u] =,

Bcmanosaeni mexnonoziuni ocoéiueocmi npo-
Uecy 6u20MmoBaeHH WEUOKO0IUH020 BUCOKOmMEM-
nepamypnozo HAONPoioH020 MIKPONOJOCK06020
3aXUCHO20 NMpucmporo, AKuil 30amen 3a nixoce-
KYHOHUU NPOMINCOK uacy (uac nepexouenus
abo weudxodilinicmv) 00MeNcUMU NOMYIHCHICMD
wWo NPoxooumv CKpiso Hb020 3 anmenno-gioep-
HO20 mpaxmy 00 0e3neuroz0 pieHs 0N wym-
JUGUX HANIGNPOGIOHUKOBUX eJleMeHmie npulima-
ua (3anobizanns cmpymeneeozo pyuHYeanns p-n
nepexody). /ocnidxicenns 00360as10mo 6usHa-
wumu 0CoOIUBOCMI Ma YMOBU BUKOPUCMAH-
HA CYMACHUX MEXHONOZIMHUX Memo0ié 000
CMEoOpeHHs HAONPO6idH020 MIKPONOIOCK08020
3aXUCHO20 NPUCMPOIO 3 YPAXYBAHHAM 6NIAUGY
Mamepiany nioxkaaoxu, HAONPoOBIOHUKA, KOHMAK-
mie ma Memooy ix 3’cOHanHA HA nepeMuxaroui
8J1ACMUBOCMI HAONPOBIOHUX NAIBOK 3AXUCHOZ20
npucmporo. /lo nepemuxairouux enacmueocmeil
HAONPOGIOHUX NAIBOK 610HOCUMBCA WEUOKICMb
Paz06020 nepexody 3 Haonpogionozo ¢ Henpo-
6o0smee cman. JInsa 6uUHAMEHHA CMYneHro
8NJUBY Mamepiany HA NepeMuKarovi 6aaAcmu-
80CMi NPONOHYEMBC BUKOPUCMAMU: NAPAMEMP
Kpucmaniunoi pewimku, xoeiuienm mennoeo-
20 po3wupenns mamepianie, CMyniHbL 63AEMO-
i MONEKYAAPHUX CMPYKMYP KOHMAKMYIOUUX
Nn08epPXOHb, UMOBIPHICM® GUHUKHEHHS JIOKATbHUX
depexmis na nosepxui (3on nenposionocmi). Y
pobomi oxpecaeni 0CHOBHI YyMOBU CROCOOU HaHe-
CeHHs N6KU, HAHECEHHS SUIHAUEHOI HAONpo-
6ionoi naiexu (YBCO) na oopany nioxaaoxy, sxi
C1i0 8UKOHYBAMU OJ151 CMEOPEHHS NPAYE30aAMHO20
3axucnozo npucmporo.. Pezynomamu po6omu 0o3-
801AI0Mb OUIHUMU CMYNIHL BNAUBY Mamepianie
KOoHmaxmis, Memooy HaAHeCeHH Ha MIKPOCMPYK -
mypy (K nuiexKy na niokaaoky, max i Konmax-
mie Ha NNIGKY) HA NepemMurarouu 81acmueocmi
3aXUCHO20 HAO NPOBIOHUKO0B020 3AXUCHOZ20 NPU-
cmporo. Taxi pesyavmamu moxncymo Gymu euxo-
pucmani npu cunmesi 6UCOKOMEMNEPAMYPHUX
HAONPOBIOHUX WEUOKOOIIOUUX NPUCMPOiE 3axu-
cmy ejlemMenmie npuuMa4ie 6i0 MoxK06020 pyiHy-
eanus p-n nepexooie

Kniouosi cnosa: eucoxomemnepamypna nao-
nposioHe nAIGKA, MAZHEMPOHHOZ0 HANUTEHHS,
Jlazepre HANUNEHHS, Mamepian nioKaAAoKU, KOH-
maxmu Ha HaAoOnpPoBiIOHUKU
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1. Introduction

higher than those of classical superconductors, they are called

The YBCO compound with critical temperature above
93 K, higher than temperature of liquid nitrogen (77 K), was
synthesized in 1987. Since transition of such materials to
superconducting state occurs at temperatures substantially

high-temperature superconductors (HTSC). Cheapness and
simplicity of cooling the new superconductive materials with
liquid nitrogen compared with liquid helium predetermined
development of the lines of applied studies aimed at the use of
superconductivity in technology, medicine, biology, etc. [1-3].




The high-frequency properties of HTSC have begun to
be studied with the aim of improving Q-factor of resonators,
filters, antennas [1, 4—6]. However, researchers and engi-
neers were facing technological problems in introduction
of HTSC structures ranging from creation of defect-free
samples to construction and maintenance of a reliable nitro-
gen cooling system [7-9]. Such problems slowed down the
process of introduction of HTSC structures, particularly
into SHF systems. However, specialists have managed to
overcome the difficulties with the advent of modern tech-
nologies of thin epitaxial films [9, 11]. With advance of the
superconductor technology, new HTSC materials
were discovered (Bi—Sr—Ca—Cu—-0O, T=115 K,
Tl-Ba-Ca-Cu-0, T=125 K [3, 12, 13]) and
methods of precise deposition of thin HTSC films
were developed. These methods allow producers,
firstly, to reduce size of HTSC devices and im-
prove the Q-factor due to reduction of radiation
losses, and secondly, reduce operating frequencies
of the HTSC devices and extend the frequency
tuning range [4]. Therefore, thin HTSC films
are currently used in various SHF devices (film
single-contact and two-contact superconducting
quantum interference devices (SQUID), flow
transformers; bolometers; filters, etc.) [1, 6-8].

Analysis of recent literature [1, 6—8] shows
that the HTSC properties are rather poorly stud-
ied in this microwave range. At the same time, it became nec-
essary to study both the HTSC properties and the materials
used in this frequency range. Consequently, each HTSC
device requires an individual approach, both to the choice of
manufacturing technology and composition and the choice
of materials with a compatible crystal lattice structure
which is determined by specific destination of devices as well
as peculiarities of their operating conditions.

Therefore, it is relevant to analyze modern technologies
and conditions of fabrication of HTSC films, substrates,
contacts, and the features of their design integration with
the aim of creation of a microstrip protective superconduct-
ing devices for electromagnetic protection of semiconductor
elements of receivers.

2. Literature review and problem statement

It is proposed in [1] to use a microstrip structure (Fig. 1)
which limits to a safe level exposure to powerful electromag-
netic effect (PEME) on the radio electronic elements of the
receiver.

Absence of such protection inevitably causes disruption
in operation of electronic radio equipment as a result of volt-
age and current induced in external and internal circuits.
Such currents can bring about local release of large amounts
of heat in a rather short period of time on some radio ele-
ments of the receiving device, and, as a consequence, their
erosion (electrochemical) destruction [6].

Present-day studies in the theory of high-temperature
superconductivity and a high level of nanotechnologies
have allowed engineers to introduce the HTSC devices into
microwave equipment [1, 2] (protective devices for radio
communication systems, antennas, coils for medical tomo-
graphs, etc.) [3—-5]. However, in connection with the specific
features of the HTS protection of SHF receivers [1, 4, 16]

against electromagnetic damage, objective technological
difficulties arise in the choice of:

—necessary electromagnetically resistant HTSC ma-
terials and substrates compatible by their crystal lattice
structure and thermal expansion coefficient (dielectrics are
chosen depending on where and how the superconducting
protection is established);

— material and method of burning low-resistance con-
tacts into the surface of the film of the superconducting mi-
crostrip protection device (the contact transient resistance
should be minimized).

Substrate W
HTSC

a Screen

a b

Fig. 1. High-temperature superconducting film microstrip device
protecting the SHF receiver against electromagnetic damage: appearance

(a); structure (b)

Studies of each design of superconducting protection
require an individual approach. It is necessary to conduct
separate analysis in order to select technological approach-
es (choice of materials for HTSC films, substrates, low-re-
sistance contacts and the packaging method) for creating a
superconducting microstrip film protective device [1] tak-
ing into account conditions of its operation in SHF devices
[16—-18]. Therefore, it is advisable to make a comparative
analysis of the technologies used in selection of materials
for the film, substrate, contacts and the procedure for as-
sembling them in order to design the microstrip device for
superconducting protection of receivers proposed in the
study [1].

3. The aim and objectives of the study

This study objective is to elaborate recommendations
on the use of modern methods, materials, technologies, syn-
thesis devices to create the proposed version of a high-tem-
perature microstrip superconducting electromagnetic high-
speed (less than picoseconds) device to protect receiver
elements against destruction of their p-n structures.

To achieve the objective, it is necessary to solve the fol-
lowing tasks:

— conduct a comparative analysis of methods for depo-
sition of HTSC films on a substrate taking into account re-
quirements to resistance of the protective sample to current
loads (more than a megamper per square centimeter);

— determine criteria of choosing a substrate for the cor-
responding HTSC structure taking into account agreement
of their coefficient of thermal expansion at the temperature
of liquid nitrogen;

— form a list of possible technologies for making contacts
to a protective device made in the form of a high-tempera-
ture superconducting film.



4. Materials and methods for creating a HTSC based
prototype of a protective device

Modern technologies will be considered and technologi-
cal features of construction of the HTS microstrip device for
protecting elements of the receiving device against electro-
magnetic damage will be formulated in this study.

The principle of operation of the HTS protective device
is based on the use of the phase transition of its high-tem-
perature superconducting film from the superconducting (S)
to the non-superconducting (N) (or resistive) state. The
response rate (of phase transition) of such a device is less
than one picosecond within the frequency band of modern
measuring devices which include oscilloscopes, spectrum
analyzers, etc. This response rate of the device embedded
in an antenna-feeder system is high enough to limit power
of a coming strong signal to a level safe for sensitive semi-
conducting (including digital) elements of the SHF receiver.
However, conditions of use of the device and the features
of operation of SHF devices predetermine requirements to
accuracy of film deposition [14], choice of substrate [15] and
design of a cooling system. Also, it is necessary to choose
the right method of applying contacts to the surface, for
example, various features for imbedding into antennas or the
waveguide transmission line [1, 6, 10].

Thus, it is necessary to study modern methods for syn-
thesizing superconducting films, choosing a substrate, and
applying contacts which will make it possible to choose
the technology for manufacturing a specific protective fil-
ter-limiter for a microwave device [1] based on the HTSC
microstrip design.

4. 1. Basic methods for synthesis of HTSC films

4.1. 1. The method of laser spraying

Laser deposition of HTSC films can be carried out using
various spraying methods [11-17]. Choice of the method
depends, for example, on composition of the spraying targets.
It should be noted that composition of the obtained HTSC
films must be constant [1] to create a fast-acting microstrip
protective device. Even the high cost of equipment is paid off
with its efficiency and ease of the process control. A gener-
alized diagram of the experimental equipment used for laser
spraying of HTSC materials is shown in Fig. 1 [11].

The laser beam is focused on the target surface inside
the vacuum chamber at an angle to it. Deposition of the
sprayed material on the heated substrate can take place
both in vacuum and in atmosphere of a definite composition.
For spraying of HTSC materials, it is necessary to use ex-
cimer lasers ArF (n=193 nm) [12, 13, 17], KrF (n=248 nm)
[18-20], XeCl (n=308 nm) [21], lasers on yttrium-aluminum
garnet with neodymium NdYAI (n=1064.532 nm) [22, 23].
It is also possible to use infrared CO, lasers (10 um) both for
spraying targets and surface modification [24]. The nature of
laser ablation, that is, composition of the sprayed substance
by elements, spatial and temporal distribution of the ablating
torch, presence of clusters or microdroplets depend on the
interaction of the focused laser beam with the surface of the
solid body.

This process is quite complicated and essentially depends
both on parameters of the laser beam (wavelength, energy
and power, radiation quality, i.e. divergence, beam shape and
mode structure) and the nature of the sprayed surface (com-
position, morphology).

Fig. 2. Diagram of the equipment used for laser spraying of
the HTSC material: lens 1; laser beam 2; heater 3;
substrate 4; gas 5; rotating target 6; pyrometer 7; evacuation 8

The use of high-power lasers with a short (10-100 ns)
pulse duration allows one to completely evaporate the sub-
stance from the volume of the crater formed under the action
of focused radiation. Such evaporation (congruent ablation
[11]) ensures escape of the target substance in integral of
the same composition as the target. An increase in duration
of the pulses and consequently the time of interaction of the
radiation with the surface result in heating of the target vol-
ume larger than the crater. The process of thermal diffusion
starts at the interface and composition of the evaporated
substance differs from that of the target. When transition is
made to continuous lasers, evaporation has the same char-
acter as with an electron beam. A similar process can take
place during sequential irradiation of the same target site.
To avoid this undesirable process, the target is continuously
moved so that there is a fresh surface area under the laser
beam every time. Cation composition of the film depends
on distribution of the sprayed material in composition and
spatial and temporal distribution of the ablation torch. A
number of studies have shown that spatial distribution of
the torch takes place according to this law: cos™® where
n=1,2; 8 is the angle counted from the normal to the surface.
But when counting by mass as a whole, cosine distribution
proceeds quite well and characteristics of scatter of indi-
vidual components can vary significantly. Graphs of scatter
of individual components plotted during evaporation of a
YBaCuO stoichiometric target by irradiation of Nd: YAG la-
ser are presented in [23]. It was shown that the Y, Ba and Cu
scatter indicatrices do not coincide. The mismatch of scatter
direction of individual components of the target necessitates
determination of the substrate position at which deviation of
the film composition from that of the target is minimal. To
level up composition and achieve film uniformity, substrate
is often placed in a rotating holder.

Disadvantage of the laser spraying method consists in
presence of microdroplets in the laser torch. Cluster parti-
cles containing tens and hundreds of molecules contribute
to maintaining of stoichiometric composition and do not
violate morphology of the film surface but microdroplets
deposited on the surface make it rough, cause various dis-
turbances and worsen overall quality of the film. However,
fall of microdroplets on the film surface can be significantly
reduced by using various screens. It is proposed in the study
[24] to use the method of fast rotation of sputtered targets
in which centrifugal separation of the main torch and micro-
droplets is achieved.



Heat treatment of films obtained by laser spraying differs
fundamentally little from heat treatment in other methods
of film deposition. Post-oxidation and annealing of films
after their application are used. Plasma sources of oxygen
activation are used for post-oxidation of films in the process
of spraying as well as in other methods. As was noted, both
oxygen ions and atoms have a positive effect on the film
growth process during plasma activation of oxygen. Authors
of study [25] in which YBaCuO films were obtained at a
temperature of silicon substrate as low as 400 °C suggested
that molecular ions of oxygen play the main role. However,
the results of the study have shown that a stream of atomic
oxygen has a significant effect on film growth as well. The
results of this study were confirmed by studies [14, 26] in
which dissociation of N,O by ArG laser irradiation was
used to obtain atomic oxygen. It proves the opinion that it
is atomic oxygen that ensures obtaining of superconducting
films at a substrate temperature of about 600 °C.

The process of laser ablation and heat treatment con-
ditions were studied in [15, 16, 23]. However, no general
recommendations for producing films by laser spraying were
given. It is because spraying conditions differ greatly both in
the laser structure (energy and power density, wavelength,
focal spot size) and other characteristics (pressure in the
chamber, substrate temperature, distance from the target).
With technological advance, the process of producing films
by the laser method is becoming more and more widespread
since all abovementioned parameters easily vary and en-
able quick establishment of optimum conditions at which
high-quality films are obtained. To design protective devices
using the laser method, monocrystalline films with high
critical characteristics were created (currents of transition
of a high-temperature film into a mixed and non-conducting
state). The advantage of using lasers is that laser radia-
tion can be simultaneously used for other purposes. Rapid
high-temperature laser annealing [17], substrate irradiation
during spraying by the same laser radiation [16] which is
used for spraying the target were used. Lasers for deposition
of films with patterns were used [25-27].

4.1. 2. The method of magnetron spraying

Magnetron spraying systems (MSS) are, in essence,
diode-type systems in which interaction of electric and
magnetic fields in combination with the shape of the target
surface being sprayed creates such configuration of magnetic
traps for electrons at which the electron drift currents close
themselves (Fig. 3, 4).

As aresult, three maxima coincide in the MSS [15, 16, 28]:

— the functions of distribution of electrons by energy;

— the number of ionization acts which create one electron
per unit path of its directed motion;

— the number of electrons liberated from the target by
one ion.

Abnormal glow discharge realized in the MSS takes
place in crossing electric and magnetic fields.

As aresult, three maxima coincide in the MSS [15, 16, 28]:

— the functions of electron distribution by energy;

— the number of ionization acts created by one electron
per unit path of its directional motion;

— the number of electrons liberated from the target by
one ion.

An anomalous glow discharge in the MSS takes place in
crossed electric and magnetic fields. The electrons emitted in
the target under the action of ion bombardment are captured

by the magnetic field and complete complex cycloidal motion
along closed trajectories near the target surface. As a result
of multiple collisions of electrons with atoms of the working
gas (usually A1), the degree of ionization increases sharply
and the ion current density grows (approximately 100 times
compared with the diode spraying systems (SS) without a
magnetic field) which results in a substantial (50-100 times)
increase in the rate of spraying of the target material.
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Fig. 3. The principle of operation of the magnetron spraying
system (MSS): the method of magnetron spraying (a);
the diagram of unbalanced MSS ()

Fig. 4. A variant of structural arrangement of the MSS:
lens 1; laser beam 2; heater 3; substrate 4; gas 5; rotating
target 6; pyrometer 7; evacuation 8

The superconductor can be sprayed using non-balanced
magnetrons (NM) (Fig. 3,b). The magnetron is called
non-balanced because along with the main arch magnetic
field formed above the target surface, there is an additional
axial magnetic field leaving the target for the substrate.
When a negative potential, —Ud, is applied to the magnetron
target, an anomalous glow discharge is ignited above its
surface. Electrons of the discharge plasma in their cycloi-
dal motion along the force lines of the arch magnetic field
ionize the working gas, argon (Ar). Ar* ions accelerate in
the near-cathode electric field of the target and bombard its
surface. The process of target spraying results in that metal
atoms are released from its surface. They correspond to the
target material (e. g. Ti, Al, Cr, etc.) and have average en-
ergy from 10 to 20 eV. Also, additional secondary electrons
are released. Metal atoms move to the substrate surface on
which they are deposited layer-by-layer and, thus, coating
is formed. However, this method requires costly equipment
although film quality is higher than that of the standard
magnetron spraying.

In addition to implementation of the low-temperature
process organically fitting the super large scale circuit
(SLSC) manufacture technology featuring submicron di-
mensions of the elements, the main MSS advantages de-



termining the possibility of their wide industrial use are as
follows:

— higher energy efficiency of the process compared with
the SS of diode and triode types and hence a higher film
deposition rate. This is explained by the fact that due to the
presence of a magnetic field, the high efficiency of the plasma
formation process is combined in the MSS with a high spray-
ing coefficient at ion energy of 400—500 eV, characteristic
of the MSS;

— obtaining of required stoichiometry in simultaneous
spraying of several targets by controlling the power supplied
to each of the targets;

— the ability to control the spraying area as a result of
using several independent magnetic systems;

— the possibility of changing the structure and properties
of the films due to simultaneous spraying of several targets
with different pressures speeds and composition of the
gaseous medium (percentage ratio of Ar and O,), the bias
potential on the substrate and other methods;

— low porosity and high adhesion of films even at small
thicknesses;

— lower (compared to the conventional diode SS) radi-
ation and thermal effects on the treated structures and the
possibility of their further reduction with thermal ensulation
of the deposition process;

— inversion of the process enabling the use of MSS for
pretreatment (etching) of the substrate and deposition of a
wide range of materials;

— versatility of the process enabling deposition of virtu-
ally any material on the film substrate in a single vacuum
cycle and compatibility of the process with other operations
of the technological cycle of IC manufacture.

The possibility of formation in a wide range by varying
parameters of the deposition process provides application of
high-quality films with required properties. Being a source
of the surface type and providing an opportunity of choos-
ing configuration of the spraying zones and target shapes,
the MSS provides a high deposit thickness uniformity on
both plane and relief surfaces. Since the substrate is not the
MSS electrode, it is possible to exert controlled influence on
conditions of film formation and impart it desired electro-
physical properties.

For this purpose, plates are subjected to controlled heating
by a stream of charged particles with applying a bias potential
(constant, adjustable or high-quality) both to the substrate
holder and the MSS anode. Providing operation in a wide pres-
sure range, the MSS makes it possible to use this parameter as
a parameter controlling a number of film properties: adhesion,
structure, thermal and mechanical stresses, uniformity

One of the important problems in deposition of films is
ensuring maximum uniformity of the film coating thickness
(in order to exclude nonuniformity of the phase transition
of the HTSS film from superconducting to nonconducting
state). This problem can be solved in various ways:

— choice of the shape and size of the target and location
of the spray zone on it;

— simultaneous spraying of several targets;

— choice of optimal location of the substrate relative to
the target;

— moving the substrate relative to the target during film
deposition;

— choice of an optimal value of the working pressure.

The magnitude of working pressure has a significant
impact not only on uniformity but also on the film deposi-

tion rate. When spraying a film by standard MSS, working
pressure usually lies in the range of 0.1-1.0 Pa. Therefore,
most of the atomized atoms undergo repeated collisions with
the working gas (gas mixture) atoms on their way from the
target to the substrate. As a result of these collisions, both
the energy state of the particles and the trajectory of their
motion change [29, 30].

Table 1
Atomic mass values of certain metals and gases
Metal or gas Atomic mass
Aluminum 27
Calcium 40
Titanium 48
Copper 63
Strontium 88
Yttrium 89
Niobium 93
Barium 137
Tantalum 181
Tungsten 194
Thallium 204
Lead 207
Bismuth 209
Neon 20
Argon 40
Krypton 84
Xenon 131

Sputtered high-energy atoms having a large atomic mass
(for example, Bi, Tl and Pb with Am>200) can move until
their energy becomes close to thermal energy (the moment
of thermolysis). In this case, the average length of their di-
rected run is La=L-a (where L is the length of free run of the
sputtered atom in the gas; a is the number of its collisions
before the moment of thermolysis). For particles with a large
atomic mass and insignificant scatter angle during collision,
the distance can be taken as the length of a straight run. If
the distance from the spraying point to the condensation
point is 7<L,, then almost all sputtered particles will reach
the condensation surface. If 7>L, then some of the sputtered
atoms will diffuse back into the target as a result of colli-
sions. Particles having a small atomic mass (for example, Ca
with Am=40) return to the target, mainly due to backscat-
tering from a distance 7<L,.

As can be seen from Table 1, the components that make
up the sputtered target of HTSC material (for example, Ca
and Bi) differ greatly in their atomic mass.

In this connection, an experimental study of the effect
of working gas (Ne, Ar, Xe) pressure and the target-to-sub-
strate distance on the deposition rate and backscattering
of Cu and A1 differing greatly in their values of Am is of
considerable interest. It was found that with an increase
in pressure (from 0.7 to 4 Pa) and a target-to-substrate
distance (from 50 to 145 mm), the rate of film deposition
decreased for the substrate and increased for the target.
However, reverse deposition on the target occurred almost
at a 2.5 times faster rate than for Cu (which in the first
approximation corresponds to the ratio of atomic masses
of Cu and A1). In the studied ranges of the process param-
eter variation, the rate of film deposition on the substrate
decreased by 15—48 because of reverse deposition of sput-



tered particles on the target and the walls of the working
chamber. It was found that with an increase in the power
applied to the target, reverse deposition of sputtered atoms
on it decreases. This can be explained by a local decrease in
the working gas density in the cathode region because of its
heating resulting in a decreased number of collisions of the
working gas atoms with the atoms of the sprayed material
and their reverse deposition on the target decreases. The
studies carried out in [31] have shown that with a decrease
in the operating pressure from 4 to 0.7 Pa, both the flux
of neutralized ions reflected from the target and the film
deposition rate increased, the latter much faster. In this
case, in the total stream of atoms deposited on the sub-
strate, the fraction of reflected particles during spraying
increases from 2 to 4 for Cu in Ar, from 12 to 20 for Tiin Ar,
and from 27 to 50 for Ta and W in Ne (that is, on average,
2 times). Also, the number of reflected particles increases
significantly with an increase in ratio of the atomic masses
of the material being sprayed and the working gas used.
Since the atomic masses of T1, Pb, Bi are more than 5 times
greater than the value of this parameter for Ar, when spray-
ing these materials, there will be a large flow of reflected
high-energy particles that will bombard the substrate and
the HTSC film growing on it, which can affect grain size,
morphology and degree of contamination of the film as
well as the magnitude of mechanical stresses. As shown in
[32, 33], with the use of a planar MSS structure, energy
of the sprayed particles lies in the range of 10—100 eV and
grows as the atomic mass of the sprayed material increas-
es. This energy sharply decreases and the deposition rate
significantly increases simultaneously with an increase in
atomic mass of the working gas (for example, when Ar is
replaced with Xe). Relatively high energies of sputtered
particles (about 100 e€V) occur at an average value of the
spraying factor, the ratios of atomic masses of the target
material and the working gas (for example, combination
of Ta—Ar, W—Ar) are large. In this case, heating of sub-
strates is determined by neutralized ions rebouncing from
the target. When using reactive spraying in a mixture of
the working gas with oxygen, energy of the formed oxides
reaches 500-1,200 eV [33]. The main substrate heating
sources in the process of deposition of films using MSS in-
clude the energy delivered by sputtered atoms, released by
the heat of condensation and, finally, delivered by neutral-
ized ions [32]. As for heating through plasma radiation, it
is insignificant and the effect of high-energy electrons can
be eliminated, e. g. by applying a positive bias to the MSS
anode or using grounded screens.

In addition to pressure, the target-to-substrate distance
has a decisive influence on properties of HTSC films de-
posited by using MSS. It was found in [33] that when this
distance in a planar HF MSS was 35 mm, transition of the
film to the superconducting state began at 92 K and end-
ed completely at 86 K. Increase of this distance to 35 mm
caused a sharp ‘blurring’ of transition which ended at 29 K.

In addition, deposition rate of HTSC films and their
composition substantially depend on the angle of inclination
of the substrate relative to the target.

During the last decade, there has been an intensive de-
velopment and improvement of the MSS, one of the structure
versions of which is presented in Fig. 4.

A characteristic feature of magnetron deposition of
HTSC films at low pressures is the intense back spraying of
a growing film as a result of its bombardment with negative

high-energy oxygen ions. To eliminate this phenomenon,
an MSS design was used in [31] in which dimensions of the
target and its annular spraying zone significantly exceeded
dimensions of the substrate. The latter was placed directly
above the center of the target and a screen was installed
between the target and the substrate. The screen had an
opening corresponding to the substrate dimensions. Natu-
rally, the bulk of the sputtered target material was deposited
on the screen, so rate of deposition on the substrate did not
exceed 2 nm/min. However, the HTSC films had a distinct
crystal structure and high parameters (7c=88 K) which
was explained by the authors as a result of high reactivity of
oxygen and the high kinetic energy of the deposited atoms
of the target material. In some designs of MSS, instead of a
screen, a grid is placed between the target and the substrate
to which a negative bias (=70 V) is applied. However, as
indicated in [31-33], the bias applied to the grid eliminates
bombardment of a growing film by negative oxygen ions
and accelerates positive Ar, Y and Ba ions which, in this
case, bombard the film and change its structural and elec-
trophysical properties (which changes switching properties
of the film). With simultaneous reactive spraying of three
independent targets on YO3, CuO, and BaO, with the help
of HF MSS, bombardment of the growing film by negative
oxygen ions can be eliminated if all three targets are located
in the same plane around the ring and the substrate is placed
above them in such a way that its projection onto the plane
of this ring is located at its center [31]. Comparison of the
magnetron and laser methods for synthesis of HTSC films
shows a significant advantage of the latter.

4. 2. The choice of substrate of the HTSC film

To choose substrate material for a HTSC protective de-
vice (PD), it is necessary to identify four main factors that
influence parameters of the HTSC film [15, 35].

1. Chemical reactions in the boundary (interferential)
region between the HTSC film and the substrate. The
products of these reactions resulting from contamination
of HTSC films with new phases can cause loss of supercon-
ducting properties of the film and the release of copper from
the HTSC film into silicon significantly change its electro-
physical properties. Such heterogeneity reduces speed of the
HTSC protective device which is unacceptable.

2. Mechanical stresses between the film and the sub-
strate. These stresses can reach a significant value because
of difference in thermal expansion coefficients (TEC) of the
HTSC film and the substrate. For example, TEC of YBaC-
uO films, depending on oxygen content and the change of
phase transitions during thermal cycling, is in the range of
(8.5-15)10-6-1/K while TEC of the most frequently used
substrates is 5106 1/K for Al,O3; 7106 1/K for stabilized
Y,03; 9.4-10°6 1 /K for SrTiO3; 13-10°61/K for MgO.

3. Orientation of crystallites. The best parameters for
the HTSC protective device films are obtained at a high epi-
taxial orientation of crystallites or in monocrystalline films.
For example, lattice parameters of LaAlO (0.379 nm) are
consistent with an accuracy of 1 % with the corresponding
parameter for YBaCuO which gives grounds to expect high
densities of critical currents in this case.

4. The value of dielectric constant and dielectric loss
of the substrate material. For example, the substrates pre-
pared of SrTiO3 and used for HF devices are not suitable for
protective devices because they have a very high dielectric
constant (¢=100, 1000 and 18000 at t=300.77 and 4.2 K,



respectively [35]) and have significant dielectric losses in
SHF devices (tgd=5-10"% and 91076, respectively). Signifi-
cantly less losses in SHF devices are observed for substrates
prepared of lanthanum aluminate LaAlOs3 (e: 15 at /=1 kHz
and 26 at /=0.1-1 THz, tgd=610" (300 K) and 510
(4 K)) [35].

Choice of a substrate material for a protective device is
not an easy task. On the one hand, it is desirable to have
substrates with a certain crystalline structure which enables
epitaxial growth of HTSC films and, on the other hand, it is
necessary to apply films on widely used materials (silicon,
silicon oxide, gallium arsenide, etc.).

To obtain epitaxial HTSC films, monocrystals can be
used. Their unit cell parameters are close to the correspond-
ing parameters of the HTSC films or they differ by about
two times. In the first case, the crystallographic directions of
HTSC films <110> will lie along the directions of the <110>
type of the substrate and the mismatch can be taken with
respect to the value “a”/Y, of the substrate (these values of
mismatch are given in Table 2 [30]).

Table 2
Crystal structure and lattice constant for substrate materials
Substrate Crystal struc- | Lattice con- | Mismatch with
material ture stant YBaCuO, %
NdGaO3 Orthorhombic 0.38 0.42
LaAlOs Hexagonal 0.378 1.2
LaGaO3 Orthorhombic 0.390 21
SrTiOs Cubic 0.390 2.2
71Oy Cubic 0.507 6
MgO Cubic 0.402 9

Both monocrystalline and polycrystalline substrates with
thermal expansion coefficient corresponding to HTSC are
required for superconducting electronics and SHF devices.

In the second case, the cracks and pores formed as a
result of difference in the lattice parameters, TEC of the
substrate material and the HTSC seem to be closed, “healed”
due to the chaotic distribution of crystallites forming the
polycrystalline film [3, 6].

These cases are especially important when constructing
protective devices since the heterogeneities arising during
synthesis will spontaneously trigger the switching process
of the superconductor into the nonconducting state (uncon-
trolled protection triggering) leading to a failure of protec-
tion or signal reception process.

Therefore, for the chosen compound Y-Ba-Cu-O which has
lattice parameters (Fig. 5): a=0.38; 6=0.39 and ¢=1.17 nm,
one of the most suitable materials for protective device
construction is strontium titanite, SITiO (a¢=0.39 nm) for
which mismatch with the “a” parameter is 2 %, and 2 % be-
tween “¢” in YBaCuO and “c” in SiTiO3.

This circumstance explains the widespread use of SrTiO3
substrates for obtaining high-quality YBaCuO films [35, 36].
The YBayCu3Oy7 films on the SrTiOj3 substrate have a very
close correspondence of the structure obtained resulting
in high ordering of crystals in films. The crystal “c” axis is
usually perpendicular to the substrate plane ensuring high jc
values (up to 5-10% A /cm?) and small AT (1 K) [6, 8].

The considerable cost and very high dielectric constant
significantly limit the use of SrTiOs, especially in SHF
protection devices. Besides, it should be borne in mind that
strontium is released from SrTiOg3 during high-temperature

annealing. It replaces barium in YBay,Cu3zO7 and reduces
the value of Atpq (the response time of the protective device
based on the microstrip structure with a YBayCuzO7 film).
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Fig. 5. Crystal structure of YBaCuO

Thermal expansion coefficient in substrates is usually
lower than in films of the YBayCu3O7 type (Table 3) [16]
which inevitably causes thermomechanical stresses in films
during their high-temperature annealing.

Thus, to create an HTSC protective limiter in an exper-
imental sample, it is necessary to use a LaAIOj3 substrate on
which YBa,Cu3O7 film is sprayed by the magnetron method
and contacts are burned in.

Table 3

The value of thermal expansion coefficient of materials of
some types of HTSC films and substrates

Average TEC value, grade, in the range
Material
30-500 °C 500-900 °C
YBaCuO 1.44x1075 1.69x1075
LaSrCuO 1.44x107 1.38x107
SrTiOg 1.02x10°5 1.11x1075
Zr stabilized withY,05 1.1x10” 1.03x10
MgO 1.24x1075 1.3x10°
sapphire 0.68x107 0.75x1073
aluminum 0.62x1075 0.7x107
silica <106 <106
silicon 2.6x106 >106
gallium-arsenide 6.6x10°6 >106

Note: TEC — thermal expansion coefficient

However, it is necessary to analyze whether pressing
of contacts into the superconducting film will not violate
properties of the protective device and from what material
it should be made.

4. 3. Features of the manufacture of contacts for a
protective device made in the form of high-temperature
superconducting microstrip line

Choice of a specific material for making contacts of the
device and the method of their manufacture depends on the
intended purpose and conditions of the device operation. In
this study, technology of contact choice and the method for
applying them to a high-temperature superconducting film
being a power limiter or a protective element for reducing
level of power passing through the antenna to the receiver
was studied.

To apply stable low resistance contacts [29] to the surface
of a high-temperature film which will be used as the basis for
the current limiter, the following conditions must be met:



— the contact should have low transient resistance at a
high critical current density of the superconductor (up to
5106 A /cm?);

— exclude, if possible, formation of oxides on contacts,
that is formation of a dielectric layer on the HTSC-metal
interface;

— the contact material must not enter into chemical
reactions with the material of the HTSC film (otherwise,
destruction of superconducting properties of the film may
take place).

It is worth to bear in mind that when depositing HTSC
films on a substrate, a thin dielectric layer is formed in
the subsurface layer as a result of violation of the HTSC
stoichiometry or crystalline structure. This layer should be
removed before applying contacts to the surface of HTSC
metal (usually Ag and Au). In practice, ion cleaning in in
plasma of inert gases (argon more often) is used but thick-
ness of the non-superconductive subsurface layer is reduced
and cleaning does not remove gases completely since struc-
tural changes occur to a depth of up to 4 nm (breakage of
Cu-0O bonds and oxygen diffusion). Cleaning in oxygen
plasma causes smaller changes but the whole film is sensitive
to the cleaning conditions (process time, angle of ion fall on
the surface). Cleaning by removal of the surface layer of the
HTSC film material is also accompanied by destruction of
superconducting properties of the surface. Therefore, surface
of the HTSC film is a very unstable formation, so it is neces-
sary to protect it with films of other materials immediately
after deposition. Unfortunately, a very limited number of
materials can be used for this purpose.

Most of the metals come into chemical reactions with the
HTSC film material causing destruction of superconducting
properties of the near-surface HTSC layers and oxidation in
materials contacting with it. There is only a limited list of
materials: Ag, Au, Pt, Ir, Ru, Rh, Pd, Os, Hg whose oxides
have lower binding energy than in Cu—0. Oxide film is not
formed only when Ag and Au are deposited on the YBaCuO
surface, in all other cases, oxide films with thickness from 4
nm for Cu and up to 14 nm for Al are formed. The process of
material oxidation is accompanied by destruction of super-
conductivity and formation of a 2—5 nm thick semiconductor
surface layer.

5. Discussion of the results obtained in the study of
the technology of manufacturing a superconducting
device for electromagnetic protection of receivers

Advantages of the study:

— establishment of the technology for creating a mi-
crostrip superconducting protective device using even the
same equipment that is used in application of metal super-
conducting films;

— determination of the substrate type (Si, MgO, SrTiOs,
LaGaOs3) having properties enabling deposition of HTSC
films on them and creation on their basis an HTSC protec-
tive device that will operate (switch) at currents above the
critical level (106 A /cm?). However, before deposition of any
superconductor on the substrate, it is necessary to check its
compatibility with the material of the chosen HTSC protec-
tive device with respect to the crystal lattice parameters;

— establishing the technology enabling application of
ohmic contacts (Ag, Au) to the high-temperature film sur-
face. Such contacts shall not violate superconductivity of the

protective device in operation (current below critical value)
and transient (superconductor — not conductor) conditions
or reduce speed (1 picoseconds) of current triggering of the
electromagnetic protection.

However, there are disadvantages as well:

1. The superconducting and structural parameters of the
films are strongly dependent on the oxygen deficiency in the
YBayCus074 lattice. The phase with critical temperature
Tc~90 K and the crystal lattice parameter “c” within 1.168 to
1.170 exist only for x<0.2. In the case when x>0.4, supercon-
ductivity in YBCO is absent and the crystal lattice param-
eter ¢>1.178 nm. Under optimized spraying conditions and
subsequent cooling, most of the films turned out to be quite
well saturated with oxygen already when removed from the
spraying unit. Therefore, any incorrect mode of film applica-
tion may lead to oxygen saturation of the film with a loss of
superconducting properties and inability to use it for synthe-
sis of the protective device. At the same time, this is possible
not only during film deposition but also during application
of contacts. That is, even if all conditions were met, 30 to
40 of 100 samples produced by the magnetron method had
defects. A conclusion can be drawn that a decrease in oxygen
concentration not only leads to a decrease in density of carri-
ers of electric current but most importantly, to an increase in
surface resistance and, accordingly, to a decrease in critical
temperature, Tc. Also, possible replacement of oxygen by flu-
orine is of interest. However, fluorine has lower valence than
oxygen and therefore does not fall into oxygen vacancies but
occupies a position between the lattice points violating sta-
bility of the superconducting phase. Nevertheless, attempts
to saturate the HTSC with fluorine continue to occur and a
slight increase in Tc can be expected in some cases.

2. When applying HTSC films on a substrate, a thin
dielectric layer is formed in the subsurface layer as a result
of violation of the HTSC stoichiometry or crystalline struc-
ture. This effect brings about a parasitic capacitance and a
decrease in the protective device triggering time. Therefore,
it is necessary to take measures to remove this layer before
applying contacts of metal (usually Ag and Au) on the GTSC
surface. In practice, ion cleaning in the plasma of inert
gases (argon more frequently) is used but thickness of the
superconducting surface layer decreases and cleaning does
not destroy gases completely as structural changes occur
to a depth of 4 nm (break of the Cu—O bond takes place).
Cleaning in oxygen plasma causes smaller changes but films
are rather sensitive to the cleaning conditions (processing
time, angle of ion falling on the surface). Cleaning by re-
moval of the surface layer of the HTSC film material is also
accompanied by destruction of superconducting properties
of the surface. Therefore, surface of the HTSC film is a very
unstable formation, so it is necessary to protect it with films
of other materials immediately upon deposition.

3. What was not made in the study:

— analysis of the amplitude and frequency response of the
proposed superconducting protection device;

— studies of possible degradation of the superconductor
during its long-term operation in the SHF range.

4. The studies mentioned but did not explain that the su-
perconducting film can be restored after current destruction.

However, the above disadvantages and technological
problems do not limit the possibility of incorporation of
high-temperature superconducting films into SHF devices.
For example, superconducting microstrip antennas are being
developed in the USA, Germany, Japan for space stations of



cellular communication (5G, 6G technologies) and the high-
speed electromagnetic sensitivity of HTSC films is already
taken into account.

The study reveals technological features of manufactur-
ing the superconducting protective device given in [1, 6].
However, improved technologies make it possible to create
multilayer HTSC systems that will not only limit powerful
signals to a safe level but also solve complex problems of SHF
signal processing.

6. Conclusions

1. The laser synthesis method is the most convenient for
manufacture of HTSC films: it is sufficiently reliable, ensures
a high deposition rate (up to 50 nm/min), however, the mag-
netron method is more suitable for manufacture of thin films
embedded in low-current protective systems as it ensures
necessary quality level in less than 1-micron thick films.

2. The studies have shown that LaAlOj3 substrates
significantly exceed all other substrates (Si, MgO, SrTiOs,
LaGaOs3) in critical characteristics (T, jc), the degree of in-
teraction of the protective device film with substrate, con-
sistency of lattice constants, TEC and the level of losses in
the SHF range. For example, the lattice constant of LaAlOj
(0.379 nm) is consistent (with accuracy of 1 %) with the
corresponding parameter of YBay,Cu3zO7; compared with

accuracy of up to 10 % for a SrTiO3 substrate. Dielectric
constant of a substrate made of LaAIO3 does not exceed
17 at 53 GHz and at 77 K and frequency of 10 GHz, the
coefficient of dielectric loss is 1074, Such high properties of
LaAlOj3 enable its use in creation of a HTSC-SHF film pro-
tective device. LaGaQOs, can also be used, however, it has an
orthorhombic structure which often leads to formation of
twinned crystals.

The best parameters of HTSC films are obtained at a
high epitaxial orientation of crystallites in monocrystalline
films. For example, lattice parameters of LaAlO (0.379 nm)
are consistent (with an accuracy to 1 %) with the corre-
sponding parameter for YBaCuO which makes it possible to
expect obtaining of high densities of critical currents.

3. Of all currently known methods of making ohmic con-
tacts, two are the most suitable. In the first of them, before
deposition of Ag or Au, surface of the HTSC film is cleaned
from the nonsuperconducting phase by ion spraying. In the
second method, YBaCuO films are grown in presence of oxy-
gen and annealed at 7=850 °C and a high rate of temperature
build-up while Au is deposited at =20 °C, immediately after
cooling the YBaCuO film without vacuum disturbance. The
minimum resistance achieved at HTSC-film-normal metal
interface is 1071 Q.cm? which makes it possible to recom-
mend their use to ensure a smooth current flow from the
HTSC film of the protective device through the contacts to
the wired communication lines.
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