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In this work, we study a suitability for protection against terrestrial ultraviolet part of the solar spec-

trum of undoped and doped by indium zinc oxide thin nanostructured films, ZnO and ZnO:In, respectively, 

and cuprous iodide (CuI) films obtained via Successive Ionic Layer Adsorption and Reaction (SILAR) tech-

niques on the lightweight low cost poly(ethylene terephthalate) (PET) flexible substrates. The film mor-

phology is observed by scanning electron microscopy (SEM). Chemical compositions of the films are inves-

tigated by X-ray fluorescence (XRF) microanalysis. To research crystal structure we used X-ray diffraction 

(XRD) method. The UV-protection ability of the nanostructured thin films, PET tapes and samples consist-

ing of the PET substrates and the films deposited on them by the SILAR method has been evaluated on the 

base of their optical properties in accordance with an international standard ISO 2443:2012(E) “Determi-

nation of sunscreen UVA photoprotection in vitro”. According to the research, nanostructured ZnO, ZnO:In 

and CuI thin films made by the cheap, affordable, and suitable for mass production SILAR method on thin 

flexible cheap PET substrates have been proposed as a new material for UV-shielding applications. In ac-

cordance with an international standard ISO 2443:2012(E), UV-protection ability of the samples consisting 

of the PET substrates and the films deposited on them by the SILAR method fits the category “excellent” 

(50+). The best low cost flexible and lightweight UV shielding material turned out to be that consisted from 

ZnO:In film and PET substrate, the sun protection factor of which equals 157. 
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1. INTRODUCTION 
 

According to [1-6], since ultraviolet (UV) radiation 

triggers the formation of free radicals, the long-term 

exposure of human skin to UV radiation can result in 

health issues, such as aging, DNA damage, skin red-

dening, acne, and even skin cancer. UV light also has 

degradation effects on various materials, such as poly-

mers, dyes, pigments and semiconductor devices [6]. 

Therefore, interest in the creation of light and flexible 

shields with variable shapes, which are capable of 

providing protection from solar UV, is particularly due 

to the need to reduce the risk of skin cancer and to pre-

vent skin injury associated with UV exposure [1-9]. 

Extensive research efforts were focused on the devel-

opment of UV shielding material, which may be effi-

cient for UV protective coating [1-9], especially in the 

wavelength () range 290-400 nm (terrestrial UV part 

of the solar spectrum, namely 95 % UVA (320-400 nm 

range) and 5 % UVB (290-320 nm range)). Generally, 

modern materials for sun protection contain nanoparti-

cles or nanostructured layers of wide band gap semi-

conductors (mainly titanium dioxide (TiO2) or zinc ox-

ide (ZnO)), whose large surface area to-volume ratio 

significantly increases the effectiveness to block UV 

radiation when compared to bulk materials [1-7]. 

Among them, the best choices for UV protection are 

nanostructured thin ZnO films [1, 4] or indium doped 

ZnO:In films [1], hierarchical ZnO nanostructures [8], 

ZnO quantum dots [9], ZnO-polystyrene nanocomposite 

films [6], ZnO quantum dots/sodium carboxymethyl-

cellulose nanocomposite polymer films [2], and fibrous 

ZnO/polyvinyl alcohol composite membranes [5]. At the 

same time, we were not able to find in the literature 

examples of the use of a wide-gap semiconductor cu-

prous iodide (CuI) as the UV-shielding material. How-

ever, it is indicated in [10-12] that CuI thin films and 

the solutions contained nanosized CuI particles demon-

strated a strong absorbance of the UVA light. By the 

way, cuprous iodide similarly to zinc oxide exhibits 

photocatalytic properties with respect to organic con-

taminants [12] and it has a potential implication in 

antibiotic therapy as an antibacterial agent [13]. 

Therefore, in this work, we carry out a comparative 

analysis of the UV-shielding properties of the 

nanostructured ZnO, ZnO:In and CuI thin films. 

As UV protective canopies and other UV shields 

should have large areas, a preference must be given to 

affordable and mass-production deposition methods. 

Among such methods, Successive Ionic Layer Adsorption 

and Reaction (SILAR) technique allows deposition of the 

nanostructured doped and undoped ZnO [14] and CuI 

[11, 15] thin films over large areas and suggests low capi-

tal expenditure based on simple process equipment. 

The aim of the present work is to study suitability 

for protection against UV radiation of undoped and 

doped with indium zinc oxide thin films, ZnO and 

ZnO:In, respectively, and CuI films obtained via differ-

ent SILAR techniques on the poly(ethylene tereph-

thalate) ((C10H8O4)n or PET) flexible substrates, which 

were chosen due to the lightweight, low cost and avail-

ability. Here we investigate the crystal structure, 

http://jnep.sumdu.edu.ua/index.php?lang=en
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chemical composition, optical properties and surface 

morphology of the manufactured ZnO, ZnO:In and CuI 

films. The UV-protection ability of the nanostructured 

ZnO, ZnO:In and CuI thin films, PET tapes and sam-

ples consisting of the PET substrates and films depos-

ited on them by the SILAR method has been evaluated 

in accordance with an international standard ISO 

2443:2012 (E) “Determination of sunscreen UVA photo-

protection in vitro”. 

 
2. EXPERIMENTAL DETAILS 

 

In this study, ZnO, ZnO:In and CuI thin films were 

synthesized via different SILAR techniques on the flex-

ible and transparent 20 m thick and 3 cm wide PET 

tapes (Toray Industries, Inc.). 

The deposition techniques by means of SILAR of 

ZnO and ZnO:In films using the zinc sulfate cationic 

precursor were given by us earlier in [14]. In few 

words, we used from 20 to 400 deposition cycles of 

SILAR, which were carried out in an aqueous solution 

of ZnSO4 and NH4OH as cationic precursor. For the 

deposition of ZnO:In film via SILAR, the cationic pre-

cursor contained 2.7 M potassium hydroxide, 180 mM 

zinc oxide and additionally 9 mM InCl3. In the SILAR 

process, one growth cycle included following three 

steps: (1) immersing of the substrate into cationic pre-

cursor for 10 s; (2) its immersing into anionic precur-

sor, namely into hot (90 C) water for 10 s; (3) rinsing 

of a flexible substrate in a separate H2O beaker at 

room temperature for 5 s to remove loosely bound par-

ticles. The thickness of the obtained ZnO and ZnO:In 

films on PET substrates (t in the 0.1-3.8 m range) 

was determined gravimetrically, taking for the t cal-

culation the bulk ZnO density of 5.61 g/cm3. As seen 

from Table 1, three SILAR modes differ from each 

other by the film thickness through an adjusting the 

number of SILAR cycles, by the presence or absence of 

In in the films, and by the application or not of the 

initial step for a creation of a bonding seed layer to 

ensure an adhesion of zinc oxide film with PET. The 

bonding seed layer was deposited by means of 10 or 20 

times repeating process of dipping the PET substrate 

into aqueous solution contained ZnO and NH4OH for 

30 s and drying with hot air as described in [14]. 

Deposition of copper iodide films via SILAR was 

carried out at room temperature in accordance with 

[15] using an aqueous solution containing 0.1 M CuSO4 

and 0.1 M Na2S2O3 as the cationic precursor, where a 

copper (I) thiosulfate complex Na[Cu(S2O3)] was 

formed, from which Cu+ ions were released into solu-

tion. The PET substrates were immersed into the cati-

onic precursor for 20 s. Then, the substrates were 

washed in distilled water for 10 s. For the reaction of 

the strongly adsorbed Cu+ ions on the PET surface with 

I− ions to obtain some CuI monolayers, the substrate 

was then immersed for 20 s into aqueous NaI solution 

(anionic precursor), whose concentration was 0.05, 

0.075 or 0.1 M. After that, the PET substrate with the 

thinnest CuI film was washed in distilled water for 

10 s. The listed procedure was one SILAR cycle of CuI 

film deposition. Such SILAR cycles were repeated 

40 times. As seen from Table 2, the thickness of the 

obtained CuI films was determined gravimetrically, 

taking for the t calculation the bulk CuI density of 

5.67 g/cm3, t was in the 0.1-0.82 m range. 

Morphology of ZnO, ZnO:In and CuI thin films on 

PET substrates was observed by scanning electron mi-

croscopy (SEM) in a secondary electron mode as in [16]. 

For this, SEM instrument “Tescan Vega 3 LMH” operat-

ed at an accelerating voltage of 30 kV without the use of 

additional conductive coatings. To obtain SEM image of 

the uncoated dielectric PET substrate we used thin Cr 

film (~ 10-15 nm thick) as a conductive coating, which 

evaporated in vacuum at 10 – 6 Torr residual gas pressure 

immediately before its SEM research. Chemical analysis 

of the ZnO, ZnO:In and CuI films on PET was carried out 

by X-ray fluorescence (XRF) microanalysis using an ener-

gy dispersive spectrometry (EDS) system “Bruker XFlash 

5010”. Energy dispersion spectra were taken from the 

50  50 m of the uncoated PET substrate, ZnO, ZnO:In 

or CuI film areas. Quantification of the spectra was car-

ried out in the self-calibrating detector mode. 

To analyze the crystal structure of ZnO, ZnO:In and 

CuI films, we recorded X-ray diffraction (XRD) patterns 

by a “DRON-4” diffractometer. Scanning was performed 

with Bragg-Brentano focusing (theta – 2 theta). The pres-

ence of crystalline phases was revealed by comparing the 

experimental diffraction patterns with the reference data-

base JCPDS by using PCPDFWIN v. 1.30 software. For 

the evaluation of the average crystallite size D we applied, 

in accordance with [11, 12], the X-ray line broadening 

method using the Scherrer’s formula. Crystal lattice mi-

crostrains, which mainly were induced by the point de-

fects, were obtained as ɛ  Δd/d (where d is the crystal 

interplanar spacing according to JCPDS and Δd is the 

difference between the corresponding experimental and 

reference interplanar spacing). Dislocation density was 

evaluated through 1/D2 as in [14]. 

Optical properties of ZnO, ZnO:In and CuI thin 

films deposited via SILAR were studied with an “SF-

2000” spectrophotometer equipped with “SFO-2000” 

specular and diffuse reflection attachment. Optical 

transmission spectra To() were recorded in the  range 

290-1100 nm, as control samples we used uncoated 

PET tapes. UV-absorption spectra we obtained in ac-

cordance with the international standard ISO 

2443:2012 (E) “Determination of sunscreen UVA pho-

toprotection in vitro” by means of calculation of absorb-

ance A()  lg(1/To()) in the 290-400 nm wavelength 

range. Spectra of diffuse reflectance R() were meas-

ured at light incidence angle ϑ  8° relative to the nor-

mal to the surface. Optical band gaps for direct allowed 

transitions Eg of ZnO, ZnO:In and CuI films, which 

were translucent and characterized by large diffuse 

reflectance and negligible specular reflectance in the 

visible spectra, were determined as described in 

[12, 18] from the Kubelka-Munk function: 
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As shown in [12, 18], the plots of (F(R)·hν)2 vs hν 

yield the direct band gap values Eg of the materials by 

extrapolating (F(R)·hν)2 linear parts on hν. 

UV-protection ability of ZnO, ZnO:In and CuI films 

deposited via SILAR on PET substrates was evaluated in 

accordance with an international standard ISO 
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2443:2012 (E) “Determination of sunscreen UVA photo-

protection in vitro”. For this, UV-absorption spectra A() 

were calculated from the experimental optical transmis-

sion spectra To() in the 290-400 nm  range. Then, the 

sun protection factor (SPF, equivalent to an UV protection 

factor UPF) as a measure of the fraction of UV rays pro-

ducing sunburn, which reach the skin, was calculated 

according to ISO 2443:2012 (E) as follows: 
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where E() is the erythemal action spectrum (data are 

given in Appendix C in the ISO 2443:2012(E)); I() is 

the spectral irradiance received from the UV source 

(solar simulated radiation) (data are given in Appendix 

C in the ISO 2443:2012(E)); A0() is the mean mono-

chromatic absorbance of the film before exposure to UV 

radiation; C is the coefficient of adjustment; d is the 

wavelength step (1 nm). 

As preliminary experiments showed [16], for our 

films A0() ≡ A(), C  1. 

 

3. RESULTS AND DISCUSSION 
 

Fig. 1 and Fig. 2 show typical SEM images and XRF 

data, correspondingly, for ZnO (t  3.8 m) (a), ZnO 

(t  1.8 m) (b) and ZnO:In (t  0.1 m) (c) films deposited 

via different SILAR modes on PET. Chemical composi-

tions of these ZnO and ZnO:In films obtained by the EDS 

microanalysis are presented in Table 1. Fig. 1d illustrates 

the SEM image of the uncoated PET tape. From the SEM 

images it is clear that undoped zinc oxide films are rather 

loose, therefore a large amount of carbon atoms, which are 

components of the PET tape composition (C10H8O4)n, are 

recorded in the XRF spectra in Fig. 2a and Fig. 2b, despite 

the ZnO thickness of 3.8 and 1.8 m, respectively (com-

pare EDS data in Table 1). At the same time, SEM image 

in Fig. 1c shows that ZnO:In film is quite dense, so its 

XRF spectral lines of zinc in Fig. 2c are greater than of 

carbon, notwithstanding the very small thickness of the 

ZnO:In film t  0.1 m (see EDS data in Table 1). 

Analysis of XRD patterns of the same ZnO and ZnO:In 

films deposited via SILAR on PET substrates revealed 

(Fig. 3) that all films are single-phase and polycrystalline. 

The positions of the peaks in the XRD patterns in Fig. 3 

consistent with polycrystalline wurtzite hexagonal ZnO 

structure (JCPDS #36-1451), including for the ZnO:In 

films, probably due to its low indium content (Table 1). 

The relatively high intensity of the ZnO reflections in the 

XRD pattern in Fig. 3a corresponds to the larger ZnO film 

thickness in comparison with the ZnO film in Fig. 3b. The 

indium doped  zinc oxide film in Fig. 3c is textured in the 

001 direction, as evidenced by the intensity of the (002) 

reflection in its XRD pattern. The halo from the semicrys-

talline PET substrate is especially clearly visible in the 

XRD pattern in Fig. 3c that is explained by the smallest 

ZnO:In film thickness (t  0.1 m). Calculations of the 

grain sizes according to the Scherrer's method have 

shown (Table 1) that the average crystallite sizes D for  

 
 

Fig. 1 – SEM images of ZnO (a, b) and ZnO:In (c) films with 

thickness t deposited via different SILAR modes on PET, and 

SEM image of the uncoated PET tape (d) 
 

two ZnO films differ slightly and lie in the nanometer 

range, namely 20 nm for the thicker film and 17 nm for 

the thinner one. Their small dislocation densities  

(2.5-3.5)∙1015 lines/m2 and low lattice microstrains 

ɛ ≈ (7-8)·10 – 3 a.u. are almost identical. According to the 

calculations presented in Table 1, the ZnO:In film has a 

slightly larger grain size D ≈ 25 nm, lower dislocation 

density 1.6∙1015 lines/m2 and lower lattice microstrains 

ɛ ≈ 5·10 – 3 a.u. 

Optical properties of these ZnO and ZnO:In films 

obtained in accordance with Table 1 on PET tapes via 

SILAR are presented in Fig. 4. It can be seen that 

1.8 m and 3.8 m thick ZnO films are opaque in the 

visible range, their transparency To does not exceed 

1.5 %. Maximum transparency value of the thinnest 

ZnO:In film (t  0.1 m) is greater, but To does not ex-

ceed 35 % (Fig. 4a). The To() spectra in Fig. 4a do not 

contain interference extremes related to zinc oxide 

films, which is well explained by the surface morpholo-

gy presented in Fig. 1a, b, c and is consistent with large 

diffuse reflectance in the entire visible range in Fig. 4b. 

As seen from Fig. 4c, the obtained band gap for direct 

optical transitions from the Kubelka-Munk function for 

the SILAR deposited ZnO and ZnO:In films is 

Eg ≈ 3.1 eV. This value is close to the characteristic of 

zinc oxide Eg  3.37 eV, although smaller, probably [19] 

due to the nanocrystalline structure of the films we 

made. From the absorption spectra in Fig. 4d, it is seen 

that the films doped with indium differ from those un-

doped by the increased B in the 290-308 nm range (part 

of the solar UVB). A similar feature was noted by the 

authors [1] who investigated the UV-protection ability 

of the nanostructured thin ZnO and ZnO:In films  pre-

pared via sol-gel deposition. 

The ability of indium-doped film to absorb UVB 

more strongly is especially important, since solar light 

in the UVB range generally causes more serious dam-

age than that in the UVA range. Due to its higher en-

ergy, UVB can cause acute sunburn and direct harm 
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Table 1 – SILAR modes for ZnO and ZnO:In films on PET substrates; thickness, chemical composition, crystal structure, and  

UV-shielding ability of these films 
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Zn O In C D, nm ∙103, a.u. 
1/D2∙10 – 15, 

lines·m – 2 

ZnO – 400 3.8 9 50 – 41 20 7 2.5 35 

ZnO 

+ 

(10 times 

repeating) 

100 1.8 11 44 – 45 17 8 3.5 37 

ZnO:In 

+ 

(20 times 

repeating) 

20 0.1 33 50  1 17 25 5 1.6 116 

 

 
 

Fig. 2 – XRF data of ZnO (a, b) and ZnO:In (c) films deposited 

via different SILAR modes on PET 
 

to skin [3]; it leads to some forms of skin cancer, since 

the radiation directly damages DNA molecules in skin 

cells [6]. It can also be seen in Fig. 4d that the uncoated 

PET tape also absorbs ultraviolet in the 290-315 nm 

range, which is favorable for UV-shielding applications. 

Sun protection factors calculated in accordance with 

an international standard ISO 2443:2012(E) for the 

deposited via SILAR on PET substrates ZnO and 

ZnO:In films are presented in Table 1. SPF values for 

both ZnO films (35 and 37) correspond to the protection 

category “good” [7] or “very good” [1]. Similarly to [1], the 

best protection against UV radiation was obtained with 

nanostructured thin ZnO:In film, whose SPF equals 116, 

so, its 50+ protection category is “excellent”. 

Fig. 5a, b, c show SEM images of three thin nano-

structured CuI films deposited on the PET tapes by the 

SILAR technique using different concentrations of the 

anionic precursor NaI, as indicated in Table 2. It is 

seen that all CuI films are homogeneous, but rougher 

compared to the uncoated PET tape in Fig. 5d. Espe-

cially loose are CuI films obtained in the more dilute 

anionic precursor, namely 0.59 µm thick CuI film de-

posited using 0.075 M NaI (Fig. 5b) and 0.1 m thick 

CuI film deposited using 0.05 M NaI (Fig. 5c). 

Chemical XRF microanalysis has revealed (Fig. 6, 

Table 2) that all CuI films are enriched with copper re-

gardless of the SILAR mode (Cu/I atomic ratio is ~ 1.3-

1.4). Some other elements are observed in the XRF spec-

tra. Among them, C and O mainly belong to the PET 

tape. Small peaks of Al are observed in the XRF spectra 

(EDS of Al is not present in Table 2) apparently generat-

ed by aluminum table and holder for the samples of the 

vacuum chamber, in which XRF microanalysis was car-

ried out. In addition, all CuI films obtained via SILAR 

contain sulfur from the chemically unstable compound 

sodium thiosulfate Na2S2O3 in the cationic precursor 

solution. According to [19], sulfur as an element of the 

sixth group is able to form acceptor levels in the copper 

iodide without the formation of copper sulphide phases 

distinguishable via XRD analysis. 

Fig. 7 demonstrates experimental XRD patterns for 

these copper iodide films deposited on PET tapes (a, b, 

and c) and also XRD pattern of the uncoated PET tape (d). 

As seen in Fig. 7, each XRD pattern of CuI film on PET 

substrate contains some diffraction peaks, which belong to 

cubic Marshite copper iodide structure (zinc blende, -CuI, 

JCPDS # 06-0246). So, all CuI films are single-phase and 

polycrystalline. Calculations of the  average crystallite 

size D yielded 31 nm values for thicker CuI films (with 

t  0.59 m and t  0.82 m) made using more concentrat-

ed anionic precursors (0.075 M and 0.1 M NaI, respective-

ly). The value D  18 nm was obtained for the thinnest 

CuI film (with t  0.10 m) deposited from the diluted 

anionic precursor 0.05 M NaI (Table 2). 



 

NANOSTRUCTURED ZNO AND CUI THIN FILMS ON … J. NANO- ELECTRON. PHYS. 12, 03007 (2020) 

 

 

03007-5 

 
 

Fig. 3 – XRD patterns of ZnO (a, b) and ZnO:In (c) films with 

thickness t, which were deposited via different SILAR modes 

on PET, and XRD pattern of the uncoated PET tape (d) 
 

 
 

Fig. 4 – Optical properties of ZnO and ZnO:In films with thick-

ness t, which were deposited via different SILAR modes on PET 

tapes, and optical properties of the uncoated PET tape: 

(a) − optical transmission spectra To(); (b) − diffuse re-flectance 

spectra R(); (c) – graphs for Eg found by means of the Kubelka-

Munk function F(R); (d) − UV-absorption spectra A() 

 
 

Fig. 5 – SEM images of СuI films (a, b, c) with thickness t 

deposited via SILAR on PET tapes using different concentra-

tions of the anionic precursor NaI: (a) 0.1 M; (b) 0.075 M; 

(c) 0.05 M; (d) SEM image of the uncoated PET tape 
 

 
 

Fig. 6 – SEM images of СuI films (a, b, c) with thickness t 

deposited via SILAR on PET tapes using different concentra-

tions of the anionic precursor NaI: (a) 0.1 M; (b) 0.075 M; 

(c) 0.05 M; (d) SEM image of the uncoated PET tape 
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Table 2 – SILAR modes for CuI films on PET substrates; thickness, chemical composition, crystal structure, and UV-shielding 

ability of these films 
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Fig. 7 – XRD patterns of СuI films (a, b, c) with thickness t 

deposited via SILAR on PET tapes using different concentra-

tions of the anionic precursor NaI: (a) 0.1 M; (b) 0.075 M; 

(c) 0.05 M; (d) SEM image of the uncoated PET tape 
 

Analysis of structural parameters of copper iodide 

films has revealed small tensile lattice microstrains 

ɛ  (3-6)·10 – 3 a.u. and low dislocation densities 

1/D2  (1.0-3.1)∙1015 lines/m2, approximately the same 

as in ZnO and ZnO:In films deposited by us using the 

SILAR method (compare Table 1 and Table 2). 

Fig. 8 shows optical properties of CuI films deposit-

ed via SILAR on PET substrates. All CuI films are 

semi-transparent in the visible range, their maximum 

transparency To decreases with an increase of the film 

thickness from 7 to 2.5 % (Fig. 8a). Due to the large 

surface roughness of CuI films (see Fig. 5a, b, c) their 

optical reflections are predominantly diffuse. The R() 

spectra in Fig. 8b confirm the significant reflectance in 

the entire visible range. The band gaps Eg for direct 

optical transitions in deposited via SILAR CuI films 

obtained from the Kubelka-Munk function (Fig. 8c) are 

in the range of 2.9-3.0 eV (Table 2). 

It is close to the value of 2.95-3.1 eV for bulk CuI at 

near-room temperature [10, 12]. From the comparison 

of the absorption spectra in Fig. 4d and Fig. 8d, it is 

seen that all CuI films quite strongly absorb light in 

the UV range similarly to the undoped zinc oxide films 

deposited via SILAR. However, UV-protection ability of 

these CuI films in the shorter wavelength UV part 

(from the solar UVB in the 290-308 nm range) is worse 

than for ZnO:In films  prepared via SILAR. 
 

 
 

Fig. 8 – Optical properties of СuI films with thickness t which 

were deposited by SILAR on PET tapes using various concen-

trations of anionic precursor NaI, according to Table 2, and 

optical properties of the uncoated PET tape: (a) optical trans-

mission spectra To(); (b) diffuse reflectance spectra R(); 

(c) graphs for the Eg finding by means of the Kubelka-Munk 

function F(R); (d) UV-absorption spectra A() 
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Sun protection factors calculated in accordance with 

an international standard ISO 2443:2012 (E) for CuI films 

deposited via SILAR on PET substrates are presented in 

Table 2. The SPF values for CuI films are from 21 to 32 

that correspond to the protection category “good” [1, 7]. 
 

Table 3 – UV-protection ability of the samples consisting of 

the PET substrate and the nanocrystalline film deposited on it 

by the SILAR method 
 

Sample consisting of the films  

with the thickness t 

UV-protection 

factor SPF  

(290-400 nm) 

CuI (t = 0.10 µm)/PET (t = 20 µm) 62 

CuI (t = 0.59 µm)/PET (t = 20 µm) 73 

CuI (t = 0.82 µm)/PET (t = 20 µm) 66 

ZnO (t = 3.8 µm)/PET (t = 20 µm) 76 

ZnO (t = 1.8 µm)/PET (t = 20 µm) 78 

ZnO:In (t = 0.10 µm)/PET (t = 20 µm) 157 
 

It should be noted that the sun protection factor values 

given in Table 1 and Table 2 for ZnO, ZnO:In and CuI 

films, respectively, were obtained on the basis of the 

optical transmission spectra measured relative to the 

PET substrate, that is, they do not include UV absorp-

tion by the PET substrate itself. At the same time, the 

significant absorption of UVB by the PET tape is clear-

ly seen in Fig. 4d and Fig. 8d. Calculations according to 

standard ISO 2443:2012 (E) showed that the UPF rat-

ing of the PET tape equals to 41, since it is UVB that is 

dangerous in terms of the health care. By summing up 

the sun protection factors for the PET tape and for the 

films deposited on PET via SILAR, we obtained data on 

the UV-protection ability of the film samples presented 

in Table 3. It is seen that all the samples have SPF 

50+, i.e. their protection category is “excellent”. 

 

4. CONCLUSIONS 
 

In this study, thin nanostructured films of pure and 

indium-doped zinc oxide made by the cheap, affordable 

and suitable for mass production SILAR method, as 

well as thin nanostructured films of copper iodide ob-

tained by the same method on thin flexible cheap 

poly(ethylene terephthalate) tapes have been proposed 

as a new material for UV-shielding applications. UV-

protection ability of the film samples consisting of the 

PET substrate and the film deposited on it by the SI-

LAR method fits in accordance with an international 

standard ISO 2443:2012(E) “Determination of sun-

screen UVA photoprotection in vitro” the category “ex-

cellent” (50+). The best low cost flexible and light-

weight UV-shielding material turned out to be that 

consisted from ZnO:In film and PET substrate. 
 

The authors declare no competing interest. 
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Наноструктуровані тонкі плівки ZnO і CuI на полі(етілентерафталатних) стрічках  

для захисту від ультрафіолетового випромінювання 
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У роботі ми вивчаємо придатність для захисту від земної ультрафіолетової частини сонячного спе-

ктра нелегованих і легованих індієм тонких наноструктурованих плівок оксиду цинку, ZnO і ZnO:In, 

відповідно, і плівок йодиду міді (CuI), отриманих методом послідовної адсорбції та реакції іонних ша-

рів (SILAR) на легких і недорогих гнучких підкладках з полі(етілентерефталата) (ПЕТ). Морфологія 

плівки спостерігалася методом скануючої електронної мікроскопії (SEM). Хімічний склад плівок дос-

ліджено методом рентгенофлуоресцентного (XRF) мікроаналізу. Для дослідження кристалічної струк-

тури ми використовували рентгенодифракційний метод (XRD). Здатність УФ захисту наноструктуро-

ваних тонких плівок, стрічок ПЕТ і зразків, що складаються з підкладок ПЕТ і плівок, нанесених на 

них методом SILAR, була оцінена на основі їх оптичних властивостей відповідно до міжнародного 

стандарту ISO 2443:2012 (E) «Визначення фотозахисту від УФА сонцезахисних кремів in vitro». Згідно 

з дослідженням, наноструктуровані тонкі плівки ZnO, ZnO:In і CuI, виготовлені дешевим, доступним і 

придатним для масового виробництва методом SILAR на тонких гнучких дешевих ПЕТ підкладках, 

були запропоновані в якості нового матеріалу для застосування в області екранування від ультрафіо-

летового випромінювання. Відповідно до міжнародного стандарту ISO 2443:2012 (E) здатність до УФ-

захисту зразків, що складаються з ПЕТ-підкладок і плівок, нанесених на них методом SILAR, відпові-

дає категорії «відмінно» (50+). Кращим недорогим, гнучким і легким матеріалом, що захищає від уль-

трафіолетового випромінювання, виявився матеріал, що складається з плівки ZnO:In і ПЕТ підклад-

ки, у якого сонцезахисний коефіцієнт дорівнює 157. 
 

Ключові слова: ZnO, СuI, Полі(этілентерефталат), Ультрафіолетове випромінювання, Сонцезахисний 

коефіцієнт. 


