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OPTICALLY SELECTIVE STRUCTURES BASED ON NANOSCALE CHROMIUM
CONDENSATES FOR PHOTOTERMAL ENERGY CONVERTERS

The results of the formation of optically selective structures with an optical selectivity ratio of up
to 11.4 are presented. These structures are based on nanoscale two-phase chromium—chromium oxide
condensates developed via vacuum deposition on copper substrates. A comprehensive experimental
study was conducted to evaluate the composition, structure and selective optical parameters (integral,
absorptance, thermal emittance, and selectivity ratio) of the test samples. The analysis of the influence
of deposition process parameters for nanoscale chromium layers and substrate surface roughness on
the properties of optically selective structures is provided. It was established that increasing the
substrate roughness contributes to an increase in the integral emittance of the selective structures up to
0.32, which consequently reduced the optical selectivity ratio to 2.8. The results of the investigation into
the stability of the selective optical parameters under elevated temperatures and ultraviolet radiation
allow for the recommendation of these structures for application in photothermal converters at
temperatures up to 500 K under vacuum conditions (1 Pa).
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Problem statement. An important role in addressing the efficiency of energy resource
utilization through renewable energy sources, specifically solar radiation, is occupied by the
development of photothermal energy converters alongside photovoltaic systems [1]. The characteristics
of such converters are significantly influenced by the optical properties of the radiation-absorbing
surface.

For effective solar energy conversion, the surface of a photothermal converter must possess the
highest possible absorption coefficient in the solar spectral range (0.3-2.0 um) and the lowest possible
emittance in the infrared range (2-30 pm), which corresponds to its own thermal re-radiation. The
conflicting requirement of creating an efficient absorber that is simultaneously a weak emitter can be
satisfied by using a surface with optical selectivity. A surface with ideal spectral selectivity should
exhibit a transition between regions of low and high reflectance at a wavelength of approximately 2 um
[2,3].

Most selective absorbing surfaces for photothermal converters are formed on a metallic base. The
use of metals in photothermal solar energy converters is dictated by their high reflectance in the infrared
range, which ensures a low thermal emittance. High-conductivity metals, such as copper and aluminum,
exhibit emittance values in the range of 0.02—0.04 at temperatures up to 300 °C. To increase the
absorptance of metals in the solar spectral region, it is necessary to apply a coating that strongly absorbs
solar radiation [4, 5].

It should be noted that, in addition to spectral selectivity, optically selective structures must
possess high parameter stability under operational conditions and at elevated temperatures. It is noted
in [6, 7] that the mechanical and chemical strength, as well as the UV stability of silver and copper
materials in multilayer structures, can be enhanced by using nanoscale titanium, chromium, or chromium
oxide films as intermediate layers. Coatings consisting of nanodispersed metallic inclusions distributed
within a dielectric medium, or island films, are considered more promising [8, 9]. Structures containing
transition metal nanoparticles are of particular interest for increasing absorptance in the visible spectral
range [10]. However, the correlation between the optically selective characteristics of such metal-
dielectric structures and their actual structural parameters has not been sufficiently investigated [11, 12].

Research aim and key objectives. The present work is dedicated to studying the optical
properties of selective structures based on nanoscale chromium condensates and their dependence on
the technological conditions of the vacuum deposition process and substrate surface roughness.

Results and Discussion. The optical and electrical properties of nanoscale condensates depend
on numerous factors, including film thickness, structural morphology, grain size, and substrate
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characteristics. These factors are determined by the deposition method and the specific process
parameters used during formation.

To obtain experimental samples, a modernized vacuum deposition system based on the YBH-15
unit was employed. The system is equipped with sources for thermal evaporation, magnetron sputtering,
and arc discharge. This setup enabled the deposition of chromium condensates using various vacuum
methods to compare their features in forming nanoscale structures.

Chromium condensates produced by vacuum thermal evaporation utilized a starting material with
99.99% purity at a residual gas pressure of (3+7)x10* Pa. Film deposition was performed after
stabilizing the substrate temperature, which was set discretely within the range of 100+-200°C. Following
additional thermal treatment at 300 °C in a vacuum (10* Pa) and subsequent cooling to room
temperature, the samples were exposed to air. Heating and cooling in the vacuum chamber were
conducted at a rate of 5 °C/min.

For the magnetron reactive sputtering method, a chromium target (99.99% purity) was used. The
process parameters were varied as follows: base pressure of 10 Pa, operating pressure of (3+8) x10!
Pa, discharge power from 100 to 500 W, and a magnetic induction at the target surface of 0.04 T. Typical
parameters of the chromium samples relative to their deposition conditions are summarized in Table 1.

Copper plates with a thickness of 2 mm and roughness parameters Ra of 2.0 and 0.125 pm were
used as substrates. Different surface micro-reliefs were created by mechanical polishing with abrasive
powders. The mass thickness of the films and the deposition rate were monitored using the quartz crystal
microbalance (QCM) method. To evaluate the phase composition and structure, films were
simultaneously deposited onto copper grids with a graphite underlayer and onto silicon substrates.

The microstructure of the films was investigated via electron microscopy. Electron microscopic
analysis revealed that nanoscale chromium condensates with a mass thickness of approximately 2 nm
possess a granular (discontinuous) structure. A continuous structure was observed with a further increase
in mass thickness, correlating with data reported in [13].

The phase composition was qualitatively assessed using Infrared (IR) spectroscopy. Analysis of
the IR spectra showed that chromium condensates obtained at p = 10! Pa consist of chromium oxide
Cr:0;3, whereas those obtained at p = 10 Pa consist of metallic chromium. These studies suggest that
the resulting chromium condensates on copper substrates are nanodispersed structures, in which metallic
chromium particles are embedded within a dielectric chromium oxide matrix.

Spectral studies of nanodispersed copper, nickel, and chromium films on quartz substrates were
conducted in the 0.2 + 1.1 nm range using an C®-16 spectrophotometer. Reflectance was measured
using a [130-1 specular reflection attachment at a near-normal angle of incidence. Reflectance spectra
in the 0.8—2.5 pm range were recorded using an IKC-14 spectrophotometer, while the 2.5-25 um range
was measured using a SPECORD-75IR spectrophotometer. The measurement error for the reflectance
coefficient did not exceed +3%. Figures 1 and 2 illustrate the spectral dependence of the reflectance
coefficient for structures based on nanoscale chromium condensates of varying thicknesses on polished
copper substrates Ra = 0.125 pm formed via thermal evaporation and magnetron sputtering.

The efficiency of photothermal energy converters is evaluated using integral selective parameters:
the integral solar absorptance 4, the integral thermal emittance (degree of blackness, E), and the
selectivity ratio # at a temperature of T = 300K.

The integral solar absorptance is determined by the following relation:

_ Jo =R31Pa(M)dA
4= [ Pa(Mdr 1
where R; is the spectral reflectance characteristic of the structure, and P; is the spectral distribution
of solar radiation intensity.

The integral thermal emittance (degree of blackness) at a temperature of T =300 K is determined
by the following relation:

E= fllo[llgRA]WB(erB)dl, @)
[, Ws(ATp)da

where Wp(A, Ts) is the spectral energy distribution of a blackbody at temperature 75 (with 73 =
300K).

The selectivity ratio is defined by the following expression:

n== 3)
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The integral selective parameters 4, E, and # for the photothermal energy converter structures
were determined based on the measured spectral reflectance at a normal angle of incidence for
experimental samples of nanoscale chromium condensates on copper substrates.

The parameters of the resulting coatings, denoted as Aw, En, and 7, were calculated according to
the proposed algorithm using the reflectance coefficients measured at a normal angle of incidence.
Examples of the developed selective structures based on chromium condensates on copper substrates,
along with their corresponding optical, selective, and technological parameters, are presented in Table
1.
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Figure 1 - Spectral reflectance of structures based on nanoscale chromium condensates on copper
substrates with a roughness parameter Ra = 0.125$ um, formed by vacuum thermal evaporation with
different mass thicknesses: 1 — 4.0 nm; 2 — 22.0 nm; 3 — for a model structure with bulk chromium
properties according to the data from [14]
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Figure 2 - Spectral reflectance of structures based on nanoscale chromium condensates on copper
substrates with a roughness parameter Ra = 0.125 pm, formed by magnetron sputtering with different
mass thicknesses: 1 — 7.5 nm; 2 — 14.0 nm; 3 — 53.0 nm

The variation in the mass thickness of the films from 4 to 53 nm leads to a redshift of the
absorption edge toward the long-wavelength region, shifting from 0.5 um to 2 um for the selective
structures. Consequently, for the specified film thicknesses, the integral solar absorptance increases from
0.52 to 0.91, respectively. At the same time, the thermal emittance remains low, maintaining a value of
approximately 0.04.
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Table 1 — Technological and optical selectivity parameters of structures based on nanoscale

chromium condensates on copper substrates.

Deposition parameters
.Mass . ' Substrate Substrate
thickness, Operating Discharge roughness A E n
temperature,
nm. pressure, Ila power, BT oC R4, MKM
2.0 10+ — 200 0.125 0.51 0.04 12.7
4.0 10+ — 100 0.125 0.52 0.04 13
6.0 7-10°! 100 100 0.125 0.61 0.06 10.2
8,0 5-10°! 200 100 0.125 0.64 0.06 10.7
14,0 7- 10" 250 100 0.125 0.76 0.05 15.2
22,0 10+ — 200 0.125 0.89 0.07 12.7
53,0 8-10! 100 200 0.125 0.91 0.08 11.4
4.0 10 — 100 2.0 0.90 0.31 2.9
8.0 5-10! 200 100 2.0 0.93 0.32 2.9
14,0 7-10°! 250 100 2.0 0.93 0.32 2.9
53,0 8-10! 100 200 2.0 0.93 0.30 2.8

At the same time, the influence of vacuum deposition conditions on the optical properties of
chromium condensates can be observed. For films with a thickness of up to 10 nm, no significant
dependence of the solar absorptance on the deposition parameters was found. However, for thicknesses
ranging from 10 to 53 nm and above, the integral absorptance values are lower for structures formed by
vacuum thermal evaporation at p = 10 Pa. Evidently, the observed variations in integral absorptance
are caused by the formation of a continuous metallic chromium film, which is consistent with the results
of structural and phase analyses. This is further evidenced by the increased reflectance of such films in
the visible range, approaching the reflectance values of bulk metallic chromium as the thickness
increases. The spectral reflectance of bulk chromium was calculated based on its optical constants
reported in [14].

As is well known, the optical properties of a surface are determined by its micro-relief. Therefore,
an assessment of the influence of the substrate micro-relief scale on the selective optical parameters of
the coatings was conducted. As the substrate roughness parameter Ra increased from 0.125 pm to 2.0
um, the integral absorptance showed only a slight increase. Conversely, the thermal emittance increased
significantly, reaching 0.32. The research results indicate that the emittance of the investigated selective
structures is independent of film thickness (within the studied range) and is entirely determined by the
substrate micro-relief. This is likely explained by the fact that thin films replicate the morphology of the
substrate micro-relief [13].

The application of optically selective structures in photothermal converters involves exposure to
factors such as elevated temperatures and ultraviolet (UV) radiation. Consequently, the stability of the
selective parameters under these conditions was investigated. The results showed that the selective
parameters of the formed structures remained unchanged after exposure to temperatures up to 560 K for
8 hours followed by cooling to 300 K under vacuum (p = 1 Pa). Exposure to higher temperatures led to
a degradation of the optical characteristics (a decrease in Ay and an increase in Ey). Furthermore,
investigations into the effect of UV radiation showed that irradiating the samples in air with a mercury-
quartz UV lamp had no impact on their optical properties.

Conclusion. This work presents the results of the formation and investigation of metal-dielectric
optically selective structures based on nanoscale chromium condensates on copper substrates, achieving
an optical selectivity ratio of up to 11.4. Nanoscale chromium condensates were deposited onto copper
substrates with varying degrees of surface roughness using vacuum thermal evaporation and magnetron
reactive sputtering. The deposition process involved the systematic variation of key technological
parameters, including operating pressure, discharge power, and substrate temperature.

The phase composition, structure, and optical parameters of the fabricated test samples were
analyzed using infrared spectroscopy, electron microscopy, and optical spectrophotometry. Based on
the optical characterization results, the integral selective parameters — solar absorptance, thermal
emittance, and the selectivity ratio — were determined. Comprehensive experimental investigations
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established the significant influence of deposition parameters on the composition, morphology, and
spectral-optical characteristics of the resulting metal-dielectric structures.

It was found that increasing the thickness of the chromium condensates up to 50 nm results in a
redshift of the absorption edge in the selective structures. For structures formed on substrates with a
roughness of 0.125 um, the optical selectivity ratio increased to 11.4. Conversely, increasing the
substrate roughness parameter to 2.0 um led to a negligible increase in integral absorptance, while the
thermal emittance rose to 0.32, consequently reducing the selectivity ratio to 2.8.

The stability tests of the selective parameters under elevated temperatures and ultraviolet radiation
allow for the recommendation of these structures for use in photothermal converters at temperatures up
to 500 K under vacuum conditions (1 Pa). These findings provide a foundation for the development and
optimization of deposition technologies and further research into nanoscale optically selective structures
with tailored spectral characteristics. Future research in this direction may focus on enhancing the
environmental stability of such structures, particularly through the application of additional nanoscale
protective layers.
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Manosuuko I'. C., MauyasaHcbkuii O. B.

HamionansHuii TexHiuHMiA yHIBepeuTeT YKpainu « KUIBCbKUIA MOMITEXHIYHUN IHCTUTYT iMeHi [ropst
Cikopcbkoro» m. Kuis, Ykpaina

OIITUYHO CEJIEKTUBHI CTPYKTYPU HA OCHOBI HAHOPO3MIPHUX
KOHJEHCATIB XPOMA JJ151 ®OTOTEPMIYHUX IEPETBOPIOBAYIB EHEPI'1I

IIpedcmasneno pezyromamu  GOPMYSAHHA MEMANOOIeNCKMPULUHUX ONMUYHO CENeKMUBHUX
CMpYKmyp 3  3HAUEHHAM  Kpumepilo — onmuuHoi  cenexmuenocmi 0o 11,4 na  ocHOGi
HAHOPO3MIPHUX O080(A3HUX KOHOEHCAMI8 XPOM-OKCUO XPOMY MEMOOOMU BAKYYMHO20 OCAONCEHHS HA
nioxknaoyi iz mioi. IIposedeno KomnjiekcHe eKchnepuMeHmanbHe OOCHIONCEHHA CKAAOY, CMPYKMYpU,
CREeKMPANbHUX Xapakmepucmuk Koegiyiecnma 6i00UBAHHA MA CeNeKMUBHO-ONMUYHUX NapaMempie
(noznunaroyoi 30amHocmi, Men108UNPOMIHIOI0YOI 30aMHOCMI MA KPUMepiil CeleKmUsHoi) mecmosux
3paskie. Haeedeni pesynomamu ananisy 6nauey napamempie MexHONOSIYHUX DeNCUMIB 0CAONCEeHHS
HAHOPO3MIDHUX WAPI8 XPOMY MdA WOPCMKOCHI NOBEPXHI NIOKAAOOK HA G1ACMUBOCMI ONMUYHO
cenekmugHux cmpykmyp. Bcmanoeneno, wo 36insuiensa wiopcmkocmi niokiaoku Cnpuse 30i1buerHIo
3HAYEHb IHMe2PAaIbHOI BUNPOMIHIOIYOL 30amHOCMI celeKmusHux cmpykmyp 0o 0.32, wo 3meHuty8ano
3HAYeHHs Kpumepitlo OnmuyHoi cenekmugHocmi 0o 2,8. Pezynomamu Oocniosxcens 3MiH ORMUYHO
CeneKmuBHUX Napamempie 00epICAHux cmpykmyp 00 6naugy nioguujenoi memnepamypu i
YIbmpagionemogozo GUNPOMIHIOBAHHSA 00360AI0Mb PEKOMeHOY8amu ix Oas 3acmOCY8aHHA 8
domomepmiunux nepemsoprosayax 0o memnepamypu 500 o K 6 ymosax saxyymy (1 Ila).

Knrouoei cnosa: memanooienekmpuyHi ONMUYHO CEASKMUBHT CIMPYKIMYPU, HAHOPO3IMIPHI NAIGKU,
KOHOeHcamu XpoMy, —IHmezpanbHa NO2IUHAIOYA 30AMHICMb, CMYNIHL YOPHOMU, Nnapamemp
CeNeKmuUeHOCMI.
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