied,
which indicates a complex dynamics of processes
in the discharge gap. At low voltage values Uy,
the current pulse is bell-shaped, while at high
values of the field applied, oscillations can be
seen.
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Fig. 2. Characteristic oscillograms of the discharge current in the aperiodic current conduction mode at pressure

p=3atmandRp=2 Q: a) — Uo=8 kV, b) — Uo= 11 kV

As the gas pressure increases, the current
amplitude decreases (see Fig. 3b) along with
concurrent increase in the duration of the
discharge current flow. Where a spark channel
develops against the background of a volume
discharge, two characteristic maxima appear on
the current oscillogram (Fig.2b). The first
corresponds to the formation of the volume

1000

discharge, and the second — to the transition into a
spark channel.

As the voltage amplitude grows from 3 to
14 kV, a linear growth in the peak current value
from tens to hundreds of amperes can be seen
(Fig. 3a, b). Moreover, the peak current value
increases as the ballast resistance decreases.

300

250

200

150

Imax: A

100+

b)

Fig. 3. Amplitude values of the discharge current in the aperiodic mode in various experiment conditions: a)

Ro=2 0, p=1atm, b) Ro=52 2, p =1 atm and 3 atm.

Figure 4 shows integral images of discharge
glow in the aperiodic mode at Rv=2 Q. The
lower electrode is mesh (cathode), the upper one
is solid (anode). As can be seen, a volume
discharge, which is a collection of diffuse
channels attached to the cathode, is formed at the

voltage of 3 kV under conditions of gas pre-
ionization. As the gas pressure increases and at
higher voltages, diffuse channels, that is
localizations of current in the form of bright
narrow channels, primarily near the mesh
cathode, may appear. Starting from 7 kV, at the
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atmospheric pressure, bright luminous spots

develop on the anode. As voltage Uo=> 8 kV
increases, the spark channels can be seen to
develop, both from the cathode and anode; the
channels can overlap each other, while the
number of anode spots increases. The
characteristic diameter of the channels, when
estimated by the glow, is about 0.6-0.7 mm.
When the pressure is increased to 2
atmospheres, a significant number of current

7 kV, 1atm

3kV,1atm

I

channels are observed, which are mainly
concentrated in the central part of the discharge
gap. At high voltages, one pronounced spark
channel with a diameter of about 2 mm forms
against a background of numerous diffuse
channels. The spark channel is smaller in
diameter at the pressure of 2 atm than at the
atmospheric pressure. This effect is apparently
related to the enhancement of self-contraction
under conditions of increased gas density.

8 kV, 1 atm

10 kV, 1 atm

12 kV, 1 atm

14 kV, 1 atm

Hu.‘.

Py

3kV, 2 atm

10 kV, 2 atm

12 kV, 2 atm

8 kV, 2 atm

14 kV, 2 atm

Fig. 4. Integral images of discharge glow (aperiodic mode) at Rn=2 Q

As it was mentioned above, minor
oscillations could be observed on the oscillogram
as the applied voltage increased (Fig. 5).

Tek LI M Pos: 186.7us
‘.

M 500ns
20-Mar-25 16:51

Ext ™ 152mY
<10Hz

Fig. 5. Characteristic oscillograms of the discharge
current: p=1atm, Uo=8kV,Rp=2 Q

The presence of the oscillatory mode allows
for the discharge gap to use a closed RLC circuit
with resistance Rgq, inductance Lq, and capacitance
Cq, where current oscillations | are described by

the expression: I (t)=1,e" cos(wt), where t is

. 2 . A .
time, o= o, -8 :?n, T is oscillation period,

is current amplitude, 8=2R—d,

d

1 . .

W, = . Conditions of oscillatory mode

°JLC,
presence  are
RIC,

4
If oscillations begin after a certain distance
in the switch is reached, it can be assumed that
effective inductance Lq of the circuit under study

determined by inequation:

Ly, >
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increases with the growth of the switch's
interelectrode gap. This is qualitatively
consistent  with  experimental observations.
All other conditions being equal (values of R, and
Uo), the aperiodic mode transitions to the
oscillatory one when the switch's interelectrode
gap increases.

It should be noted that damping coefficient
d is determined by the ratio of current amplitudes

with an interval equaling to one period,
In(1,/1(T
i.e.S:M. The results in 5~ 1ED
T T
Therefore, we get o=w, from definition
o= /0,> -8 :%.
In accordance with the previously

calculations [11], the electron concentration in the
discharge gap in the diffuse mode at the

atmospheric pressure is at a level of n, ~10%° m,
which gives the discharge gap resistance
R, ~(nrlenu )'d ~5 Q, where e is electron

charge, ne, Lle are concentration and mobility,
u, ~0,1 m%(s-V) at the normal gas density
[14, 15].

As the effective capacitance value, we take
the capacitance of the discharge capacitor

Ca= Co=1.5x108 F. This assumption is justified
by the fact that discharge gap capacitance
C, ~ gonty /d ~1 pF and plasma capacitance
C, ~ 2ng,d ~0,6 pF are much smaller than Co.

Then, in accordance with the definition of &, we
find the L, :iz0.84 uH.

2In(11)
From graph 2b, we see that the oscillation period
IS 0.8 us, then for the inductance we obtain

inductance:

2
L, :[lj /C, =1.1 pH. The value of Lg in the
2n

equivalent circuit proved to be quite large, which
is apparently due to the parasitic inductance of
the setup. The plasma inductance is quite small:

L, ~P;Ld:2 nH (uo is the magnetic constant)
e

compared to Lq. Meanwhile, a connecting wire
with length | =1 m and radius r =1 mm has an

inductance of L, ~ z—olln(ljzlA uH, which is
r

T
comparable to the estimates of Lg.

Thus, while the presence of parasitic
inductance leads to current oscillations, it also
allows obtaining a diffuse discharge in helium at
the atmospheric and higher pressures with the
time over 1us, which can be used in gas-
discharge applications.

Conclusion

Thus, under conditions of gas pre-
ionization in the range of 3-14 kV and ballast
resistance of 2 Q in helium at the atmospheric
pressure, two discharge burning modes have been
identified: oscillatory and aperiodic. It has also
been found that the interelectrode distance in the
switch determines the transition from the
aperiodic to the oscillatory discharge burning
mode. The aperiodic current conduction mode is
characterized by almost linear dependence of
discharge peak current Imax oOn the voltage
applied, with typical current values ranging from
tens to approximately ~1000 A. Increase in gas
pressure from 1 to 3 atm leads to decrease in the
peak current value. Optical diagnostics show that
a diffuse volume discharge forms at 3 kV, while
starting from 7-8 kV, localized current filaments
with a diameter of 0.6-0.7 mm appear, their
number increasing with voltage. However, a
single bright spark channel can be observed at
14 kV.

Based on this experimental fact and
analysis of the conditions for discharge current
oscillations to exist, the interelectrode distance in
the switch has been proposed to determine the
inductance value in the equivalent RLC circuit.
The effective inductance of the setup under
consideration was determined based on current
oscillograms.

The established patterns allow for the
targeted selection of circuit parameters
(capacitance, ballast resistance, length of
connecting buses) to suppress oscillations in the
single-pulse current mode, which is critical for
pumping VUV/UV lasers and other plasma
applications requiring high peak energies without
subsequent dampening.

The work was carried out with the financial support of
the Russian Science Foundation
( project No. 25-22-20090).
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For the first time, the possibility of controlling the direction of propagation of an electric
discharge channel in water by creating local zones of increased conductivity that arise in the
"trace™ of a table salt crystal moving in water has been demonstrated. A directed discharge
was obtained in water with an electrical conductivity of 350 4S/cm under the action of a
millisecond-duration pulse voltage with an amplitude of 7 kV in an 8 mm interelectrode gap.
The effect consists in the discharge channel changing its direction of propagation when it
encounters the "trace' of a sinking crystal, i.e. normal horizontal (relative to the direction of
gravity) propagation from the anode to the cathode is replaced by directed vertical propagation
along the "'trace™ with increased conductivity due to the gradual dissolution of the crystal.
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Introduction

A directed electrical discharge occurs in
cases where the medium through which it
propagates features a spatial non-uniformity of
electrical strength associated with local additional
charge carriers. Such non-uniformities can exist
in the medium in a stationary state or be created
for a certain period immediately before the
electrical discharge channel propagates.

An example of such stationary non-
uniformity in electrical conductivity can be
vertical stratification of soil composition, which
determines the mode and efficiency of grounding
system operation [1], amplitudes of electric and
magnetic fields generated by a lightning
discharge [2], as well as transient voltage [3] and
current characteristics [4].

Either quasi-stationary or short-term non-
uniformities (of density, conductivity) can occur
in gases due to strong diffusion compared to
solids. Examples of such non-uniformities
include shock waves and rarefaction waves,
where changes in density act as a kind of “gas-

dynamic diode” for streamers [5]. For some types
of discharges, a time-constant spatial distribution
of density can be obtained using acoustic pressure
fields [6], which leads to the possibility of
stationary control over the position and shape of
the discharge channel. However, the authors of
paper [6] note that the channel's path cannot be
influenced for other types of discharges due to the
effects caused by temperature (density) gradients
prevailing over acoustic pressure. An example of
a short-term impact is laser pulsed heating of the
gas in the interelectrode gap along the beam path,
along which an electrical discharge propagates
after that [7]. The guiding action in this case is
associated with decrease in density and increase
in the mean free path in the gas after laser
heating. If the energy density exceeds a certain
value, optical breakdown is possible in the form
of individual plasma initiation sites along the
radiation path [8]. Active lightning protection
systems based on these phenomena are being
developed [9].

Directed electrical discharge in water plays
a significant role in electrohydraulic technology
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for processing various materials through pulsed
high-pressure impact and electrochemical effects
[10]. Its essence lies in conversion of electrical
energy into mechanical energy via rapid energy
release in a thin discharge channel, followed by
fluid motion and formation of shock waves. The
efficiency of this conversion depends on many
parameters — current pulse amplitude, distance
between electrodes, duration and steepness of
pulse fronts, shock capacitance magnitude, and
others. However, the primary and most
significant factor is the need to obtain long (and
ultra-long) discharge channels, which is quite
difficult due to the ionic conductivity of water. To
solve this problem, the author [10] proposed a
method of electrical (thermal) explosion of a
conductor, typically a wire, which was initially
connected to the electrodes and determined the
direction of the future discharge channel when a
high-density current was passed through it. The
same author proposed an alternative method of
directed radiative (including laser) exposure,
where the current propagates along a channel
with lower density, which occurred as a result of
radiation propagating through the fluid.

As a new method for creating a region of
preferential discharge channel development in
water in the form of a local zone of increased
conductivity, the motion of a salt crystal within
the interelectrode gap is considered. The method
essentially consists in gradual dissolution of the
crystal as it moves and a trail is formed behind it
with a locally increased concentration of salt ions
(i.e., with increased electrical conductivity). This
approach, on one hand, does not require
mechanical repositioning of a wire, as in the case
of its electrical explosion, and on the other hand,
does not require additional equipment, as in the
case of breakdown guided by laser radiation.
Using salt also prevents of contamination of
electrodes, which occurs when parts of the
exploded metal conductor are welded onto them.
An additional advantage is the relatively long
lifetime of the trail as compared to the discharge
duration, which makes it easier to synchronize
introduction of the crystal into the discharge gap
and apply the voltage pulse.

The aim of this paper is to obtain a directed
discharge in conductive water under the influence
of a millisecond-duration pulsed voltage using
common salt crystals.

Experimental Setup and Methods

The study uses the setup described in paper
[11] and modified according to the purpose of the
study. Distilled water was poured into a
transparent acrylic container (1 in Fig. 1). Below
the water level, electrodes were placed — a
pointed high-voltage electrode (2) and a
cylindrical electrode (3) made of a tungsten rod,
which were positioned 8 mm apart from each
other. The lateral surfaces of the electrodes were
insulated from the water, except for the working
ends. The water level in the container was such
that it completely covered the electrodes, while
the distance from the water surface to the surface
of the high-voltage electrode was about 1 cm.
This relatively small distance allows common salt
crystals to reach the interelectrode gap at a
constant speed, as their diameter changes
insignificantly during dissolution. As the
visualization results suggest, this ensures the
formation of a trail of practically constant
diameter. The crystal falling through the water
leaves a thin trail in the form of an extended
region of increased conductivity due to the partial
dissolution of the salt (see Fig. 1) as a dashed line
near electrode 2.

To visualize the process of high-
conductivity trail formation, an optical scheme
based on the shadowgraph method is used, which
is sensitive to local changes in fluid density due
to the partial dissolution of the crystal.
Luminescent LED 4 and converging lens 5 create
a parallel light beam illuminating the area near
the high-voltage electrode. High-speed digital
video camera 6 equipped with long-focus lens 7
continuously records the shadow pattern near the
tip of electrode 2 with a spatial resolution of
95 um/pixel. The video camera records the
process into memory and, when started, sends a
synchronization pulse to the trigger inputs of pulse
generator 8 (“TRIG”) and oscilloscope
(“Ext/10”). After that generator 8 produces a
trigger pulse for high-voltage switch 10, with a
duration of about 1 ms. Switch 10, without delay
(rise time ~0.1 ps), switches the high voltage
from battery C charged through ballast resistor Ry
(1 MQ) by high-voltage source 11 up to 7 kV, via
limiting resistor Ry (5kQ) to the high-voltage
electrode.

To correlate the frame number of the
cinegram with the moment of high-voltage
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application, the F_SYNC signal from the video
camera corresponding to the start of exposure for
each frame is sent to channel 1 of oscilloscope 9,
and the signal from generator 8 is sent to
channel 2. Additionally, the signal from high-
voltage divider 12 (1:1000) connected to high-
voltage electrode 2, is sent to channel 3 of the
oscilloscope, and the voltage from current shunt
Rs for measuring the circuit current is sent to
channel 4.

Results and Discussion

Figure 2 shows photographs of the
discharge gap at various moments after applying
the voltage from capacitor C charged to 12 kV.
The charging voltage was chosen so that, the gap
would not short-circuit to plasma channel during
discharge in the absence of salt trails. The state
of the gap at the moment of voltage application is
shown in frame #0. Trajectories of a group of
moving crystals can be seen near the anode tip as
bright filaments with dark edges, along with two
crystals found closer to the cathode and appearing
as dark dots with a diameter of about 0.4 mm,
which remain practically stationary during the
1 ms pulse duration. The discharge development
begins at the anode tip, where within the first
80 us, water is heated, and a vapour-gas region
stretching toward the cathode is formed (90 ps,
#2). As soon as it reaches the nearest trail, the
plasma of the discharge channel begins to glow
more intensely, and its shape becomes T-shaped.
From this moment on, the channel changes its
direction of propagation and moves vertically
along the crystal's trajectory, simultaneously
upward and downward. The symmetry of the
channel's propagation is indicative of medium's
similar parameters, including conductivity within
the trail, both along and against the crystal's
motion direction. The channel growth rate was
calculated between frames #3 and #4 and equaled
to at least 7 m/s, which is characteristic of the
thermal breakdown mechanism in conductive
water [12]. Further development of the vapour-
gas region, where channel (#5-#7) is located,
occurs due to increase of its diameter with only
minor elongation. Its structure maintains
symmetry relative to the horizontal plane passing
through the electrode axis. Simultaneously, the
initial vapour-gas region, whose shape is close to

spherical, develops. A characteristic feature of
the structure is the conical shape of the channel
vertices with an angle of about 60°. At later
stages of breakdown development, a second
plasma region is initiated from the catode. It is
associated solely with thermal processes near the
surface without salt crystals being involved.
By the end of the voltage pulse, the vapour-gas
region and the discharge channel at the anode
lose their initial structure and exist as a unified
region.

‘®

226 pis, #5

135 ps, #3

4

181 ps, #4

1044 ps, #23

Fig. 2. Photos of the discharge gap during development of
electric discharge in water guided by the trace from the
sinking sodium chloride crystal. Exposure time 0.9 us
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Fig. 3. Oscillograms of values normalized to their initial
values (t = 0): voltage (U), current (I), resistance (R),
power (P), and absolute value of dissipated energy (E)
across the discharge gap during propagation of the
directed discharge in water. [Uo, lo, Ro, Po]=[5.1 kV, 1.3 4,
3.9 k2, 6.6 kW]. Dashed lines indicate the exposure
moments of frames with corresponding numbers shown
above the lines. Point A (80 us) is the beginning of plasma
formation at the anode tip; Point B (840 us) is the
beginning of plasma formation at the cathode.

The oscillograms of voltage, current,
resistance, and dissipated power exhibit
characteristic segments reflecting the phenomena
observed in the photos. In the segment from 0 pus
to point A (Fig. 3), 80 us, water is heated near the
anode tip and a vapour-gas region is formed.
At point A, plasma formation begins within the
formed vapour-gas region. This is accompanied
by current increase due to the growing
conductivity within this region and overall
contact area with the surrounding liquid.
The main current growth and decrease in the
overall gap resistance occur at the stage of
channel propagation along the crystal's trajectory:
additional 20% drop of resistance from the initial
value takes place between 90 and 135 ps. After
the discharge ignites at point A, the power
required to sustain it decreases, and the overall
gap resistance continues to fall. However, this
trend reverses into resistance increase as it
approaches point B (840 us). This is most likely
associated with the growth of the vapour-gas
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One of the unsolved problems in the physics of active matter is providing an analytical
description of the mean square displacement of an active Brownian particle in a harmonic trap
that takes into account the particle's translational and rotational inertia. Solving this problem
is relevant because inertial effects can play a significant role in a number of experiments and
applications involving active particles. Within the framework of an active Brownian particle
model with translational and rotational inertia, an analytical expression describing the
evolution of the mean square displacement of a particle in a harmonic trap has been obtained.
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Introduction

Active matter is a special form of “soft”
condensed matter, which represents a dispersion
medium containing finely dispersed active
particles. Despite their simplicity and lack of
moving parts, such particles (also called nano-
and micromotors) can autonomously convert
environmental energy into directed motion [1-3].
Systems of such particles are of great interest for
statistical mechanics and materials science and
have numerous promising applications, from
purely technical to biomedical ones. Synthetic
active particles are ideal building blocks for the
dynamic  self-assembly of new-generation
functional microstructures capable of performing
specific tasks autonomously and in a targeted
manner. Colloidal active matter is promising in
the context of developing new materials with a
"programmable" response. Applications related to
biochemical analysis, substance separation,
collective cargo delivery, and energy utilization
from chaotic motion are also being developed
[1,2].

One of the wunresolved fundamental
problems in active matter physics is the analytical

description of the mean square displacement,
MSD(#), of an active Brownian particle in a
harmonic potential, taking into account both the
translational and rotational inertia of the particle.
Solving this problem is of high relevance due to
numerous experiments with active particles where
inertial effects can play a significant role [4-9].
At present, the problem has been solved only for
a number of specific (limiting) cases, namely:
MSD(f) of an inertia-free active Brownian
particle in a trap [10-15]; MSD(#) of an active
Ornstein-Uhlenbeck particle with translational
inertia in a trap [16, 17]; MSD(¥) of a free, fully
inertial active Brownian particle (with both
translational and rotational inertia) [18, 19]; and
MSD(at ¢ = o) of a fully inertial active Brownian
particle in a trap [20].

This paper is the first to derive an exact
analytical expression describing the evolution of
the mean square displacement, MSD(¢), of a fully
inertial active Brownian particle in a harmonic
trap.

Basic Equations

Within the model of an active Brownian



36

Applied Physics, 2025, No. 6

particle with translational and rotational inertia,
the two-dimensional motion of a spherical
particle (with mass M and moment of inertia J) in
a harmonic trap (characterized by frequency o)
projected onto an arbitrary X-axis is described by
the following equations [18-20]:

M (t) = —v,Mx(t)+ F, cos(¢(t))-

~Moix(t)+F,

b(t)=—v,(b()+y2DC (). @

where v, and v, are damping coefficients for the

(1)

translational and rotational motion of the particle
in a viscous medium; F, is active (propulsive)
direction 1is

force, whose determined by

orientational angle (I)(t) measured from X axis;
FEEX) is x component of the Brownian force
D, =T/(vJ) s
rotational diffusion coefficient (here, 7' is the

medium temperature expressed in energy units);
and (, is Gaussian white noise with zero mean

(“translational”  noise);

and unit variance.

In the stationary state, the time-dependent
mean square displacement of the particle along X
axis is defined as

MSD(t) = ([ x(t)-x(0)]} =
= 2<x2>—2<x(t)x(0)>,

where <x(t) x(0)> is auto-correlation function of

€)

the particle position. Note that MSD (o0) = 2<x2> .

Since the “translational” and “rotational” noises
do not correlate, MSD(#) can be written as the
sum of two terms: the first term is the well-
known Uhlenbeck—Ornstein formula for a passive
Brownian particle [21], and the second term is the
result of the contribution from the active
(propulsive) force. Here, we intentionally disable
the translational noise (setting F; =0) to focus
on studying the contribution of the active force.

According to the Khinchin—Kolmogorov
theorem, the autocorrelation function of the
particle position can be written as

(dOx(0))= 5= [ H? ()5 (0)do, @

where  H(w)=(F,/M )/((DS —o’+ ivtw) is

transfer function, and S(w) is power spectral
density of the process COS((I)(t)). For a

stationary process, the power spectral density is
written as the Fourier transform of the
autocorrelation function:

S(w)= ZIcos(wt)<cos(¢(t)) cos(¢(0))>dt, (5)

where the autocorrelation function looks as
follows [19, 20]

<cos(¢(t)) cos(¢(t))> =

6
:%exp[—&(vrt—ljte‘“)}. ©

\z:

Results and Discussion

Integrating equation (5) after expanding the
autocorrelation function (6) into a series allows
deriving the power spectral density of the process

COS((I)(t)) in the stationary state:

S(m):eo,/v,i(—Drn:vr) D, +mv, o)
m=0

I (D, +mv,)* +o°

Substituting transfer function H (0)) and
expression (7) into equation (4), and applying the
residue theorem, we obtained the following
formulas.

For non-oscillatory particle motion in the
trap (o, /v, <1/2),

vt - . (8a)
2 Qt -Qt
e [C.Ge™+C Ge™ |+ |
+e ™ [C,F (t)+C_F,(1)]
where V,=F,/Mv, is the
velocity of the particle, which is calculated from

the formal balance of active and dissipative forces
in the absence of translational and rotational

noises; a=v,/v,, £=D,/v,, C,=1+0,5v,/Q,

self-propulsion
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C =1-0,5v,/Q, Q=\V?/4-02,
G, =&"y(a;.&)+&"y(b;.¢) and F,(t)=

=2 (t)y(a;,2(1) -2 (v (by.2(1)),

a, =&+io; /v, b =E—io /v, z(t)=g",

here

wy, =—iv, [2+iQ, a Y(S, Z) =Iys’le*ydy is the
0

lower incomplete gamma function.

In the oscillatory motion regime
(O)O/V1>1/2),
Viae®
t)x(0))= 2
(x(t)x(0)) = =5 5
u (Re[Gz]+2v—£zlm[Gz]jcos(Qt)+
¢’ +| (8b)

N +(2V_Q Re[G, ]~ Im[Gz]jsin(Qt) ,

+e Ot (Re[F2 (t)]+2V—£2 Im[ F, (t)]j

where Re[...] and Im[...] are real and imaginary

parts of complex functions, and Q= iQ.
In the stationary state at =0, function

<x(t)x(0)> describes the mean square position

of the particle relative to the trap center:

<X2>=V020ce5 {Q Y(ai'é)+C y(aiz,z“;)} for

4og S -
®,/v,<1/2, (%a)
and
<x2>: Vozafg {Re{y(aj’a)}+LIm{—y(ai’é)}}
20, g™ 2Q &
for w, /v, >1/2. (9b)

Now, to calculate the evolution function of
the particle's mean square displacement in the
stationary state, MSD(t), it is sufficient to
substitute (8)—(9) into (3).

It is important to note that equations (9a)
and (9b) coincide with those previously obtained
in paper [20] and verified against the numerical
simulation results. It can also be easily shown
that when v, — o0, equation (8a) reduces to the

known autocorrelation function <x (t)x (0)> Aoup

for the active Ornstein-Uhlembeck particle
model, which is often used for the approximate
description of active Brownian particle dynamics
with only translational inertia considered [16, 17].

When o, =0, the expression for MSD(t) can be

reduced to the formula derived in paper [19] for a
free, fully inertial active Brownian particle. The
listed facts confirm that the formulas derived in
this paper are correct.

With high trap frequency (o, >) at
times t> w,', the expression applying to
particle's MSD(t) and described by formulas (3),

(8b), and (9b), becomes significantly simpler and
can be represented in terms of elementary
functions:

MSD(t) ~ MSD(0)x

X{l—exp[—%(vrt_l+e—vrt )}}’ (10)

r

where

MSD(oo):(V%;)Z.

)

An interesting feature is the absence of
oscillations in formula (10), which are specific to
the mean square displacement evolution for both
passive particles [21] and active Ornstein-
Uhlenbeck particles [16]. The figure shows

normalized MSD(t) for a spherical active
particle with D, /v, =1
®, / v, =1000. For comparison, MSD(t) for the

active Ornstein-Uhlenbeck particle (AOUP) with
®,/v,=1000 and without considering the
particle's rotational inertia is added to the figure.
It is easy to see that within a strong trap,
MSD() of a fully inertial active particle does

Brownian and

not depend on v;, and therefore, on particle's
rotational  inertia.  Furthermore, ~MSD()
coincides with the mean square displacement of
the active Ornstein-Uhlenbeck particle [16] when
tv,>1 and D, /v, <1. The latter is true, for
example, for a particle with a radius of ~1 pm in
a gas at a pressure of ~1000 Pa or higher.
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Normalized mean square displacement of an active
particle at wov/'vi = 1000 as a function of time. The thick
solid line represents the fully inertial model with
D./vi = 1; the thin solid line represents the AOUP model
without accounting for the particle's rotational inertia.

Conclusion

Analytical expressions describing the
evolution of a particle's mean square
displacement in a harmonic trap have been
derived for the first time within the framework of
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Silicon-carbon films were prepared by electron beam evaporation of silicon carbide in
nitrogen, oxygen, helium and propane. Electron beam was produced by electron source with
plasma cathode. The resistivity, conductivity activation energy, optical band gap as well as
element content of silicon-carbon films obtained at different temperatures were measured. It is
shown that a change in the films properties with the deposition temperature correlates with a

change in the ratio of elements in the films.
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Introduction

Silicon-carbon (SiC) films, i.e., films made
of silicon carbide containing additional elements
such as oxygen, nitrogen, and hydrogen, are used
for passivating contacts of silicon solar cells
[1, 2] and also as a material for solar cells [3].
This promotes the interest in the electrical
properties of such films. Among multiple
methods for depositing silicon-carbon films, a
specific place is occupied by vacuum methods,
and in particular, electron beam evaporation.
The advantages of this method compared to
traditional plasma-chemical deposition include a
relatively high deposition rate (up to several
micrometers per minute), ability to deposit at low
(down to room) temperatures of a substrate, and
absence of toxic organometallic compounds.
In papers [4-6], silicon carbide was evaporated
using thermionic electron guns, which imposes
limitations on both the range of operating
pressures and the ability to evaporate material in
reactive gases. This paper utilizes an electron
source with a plasma cathode [7], which provides

operability in various gases at pressures within
the range of wunits to tens of Pascals.
As some papers [8-10] emphasize, the electrical
and optical properties of silicon-carbon films are
largely determined by deposition conditions.
Films deposited by the plasma-chemical
deposition method with plasma generated by
radio-frequency discharge feature the activation
mechanism of electrical conductivity with
activation energy Ea=0.1-09eV [8], which
increases as the power input into the discharge
grows. At the same time, the resistivity also
increases within the range of 10>-10° Q-cm. The
paper authors report that the increase in power is
accompanied by a change in the Si/C atomic
concentration ratio from 9 to 2.3, i.e., by
elimination of excess silicon. Films deposited by
reactive magnetron sputtering of silicon in
methane [10] have the resistivity ranging from
1.3x10° to 9.4x10°Q-cm and the activation
energy of 0.16 to 1 eV with the methane flow rate
increasing. At the same time, the deposition rate
decreases from 30 to 12 nm/min, and Si/C atomic
concentration ratio also decreases from 2.5 to
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0.17. It should also be noted that optical band gap
Eg grows from 1.7 to 2.7 eV. Only one paper [4]
is devoted to studying the electrical conductivity
mechanism of the films deposited by electron
beam evaporation. As indicated in paper [4],
the film resistivity exhibits non-monotonical
dependence on the deposition temperature in the
range of 300-575 K, while the activation energy
is0.16 eV.

According to paper [5], the resistivity of
thin silicon carbide films generated by electron
beam evaporation does not depend on the
deposition temperature. Both in [4] and [5], the
composition of the gas environment in the
vacuum  chamber was not controlled.
These results call for further studies of the
electrical properties of silicon-carbon films vs.
the deposition temperature and gas environment
composition during electron beam evaporation.

The purpose of this work is to study the
electrical and optical properties of silicon-carbon
films deposited by the electron beam evaporation
of silicon carbide in various gases vs. the
deposition temperature.

Experimental technique and methodology

The experiments were conducted using the
electron beam evaporation setup described
previously in paper [11]. The stainless steel
working chamber housed a black-lead crucible
with a target sintered from silicon carbide
powder, and three substrate holders with
individual heaters equipped with thermocouples
for measuring the deposition temperature Tgep.
The substrate holders were shielded by motorized
shutters. Optical measurements were performed
using SF 2000 spectrophotometer for the films
deposited on quartz substrates. Polycore plates
sized 15x20 mm and 1-mm thick were used as
substrates for electrical measurements. Copper
strips 1 mm wide were pre-deposited onto the
substrates by vacuum evaporation.

The substrates were placed in the substrate
holders, and the working chamber was evacuated
using a mechanical pump to a pressure of 1 Pa.
After this, the working gas such as nitrogen,
oxygen, helium, or propane was injected into the
chamber, followed by purging during 10 minutes
with simultaneous heating of the substrate
holders. At the operating pressure of 4 Pa, the

electron source was activated, and emission
current le and accelerating voltage U. were
gradually increased until evaporation of the target
began. After the operating parameters of
le = 90 mA and U, = 11 kV were reached, the
shutters were opened, and films were deposited.
The process ended by switching off the electron
source. After being cooled, the substrates were
removed from the chamber and placed in the
thermal evaporation setup, where copper strips
were deposited perpendicular to the lower ones.
The capacitor structures prepared this way were
placed in a temperature-controlled space, and
current-voltage characteristics were measured at
different temperatures. Current was measured
using F 195 instrument (Russia). Film thickness
was determined using MII-4 interference
microscope (LOMO, Russia). Based on these
measurements, the resistivity was calculated.
The elemental composition was determined using
TM-1000 scanning electron microscope (Hitachi,
Japan) equipped with EDS-SWIFT energy-
dispersive  spectroscopy attachment (Great
Britain).

Experiment results and discussion

The current-voltage characteristics of
metal-SiC film—metal structures exhibited a
linear pattern. The slope of the characteristics
changed as the measurement temperature
changed. Resistance was determined based on the
value of derivative dU/dl at U = 0 [12]. The
curves of resistivity p of the films deposited in
different gases (Fig. 1) show a decrease of p as
the deposition temperature increased. Moreover,
the highest resistivity was demonstrated by the
films deposited in oxygen and propane.

The logarithm of film resistance features
the linear dependence on the reciprocal
temperature, thus indicating the conductivity
activation mechanism. Conductivity activation
energies FE,, determined from the slope of the
straight lines are shown in Fig. 2a. As is seen, the
values of FE, also decrease as the deposition
temperature increases. The nature of the derived
curves correlates with the behavior of optical
band gap Eg, derived from processing
transmittance spectra in the visible region using
Tauc coordinates [13] (Fig. 2b). It is worth noting
that the values of £, and Eq differ significantly.
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Fig. 2. Values of activation energy E, (a) and optical band gap Egq vs. deposition temperature Tdep in different gases

Parallel measurements of film composition
allow for some assumptions regarding the reasons
for the change in resistivity depending on the
deposition temperature. Temperature increase
causes a rise in the relative silicon content
(Fig. 3). This result agrees with the data presented
in papers [4, 6] where decreased atomic
concentration ratio Si/C is recognized as the
primary cause for the increase in Eg and Ea
values. It should be noted, however, that in our
case, oxygen plays a certain role. Its content
changes only slightly as the deposition
temperature increases; consequently, the Si/O
ratio increases as well with the rising deposition
temperature. The reason for the increased silicon
content with temperature is likely due to a faster
decrease in the adsorption of gas molecules and
carbon atoms compared to silicon atoms.
An argument in favor of this assumption is the
higher adsorption energy of carbon compared to

silicon, and therefore a stronger dependence of its
adsorption on temperature [14]. Furthermore,
since carbon monoxide is a gas, the interaction of
carbon with oxygen as the temperature grows also
contributes to decreased carbon content in the
film, as the gas is carried away into the pumping
system. Resistivity values of the deposited films
allow them to be classified as semiconductor
materials. The relatively low activation energy
indicates that the film material has properties
differing significantly from those of crystalline
silicon carbide. This is also evident during the
analysis of optical transmittance spectra. The Eg
value determined from these spectra and lying
within 2-3eV (Fig.2b) is in reasonable
agreement with the values of this parameter for
crystalline SiC. The difference observed between
the values of Eg and Ea can be explained by the
fact that donor-type impurity levels [15] are
assumed to be present within the band gap of the
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films, with a depth corresponding to the measured
Ea values. These levels can be caused both by
impurities, namely hydrogen and oxygen, and by
the amorphous structure of the film. The latter
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assumption is quite probable because the known
papers [8-10] devoted to the electrical properties
of silicon-carbon films report Ea values equaling
to the deciles of electronvolt.

Fig. 3. Composition of the films deposited in different gases vs. deposition temperature Tep

Conclusion

The measurements performed are indicative
of the conductivity activation mechanism for
silicon-carbon films produced by electron beam
evaporation of silicon carbide in different gases.
The activation energy value ranges from 1.0-
0.1 eV depending on the gas type and decreases
as the deposition temperature increases. The
resistivity of the films is 102-10° Q-m and tends
to decrease with the increasing deposition
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Polyamide membranes modified with boron nitride nanoparticles were studied for silver
nanoparticle filtration. Atomic force microscopy revealed the formation of ordered
nanolayers (particle size ~20 nm, roughness 24 nm). Raman spectroscopy confirmed the
formation of chemical bonds while preserving the polyamide structure. The modified samples
exhibited a high transmission coefficient (97-98%), exceeding that of the unmodified fabric
by 35%, which is consistent with molecular dynamics simulation data. The obtained results
demonstrate the potential of using modified polyamide membranes for efficient silver

nanoparticle filtration.

Keywords: boron nitride; polyamide fabric; Langmuir films; magnetron films; membranes;

nanoparticle filtration.

DOI: 10.51368/2949-561X-2025-6-45-

Introduction

Filtration of colloidal solutions of metal
nanoparticles, such as Ag, Au, Pt, Cu, Fe, and
others presents a particular challenge in various
applications of nanomaterials due to aggregation
and interaction of the solutions with surfaces of
filtering materials [1]. Polyamide membranes in
filtration systems have found widespread use due
to their availability, mechanical strength,
stability, and  durability in  aggressive
environments [2]. Modifying polyamide with
nanoparticles of boron nitride (BN) featuring
unique properties [3] enables the formation of
ordered nanoporous structures with low
hydrodynamic  resistance =~ and  increased
throughput, partly due to their resistance to
swelling [4, 5]. Thus, paper [6] shows that
introducing 5 wt.% BN into polyamide increases
the average pore size from 50 nm to 80-100 nm
and overall porosity by 15-20 %, creating
branched nanochannels that enhance filtration

rates by 25-30 % [7, 8]. Incorporation of 3 wt.%
BN reduces water flow resistance by 40%
compared to unmodified polyamide [9], while
introducing 5 % BN halves water absorption [10].

This reduces swelling, prevents pore
clogging, and deformation of membrane cells,
thus ensuring long-term stability of characteristics
[7, 9]. Thus, modification of polyamide materials
with boron nitride improves their throughput and
operational stability.

This paper is aimed to research the features
of filtering a colloidal solution of silver
nanoparticles through PA6 fabric modified with
boron nitride nanoparticles by the Langmuir-
Blodgett method and magnetron sputtering.

Materials and Methods

Two methods were used to deposit
nanofilms of boron nitride nanoparticles onto
polyamide fabric (PA 6) with a thread diameter of
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~400 um, which consists of hundreds of thin
filaments and has a smooth mesh surface. The
Langmuir-Blodgett (LB) method was employed
to form LB NF 4-BN / PA 6 nanofilms (NF) on
the surface of deionized water (18 MQ-cm) under
normal conditions using KSV Nima 2002 setup
from a colloidal system (CS) of BN nanoparticles
stabilized with stearic acid (SA). CS of 3-ul
volume was applied onto the subphase surface.
The transfer pressure was 20 mN/m. The high-
frequency magnetron sputtering (MR) method
was used to deposit MR NF BN / PA 6 nanofilms
using MSU TM-MAGNA setup. A target of
hexagonal boron nitride (42-BN) with a diameter
of 100 mm was used. The working atmosphere
consisted of nitrogen (0.251/h N,) with the
addition of argon (0.03-0.21/h Ar). The MR
process was conducted during 3600s at the
power of 300 W. Prior to sputtering, the chamber
was evacuated to 5x10*mmHg. The polyamide
substrate was heated to 420 K.

The morphology of the Langmuir nanofilms
was studied using scanning probe microscopy
(SPM) SmartSPM (AIST-NT). Raman
spectroscopy (RS) was performed using
microspectrometer OmegaScope (AIST-NT) in
ZXXZ geometry (A = 473 nm, from 170 cm ') and
spectrometer LabRAM HR (Horiba) in ZXYZ
geometry (A = 532 nm, from 50 cm '), both with
an identical spectral resolution of 0.8 cm '
The optical properties of CS were measured
using spectrophotometer SF-2000 (range of
190-1100 nm).  Filtration  efficiency = was
determined by changes of the optical density of
CS after passing it through original PA 6 fabric
and modified samples (LB NF #-BN/PA 6
and MR NF BN/PA 6). To establish the
reproducibility of findings, all experiments were
conducted three times. The CS nanoparticle sizes
were determined by small-angle X-ray scattering
(SAXS) on SAXSess mc” diffractometer (Anton
Paar, Cu Ko, A=0.154nm, resolution
0.0328 nm'). The colloidal system of silver
nanoparticles was synthesized using the Kerry
Lee method.

Filtration of Ag particles by the PA 6
matrix was modeled in Materials Studio 2020
using Forcite and Amorphous Cell modules.
At first atomic-scale models of PA 6, water, and

silver were created, with geometry optimization
performed using the Universal Force Field
(including van der Waals and Coulombic
interactions, Ewald summation method). Then, in
Amorphous Cell, a periodic cell of an aqueous Ag
solution (~10 wt.%) was formed, its structure was
optimized, and molecular dynamics simulation
was carried out (NVT ensemble, 298 K, 105 ps,
time step 1.5 fs).

Findings and Discussion

Analysis of the formed nanostructured layer
LB NF A4-BN / PA 6 by SPM method revealed
characteristic lateral particle sizes of ~20 nm
(Fig. 1). The root-mean-square roughness of the
LB NF /BN film layer on the PA 6 surface
slightly increased and reached 24 nm (inset in
Fig. 1). The roughness was measured at five
different points on the membrane, and the
calculated standard deviation from these
measurements was 1.3 nm, which reflects surface
variability and reliability of estimated mean
values. A predominant orientation of particles
between the primary fibers (filaments) of the
fabric was observed, which is attributed to the
action of capillary forces during formation of LB
NF #2-BN / PA 6.

Fig. 1. SPM image of polyamide fabric modified with
boron nitride nanoparticles. The inset shows the root-
mean-square roughness of the LB NF h-BN film layer.

In ZXYZ RS spectra of LB NF 4-BN / PA 6
and MR NF BN / PA 6 samples, vibrational
modes characteristic of both the polymer matrix



Applied Physics, 2025, No. 6

47

and deposited functionalized film were observed
(Fig. 2). In the low-frequency region of the
spectrum (< 500 cm '), the LA mode of the
boron-nitrogen lattice vibrations of 4-BN at
149 cm™' was excited. Its intensity was noted to
grow after functionalization of #-BN with stearic
acid. These changes in the surface polarizability
of NF are due to the formation of chemical bonds
between BN and carboxylate groups [11, 12].
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The 478cm' line corresponds to
deformation vibrations of B—O bonds arising
from partial oxidation of the #-BN surface or to
low-frequency modes of amorphous BN (B-N-B
bending vibrations). The 518 cm ' signal can be
attributed either to skeletal vibrations of the
polyamide matrix (C—C—N-C deformation) or to
defect modes of BN associated with nitrogen
vacancies or boron atom substitutions [10].
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Fig. 2. Polarized ZXYZ Raman spectra for filter samples obtained by modifying PA6 with
BN nanoparticles using LB and MR methods. The inset shows an example of the ZXXZ
Raman spectrum for LB NF h-BN / PA 6 sample.

In the mid-frequency region (500—-1000 cm ™),
vibrations associated with the interaction between
BN and stearic acid dominated. For instance, the
peak at 643 cm ' corresponded to deformation
vibrations of carboxylate groups (O-C=0)
in boron stearate, as well as to valence vibrations
of B-O-C bonds, which confirmed the
formation of chemical bonds between stearic acid
molecules and BN surface. The signal at 930 cm™
"included contributions from valence vibrations
of C—C in the polyamide chain and symmetric
vibrations of B—O in boroxol structures (B—O-B),
which could form due to partial hydrolysis of BN
[13, 14].

In the 10001500 cm ' region, key modes
were associated with carboxylate groups and
amide structures. The peak at 1085 cm

corresponded to valence vibrations of C—O in
ether bonds of polyamide and antisymmetric
vibrations of carboxylates (v,s(COO7)). The
doublet at 1132/1182cm™'  unambiguously
identified the carboxylate group of stearic acid,
where 1132 cm™ corresponded to symmetric
(v(COO7)) and 1182cm™' to antisymmetric
(vas(COQ7)) vibrations. This indicated the
deprotonation of acid and the formation of boron
stearate. The peak at 1285 cm™' is characteristic
of amide III in polyamides (combination of C-N
stretching and N-H deformation), which
indicated that the structural integrity of the
polymer matrix remained. The signal at 1310 cm™
! is related to crystalline phases of polyamide
(ordered C-C-N segments) and deformation
vibrations of CH, groups. Peaks at 1423 cm | and
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1457 cm™ corresponded to symmetric  free electrons on the surface of metallic
carboxylate  vibrations  (v(COO7)) and nanoparticles under the influence of the
deformation vibrations of CH, chains in electromagnetic field of incident light [15]. The

polyamide and stearic acid, thus confirming that
both components were present in the system in
accordance with [11, 12]. The main peak for
h-BN at 1370 cm' in the non-polarized ZXXZ
Raman ZXXZ-spectrum confirmed the successful
deposition of nanoparticles onto PA 6 fibers
(inset to Fig. 2).

The absorption spectrum of CS of silver
nanoparticles exhibited two distinct but diffused
maxima in the wavelength regions around 440 nm
and 720 nm (Fig. 3).

These peaks corresponded to characteristic
manifestations of the surface plasmon resonance
(SPR), which arose from collective oscillations of

15

inset in Figure 3 also shows the SAXS results for
this CS, which indicate its heterogeneous nature
with nanoparticles sized 29, 56 and 100 nm. The
conclusions drawn from the absorption spectra
(Fig. 3) were supported by three well-defined
peaks observed in the SAXS spectrum. Their
occurrence indicated a discrete particle size
distribution and good stabilization of CS. Similar
polymodal SAXS spectrum structure is typical for
complex CS. The symmetry and width of the
dominant 56 nm peak suggested a high degree of
CS monodispersity. The peak width at 100 nm
indicated a significant spread of sizes within this

group.
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For CSs containing monodisperse spherical
silver nanoparticles of small sizes (10-30 nm),
SPR is typically observed in the blue part of the
spectrum, around 400 nm. However, in this case,
the main peak is shifted to the 440 nm region and
is noticeably broadened, which allowed
concluding about the polydisperse nature of the
solution, i.e., the presence of particles sized
within a broad spread. The shift toward longer
wavelengths (red shift) could be due to the
increased average particle diameter: as the size of
silver nanoparticles grows (inset to Fig. 3 —
56 nm), SPR shifts to the region of lower
energies with a longer wavelength, resulting in a
bathochromic shift. The occurrence of SPR
maximum in the 720 nm region indicated the
formation of silver nanoparticle aggregates.
According to paper [16], the interaction between
their plasmon modes in such conditions was
accompanied by additional absorption bands

typically occurring in the red or near-infrared
region of the spectrum, and is attributed either to
direct contact of particles or their close proximity
in the CS solution — within the framework of so-
called “plasmon coupling”. The decrease of
optical density in the yellow and green regions of
the spectrum could be caused by intensified light
scattering by silver nanoparticle aggregates with
sizes over 100 nm.

According to the Lambert-Beer-Bouguer
law, optical density D is directly proportional to
concentration ¢ of CS. Therefore, dependence
D()\) in Figure 3 is unambiguously related to the
concentration of Ag nanoparticles in CS.
Consequently, the transmission of Ag
nanoparticles through the filter samples (MR NF
BN/PA6 and LB h-NFBN/PA 6) varied
depending on their sizes, as confirmed by the
excitation of two SPR peaks and intensified light
scattering. Furthermore, the same figure reveals
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the closest correspondence between the
absorption spectra of CS of Ag nanoparticles

before and after filtration through the
MR NFBN/PA 6 sample. A comparative
assessment of transmission capacity

T=DMR/DAg was conducted. Its value was
found to be the highest for MR NF BN / PA 6 —
T = 98% for Ag nanoparticle sizes of 56 nm, and
even for the largest Ag nanoparticle sizes (around
100 nm), T = 97%. In contrast, for the pure
fabric, T = 62%. For the LB NF h-BN / PA 6
sample, T = 82%. Thus, a significant increase in
the transmission coefficient of Ag nanoparticles
was achieved for both PA6-based filter samples
modified with boron nitride.

However, when subjected to magnetron
sputtering, BN particles penetrate into the
polyamide, thus creating a volumetrically
modified layer, whereas the LB method forms

only a surface film, for which reason it is less
effective in reducing the hydrodynamic
resistance. The presented findings and their
qualitative justification are consistent with the
data cited in the introduction.

To assess the degree of penetration and
interaction of silver ions with the polyamide
structure, curves showing the concentration
distribution of silver particles along the vertical
axis were plotted for the PA 6 and MR NF BN /
PA6  samples (Fig.4). The  modeled
computational cell of 100x100x100 A was
visualized before (0ps) and after (105 ps)
filtration. At the initial time point, water
molecules (90 wt.%) and silver particles
(10 wt.%) represented within the model as
individual atoms with corresponding potentials
were located above, in immediate proximity to
the membrane.

| e PA6 Ag 0 ps

2 PAG Filter

& JETTEIE PA6 Ag 105 ps

4 === PA60O 105 ps

5 — — BN/PA 6 Ag 105 ps

Fig. 4. Spatial distribution of atoms after their passage through the filter, according to

Materials Studio 2020 data.

The filtration process involved spatial
redistribution of molecules and particles. Thus,
during the filtration of Ag particles through MR
NF BN/ PA 6, the concentration of Ag within the
modeled cell became more uniform, and its
gradient was minimized, which indicated the
minimal interaction between BN and Ag. That is,
the transmission capacity of the polyamide fabric
for Ag nanoparticles increased. In the sample of
pure PA 6 fabric (Fig. 4), redistribution of Ag
particles was also noted, with a local increase in
their concentration in the boundary regions of the
filter (as can be seen in Fig. 4 — PA 6) due to van
der Waals interactions. Thus, the results of
molecular dynamics modeling fully confirmed the
experimental data.

Conclusion

Filter samples based on polyamide fabric PA6
and modified with boron nitride nanoparticles
using the Langmuir-Blodgett and magnetron
sputtering methods demonstrated an increased
transmission coefficient for the colloidal solution
of silver nanoparticles. The introduction of boron
nitride nanoparticles provided an overall
improvement by reducing swelling and
hydrodynamic resistance, thereby increasing the
transmission capacity of the studied filter
samples. This contributed to an increase in their
transmission capacity, as demonstrated using the
polydisperse (29, 56 and 100 nm) colloidal
system of silver nanoparticles. These findings
were confirmed by spectroscopic studies



50

Applied Physics, 2025, No. 6

consistent with the conclusions of molecular
dynamics modeling that accounted for diffusion
and surface effects during filtration.

The publication was prepared within the
framework of the strategic academic leadership

program "Priority 2030" of the South-West State
University. The research was conducted using the
equipment from the Regional Nanotechnology Center
of the South-West State University and the Shared
Equipment Center "Technologies and Materials" of
Belgorod State National Research University.
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An investigation of the properties of vacuum-tight brazed joints produced by induction brazing
for use in components of vacuum cryogenic assemblies of cooled focal-plane arrays (FPAS),
specifically in their cold fingers. The specific design features and operational conditions of
these joints in micro-cryogenic FPA cooling systems were taken into account. To monitor the
helium leak rate, dedicated tooling was developed, which significantly enhanced the ultimate
sensitivity of the helium leak detector. The measured helium leak rate of the fabricated

assembly samples is 5x101% Pa-m3/s.
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Many types of matrix photo-receiving
infrared devices require cooling of the
photosensitive element (PSE), including to
cryogenic temperatures. To solve the problem of
providing the necessary operating temperature of
PSE, microcryogenic machines are often built
according to the Stirling reverse cycle which can
be created both in integral design and according
to the Split-Stirling system [1]. The structurally
cooled photoreceiver is a microcryogenic
machine integrated with a sleeve holder on a cold
finger which is equipped with cooled PSE. Sleeve
holder acts as a functional element of the body of
microcryogenic machine inside which the
regenerator with a displacer type piston moves.
The inner cavity of the machine and, accordingly,
the sleeve holder is filled with a working gas
(usually, helium) under high pressure (from 20 to
50 kgf/cm?). At the same time, the sleeve holder
is simultaneously a part of the body (cryostat) of
the photodetector (usually, evacuated or, less
often, gas-filled).

Thus, based on the functional feature of the
sleeve holder, the following basic requirements
apply to:

— leak-tightness:

— freeze-thaw resistance;

— low levels of heat input;

— corrosion resistance of materials used for
the manufacture of sleeve holders, as well as
special requirements for their thermal coefficients
of linear expansion (TCLE): to ensure
geometrical stability of the device they must be
small, and the material of the PSE placement site,
additionally, must have a TCLE as close as
possible to the TCLE of the PSE material to
avoid temperature stresses in their connection.

The listed requirements are best provided in
the typical design of the sleeve holder shown in fig. 1.

Such a sleeve holder consists of the basic
sleeve 1 made of stainless steel, which is directly
connected to the body of the microcryogenic
machine, a bush 2 is connected to the basic sleeve
which is made of thin-walled stainless steel to
minimize heat flow. End cell 3 of sleeve holder
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on which the cooled PSE is directly mounted is a
disk made of material with a normalized TCLE
value, for example, covar or invar. Shape and

One of the important technological tasks
when manufacturing the sleeve holder is ensuring
reliable connection of sleeve holder components
to each other which guarantees meeting the
conditions of leak-tightness and geometrical
stability under cryogenic temperatures. As usual,
this can be reached by using welding or soldering.
Fig. 1 shows the sleeve holder the components of
which are connected by soldering. The locations
of alloy brazing are indicated in fig. 1 by pos. 4.

Induction heat is often used in industrial
practice to connect metal parts by smoldering [2];
such heat is provided by the occurrence of
thermal effect in the connected parts and alloy
brazing under the influence of electromagnetic
field (Foucault vortex currents).

At the same time, during the heating
process, if it is conducted in an air atmosphere,
accelerated oxidation of the surfaces of parts and
solder invariably occurs, which is not
unacceptable for sleeve holder due to the
specification of its application, moreover, it can
lead to a violation of the tightness of the brazed
seam.

Specialists of JSC “SPA “Orion”, as part of
solving the problem of manufacturing sleeve
holders, tested the creation of vacuum-tight
brazed joints by induction brazing which does not
lead to oxidation of the connected parts.

Induction heater is used for brazing; its
structural diagram is shown in fig. 2.

Connected parts of the sleeve holder 1 and
2 and brazing alloy 3 are placed in the
electromagnetic field created by inductor 4.
Inductor 4 is connected to the electrical power
generator 5 through transformer 6. Inductor 4
together with condenser 7 connected in series to
the primary winding of transformer 6 make

dimensions of sleeve holder can vary depending
on the parameters of specific PSE and used
microcryogenic machine.

Fig. 1. Design of the sleeve
holder: 1 — basic bush; 2 -
sleeve; 3 — end cell; 4 — brazing
alloy

LC-circuit.

oscillation
inductance of the coil of inductor 4, condenser 7

Depending on the

capacity, as well as characteristics of the
connected parts, the resonant frequency of the
LC-circuit may change. This change through the
self-excited oscillator 8 keeps the circuit in
resonance by changing the frequency depending
on the inductance value of the inductor 4.
Connected parts 1 and 2 have axially symmetrical
shape and are located coaxially to the inductor 4,
support 9 contains bearing 10 in which rotary
platform 11 is installed, rotation of platform 11 is
ensured by drive 12. Seat 13 is installed on
platform 11 and it is coaxial to the rotation axis of
platform 11. When rotating the connected parts
during heating, the installation errors of the
connected parts relative to the inductor have a
smaller impact on the homogeneity of connection
heating.

N
R

12 10 9

Fig. 2. The diagram of the device for induction brazing of
sleeve holders: 1, 2 — components of sleeve holder; 3 —
brazing alloy; 4 - inductor; 5 - electrical power
generator; 6 — transformer; 7 — condenser; 8 — self-excited
oscillator; 9 — support; 10 — bearing unit; 11 — rotary
platform; 12 —drive; 13 — seat
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The development of induction brazing of
sleeve holders was carried out in three main
directions:

— obtaining brazed joints under vacuum
conditions;

— obtaining brazed joints in the inert gas;

— obtaining brazed joints using protective
compounds.

To ensure a vacuum, the inductor and
connected parts were placed in a tight chamber
from which air was pumped using a high-pressure
vacuum pump until reaching residual pressure not
exceeding 1x10~3 mm Hg. Using a tight chamber
also allows to implement the second method by
injecting inert gas (for example, argon) in it,
replacing air, which allows to create an inert gas
environment in the soldering area.

Both in vacuum and inert environment
high-quality brazing connections were obtained
corresponding to the requirements above.
It should be noted that one of the main
advantages of soldering under vacuum conditions
compared to a gaseous environment is the stable
production of brazed joints without voids and
cavities which makes the joint vacuum-tight.

However, the use of a tight chamber is
unpractical for mass production requiring
minimal operating time and minimizing
production costs. The thing is that when using a
chamber, the access to the connected parts is
limited during the soldering process and makes
visual inspection over the process more
complicated. Moreover, vacuum production or
creation of a gaseous environment in the chamber
takes significant time and is carried out every
time a new set of parts is installed.

One of the solutions to the problem is
carrying out induction brazing in the inert gas
environment  without creating  pressurized
volume. In this case a setup is used in which inert
gas is supplied to the area of brazing joint
formation under pressure. With this method,
despite the satisfactory quality of the obtained
joint and significant reduction in the time of
operation, the main disadvantage is the increased
consumption of inert gas which makes the
process more expensive.

For the mass production of holders, JSC
“SPA “Orion” has developed induction brazing in
the air environment allowing to ensure high-
quality connection and excluding the appearance

of oxide film on the surfaces of connected parts.
For this purpose, protective compounds are used
during brazing which are applied on the surface
of parts and prevent oxidation of these surfaces
and simultaneously improve the wetting of the
molten solder. Soldering fluxes of certain grades
can be used as such compounds.

Soldering process with the wuse of
protective compounds is carried out as follows.
Before starting soldering, surfaces of parts and
solder are covered with flux for protection against
environmental influence and improvement of
distribution of molten solder. At the same time,
unlike the usual practice of using soldering
fluxes, the whole surface of parts is covered in
flux, not only sections in the soldering area.
Connected parts can be manufactured from
stainless or covar. At the same time, it is possible
to connect parts from different materials. Solder
is used for soldering, which melting point is
lower than the temperature of high tempering of
steels. In case of connection by soldering of parts
made from the materials listed above, silver
containing solder is used, and as flux — high-
temperature soldering flux based on boron acid.
Then the connected parts, solder and flux are
heated with an inductor at a set speed to a
temperature at which flux has the best wetting —
ability to maintain contact with a solid surface
due to intermolecular force (the practice shows
that the temperature is 420 °C when using the
flux). The parts are exposed at this temperature
and then heated up to the solder melting
temperature (for the example considered
595-605°C). Then the heating is turned off and
the parts cool down to room temperature and the
residual flux is removed in a weak sodium
hydroxide solution.

Due to the induction heating at the junction
of soldering parts, the bush surface and holder
tube are oxidized which can negatively affect the
evacuation of the holder as part of the cryostat.
To remove the formed oxide film on the bush
surface, washing in a hot aqueous solution of
versene is used, the operating principle of which
is based on the extraction of cations of insoluble
salts that make up the oxide film, in the oxidation
degree of +2, +3 and their replacement with
sodium cations, practically all salts of which are
soluble in water. As versene is not an oxidizing
agent, interaction with metal in the zero oxidation
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degree does not occur. The complex soluble
ferritic salts occurring on the holder’s surface are
easily removed by flushing in hot water.

The advantage of this method is the
possibility of conducting soldering in the open air
without using a chamber. This also makes it
possible for parts to cool down quicker after
heating and shortens the operation time. You can
accelerate the cooling process by applying forced
air cooling. Due to the convenience of access to
the connected parts and inductor, it is possible to
ensure a more accurate alignment of parts relative
to the inductor.

According to the results of studies and
development of the induction brazing method, a
patent [4] was obtained for an induction soldering
method.

The conducted work allowed to ensure
stable mass production of sleeve holders. The
appearance of the mass-produced holders is
shown in fig. 3.

Fig. 3. Appearance of the mass-produced sleeve
holders

One of the most important requirements for
sleeve holders is ensuring the brazing joint

tightness. Check of tightness is conducted with
the use of special a tool shown in fig. 4. The
device reproduces the operation conditions of the
holder as part of the ISS and vacuum cryostat at
elevated helium pressure (20 - 50 kgf/cm?) inside
the sleeve holder. Thus, it is the leakage of
helium from the holder that is controlled which is
specific to its operation as part of a cryogenic
system and not the inleakage into the holder as
with the traditional method of inspection using a
leak detector.

Fig. 4 shows: the inspected sleeve holder 1
which is tightly connected with body 6 using O-
ring 3 (solder wiring is used as sealing material)
and flange 8. Through the filling valve 4 in the
body 6, sealed with a solder disc, the inner cavity
of the sleeve holder is filled with gaseous helium
with set overpressure. Next the sleeve holder is
aligned with bush 9 through fluorinated rubber O-
ring 2. The bush has flanges on both sides, one of
which 11 (KF standard) is fixed by clamp 5 on
the housing 5 ensuring clamping force from the
side of bush 9 on the inspected sleeve holder 1;
another flange 7 (KF standard) is similarly
connected with a helium leak detector.

1.

Fig. 4. Design of the device for the tightness test: 1 —
inspected sleeve holder; 2,3 — O-rings; 4 — valve; 5 —
clamp; 6 — body; 7 — attachment flange KF; 8 — flange;
9 — bush; 10 —filling hole; 11 — flange KF

Such design allows to search for leaks with
greater sensitivity. The registered helium leakage
rate is 5x10°13 Pa-m®/s which corresponds to the
limit sensitivity of the used helium leak detector.



Applied Physics, 2025, No. 6 55

Conclusions operational specifications. When checking the

Results of the conducted studies made it tightness, it was confirmed that the leakage rate

possible to ensure a stable mass production of ~ ©of the gas (helium) from ﬂ;g hOldfr’S working
holders of evacuated cryostatic bodies with high ~ cavity is not more than 5x10™ Pa-m/s.
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A combined numerical and experimental study was conducted on a model channel cooling
system utilizing forced air convection and auxiliary electrohydrodynamic (EHD) flows
generated by a corona discharge. Geometric parameters of the channel and the power supplied
to the devices generating the cooling flows were varied. For the given conditions, the range of
effective use of EHD flows was demonstrated, and a non-linear relationship between the
channel wall temperature and the power of the corona discharge generating the EHD flow was

revealed.
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Introduction

The current trend in electrical engineering
development is characterized by a steady growth
of the speed of electronic components and their
constant miniaturization. This inevitably leads to
a significant rise in the heat release rate from the
surfaces of active elements. A wide range of
cooling systems (CS) are currently used for heat
removal: those based on calorimetric and
thermoelectric effects, those utilizing heat and
mass transfer via electrohydrodynamic (EHD)
flow, liquid-based systems, etc. [1, 2]. A typical
feature of many forced convection cooling
systems is the use of channels through which
cooling gas is pumped. To control the flow in the
channel and create mixing disturbances to
intensify heat exchange between heated surfaces
and gas, special inserts in the flow [3] can be
used, which, however, add to the aerodynamic
resistance. In recent years, researchers have been

focusing on the possibility of using so-called
“electric wind” or electrohydrodynamic flow as a
secondary flow generator [4—6]. The EHD flow is
generated in the gas discharge and is caused by
collisions of formed charged particles with gas
molecules in a strong electric field. Advantages
of its use include the absence of moving
mechanical parts, relatively low aerodynamic
resistance of the electrodes creating the discharge,
and the possibility of creating distributed cooling
systems with randomly shaped electrodes that can
be integrated into hard-to-reach areas of a cooling
system. Their exploitability as part of CSs has
been repeatedly demonstrated both by
experiments in open air [7] and by simulating in
variously shaped channels [8, 9]. At the same
time, there is few experimental data on the
operation of the combined CS of this kind in the
available literature.

The aim of this work was to experimentally
investigate the effectiveness of cooling heat-
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loaded elements in a channel using both an
independent EHD flow generated by a corona
discharge (CD) and in combination with forced
convection created by a fan.

Setup Description

A structure representing a horizontal
channel assembled of ABS plastic (Fig. 1) was
used as a model cooling system. The structure’s
dimensions were 115x55x2d mm?, where d is the
distance from the plates to the mounting points of
electrode for creating EHD flows. Forced
convection in the channel was created by a
centrifugal fan through a designed power-
controlled laminarization unit (0.3-1.2 W;
1-3m/s in the channel, gas flow rate
m = 0-2 g/s). The inner walls of the channel
were made of grounded, thermally insulated
plates made of polished aluminum. The plates
was heated from their ends using film ceramic
resistors, with the heating power varying from 10
to 30 W. Temperature of the plates was
monitored with type K thermocouples attached at
their centers and connected to CENTER 303
instrument (accuracy + 0.7 °C).

To generate the EHD flow, copper wires
with a diameter of 50 um were stretched

Yl

7

transversely in the middle of the channel. These
wires were connected to stabilized negative-
polarity high-voltage DC power supply Spellman
SL20*2000, with the current in its circuit
measured with Fluke 17B+ multimeter, which
allowed for estimating the average CD power
Pcp. The wire-to-plate distance (d) and wire-to-
wire distance (L) could be varied in the range of
6—10 mm.

The fan and heating resistors were powered
from stabilized, controlled DC power supplies.
Heating power was adjusted to maintain
temperature of 7, =100 °C at the plate center
under conditions of natural convection without
EHD flow. The temperature of the air injected
into the channel was 22 °C with 40 % humidity.

As part of the experiments, the temperature
drop relative to steady-state values, ATcp=
= Tvent — Tcomb, Was recorded. It was defined as the
difference between the plate temperature under
forced convection, Tyven, and under its
combination with EHD flow, T.om,. Values were
read off at various combinations of corona
discharge power Pcp, fan flow rate m, and
different channel widths d. To determine the
effectiveness of EHD flow application, the ratio
of the temperature drop to the consumed CD
electrical power, ATcp/Pcp, was calculated.

Basalt wool
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Fig. 1. Schematic of the experimental cooling channel featuring forced convection (shown with arrows)
and the capability for generating EHD flows (heating resistors shown in red, plate anodes in green, wire

cathodes in blue)
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Mathematical Model and Calculation Results

To explain the obtained results, a channel
model featuring the geometry similar to that used
in the experiment was built using the finite
element numerical simulation software package.
The model implements an iterative coupled
calculation of CD and thermal hydrodynamic
field in air. On each iteration, the gas dynamics
problem is first solved wusing the RANS
approximation with the & — o turbulence model
[10] and accounting for convective heat transfer
between solid and gas domains. Then the
distribution of electric potential (Poisson's
equation) and space charge density (convection-
diffusion equation for a single carrier type) is
calculated, based on the obtained temperature and
velocity fields. Charge injection on conductor
surfaces is enabled when the local electric field
strength  exceeds the ignition threshold
determined by Peek's formula [11] and is
implemented via a weak form of the boundary
value. To stabilize the iterative process, the field
exceedance is filtered similarly to the RC circuit,
which suppresses oscillations when this threshold
is crossed. The resulting distribution of
volumetric charge and electric field is used to
calculate the electrodynamic force, which is
introduced into the motion equation as a
volumetric source in the next iteration, thus
ensuring a self-consistent solution.

RANS k-, heat transfer equation,

Poisson’s equation, convection-diffusion

The simulation model shown as a diagram
in Fig.2 is a two-dimensional geometry
comprising an air channel and an adjacent heated
aluminum plate. To reduce computational
complexity, the problem was solved in the middle
of the symmetric system using a symmetry
condition along the channel's central axis.
At the inlet boundary, the gas mass flow rate m
was specified, which was determined according
to the characteristic of the fan used, with its
constant temperature equaling to 293 K. At the
system outlet named as “Sink”, the zero static
pressure and a heat loss condition were set.
Within the solid domain (the aluminum plate), the
heat conduction equation was solved considering
the total applied heating power Phear. Thermal
insulation condition was applied to all external
surfaces of the plate, including sections outside
the channel. Hydrodynamic boundary values on
all solid walls were defined as no-slip conditions
using a low-Reynolds-number approximation,
thus ensuring proper resolution of the viscous
sublayer. Potential ¢ = V,,,, on the conductors was
varied to achieve the specified CD power in the
system in correspondence with the one obtained
in the experiment. Charge injection on the wire
surfaces was enabled when the local electric
field strength reached the threshold value
determined by Peek's formula using parameters
Ey=30kV/ecmand y=0.03 [11].

equation
Air

293 K

Discharge

bulk flow

T,

Sink

Isotherm

Heat conduction equation

L
- .[0 P
| \ Thermal insulation

( l) dl Heat power: p(/)

Fig. 2. Scheme of the computational domain with the air channel, heated aluminum plate, and

the system of corona electrodes
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Key results of the parametric study are
shown in Fig. 3. The increase in the additional
cooling temperature AT¢p as a function of corona
discharge power is shown to correspond to a
squared relationship, which is consistent with the
current-voltage characteristic of the discharge
recorded during the experiment.

16 T T
d=5mm, m=0.5g/s
14+ d=6mm,m=0.5g/s
12 d=T7Tmm,m=0.5g/s
| | — — —.d=5mm,m=0.75g/s
10! —_— —.d=6mm,m=0.75g/s
%) 0 d=T7mm, m=0.75 g/s
£ 0
< 6
4
2
0 - L — — 1 L -
0 0.5 1 1.5 2 2.5 3

Fig. 3. Calculated curve of temperature drop ATcp of the
cooled plates vs. corona discharge power for various
channel widths d and volumetric flow rates m.

As can be seen from the curves in Fig. 3,
the flow velocity is the determining parameter.
At a mass flow rate of 0.75g/s, the energy
contribution of bulk forces to the total power of
mass transfer is insufficient to have a significant
influence on the temperature distribution, and the
magnitude of A7cp remains relatively small. In
the case of a lower flow rate equaling to 0.5 g/s, a
pronounced increase in additional cooling (rise of
ATcp) is observed for all investigated distances
between the wire and the aluminum plate (5, 6,
and 7mm): as the gap increases, the channel
expands, the average velocity decreases, and
cooling efficiency grows.

The spatial distributions of temperature and
velocity fields derived from the calculation also
showed that, within the parameter range under
consideration, the “blocking effect” [4] 1is
practically absent: the vortex structures formed

by the discharge do not lead to noticeable
disruption of the through-flow.

Experimental Results

Figure 4a shows the curve of steady-state
temperature drop ATcp after corona discharge
ignition vs. its power Pcp for the fixed fan
volumetric flow rate m = 0.8 g/s. It can be noted
that the EHD flow demonstrates the highest
efficiency in the range of low CD power values
(up to 0.5 W) under the studied conditions, which
is consistent with the calculated results.
Subsequently, the temperature drop changes over
to saturation, and increasing the CD power
become impractical.

The maximum ratio of the temperature drop
achieved during cooling by the EHD flow to the
power consumed for its generation, calculated
across the entire dataset for different forced
convection flow rates m and channel widths d
(Fig. 4b), supports the conclusions about the
necessity of ensuring that EHD flow bulk forces
are sufficient to change heat and mass transfer
processes near heated surfaces, which will
intensify heat exchange most effectively. At the
air flow rate around 0.8 g/s, it is possible to
achieve a temperature reduction of 30-40 °C per 1
W of electrical power input into CD.

However, several contradictions can be
found in the simulation results. Channel width d
has a relatively weak and non-systematic
influence on the AT¢p values recorded during the
experiments at fixed air flow rates m.
Furthermore, the saturation effect of A7¢p is not
reproduced in the calculations, with Pcp
increasing. It can be assumed that this may be
related to both gas heating by intense CD [12]
and development of conditions for the formation
of stagnant zones near heated surfaces [4]. This
calls for a more detailed reproduction of the
channel's geometric features, operation of the
pressure fan, and CD burning conditions.
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Fig. 4. Temperature drop ATcp vs. CD power Pcp for various channel widths d at fixed fan flow rate m = 0.8 g/s (a)

and maximum AT cp/Pcp ratio at various d and m (b)

Conclusions

The study performed to calculate the
effectiveness of cooling using EHD flows in a
rectangular channel with forced air convection
has shown that the application of EHD flows is
energy-efficient provided that the energy
contribution of the generated bulk forces is
sufficient to modify the main flow. Experimental
results revealed a complex dependence of the
channel wall temperature reduction on the
channel's geometric parameters and EHD flow
power, which may be related to air heating

REFERENCES

Nk wd =

processes within the discharge or development of
a “blocking effect”. The obtained data will be
used for further development of a combined
cooling device utilizing EHD flows.

This paper was financially supported by the Ministry
of Science and Higher Education of the Russian
Federation (grant for large-scale research projects in
priority areas of scientific and technological
development, Agreement No. 075-15-2024-543).

Maria C. et al., Applied Thermal Engineering 227, 120427 (2023).

Iranshahi K. et al., International Journal of Heat and Mass Transfer 232, 125895 (2024).

Jadhao R. R., Chitragar P. and Kamble D., Physica Scripta 100 (3), 32002 (2025).

Wang Y. B. et al., Physics of Fluids 35 (11), [article number] (2023).

Khomich V. Yu. and Yamshchikov V. A., Uspekhi Fizicheskikh Nauk 187 (6), 653666 (2017).

Moshkunov S. I. et al., Applied Physics, Ne 6, 32—38 (2011) [in Russian].

Voevodin V. V. et al. In Proceedings of the XII All-Russian Conference with International Participation "Fuel

Combustlon Theory, Experiment, Applications", Novosibirsk, 2024, pp. 25.

8. Ming G. et al., International Communications in Heat and Mass Transfer 153, 107344 (2024).

9. Reza B. L. and Majid M., Journal of Electrostatics 70 (1), 31-42 (2012).

10. Wilcox D. C. Turbulence Modeling for CFD. La Cafiada, DCW Industries 1998.

11. Peek F. W. Jr. Dielectric Phenomena in High Voltage Engineering. New York, McGraw-Hill Book Company,

inc., 1915.

12. Jones J. E., Journal of Electrostatics 66 (1-2), 84-93 (2008).



Applied Physics, 2025, No. 6 6l

About authors

Voevodin Vadim Vadimovich, Cand. Sci. (Eng.), Senior Research Scientist Institute for Electrophysics and Electric
Power of the Russian Academy of Sciences (191181, Russia, Saint Petersburg, 18 Dvortsovaya Emb., Letter A); Kutateladze
Institute of Thermophysics of the Siberian Branch of the Russian Academy of Sciences (630090, Russia, Novosibirsk,
1 Academician Lavrentiev Avenue, ). E-mail: vwvoevodin@ieeras.ru SPIN code: 1049-1177, AuthorID: 1013023

Zharkov Yaroslav Evgenievich, Research Scientist Institute for Electrophysics and Electric Power of the Russian
Academy of Sciences (191181, Russia, Saint Petersburg, 18 Dvortsovaya Emb., Letter A). E-mail: yarik77794@mail.ru SPIN
code: 1619-1493, AuthorlD: 1142014

Kirillov Alexander Sergeyevich, Junior Research Scientist Institute for Electrophysics and Electric Power of the
Russian Academy of Sciences (191181, Russia, Saint Petersburg, 18 Dvortsovaya Emb., Letter A). E-mail:
caduceus.kas@gmail.com SPIN code: 3924-1556, AuthorID: 1193477

Korzhova Olga Igorevna, Junior Research Scientist Institute for Electrophysics and Electric Power of the Russian
Academy of Sciences (191181, Russia, Saint Petersburg, 18 Dvortsovaya Emb., Letter A). E-mail: oikorzhova@ieeras.ru
SPIN code: 1627-1919, AuthorlD: 1260716

Moshkunov Sergey Igorevich, Dr. Sci. (Eng.), Corresponding Member of the Russian Academy of Sciences, Head
of the Research Direction "Pulse Technology and Electrophysics Institute for Electrophysics and Electric Power of the
Russian Academy of Sciences (191181, Russia, Saint Petersburg, 18 Dvortsovaya Emb., Letter A). E-mail: serg-
moshkunov@yandex.ru SPIN code: 4103-8401, AuthorID: 161510

Khomich Vladislav Yuryevich, Dr. Sci. (Phys.-Math.), Academician of the Russian Academy of Sciences, Scientific
Supervisor Institute for Electrophysics and Electric Power of the Russian Academy of Sciences (191181, Russia, Saint
Petersburg, 18 Dvortsovaya Emb., Letter A). E-mail: khomich@ras.ru SPIN code: 6924-8941, AuthorID: 167051



62

Applied Physics, 2025, No. 6

UDC 621.396, 538.9, 681.7

PHYSICAL EQUIPMENT AND ITS ELEMENTS

PACS: 85.30 Dw, 84.40.Ba

EDN: XZIECI

Optical-acoustic radiation receivers with a freely suspended membrane

P. E. Kotlyar

Institute of Automation and Electrometry of the Siberian Branch of the Russian Academy of Science,
Novosibirsk, 630090 Russia
E-mail: kotlyarpe@iae.nsk.su

Received 18.09.2025; revised 25.09.2025; accepted 11.12.2025

The evolution of the main unit of an optical-acoustic pressure transducer-sensor is considered.
A consistent transition from a membrane pressure sensor with rigid fixation of the membrane
along the contour, leading to uncontrolled mechanical stresses and changes in the main
metrological parameters to cantilever pressure sensors in which only one side is fixed, which
leads to an increase in sensitivity by more than 140 times, is shown. It is shown that by
chemical etching of four L-shaped narrow through grooves on a membrane foil in one
technological cycle, a four-point Z-shaped skew-symmetric suspension can be formed,
containing a completely deformation-free central membrane element of a square shape, a four-
point angular elastic suspension in the form of four narrow elastic sensor elements located
along the lateral sides of the non-deformable membrane element and rigidly fixed to the

support contour, and a support contour.
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Introduction

Membrane pressure transmitters are among
the critical structural elements of opto-acoustic
radiation detectors and determine metrological
characteristics of the device to a significant extent
[1, 2]. Operating principle of membrane
pressure transmitters is based on deformation
of the elastic membrane, which responds to
changes of external pressure. A capacitive
membrane transmitter is capable of measuring a
pressure very accurately over a range of 3.5 to 4
orders of magnitude, with the lower limit down to
10°mbar and accuracy of =+ (0.15-0.35).
Readings of a capacitive membrane transmitter
do not depend on the type of gas filling the
expansion and  compensation  chambers.
Developed by Knowles (Illinois, USA) using the
in-house CMOS/MEMS technology platform
launched in 2002, SiSonic™ series silicon-based
microphones are now in their fourth generation
and are sold worldwide in the amounts exceeding
1 billion pieces per year.

Membranes

The sensitivity of an opto-acoustic detector
(OAD) is defined as the minimum radiation
power at the input that allows for reliable signal
extraction at the background level and the
converter's inherent noise. It can be calculated as
the product of partial sensitivities of photothermal
(Si-7), thermoacoustic (St-p), acoustomechanical
(Sp-5), and electromechanical (Ss-u) conversion
stages:

AT AP A5 AU

Soan = S.151_pSp_555u :EAT AP AS

Theoretical and experimental studies have
shown that the limiting stage in the conversion
chain is  acoustomechanical stage
implemented as a pressure transmitter.

Sensitivity & (deflection magnitude at the
center of a flat membrane rigidly fixed along its
contour) for small displacements under pressure
P is expressed by formula [3]:

Sp-s
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where R is the membrane’s working radius (along
the fixation contour); h is the membrane
thickness; E, p are the Young's modulus and
Poisson's ratio of the membrane material,
respectively. In existing OAD designs, membrane
deflections at the threshold values of the
measured radiation fluxes amount to a few
angstroms.

Physico-mechanical properties of
membranes depend strongly on the material,
structure, surface properties, and technology.
It can be derived from the given expression that
the membrane transducer  sensitivity s
determined by the physical properties of the
membrane material (£, u) and design parameters
(R, h). Superlinear dependencies of sensitivity on
R% h® cause the supersensitivity of membrane
sensors to changes in device parameters, which is
a difficult to handle when designing large-
dimensional matrix devices.

Membrane Manufacturing Material

Designs have been evolving by changing
sequentially from metallic membranes made of
duralumin, silver, nickel, titanium, and titanium
alloys VT16 or VT35 with thicknesses of 40-
100 nm, to bimorph polymer membranes coated
with a reflective silver or antimony layer
approximately 100 A thick [4]. Membrane
devices designed using MEMS technologies and
widely employed for microminiaturization are
usually made of: silicon Si membrane which is
formed by etching a substrate down to
thicknesses of 2-5um; silicon dioxide SiO»,
silicon nitride Si3sN4, silicon carbide SiC, carbon
C, aluminum nitride AIN, boron nitride BN
produced both from the gas phase and by ion-
chemical deposition methods. Silicon nitride
(SisNa) is used as the base material for ultrathin
membranes since it is one of the primary
materials in microelectronics with a well-
established fabrication technology and known
properties [5, 6].

Promising materials ~ for  creating
membranes are kapton and graphene. Kapton is a
polyimide filmused in various space tools

developed byDuPont in the 1960s . Kapton is an
elastic dielectric, which is stable over a wide
temperature range from —273 to +400 °C, which
allows handling the embrittlement in metal and
polymer membranes at low temperatures. It is
used for manufacturing flexible printed circuit
boards and outer layers of spacesuits [7].

Graphene The known works on designing
a new generation of opto-acoustic transducers
[8, 9] attribute the choice of single-layer graphene
(SLG) for fabricating a flexible membrane to
such main factors as the extremely small
thickness and extremely high elasticity and
mechanical strength of the material, which
guaranteed a significant increase of sensitivity.
Additionally, the use of single-layer graphene
membranes allows not only to achieve the record-
breaking sensitivity enhancement but also to
almost entirely eliminate such traditional
drawbacks of transducers as high susceptibility to
acoustic and vibrational noise, while ensuring
increased response speed, expanded dynamic
range, and ability to operate not only at room
temperatures but also under extreme deep
cooling.

Numerous experiments on  selecting
membrane shapes were aimed not at increasing
sensitivity, but primarily at obtaining the required
frequency response.

The study of the possibilities of enhancing
the sensitivity of opto-acoustic transducers with
membranes of various geometric shapes (square,
circular, and rectangular) rigidly fixed along the
perimeter has revealed that the use of a circular
membrane provides the maximum change in the
sensing element’s capacitance under pressure as
compared to those of sensing elements with
membranes of other geometric shapes [10].

The technological challenges, which have
not been fully resolved to date, are related to poor
control of mechanical stresses from the rigid
fixation of membranes and to the difficult control
of the etching thickness of ultrathin (about 1 pm
or less) membranes in MEMS technologies,
which calls for individual calibration of pressure
transducers.

Cantilever

A thin reflective film rigidly fixed on one
side in a conventional photoacoustic cell used
instead of a classical flexible membrane was first
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proposed in the paper by de Paula [11]. An elastic
cantilever, as a precision micro-dynamometer
with a threshold of 1 piconewton, was first used
in an atomic force microscope in 1982.

A cantilever is a thin, elastic U-shaped plate
of length o, width b (b<a), and thickness h
(h<<a, b), which is rigidly fixed along the
narrow side b. The geometry of the cantilever
determines its stiffness varying over a wide
range. The cantilever’s stiffness coefficient
K = Ebh*l4a®, where E is the Young's modulus of
the cantilever material, b is the width, h is the
thickness, and a is the length of the rectangular
cantilever. The cantilever’s stiffness coefficient,
which largely determines the sensitivity of the
device, can vary over a very wide range
(104+10 N/m).

The main property of a cantilever is its
deflection under the action of an applied force.
Its main characteristic is its elastic constant.
The sensing element of the -cantilever-type
pressure transmitter of the opto-acoustic detector
(OAD) shown in Fig. 1 is structurally different
from the cantilevers used in atomic force
microscopy [12]. It consists of a substrate that
completely covers the acoustic aperture of OAD
housing a movable cantilever element separated
from the substrate on three sides by a narrow
through micro-groove several micrometers wide.
A reflective coating (platinum, gold, aluminum)
is applied on the cantilever side facing the
compensation chamber for the optical readout
system.

Fig. 1. Photo and schematic diagram of the OAD
cantilever as per [13]

The relationship between cantilever’s
deflection 6 and applied stress P is determined by

M(if where E
E h )’ ’

u are the Young's modulus and Poisson's ratio of
the cantilever material, respectively; Lc is the
beam length; h is the cantilever beam thickness.

Stoney's formula: & =

stiffness  is
3

Ewh . .
L3 , Where w is the cantilever's
4L

Cantilever’s defined by

expression k =

width.
The maximum deflection of such beam
_PL
under uniformly distributed load .~ 8El and
_pPL
maximum deflection angle . 6El where I is
3
the moment of inertia |=Wh Then
_3pLE 2P
™ 2EWh? gng T Ewh®
. , . PL?
Cantilever’s deflection O, = +
12El

2
+{2LCL—3L§—L?]

The theoretical assessment of the sensitivity
of a classical rigidly-fixed circular membrane and
a rectangular cantilever of equal area showed that
the deflection of the cantilever’s free end exceeds
that of the circular membrane’s center by
140.6 times [13]. Experimental studies [14]
demonstrated for cells with a simple microphone,
a differential microphone, and a cantilever
pressure transmitter, with deflections measured
using a laser interferometer, that their
sensitivity values were 3.1x107, 1.7x10~ and
2.2x10° cm . W-Hz!/2, respectively, which is in

good agreement with the theoretical estimate.
3

Cantilever’s stiffness k = is typically

4 3

2 to 3 orders of magnitude lower than that of the
membrane, and displacement of the cantilever's
end can reach tens of micrometers without any
nonlinear or limiting effects. This significant
increase in sensitivity is due to the fundamental
difference in the behavior of plates (where
bending deformations prevail) as compared to
membranes (where tensile deformations prevail)
in case of linear and nonlinear deformations.
Currently, the research groups of Stanford
University are the leaders in development of
cantilever-type micromechanical devices. They
have designed cantilevers with a stiffness of
107° N/m capable of detecting forces as low as
10N, and cantilevers with a mechanical
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response time of 90 ns [15].

For the purpose of calculation [16], the
cantilever is considered a rigidly-fixed beam with
structural length Lc, width w, and thickness h
loaded by uniformly distributed load P (see
Fig. 2).
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Fig. 2. Calculation diagram for the cantilever beam under
uniformly distributed load

Free-Suspended Membrane

To overcome the main disadvantage of
classical membrane pressure transmitters, that is
uncontrolled mechanical stresses arising in the
membrane due to its rigid fixation, and to
increase the sensitivity and expand the dynamic
range, a precision pressure transmitter for OAD
has been proposed. This transmitter is based on a
square conductive membrane element freely
suspended at four points using elastic sensing
elements, which are rigidly fixed to a support
frame with a capacitance displacement sensor for
the membrane element.

The structural diagram of the opto-acoustic
detector of infrared and THz radiation with a
free-suspended membrane is shown in Fig. 3.
It comprises a cylindrical housing containing a
system of an expansion chamber and a
compensation chamber that are pneumatically
connected and filled with helium at low pressure.
One end of the expansion chamber serves as an
input window with an anti-reflection coating.
Inside the expansion chamber, parallel to the
input window, is a collodion film with a metal
absorbing element in the form of a thin metallic
film deposited on it and thermally isolated from
the expansion chamber walls. The expansion
chamber is separated from the compensation
chamber by a dividing partition, which is a disc-
shaped thin elastic plate of conductive material
secured between a support washer and a clamping
washer. The diameter of the dividing partition is
equal to the inner diameter of the compensation
chamber. Four through-etched lines, each

3-30 um wide, are made on the dividing partition
(Fig. 4) using the precision photolithography
technology. Each line consists of two orthogonal,
equal-length segments of length a. The first
segment starts at distance b from the corner of the
central square (axa) and is oriented along the
square side. The second segment is made at a 90°
angle to the first and runs parallel to the square
side with an offset equaling to b + A, where A is
the width of the gap formed by the through
etching. This process forms:

— non-deformable membrane element 15 of
the square shape (axa), with side « = 0.6D,
located at the center of dividing partition 9 and
covering most of the acoustic aperture and is
capable of moving translationally along an axis
perpendicular to its plane under the pressure of
the expanding gas.

— a four-point corner elastic suspension in
the form of four narrow (axb) elastic sensing
elements 10 positioned along the lateral sides of
non-deformable square membrane element 15 and
rigidly fixed to the support frame;

— support frame 9 representing the
peripheral part of the dividing partition secured
with clamping washer 18.
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Fig. 3. Structural diagram of the opto-acoustic receiver of
infrared and THz radiation with a free-suspended
membrane: 1 — input radiation; 2 - anti-reflection
coating; 3 — input window; 4 — expansion chamber;
5 — film with through porosity; 6 — metal absorbing
element; 7 — pressure wave; 8 — washer-shaped partition;
9 — support frame; 10 — elastic sensing element; 11 —
cylindrical housing; 12 — rear wall of the compensation
chamber; 13 - fixed electrode of the dynamic capacitor;
14 — protective dielectric coating; 15 — non-deformable
square membrane element; 16 — fixed electrode terminal;


https://doctorlom.com/item671.html
https://doctorlom.com/item671.html

66

Applied Physics, 2025, No. 6

17 — compensation chamber; 18 — clamping washer;
19 — dividing partition terminal

A
a

/
- -

Fig. 4. Structural diagram of the sensitive element of the
pressure transmitter with a free-suspended membrane
element, where 9 — support frame of the sensitive element,
10 - elastic sensing beam, 15 — non-deformable square
membrane element, 18 — clamping washer, 20 — through-
etched line

Under the pressure of the expanding gas,
each of four sensing elements 10 will experience
bending deformations caused by: distributed load:
Sdistr. = qa*/8El, where Sgisr. is the sensing
element’s deflection; q is the specific pressure; a
is the sensing element’s length; E is the elastic
modulus of material; | is the moment of inertia of
the rectangular cross-sectional area of the sensing
element 7 = bh%/12, and concentrated load caused

by pressure P on one quarter of membrane
3

a
Scocp == QEI E,

Q =0.75Pa?%/4 and hconc. = 075Pa®/Ebh?.

The total displacement of the corner of non-
deformable membrane element 15 will be
O = ddistr. + Oconc.  With sensing elements being
completely identical, this ensures the translational
movement of non-deformable square membrane
element 15, which serves as a traveling electrode
in the capacitance pressure transmitter.

The sensitivity of such pressure transmitter
is determined by sensing elements’ width b,
where b =(0.1-0.05)a, and dividing partition

element’s area where
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thickness h, which is several
micrometers.

Expansion chamber 4 and compensation
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