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Abstract. ZrBN coatings were deposited by reactive pulsed magnetron sputtering using a ZrB2 target while varying the pulse duration. 

The composition and structure of the coatings were studied using scanning and transmission electron microscopy, energy dispersive, 
optical emission and glow discharge Raman spectroscopy, as well as X-ray diffraction. Optical properties were studied by spectropho-
tometry. Erosion resistance was determined under laser exposure. All coatings were amorphous, had a dense, defect-free structure and 
a uniform distribution of elements throughout the thickness. According to Raman spectroscopy, the coatings contain B–N and Zr–N 
bonds. The coatings were characterized by high optical transmittance of 70–90 % in the wavelength range 450–1300 nm. The reflec-
tivity of coatings was 9–26 %. The refractive index value increases from 1.7 to 3.0 as the wavelength increases from 200 to 1200 nm. 
The glass substrate is fragilely destroyed during erosion at a power of 20–60 W. All coatings successfully protect the glass substrate 
from erosive wear: the application of ZrBN coatings leads to a reduction in the width and depth of the erosion zone of the glass substrate 
by 1.3 and 4.5 times, respectively. The coating obtained at the optimal pulse duration has better erosion resistance, which may be due 
to its higher adhesive strength. 
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IntroductionIntroduction
One of the current challenges in the operation 

of optical equipment components (such as lenses, 
prisms, mirrors, interferometers, etc.) is wear due 
to erosion, which significantly affects their service 
life. Therefore, the development of optical coatings 
is an important direction in the creation of new preci-
sion optical devices [1]. These coatings must not only 
exhibit high transmittance and good reflectivity but 
also enhanced erosion resistance [2]. 

To protect optical device components exposed 
to wear, oxide coatings such as ZrO2 , Ta2O5 , and 
other s are commonly used. These coatings possess 
a wide transparent spectral range and high refractive 
indices [3; 4]. However, oxide coatings are characteri-

zed by relatively low hardness: 7 GPa for Nb2O5 [5], 
8 GPa for TiO2 [6], 10 GPa for SiO2 [7], and 13 GPa 
for In2O3 [8]. They also show poor scratch resistance 
and have a high defect density in their structure, nega-
tively impacting their wear resistance [9]. Recently, 
there has been growing interest in the study of transi-
tion metal nitrides, such as Ti, Zr, Cr, Nb, Mo, and Ta, 
which offer satisfactory optical properties combined 
with good wear resistance [10]. Comparative studies 
of TiN and TiAlN hard coatings have demonstrated 
that aluminum alloying enhances wear resistance under 
thermal stress conditions [11]. Among TiN, HfN, and 
ZrN coatings, zirconium nitride coatings exhibit supe-
rior optical properties [12]. Introducing boron into ZrN 
coatings can improve hardness, wear resistance, and 
optical characteristics. 
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Аннотация. Покрытия ZrBN были получены методом реакционного импульсного магнетронного распыления с использова-

нием мишени ZrB2 при варьировании длительности импульса. Состав и структуру покрытий исследовали методами скани-
рующей и просвечивающей электронной микроскопии, энергодисперсионной спектроскопии, оптической эмиссионной 
спектроскопии тлеющего разряда и спектроскопии комбинационного рассеяния света, а также рентгенофазового анализа. 
Оптические свойства изучали методом спектрофотометрии. Эрозионную стойкость определяли при лазерном воздействии. 
Покрытия ZrBN были аморфными и характеризовались плотной бездефектной структурой и равномерным распределе-
нием элементов по толщине. По данным спектроскопии комбинационного рассеяния света, покрытия содержали связи B–N 
и Zr–N. Покрытия характеризовались высоким оптическим коэффициентом пропускания 70–90 % в диапазоне длин волн 
450–1300 нм. Коэффициент отражения покрытий составлял 9–26 %. Значение показателя преломления повышалось от 1,7 
до 3,0 при увеличении длины волны от 200 до 1200 нм. Эрозионные испытания показали, что подложка из стекла хрупко 
разрушается при воздействии лазера мощностью 20–60 Вт. Все покрытия успешно защищают стеклянную подложку от 
эрозионного износа: ширина и глубина зоны эрозии стеклянной подложки уменьшаются в 1,3 и 4,5 раза соответственно. 
Покрытие, полученное при оптимальной длительности импульса, обладает лучшей эрозионной стойкостью, что может быть 
обусловлено его более высокой адгезионной прочностью.  
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Previously, we developed wear-resistant ZrBN 
coatings with high thermal stability and an optical 
transmittance of up to 90 % [13], which was associa-
ted with a high volume fraction of the BN phase. We 
established the influence of pulse frequency and dura-
tion during the deposition of ZrBN coatings using 
pulsed magnetron sputtering (PMS) on their structure, 
optical properties, hardness, elastic-plastic characte-
ristics, and wear resistance under friction, sliding, and 
abrasive conditions [14; 15]. However, the protective 
properties of ZrBN coatings under erosion conditions 
require further investigation. It is important to note that 
ZrBN coatings serve as an excellent model composi-
tion, which can serve as the basis for developing more 
complex multicomponent structures based on advanced 
heterophase ceramics in the future [16].

The aim of this study is to investigate the structure, 
optical properties, and erosion resistance of ZrBN coa-
tings deposited by PMS. 

Materials and methodsMaterials and methods
Zr–B–N coatings were deposited using reactive 

pulsed magnetron sputtering (PMS) with a ZrB2 target. 
The deposition was performed using a setup based on 
the UVN-2M vacuum system, the schematic of which 
is described in [17]. Nitrogen (99.999 % purity) was 
used as the working gas, with a pressure of 0.1–0.2 Pa. 

The magnetron was powered by a Pinnacle Plus 
5×5 unit (Advanced Energy, USA), with a power out-
put of 1 kW, a current of 2 A, and a voltage in the range 
of 400–500 V. The frequency was set at 350 kHz, and 
the pulse durations were 0.4 μs (coating 1), 0.7 μs 
(coating 2), and 1.1 μs (coating 3). The sputtering pro-
cess lasted for 40 min. 

Colorless optical glass plates (K8) were used as sub-
strates. Before coating deposition, the substrates were 
cleaned in an ultrasonic bath for 5 min in isopropyl 
alcohol. Ion cleaning of the substrates was performed 
using an Ar+ on beam from a slit-type ion source at an 
accelerating voltage of 2.5 kV for 20 min. The coating 
deposition time was 40 min.

The structural analysis of the coatings was conducted 
using scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) on a Hitachi S-3400N 
microscope equipped with a NORAN 7 Thermo sys-
tem. Transmission electron microscopy (TEM) was 
performed on a JEM-2100 microscope (Jeol). Glow 
discharge optical emission spectrometry (GD-OES) 
was carried out using the PROFILER-2 system (Horiba 
Jobin Yvon) [18]. TEM samples were prepared by ion 
milling using a PIPS II dual-beam precision ion poli-
shing system (Gatan Inc., USA). Raman spectra were 
obtained with a LabRam HR800 system (Horiba JY) 

equipped with a 514 nm green laser source. X-ray 
phase analysis (XRD) was conducted using CuKα 
radiation (λ = 0.154 nm) on a Phaser D2 diffractom-
eter (Bruker). Optical properties were measured over a 
wavelength range of 380–1300 nm using a Photon-RT 
spectrophotometer. 

The erosion resistance of the coatings was tested 
on a LaserPRO Spirit laboratory setup. The CO2 
laser power was set at 20, 40, and 60 W. The length 
of the laser track and exposure time were 10 mm and 
2 s, respectively. The tracks were examined using 
an Axiovert 25 optical microscope (Carl Zeiss) and 
a WYKO-NT1100 optical profilometer (Veeco).

Results and discussionResults and discussion
All elements in the coatings were uniformly distri-

buted throughout their depth, with impurity levels 
(C and O) ranging from 0.7 to 1.8 at. %. The coat-
ings, regardless of pulse duration, had a similar ele-
mental composition, at. %: 14 ± 2 Zr, 46 ± 2 B, and 
40 ± 2 N. The thickness and growth rate of the coa-
tings were 1.3–1.5 μm and 32–39 nm/min, respectively. 
The Zr–B–N coatings exhibited a dense, homogeneous 
structure without the characteristic columnar elements 
typical of nitrogen-containing ion-plasma coatings [19]. 

Fig. 1 shows a typical electron diffraction pattern, 
a bright-field image of the structure, an X-ray diffrac-
tion pattern, and a Raman scattering spectrum for coa-
ting 2. 

The electron diffraction pattern (Fig. 1, a) shows 
a broad ring, indicating the presence of an amorphous 
phase. The X-ray diffraction pattern (Fig. 1, b) displays 
a halo in the 2θ = 20÷40° range, further confirming 
the amorphous nature of the coatings. Raman spectro-
scopy (Fig. 1, c) was used to clarify the phase composi-
tion of the coatings. The spectrum shows pronounced 
peaks at 1360 and 1490 cm–1, which can be attributed 
to the BN phase [20]. In the 600–1200 cm–1 wave-
length range, peaks corresponding to the ZrN phase are 
observed [21]. 

Fig. 2, a and b present the spectral-angular depen-
dencies of the transmittance (T) and reflectance (R) 
coefficients as a function of wavelength (λ) for coa-
ting 2. The T and R spectra exhibit an oscillatory 
cha racter, which is associated with interference 
effects. The ZrBN coatings showed a transmittance 
of 70÷87 % in the 450–1300 nm wavelength range 
(Fig. 2, a). At the same time, the R values ranged 
from 9 to 26 %, depending on the wavelength. It is 
worth noting that the transmittance of ZrBN coatings 
is comparable to that of traditional oxide coatings such 
as Zr–O, Zr–Al–O, and ZrSiN nitride-based coatings 
(Т = 70÷90 %) [22; 23]. 
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The interference nature of the transmittance 
and reflectance curves allowed the determina-
tion of the dispersion dependence of the refractive 
index (n) (Fig. 2, c). As the wavelength increased 
from 400 to 900 nm, the refractive index gradually 
decreased from 2.29 to 2.06, indicating strong absorp-
tion of vi sible light due to free electrons and weaker 
absorption of infrared radiation. It is worth noting that 
ZrN coatings exhibit weaker visible light absorption, 
with the refractive index increasing from 1.7 to 3.0 as 
the wavelength increases from 200 to 1200 nm [19].

SEM images of the surface of the uncoated sub-
strate and coatings 1–3 after erosion exposure at 20 W 
power are shown in Fig. 3, a. The track width for 
the uncoated substrate was 222 μm. The application 
of coatings 1, 2, and 3 reduced the track width by 5, 7, 
and 21 %, respectively. At increased powers of 40 and 
60 W (Figs. 3, b and c), the uncoated substrate exhib-
ited crack formation and chipping along the track 
boundaries, whereas no cracks or delamination were 
observed in the coa tings tested under the same con-

ditions. Coating 3 had the smallest track width, mea-
suring 222 and 237 μm at powers of 40 and 60 W, 
respectively, while the substrate had values of 292 and 
296 μm (Fig. 3).

Thus, the application of coating 3 reduced the track 
width by 1.3 times compared to the uncoated glass 
substrate. 

The tracks after erosion exposure were also ana-
lyzed using optical profilometry, with the most promi-
nent results shown in Fig. 4. The two-dimensional pro-
files reveal that the uncoated glass substrate is unevenly 
damaged. More intense material degradation occurs 
at the final moment of scanning (Fig. 4, a, marked 
by an arrow). This effect may be due to the increased 
brittleness, low thermal stability, and low thermal con-
ductivity of the glass substrate. The maximum depth 
at the center of the track was ~9 μm (Fig. 4, a).

For the ZrBN coatings, as exemplified by samp le 3 
(Fig. 4, b), no brittle fracture was observed, and 
the track was uniform. 

Fig. 1. BF TEM image, SAED (a), XRD pattern (b), and Raman spectra (c) for coating 2 

Рис. 1. Светлопольное изображение структуры и электронограмма (а), рентгенограмма (b)  
и спектр комбинационного рассеяния света (c) для покрытия 2 

Fig. 2. Transmittance (a), reflection (b), and the refractive index (c) of coating 2 

Рис. 2. Коэффициенты оптического пропускания (а) и отражения (b), показатель преломления (c) для покрытия 2 
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Fig. 4. 3D and 2D track profiles after erosion test for uncoated substrate (a) and coating 3 (b) 

Fig. 4. 3D и 2D-профили дорожек после эрозионных испытаний для непокрытой подложки (а) и покрытия 3 (b)

Fig. 3. SEM-images of tracks after erosion test for uncoated substrate and ZrBN coatings 1, 2, 3 for 20 (a), 40 (b) and 60 (c) W 

Рис. 3. СЭМ-изображения дорожек после эрозионных испытаний для непокрытой подложки и покрытий ZrBN 1, 2, 3  
при мощности эрозионного воздействия 20 (а), 40 (b) и 60 (c) Вт

The maximum track depth at the center for all coa-
tings was around 2 μm, which is 4.5 times lower than 
the values obtained for the uncoated glass substrate. 

Thus, all coatings successfully protect the glass sub-
strate from erosion. Coating 3 demonstrated the best 
resistance, likely due to its higher crack resistance and 
adhesion strength [15].

ConclusionConclusion
Amorphous ZrBN coatings with a thickness 

of 1.3–1.5 μm were deposited using pulsed mag-
netron sputtering with varying pulse durations. 
The coatings exhibited a dense, homogeneous struc-
ture. The transmittance and reflectance coefficients 
in the 450–1300 nm wavelength range were 70–87 % 
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and 9–26 %, respectively. The refractive index ranged 
from 2.29 to 2.06 in the λ = 400–900 nm range. Erosion 
resistance tests revealed that the glass substrate cracked 
and degraded significantly during the experiments. 
However, the application of ZrBN coatings prevented 
substrate cracking and reduced the width and depth 
of the erosion zone by 1.3 and 4.5 times, respectively.
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