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Production of ultra-thin superconducting films from NbN by cathode

sputtering at substrate temperatures 20 ◦C–120 ◦C
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Introduction

Ultrathin niobium nitride (NbN) films are among the

most widely used and highly-demanded materials in terms

of superconductivity. Due to a high critical superconducting

transition temperature TC (up to 17K), high critical current

densities (JC) up to 10MA/cm2 (generally for films with

thicknesses of 50 nm and more made at high temperatures),
chemical stability and thermal cycling resistance, NbN films

hold a prominent place in current research and applications

in the field of superconducting electronics. They are used to

make a wide range of superconducting electronic devices:

superconducting single-photon detectors, photon number

resolution detectors [1,2], hot electron bolometers [3,4],
logical devices designed for various applications [5–7],
Josephson junctions [8,9], etc. To date, many techniques

have been developed for fabricating thin and ultrathin NbN

films having high electrophysical characteristics. Note that

the properties of films grown using various techniques are

significantly affected by three factors: wafer material, active

gas mixture components, and wafer temperature during

deposition (deposition temperatures are generally relatively

high: 300 ◦C–1000 ◦C).

Atomic layer deposition (ALD) process compared with

most other techniques provides the most accurate control

over the desired film thickness during growth because a

consecutive layer-by-layer and self-limiting chemical process

is used. The disadvantages of the process may include

high cost (due to employment of expensive precursors) and

relatively slow growth rate. Results of NbN film growth

using the ALD technique are reported in [10–17]. Thus,

in [10], 50 nm films were grown on sapphire wafers at

a wafer temperature of 570K (followed by annealing at

970, 1050 K and without annealing) and a superconducting

transition temperature of 12.35 K. Results for films on high-

resistance silicon wafers are reported in [11]. Wafer temper-

atures were 250 ◦C to300 ◦C. Film thicknesses were within

4−30 nm, and TC was within 7.5−10.9K, respectively.

Work [12] used the PEALD (plasma-enhanced atomic layer

deposition) technique. Films were deposited onto SiO2 and

Si wafers at temperatures ranging from 100 ◦C to300 ◦C.

The authors successfully achieved TC 6.4−13.7K at film

thicknesses of 22−37 nm. The authors of [13] also used the

PEALD technique and demonstrated TC 13.3K at a wafer

T of 300 ◦C and NbN film thickness of 61 nm. In [15], a
∼ 5 nm film with TC 14.5−15K and thickness scatter about

10% was fabricated on a wafer with a diameter of 100mm.

Another widely used NbN film deposition technique is

pulsed laser deposition (PLD). PLD NbN films generally

have a very high quality with recorded TC up to 15.2K [17]
(with thicknesses of 50 nm). Results for various types of

wafers have been obtained in this area [17,18]. Typical wafer
temperature for this technique is 400 ◦C to800 ◦C [19,20].
Disadvantages of this method include high quality target

feedstock requirements.

Ultrathin NbN films are rarely produced using a chemical

vapor deposition (CVD) technique. Advantages of this

technique include a relatively low cost and ability to vary the

structures of resulting NbN films depending on the wafer

temperature [21,22]. For films deposited by this method,

the highest TC up to 17.06K [23] was recorded at a film

thickness of 50 nm. Disadvantages include high process
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temperatures (900 ◦C to1300 ◦C) that limit compatibility

with many processes used for manufacturing nanoscale

superconductor devices.

One of the most widely used methods for ultrathin NbN

film growth is magnetron sputtering. To date, a lot of data

have been obtained concerning the properties of ultrathin

NbN films produced using this technique [22,24–29]. Both
DC sputtering [22,24–29], and RF sputtering [22] processes
are suitable. Advantage of the technique include high perfor-

mance (compared with other techniques), relatively low cost

(of both equipment and consumables) and coverage of large

areas [30]. Magnetron sputtering requires concerted and

accurate control of a set of sputtering process variables (rela-
tions between partial gas pressures and discharge parameters

that may vary during sputtering) [31–33]. Relatively high

wafer temperature is also generally required (350 ◦C to

600 ◦C).
Wafer material is an important factor affecting the final

properties of NbN films. In [22,24–36], NbN films are

deposited onto various types of wafers (Al203, 3C-SiC/Si,
SiO2, MgO). The authors of [24,25] used sapphire heated to

600 ◦C as wafers for deposition of 4.4 nm NbN films with

a transition temperature of TC 13.3K. Also in [26], 5 nm
NbN films deposited onto Si (TC 9.5K) were compared with

4 nm films deposited onto a 3C-SiC buffer layer (TC 11.8K).
MgO used as a wafer material in [27,28] has shown better

results at lower heating temperatures (400 ◦C) with a film

thickness of 7 nm and transition temperature of TC 13.7K.

Summing up, it may be said that Al2O3 and MgO shall

be the considered as the most preferable wafer materials.

Sputtering techniques and specifications of ultrathin NbN

films are summarized in Table 1.

The authors of this work introduce an ultrathin niobium

nitride film fabrication technique using ion-beam target

sputtering in the
”
Penning cell“. The proposed deposition

method combines the advantages of the above-mentioned

methods such as relatively low cost and high level of film

thickness control. The proposed technique also provides

control of temperature distribution over the wafer directly

during sputtering to ensure high homogeneity of properties

of the resulting NbN coating.

1. Description of the technique and
system

Besides the magnetron, sputtering method using the

Penning cell is an ion-beam sputtering alternative for

growing superconducting NbN films. This technique

has a system configuration concept similar to magnetron,

including cathode-targets arranged in pairs with respect to

a ring anode, electric and magnetic fields, gas medium

with active and reactive gas combination. National Re-

search Center
”
Kurchatov Institute“ has developed this

technique for deposition of various thin layers (for example,

diamond-like carbon films) [37]. A group of authors

designed and fabricated a system that used this concept.

System was called the UIR-11 Ion-Beam Sputtering Sys-

tem.

The concept involves plasma generation by longitudinal

and partially crossed magnetic and electric fields due to

physical processes equivalent to a magnetron. Magnetic field

is produced by DC-carrying solenoids that were equipped

by a cooling water circuit for cooling. Plasma discharge

initiation is followed by bombardment of cathode-targets

(Nb) with active gas (Kr), which results in knocking

Nb atoms off the cathode surface. Under the action

of electric and magnetic field, electrons support glow

discharge. Simultaneously, reactive gas, N2, is injected

into the volume. Molecules of this gas pass into an

excited state within plasma and further interact on the

wafer surface (on the holder between cathodes) to form

NbN with deposited Nb atoms. Such configuration uses

increased (with respect to magnetron) discharge voltage

from hundreds volts (as in magnetron) to several kilovolt

(in our case 3−4 kV). But the Penning discharge current

(∼ 2mA) and the neutral gas pressure (initial pressure

is generally equal to 7− 8 · 10−8 Torr, operating pressure

is ∼ 5− 6 · 10−5 Torr) are much lower than those in the

magnetron discharge. Due to a higher energy of cathode-

bombarding ions, sputtered atoms have a mean energy

that is much higher than that in magnetron. Performance

of the method is lower than in the magnetron (typical
sputtering rate is 0.81 nm/min), due to which it is possible to

considerably improve the deposited film thickness control.

From a practical standpoint, principle of sputtering using

the Penning cell has a set of differences from the magnetron

version, i.e:

— plasma is produced in longitudinal magnetic and

electric fields and magnetic and electric fields locally crossed

near the anode (magnetron has crossed fields), which

provides a longer electron path in the discharge and makes

it possible to increase the bombarding ion energy, which in

turn requires higher voltages for discharge:

— the technique prevents from using a gateway and

quick replacement of deposited samples. Wafer replacement

requires opening of the active volume to atmosphere, which

decelerates the process as a whole, but is beneficial to

quality and stability of film properties. Deposited material is

accumulated on the magnetron chamber walls and, without

cyclic atmosphere admissions, considerably changes the

active gas mixture composition, therefore, the gas mixture

shall be continuously monitored and adjusted. Nevertheless,

the UIR-11 is designed to accommodate up to six sampler

holders (three holders on each side, vertically with respect

to each other) and to perform consecutive sputtering in one

charge. The configuration also implies employment of up

to three various materials for sputtering in the form of sets

of cathodes. Cathode and anode pairs are insulated from

each other. High voltage inputs and solenoids are separated

and controlled by independent power sources. Thus, several

layers of various materials may be deposited onto a single

sample or a single material may be deposited simultaneously

onto several samples in a single charge. These functions
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Table 1. Specifications of NbN films grown using various methods

Film growth technique
wafer material

Wafer heating temperature Layer thickness,
TC , K Reference

, ◦C nm

PLD

MgO 600 240 16.3 [18]

MgO 600 30 13.7

[14]
Al2O3 600 200 15.5

Si 600 20 10.8

Al2O3 −NbN− NiCu 600 170 16.6

MgO 600 110 16.1
[20]

Fused silica 600 110 11.8

ALD

SiO2 + SiN 300 61 13.3 [12]

Si 250 5 7.5

[13]

Si 250 10 9.1

Si 250 15 9.5

Si 250 20 9.7

Si 300 5 8.5

Si 300 ∼ 12.5 10.5

Si 300 ∼ 18 10.9

Si 300 25 10.7

Al2O3 297 (570K)+ annealing1050K 50 11.91

[10]Al2O3 297 (570K)+ annealing970K 50 12.12

Al2O3 297 (570K) 50 12.35

SiO2 600 4.4 11.3 [14]

SiO2 350 28 14 [16]

CVD

Al2O3 1300 49 16.8

[22]Al2O3 1300 49 17.02

Al2O3 + 80 nm AlN 1300 49 17.06

neutralize low performance of the method compared with

the magnetron;

— the techniques have considerably different cathode

burning patterns, which also requires due consideration

because the discharge properties are changed. In contrast

to the magnetron where plasma resides mainly in the

cathode space, in our case plasma in the intercathode space

transforms into a streamer and is focused near the centers

of cathodes (Figure 1).

Advantages of the technique include:

— relative simplicity and low cost;

— film quality may be higher compared with the

magnetron due to the fact that the background vacuum in

the sputtering zone weakly depends on gas exchange on

the chamber walls because there is no growing film of the

deposited material on the walls;

— the Penning discharge method has an optimum

relation between N2 and inert gas concentrations that

is considerably higher than in the magnetron discharge

case. This suggests that N2 molecule activation efficiency

is lower. But this simultaneously reduces the method

sensitivity to the required stability of this relation. As

shown above, when NbN films are deposited, the wafer

temperature and uniform temperature distribution over the

wafer are important factors influencing the film quality and

properties. In the range from 20 ◦C to200 ◦C, temperature

considerable affects the process result (see Section 2). For
thorough temperature monitoring, a special sample holder

was designed (Figure 2). The holder consists of a grounded

housing that encloses a silicon carbide heating element.

The heater size (18× 30mm) provides a uniform sample

heating level throughout the sample area. The heater is
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Table 1. (Continuation)

Film growth technique
wafer material

Wafer heating temperature Layer thickness,
, K

ReferenceTC , ◦C nm

Magnetron

Al2O3 850 20 9.5

[23]

Si 850 20 7.2

SiO2 850 20 7.7

Si3N4 850 20 7

Al2O3 850+ annealing1000 ◦C 20min 20 13.5

Si 850+ annealing1000 ◦C 20min 20 12.5

SiO2 850+ annealing1000 ◦C 20min 20 13.3

Si3N4 850+ annealing1000 ◦C 20min 20 −

Al2O3 600 4.4 13.3 [24]

Al2O3 600 4.35 13.2
[25]

Al2O3 600 2.86 11.7

Si 800 5 9.5
[26]

Si+ 3C−SiC 800 4 11.8

MgO 400 7 13.7

[28]
MgO 400 5.5 11.2

MgO 400 4 10.2

MgO 400 3 8.6

MgO 3.5−110 9.8−Room temperature15.6 [28]

SiO2 800 8.6 9.3 [34]

Al2O3 600 6.4 11.3 [35]

Al2O3 600 4.4 11.3 [36]

placed on a 3 mm sapphire wafer, that insulates the sample

from the heater, and is clamped by carbon contacts, to

which voltage is applied via current leads. The current

lead is insulated by ceramic couplings from other holder

components. The sample is clamped on the sapphire

insulator surface. The holder is secured in the system using

threaded connection on magnetic leads that allow vertical

movement along the whole height of the system, and is

additionally retained between the mask and holder guides

by wheels placed symmetrically on all sides of the housing.

To monitor temperature distribution and wafer heating

conditions of each of the holders, separate measurements

were performed. The holder was placed in a separate

vacuum chamber, the pressure in which was maintained at

8 · 10−7 Torr. A flange with a sight glass is provided in the

chamber. ZnSe glass transparent in the wavelength range of

2− 15µm served as a sight glass material. The holder is

placed so that its heating element is located directly in front

of the glass (Figure 3, a). The heater is energized through

vacuum bushings insulated from the housing. Temperature

was monitored using the FLIR A-300 pyrometer every

5min. For each of the heating modes, the required time

to full heating and temperature distribution throughout the

wafer area were measured.

Microstructure thickness, phase and chemical composi-

tions of the grown films were measured using the FEI

Titan 80−300 transmission electron microscope without

spherical aberration corrector, with the Gatan GIF-2001

electron energy loss spectrometer. Accelerating voltage

was 200 kV, spectrum recording parameters: electron

beam convergence angle 10mrad, detector collection angle

14.82mrad, chamber length 60mm, spectrometer aperture

3mm. NbN/Al2O3 structure cross-sections were made using

the FIB Helios Nanolab 650 focused ion beam system.

Quantitative analysis of element distribution through the

depth of the deposited NbN film was performed in this

study using the electron energy loss spectroscopy with

converging beam (TSEM). This approach used on cross-

section samples provided an element distribution profile

throughout the film depth by a relative concentration

Technical Physics, 2025, Vol. 70, No. 10
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Figure 1. Schematic diagram of the UIR-11 sputtering system:

1 — vacuum chamber enclosure, 2 — cathode-targets (x4),
3 — solenoid, 4 — anode, 5 — wafer, 6 — solenoid cooling

connections, 7 — plasma, 8 — nitrogen supply connection, 9 —
krypton supply connection, 10 — pumping out connection.

1 2 3 4 5 6 7 8 9 10 11

Figure 2. Schematic diagram of the sample holder with heater

and wafer: 1 — ceramic insulator, 2 — supports, 3 — holder, 4 —
current lead contact, 5 — carriage housing, 6 — silicon carbide

heater, 7 — sapphire spacer, 8 — wafer sample, 9 — glass-graphite

contacts, 10 — wafer sample clamps, 11 — carriage wheels.

method and made it possible to find the real thickness of

the deposited film:

NNb

NN

=
INb(β, 1)

IN(β, 1)
·

σN(β, 1)

σNb(β, 1)
, (1)

where INb, IN are integral peak intensities under the

niobium and nitrogen absorption curves after background

subtraction, and σNb and σN are cross-sections of inelastic

scattering of Nb and N atoms for the given spectrometer

collection angle β .

Moreover, note that EELS (electron energy loss spec-

trum) was examined using a technique for elemental

composition data processing in absorption edge overlapping

conditions [38]. This technique was used to separate the

Nb — M3,2 and N — K lines and, consequently, to

reduce the scatter of atomic concentrations for each element

throughout the film depth.

Phase analysis used high resolution bright-field patterns

by constructing Fourier transform from the region of interest

in Digital Micrograph. Then, the Fourier transform pattern,

being completely equivalent to microdiffraction from a

selected grain, was used to measure interplanar spacings

and angles between the reflection system. Database was

used for phase identification. PDF-4 [39].

2. Experiment and results

This study has experimentally investigated superconduct-

ing 5.5 nm NbN films. For each of the heating modes,

two films were prepared on two different sample holders

in a single process. Sapphire wafers with dimensions

of 15× 14mm and thickness of 460 µm were used as

substrates. Film thickness was measured indirectly using the

Amibios XP-2 stylus profiler, and by direct measurements

using a transmission electron microscope (see below). For
indirect measurements, 50−100 nm films were preliminary

fabricated, then thicknesses were measured. Sputtering

rate was equal to 0.8 nm/min. Initial pressure in the

working chamber was 8.9 · 10−8 Torr. Initial conditions

were achieved by preheating the system to 180 ◦C. Partial

pressures of the injected gas mixture (nitrogen and krypton)
were 2.4 · 10−5 and 3.8 · 10−5 Torr (nitrogen equivalent),
respectively. Voltage applied to cathodes was 3.5 kV with

ion current for each of the modes equal to 2 · 10−3 A.

Preliminary cathode cleaning (using sputtering mode) dur-

ing 10min was performed. The sample holders were

removed from the sputtering region during cleaning. Direct

sputtering started 40min after heating as shown in the

curves (Figure 3, c). Film resistances per square in normal

state at 10K are listed in Table 2.

Electrophysical properties of films were measured in an

immersion cryostat. Superconducting transition temperature

TC was determined from R(T ). Critical current density

JC was measured on square samples with dimensions of

20× 20µm (Figure 4, a) at 4.2 K. Structures were formed

by the photolithography and reactive ion etching method

as described in [40]. To evaluate film properties dispersion

over the area, measurements were performed on samples

prepared in various parts of the film: in the center and on

the edges (Figure 4, a).
For the grown films, dependences of TC and JC on the

wafer temperature (during film deposition) were measured.

The grown NbN films had the superconducting transition

temperatures of 6.9−9.8K, and critical current densities

ranging within 1.12− 3.5 · 105 A/cm2 (Figure 5). Data

scatter over the wafer area was max. 5%−7%, which

generally corresponds to the wafer heater temperature

scatter.

Structural investigations of films were also performed

using analytical transmission electron microscopy methods,

including high-resolution microscopy (HRTEM) and elec-

tron energy loss spectroscopy (EELS).
Figure 6 shows the Nb and N distribution profile over

the depth of the original deposited film. Experimental

relative concentrations of elements calculated from the
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Figure 3. a — schematic diagram of wafer temperature measurements: 1 — power supply, 2 — current leads, 3 — vacuum chamber,

4 — sample holder, 5 — heater, 6 — ZnSe glass, 7 — thermal imager; b — temperature distribution over the wafer heater with the

specified sample location; c — wafer heating curves.

Table 2. Resistances per square for films grown at different wafer temperatures

T wafer, ◦C 20 40 60 80 100 120

R� at T = 4.2K, �/� 560± 60 510± 60 580± 60 520± 50 450± 50 330± 30

electron energy loss spectra using a relative concentration

method are shown by dots. It can be seen from the

element distribution over the depth that the film has a

homogeneous composition through the full depth, chemical

composition corresponds to Nb50N50 taking into account the

measurement error at each point at 0.5 nm intervals over the

depth.

Thickness of the deposited films was evaluated using the

transmission electron microscope on cross-section samples

prepared by a focused ion beam (FIB) method. The

high-resolution bright-field pattern (Figure 7, a) shows the

structure of NbN film deposited on a Al2O3 single-crystal

substrate. A protective Pt layer is deposited on top of the

film during FIB preparation of cross-sections. The NbN

film thickness may be evaluated taking into account the

interface between the NbN film and Pt layers, and Al2O3

substrate, and according to the scale bar, and is equal to

5.5 nm. The NbN film is highlighted with a red frame

in Figure 7, a. Microstructure of films deposited on Pt-

coated Al2O3 single-crystal substrates is shown in Figure 7.

The niobium nitride film is a 5.5 nm polycrystalline film

with a grain size of ∼ 3 nm. The high-resolution bright-

Technical Physics, 2025, Vol. 70, No. 10
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Figure 4. a — SEM image of a microbridge type sample with metallization contacts: 1 — metallization Pt contacts; 2 — 5.5 nm NbN

film; 3 — sapphire wafer; b — measured R(T ) for samples from various points on the same NbN plate.
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Figure 6. Nb and N atomic concentration distribution profile

measured over the film thickness by the EELS method.

field image of the film cross-section was used to determine

the phase composition. A grain region, from which the

Fourier transform was obtained, is highlighted by a red

square.

According to the results of transmission electron mi-

croscopy, the deposited films have the NbN composition

with the zone axis [011] in the cubic crystal system Fm3m

with the lattice parameter a = 0.4394 nm.

Analysis of the obtained data has shown that the NbN

films fabricated in the given wafer temperature range has

phase and elemental compositions corresponding to the

NbN cubic phase.

Conclusion

The described cathode sputtering technique for ultrathin

NbN film deposition is suitable for producing films with

desired properties and is also applicable to cryoelectronic

devices. The developed method for monitoring the wafer

temperature and wafer temperature distribution during

Technical Physics, 2025, Vol. 70, No. 10
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Figure 7. TEM high-resolution bright-field cross-section image of a polycrystalline NbN film sample on a single-crystal sapphire wafer:

a — general view; b — phase analysis, inset — diffraction.

heating provides high uniformity of NbN properties over

the area (the scatter is 5%−7%). Special focus shall be

made on the possibility of producing multilayer structures

and heterostructures due to the absence of annealing for

making each successive layer because the wafer temperature

range actually avoids diffusion processes and has almost

no effect on the protective masks. The ultrathin NbN

films deposited using the cathode sputtering technique

have relatively high superconducting properties (TC , JC).
Dependence of film properties on the wafer temperature.

For the given temperature range, uniform wafer heating

is critical because a temperature variation by 10 ◦C leads

to significant modifications of final film properties. Note

that the method proposed in the work has no fundamental

limitations for ultrathin film deposition onto much larger

wafers (100mm in diameter), though will require structural

modifications of the system. The work in this area will be

continued.
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