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Investigation of the structure and electrical properties of nanocomposite

films WxSi1−x
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An experimental investigation of the structure and phase composition by X-ray, Raman, and ultrasoft X-ray

emission spectroscopy, as well as the study of the electrical properties of WxSi1−x films used as sensitive elements

of superconducting single-photon detectors (SNSPD), depending on the thickness in the range from 7 to 80 nm,

was carried out, according to the results of which it was found that the W3Si phase is presumably formed in films

20 and 40 nm thick with a resistivity of 8.4 · 10−5 and 6.0 · 10−5 � · cm, respectively, containing the WSi2, W5Si3,

and SiO2 phases, as well as WOx and a small share of β-W. Films with a thickness of 7 nm have the highest

resistivity of 18.0 · 10−5 � · cm and contain nanocrystals, WSi2, SiO2, as well as β-W, and an amorphous silicon

phase. Films with a thickness of 80 nm (the resistivity is also 18.0 · 10−5 � · cm) predominantly contain WSi2, as

well as W5Si3 and SiO2, and, presumably, the W3Si phase.

Keywords: Superconducting single-photon detector, phase composition, X-ray amorphous structure, WSi

superconducting films, spectroscopy.
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1. Introduction

WxSi1−x ultrathin films are one of the most used materi-

als for superconducting nanowire single-photon detectors [1]
due to the small superconducting gap size and high electron

diffusivity [2]. Detectors based on WxSi1−x ultrathin films

have a larger detection area [3], higher quantum efficiency

in the IR-region of spectrum, and the possibility of detecting

radiation with a wavelength of up to 10 µm [4].

WxSi1−x films are used in single-photon detectors since

2011 [4]; however, the relationship of their properties with

the structure and phase composition practically was not

studied due to X-ray amorphous structure and small (less
than 10 nm) thicknesses [5]. At the same time, it is

known that the ratio of components and the film thickness

significantly affect the detector performance [6–9].

Two stable superconducting compounds are known in

the W−Si system: W5Si3 with the critical temperature

Tc ≈ 4.0−4.5K and WSi2 with Tc ≈ 1.2−1.8K [8], [9],
which is less than the experimentally observed maximum

Tc for WxSi1−x 5K films [10]. Presumably, Tc = 5K

is achieved in the metastable compound W3Si, which

practically was not studied experimentally. According to cal-

culations, W3Si has A15 type structure [11], which is char-

acteristic for a wide class of superconducting compounds

with high critical temperatures, and can be obtained during

the films fabrication by magnetron sputtering [12–15].

The purpose of this paper is to study the structure

and electrical properties of WxSi1−x films fabricated by

magnetron sputtering depending on their thickness.

2. Experimental procedure

WxSi1−x films 7, 20, 40 and 80 nm thick, fabricated on

sapphire substrates by magnetron co-sputtering from two

sources with targets W and Si on a VUP-11M [15] setup

at process parameters that ensure the atomic ratio of the

components W : Si 75 : 25.

Analysis of W75Si25 films structure and studies of

electrical properties are carried out at the Department of

Solid State and Nanostructures Physics of Voronezh State

University. Analysis of W75Si25 films structure was carried

out by X-ray diffraction on a PANalytical Empyrean BV

diffractometer with monochromatized Cu Kα1-radiation

and using the database ICDD PDF-2, by ultrasoft X-ray

emission spectroscopy (USXES) on a RSM-500 spec-

trometer and by the Raman spectroscopy on the Raman

Microscope RamMics M532 EnSpectr spectrometer in the

region of 360−560 cm−1 using a laser with a wavelength of

532 nm. X-ray emission Si L2.3 spectra show the density

of electronic states in the valence band of silicon. USXES

method makes it possible to determine the presence and

ratio of amorphous phases a-Si and a-SiOx , as well as

crystalline c-Si. For a more accurate determination of the
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Figure 1. X-ray diffraction patterns of W75Si25 films 7, 20, 40, 80 nm thick.

phase composition of the sample under study according to

USXES data, according to the method described in the

paper [16], the computer simulation of the experimental

X-ray emission Si L2.3 spectra is carried out based on

the reference spectra. The electrical properties of W75Si25
films were studied using an Ecopia HMS-2000 automated

measuring system for the Hall effect.

3. Results and discussion

According to X-ray diffraction data in W75Si25 films

d = 7 nm thick the α-W nanocrystalline phase was revealed,

while silicon and silicon-based compounds are X-ray amor-

phous. At that with d increasing to 20 nm the β-W (Pm3̄n)
and, presumably, W3Si phases begin to form. With a further

film thickness increasing to 40 nm, the fraction of the β-W

phase increases, and at the maximum thickness of 80 nm

the WSi2 phase is formed (Fig. 1).

This change in the phase composition of W75Si25
films, associated with the film thickness d, determines

their resistivity ρ (Fig. 2), which first decreases from

18.0 · 10−5 � · cm at d = 7 nm to 6.0 · 10−5 at d = 40 nm

(the film contains W3Si and β-W), and then, at d = 80 nm

d, nm
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Figure 2. Resistivity ρ of W75Si25 films 7, 20, 40, 80 nm thick.
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Figure 3. X-ray emission Si L2.3 spectrum in W75Si25 film 80 nm

thick (the experimental spectrum is shown by dots; the spectrum

simulated on the basis of standards is shown by a solid red line).

it returns to 18.0 · 10−5 � · cm close to the value for

WSi2 [17].

Also, to determine the phase composition of W75Si25 the

films 7, 20, 40, and 80 nm thick were studied by ultrasoft

X-ray emission spectroscopy (USXES) (Fig. 3). USXES

results confirm the presence of WSi2 and SiO2 phases in

all the studied films; the amount of SiO2 in the samples

decreases from 50 to 20% with the film thickness increasing.

Moreover, in a film 40 nm thick an amorphous silicon phase

(20%) was detected. Fig. 3 shows the obtained experimental

and simulated spectra of the W75Si25 films, as well as the

spectra of standards WSi2 and SiO2 and the spectrum of

the standard Fe3Si presented due to the lack of data on the

standard spectrum W3Si.

When comparing the experimental and simulated spectra,

it is noticeable that the experimental one contains a lot of

noise. This indicates that other W−Si phases (besides WSi2
and SiO2) can also be present in the samples, but are not

detected by this method (USXES).

In this connection, the samples were studied by the

Raman spectroscopy (Fig. 4). Only very weak modes from

–1Raman shift, cm
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Figure 4. Raman spectra of W75Si25 films 7, 20, 40, 80 nm thick.
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silicides WSi2 and W5Si3, as well as from tungsten oxide

WOx of unknown stoichiometry are observed in the Raman

spectra, however, due to the fact that Raman spectroscopy

has different sensitivity to different compounds, only these

two silicides and one tungsten oxide are observed. The

mode at ∼ 200 cm−1 was not yet identified, but its spectrum

is located between the lower and higher tungsten silicides,

and therefore this mode can presumably correspond to the

unstudied phase W3Si.

Thus, W3Si phase was presumably detected by X-ray

diffraction in films 20 and 40 nm thick, as well as by the

Raman spectroscopy in films 20, 40, and 80 nm thick.

Such a discrepancy in the results of studies is due to the

different sensitivity of the methods to phases, as well as the

lack of standard spectra for this phase, therefore, for more

accurate determination of this phase W3Si in films WxSi1−x

additional theoretical calculations and experimental studies

of the samples by XPS (X-ray photoelectron spectroscopy)
and XANES (X-ray absorption near-edge structure) are

required.

4. Conclusion

The study of the structure, phase composition and

electrical properties of WxSi1−x films shows that ultrathin

films 7 nm thick according to the results of X-ray diffraction

contain α-nanocrystalsW and X-ray amorphous Si com-

pounds, and have the highest resistivity 18.0 · 10−5 � · cm,

as well as film 80 nm thick with phase WSi2 (according
to the results of X-ray diffraction) and, presumably, with

the phase W3Si (according to the results of the Raman

spectroscopy), and in films 20 and 40 nm thick with

the resistivity of 8.4 · 10−5 � · cm and 6.0 · 10−5 � · cm,

respectively, the phase β-W and, presumably, the W3Si

phase are formed. For a more accurate determination of the

W3Si phase in films, further studies by the XPS and XANES

methods are required.
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