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The effect of Bi dopant concentration on the optical and structural properties of ZnO thin films synthe-

sized by radio-frequency magnetron sputtering was investigated, with particular emphasis on Urbach en-

ergy and internal mechanical stress. An increase in Bi concentration in ZnO films was found to be accompa-

nied by enhanced mechanical stress, attributed to local lattice distortions. These distortions may arise from 

the substitution of Zn2+ ions by larger Bi3+ ions or from the formation of a secondary Bi2O3 phase, both of 

which induce internal stresses development in the films. It was established that at low Bi concentrations 

(up to 1.8 at. %), mechanical stress does not significantly affect the diameter of the nanocolumns. However, 

at higher concentrations ( 5 at. %), lateral growth is inhibited, resulting in a reduction in nanocolumn di-

ameter. It was shown that the Urbach energy of Bi-doped ZnO films is significantly higher than that of 

undoped samples, indicating a broadening of localized states tails due to bismuth doping. Although macro-

scopic mechanical stress affects the Urbach energy, its non-monotonic dependence on Bi concentration is 

primarily governed by other factors, particularly local electrostatic potential fluctuations and the disorien-

tation of the nanocolumnar structure. 
 

Keywords: ZnO thin films, Radiofrequency magnetron sputtering, Optical properties, Structural properties, 

Urbach energy, Mechanical stresses. 
 

DOI: 10.21272/jnep.18(3).03010 PACS numbers: 68.55.J –, 68.37.Hk, 07.85.Jy, 

52.70.Gw, 52.70.Kz 

 

 

1. INTRODUCTION 
 

Zinc oxide (ZnO) is an n-type semiconductor with a di-

rect band gap, which is considered as one of the most prom-

ising materials for optoelectronic devices [1]. The great in-

terest in ZnO is associated with its high physical and chem-

ical stability [2, 3], low toxicity [1, 4], and low cost (com-

pared to the widely used Indium tin oxide, In2O3, SnO2, and 

TiO2) [1, 4], etc. The presence of a wide bandgap ( 3.36 eV) 

[5], significant exciton binding energy (60 meV) [5, 6], high 

transparency in the visible spectral range [7], and signifi-

cant electronic mobility [8] makes ZnO thin films a promis-

ing material for creating photovoltaic elements. 

There are various methods for producing ZnO films: 

metal-organic chemical vapor deposition (MOCVD) [9], sol-

gel method [10, 11], chemical vapor deposition (CVD) [12], 

pulsed laser deposition (PLD) [13], etc. However, only ra-

diofrequency (RF) sputtering magnetron deposition [14] al-

lows obtaining high homogeneity of thin films with good 

controllability of the film deposition process at a relatively 

simple and inexpensive production technology. 

In recent years, many scientific papers have been de-

voted to the usage of ZnO-based thin films as an electron 

transport layer (ETL) in various photovoltaic and optoe-

lectronic devices [15, 16]. However, in order to increase 

the efficiency of such ZnO-based ETLs, it is necessary to 
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modify them by doping [17, 18], nanostructuring [18-20], 

etc. [21, 22]. 

The doping of ZnO films with various elements is one 

of the most effective and inexpensive methods for im-

proving their properties. However, besides the widely 

studied ZnO films doped with Al [23-25], Ga [25-27], and 

In [25, 27], the optical and structural properties of ZnO 

films modified with bismuth (Bi) remain insufficiently 

investigated. 

The Bi doping has attracted researchers’ considera-

ble attention due to the possibility of improving the op-

tical and electrical properties of ZnO [28, 29]. The bis-

muth addition to ZnO can change the crystal structure 

[29] of the material, alter the band gap [28, 30], and im-

prove the optical properties [30]. This opens up new pro-

spects for ZnO:Bi films usage as ETL layers in photovol-

taic and optoelectronic devices. However, the data on the 

change in the parameters of such films are quite contro-

versial [28, 30] and need to be verified and clarified. 

This paper presents a study of the effect of Bi concentra-

tion on the optical (absorption, Urbach energy) and struc-

tural (mechanical stress) properties of ZnO thin films depos-

ited by RF magnetron sputtering onto glass substrates. 

These results are important for optimizing ZnO:Bi films for 

use as electron transport layers (ETLs) in solar cells, as well 

as in sensors and optoelectronic devices [31-33]. 
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2. EXPERIMENTAL DETAILS 
 

ZnO thin films with varying Bi dopant concentra-

tions were deposited by RF magnetron sputtering 

(13.56  0.135 MHz) from a circular target with an area 

of   12.5 cm2. The initial powders of ZnO (LLC “Khim-

laborreaktiv”, purity   99.9 %) and Bi2O3 (LLC 

“Reakhim”, purity  99.5 %) were blended in weight ra-

tios of 95:5 (BZO1), 85:15 (BZO2), and 80:20 (BZO3). 

These mixtures were pressed into discs with a diameter 

of 4.0 cm and employed as sputtering targets, which 

were subsequently mounted in the chamber of a univer-

sal vacuum system (VUP-5M) for film deposition. 

The films were deposited onto glass substrates 

(1  1 cm2). Prior to deposition, the substrates were ultra-

sonically cleaned in isopropyl alcohol (40 kHz, 20 min) and 

then rinsed with deionized water. The target-to-substrate 

distance was maintained at 4.5  0.1 cm. 

Prior to deposition, a base pressure of 5.0  10-5 Pa 

was established in the VUP-5M vacuum chamber using 

a fore-vacuum pump and a diffusion pump with a cryo-

genic nitrogen condensation trap. Argon (purity 99.9 %) 

was used as the working gas. The deposition pressure in 

the chamber was maintained at 1 Pa. The sputtering 

power and deposition time were set to 120 W and 

60 min, respectively. Deposition was carried out without 

substrate heating. 

The crystal structure was analyzed by X-ray diffrac-

tion (XRD) using a Shimadzu LabX XRD-6000 diffrac-

tometer (X-ray tube power: 35kV/30mA) with Cu K ra-

diation ( = 1.5406 Å) in Bragg–Brentano geometry 

(scanning step (2): 0.02, 2 range: 29-70, accumula-

tion time: 1 s). 

Morphological analysis of ZnO, BZO1, BZO2, and 

BZO3 thin films was performed using scanning electron 

microscopy (SEM) on a Tescan Mira 3 microscope with 

an accelerating voltage of 5-20 kV. Energy-dispersive  

X-ray (EDX) analyses were performed using the built-in 

Oxford X-max 80 mm2 detector. 

Spectrophotometric measurements were performed 

using a Spekol 1500 single-beam spectrophotometer in 

the 300-1100 nm spectral range with a scanning step of 

1 nm. Slide glass was used as the reference for optical 

absorption measurements. 

 

3. RESULTS AND DISCUSSION 
 

The elemental composition of ZnO, BZO1, BZO2, and 

BZO3 thin films was analyzed by EDX (Fig. 1). It was 

found that with increasing Bi concentration (φBi) in the 

ZnO:Bi films, the Zn content decreases, while the oxygen 

content increases. 

This behavior can be attributed to the substitution of 

Zn2+ ions by larger Bi3+ ions in the lattice, the possible 

formation of interstitial defects, and the emergence of a 

secondary Bi2O3 phase, all of which contribute to the de-

velopment of internal mechanical stress. Due to the 

higher valence of Bi3+ and its significantly larger ionic 

radius (rion = 1.03 Å [34]) compared to Zn2+ (rion = 0.60 Å 

[35]), Bi incorporation induces local lattice distortions 

and stress in ZnO:Bi thin films. The simultaneous in-

crease in oxygen content suggests activation of charge-

compensation mechanisms, including the incorporation 

of excess oxygen, a reduction in oxygen vacancy (Vo) con-

centration, and the formation of Bi-O complexes. 

At high Bi concentrations (BZO2 and BZO3 samples), 

an increase in the O/(Zn+Bi) ratio is observed, which 

may indicate partial phase separation accompanied by 

the formation of nanoscale Bi2O3 inclusions. A similar 

effect, specifically the formation of a δ-Bi2O3 phase 

within the films, was reported in our previous study [36]. 
 

 
 

Fig. 1 – EDX spectra of thin films: a) ZnO; b) BZO1; c) BZO2; 

d) BZO3 
 

Cross-sectional images of thin films obtained by SEM 

were used to analyze the internal structure and deter-

mine the thickness of the films (Fig. 2). The ZnO, BZO1, 

BZO2, and BZO3 films consist of a nanocolumnar struc-

ture, characteristic of columnar crystal growth.  

As previously reported [36], the nanocolumns in un-

doped ZnO films are predominantly oriented along the 

[002] direction, as evidenced by a single intense (002) 

XRD peak (Fig. 3a). For BZO1 films, a slight misorien-

tation of the nanocolumnar structure relative to the 

[002] axis is observed (Fig. 2b), which can be attributed 

to the presence of a small fraction of ZnO crystallites ori-

ented along the [012] and [013] directions. This interpre-

tation is supported by the appearance of the correspond-

ing (012) and (013) XRD peaks on Fig. 3b. 

Low Bi doping (up to 1.8 at. %, sample BZO1) has lit-

tle effect on the average nanocolumn diameter, which re-

mains 17-20 nm for both ZnO and BZO1 films. However, 

increasing the Bi concentration to 5.2 at. % and 6.0 at. % 

(BZO2 and BZO3) significantly suppresses lateral 

growth, resulting in a reduction of the average nanocol-

umn diameter to ~ 8 nm and ~ 5 nm, respectively. 

XRD patterns of ZnO, BZO1, BZO2, and BZO3 thin 

films were obtained to determine the lattice parameters 

and confirm phase formation (Fig. 3). The position of the 

(002) diffraction peak (2 = 34.43) for undoped ZnO thin 

films coincides with powder sample ZnO (JCPDS card 

No. 96-230-0451) with hexagonal wurtzite structure. 

The lattice parameters a and c were determined from the 

XRD data using a biaxial stress model [37], assuming 

zero stress perpendicular to the film surface (z = 0), 

which is typical for thin films ZnO and consistent with 

literature reports [37, 38]. 

For the ZnO:Bi samples, the positions of the (100) and 

(101) diffraction peaks were used to determine the lattice 

parameters a and c. The detailed procedure and calculated 

values are reported in [36] and summarized in Table 1. 
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Fig. 2 – SEM images of thin films cross-sections: a) ZnO; b) BZO1; c) BZO2; d)BZO3 
 

 
 

Fig. 3 – XRD patterns of the films: a) ZnO; b) BZO1; c) BZO2; 

d) BZO3 [36] 
 

Optical absorption spectra were obtained to deter-

mine the effect of Bi concentration on the optical proper-

ties of ZnO thin films (Fig. 4a). Bi doping was found to 

increase the optical absorption of the ZnO films. 

This behavior may be attributed to both an increase 

in film thickness (Fig. 2) and the emergence of additional 

structural inhomogeneities, including structural disor-

der, internal mechanical stress, and surface effects that 

enhance optical scattering etc. To evaluate the influence 

of these factors, the Urbach energy was determined for 

ZnO, BZO1, BZO2, and BZO3 thin films (Fig. 4b). 

Any deviation from the ideal crystal structure leads 

to modifications of the electronic band structure. There-

fore, analysis of optical absorption in the spectral region 

corresponding to the band-tail states enables determina-

tion of the Urbach energy (EU) and, consequently, assess-

ment of the degree of structural disorder in the material. 

It should be noted that, in addition to structural dis-

order, the Urbach energy includes a contribution associ-

ated with thermal lattice vibrations [39], which in-

creases with temperature. At room temperature 

(T = 300 K), the thermal energy is approximately 

kT   26 meV. Since all measurements were performed 

at the same temperature (T = 300 K), this component 

can be considered constant and does not affect the com-

parative analysis of EU among the studied samples. 

The Urbach energy EU was determined from the 

slope of the linear region of the ln() versus photon en-

ergy (h) plot (Fig. 4b): 
 

 ln(𝛼) =
ℎ𝜐

𝐸𝑈
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1) 

 

The corresponding Urbach energy values for ZnO, 

BZO1, BZO2, and BZO3 films are presented in Table 1 

and Fig. 5. The error in determining the Urbach energy 

was 3 meV. 
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Table 1 – Urbach energy and structural parameters of ZnO, BZO1, BZO2, and BZO3 thin films 
 

 Bi, 

at.% 

a, Å c, Å EU, meV (c – c0)/c0, 

 10 – 3  

⊥, 109 

N·m – 2  

(a – a0)/a0, 

10 – 3 

‖⃦⃦⃦⃦, 

109 N·m – 2 

ZnO 0 3.250 

 0.001 [36] 

5.210 

 0.001 [36] 

136  3 – – – – 

BZO1 1.8 3.252 

 0.001 [36] 

5.239 

 0.001 [36] 

291  3 5.64  0.01 1.36  0.01 0.83  0.01 0.87  0.01 

BZO2 5.2 3.279 

 0.001 [36] 

5.286 

 0.001 [36] 

243  3 14.59  0.01 4.96  0.01 9.02  0.01 4.51  0.01 

BZO3 6.0 3.287 

 0.001 [36] 

5.309 

 0.001 [36] 

278  3 18.96  0.01 6.40  0.01 11.51  0.01 5.79  0.01 

 

 
 

 
 

Fig. 4 – Optical properties of ZnO, BZO1, BZO2, and BZO3 

thin films: a) optical absorption spectra; b) Urbach energy de-

termination.  – wavelength;  – optical absorption coefficient 
 

For a hexagonal crystal structure, the stress tensor 

can be expressed as follows [38]: 
 

 {

𝜎𝑥
𝜎𝑦
𝜎𝑧
} = {

𝐶11 𝐶12 𝐶13
𝐶12 𝐶11 𝐶13
𝐶13 𝐶13 𝐶33

} {

𝜀𝑥𝑥
𝜀𝑦𝑦
𝜀𝑧𝑧

} (2) 

 

where Сij are the elastic stiffness constants and  ii are 

the linear strains in the i-th direction. 

The linear strain normal to the substrate surface (zz) 

is given by zz = c = (c – c0)/c0, where c0 and c are the lat-

tice parameters of undoped ZnO and Bi-doped ZnO thin 

films, respectively. Due to the in-plane isotropy of the 

hexagonal structure, the in-plane strains are equal and 

can be expressed as xx = yy = a = (a – a0)/a0, where  a0 

and a are the in-plane lattice parameters of undoped and 

Bi-doped ZnO films, respectively. 

Taking the above into account, Eq. (2) yields the fol-

lowing expressions for the BZO1, BZO2 and BZO3 films: 
 

 {
𝜎∥ = (𝐶11 + 𝐶12)𝜀𝑎 + 𝐶13𝜀𝑐

𝜎⊥ = 2𝐶13𝜀𝑎 + 𝐶33𝜀𝑐
 (3) 

 

where ‖ = x = y is the in-plane stress, ⊥ = z is the 

normal to the film surface stress (hereafter, normal 

stress), and elastic stiffness constants for ZnO are 

С11 = С33 = 2.1  1011 N·m – 2, С12 = 1.2  1011 N·m – 2, 

С13 = 1.05  1011 N·m – 2 [37]. 

The calculated values of the in-plane and normal 

stresses are presented in Table 1 and Fig. 5. The higher 

Urbach energy values observed in ZnO:Bi thin films 

compared to undoped ZnO (Fig. 5) may be attributed to 

increased structural and electronic disorder caused by 

the size and charge mismatch between Bi and Zn ions, 

the formation of defects and internal mechanical stress, 

structural disorientation, and the possible formation of 

Bi-enriched regions. These factors lead to a broadening 

of the band-tail states in the bandgap. 

For single-crystal ZnO films, the Urbach energy typ-

ically ranges from 74 to 99 meV [40]. In contrast, the 

higher experimentally determined value of 

EU = 136  3 eV for undoped ZnO thin films indicates the 

presence of structural disorder and band-tail states as-

sociated with intrinsic defects. 

Compared to undoped ZnO, the Urbach energy (EU) 

of ZnO:Bi thin films increases significantly, reaching 

243  3 to 291  3 meV (Table 1). This behavior can be 

attributed to: (i) the pronounced size and charge mis-

match between Bi3+ and Zn2+ ions, leading to local lattice 

distortions, internal mechanical stress, and fluctuations 

in interatomic distances; (ii) the formation of defects 

(e.g., excess oxygen) and Bi–O complexes in the film (the 

appearance of  -Bi2O3 inclusions was shown in [36]); 

and (iii) local electrostatic potential fluctuations arising 

from these structural perturbations. 

At low Bi concentrations (BZO1 samples, 

 Bi  1.8 at. %), the Bi3+ ions are sparsely and predomi-

nantly randomly distributed within the film. This leads 

to the formation of point defects (BiZn, VZn, Oi), accompa-

nied by local potential fluctuations and internal me-

chanical stress. However, the magnitude of these 

stresses does not play a dominant role in determining 

the Urbach energy at this Bi doping level of ZnO:Bi thin 
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films. In particular, the in-plane stress 

(‖  (0.87  0.01)  109 N·m – 2) is insufficient to destroy 

the nanocolumnar structure characteristic of undoped 

ZnO films (Fig. 2). Consequently, the average nanocol-

umn diameter remains nearly unchanged ( 18-20 nm) 

for both ZnO and BZO1 films. 
 

 
 

Fig. 5 – Dependence in-plane stress (‖) – curve 1, normal 

stress (⊥) – curve 2, and Urbach energy (EU) – curve 3 on Bi 

concentration (Bi) in ZnO:Bi films 
 

XRD patterns analysis of BZO1 thin films (Fig. 3b) re-

veals the appearance of additional reflections (100), (101), 

(012), and (013) compared to undoped ZnO films. Further-

more, SEM analysis shows a slight misorientation of the 

nanocolumnar structure in BZO1 thin films relative to the 

[002] direction (Fig. 2b), indicating a deviation from the 

predominant c-axis growth and an increase in structural 

disorder. This misorientation correlates with higher Ur-

bach energy values compared to BZO2 and BZO3 films, in 

which such effects are not observed. 

At higher Bi concentrations (Bi   5 at. %, BZO2 and 

BZO3), an increase in both in-plane and out-of-plane 

stresses is observed (Table 1 and Fig. 5). Under these 

conditions, crystallite growth occurs predominantly per-

pendicular to the film surface, consistent with SEM re-

sults for the BZO2 and BZO3 samples (Fig. 2c,d). This is 

further supported by the disappearance of the (012) and 

(013) reflections and the partial merging of the (101) 

peak with the intense (002) reflection upon increasing Bi 

concentration (Fig. 3c,d), indicating a strengthening of 

the preferred growth orientation. 

A significant increase in in-plane stress 

(‖  4.5  109 N·m – 2) at Bi concentrations of 5.2 at.% 

and 6.0 at.% (Table 1 and Fig. 5) leads to suppression of 

lateral nanocolumn growth and a substantial reduction 

in their diameter to  8 nm and  5 nm, respectively 

(Fig. 2c,d). 

Despite a significant increase in both normal (⊥) 

and in-plane (‖) stresses in BZO2 and BZO3 thin films 

compared to BZO1 samples (Fig. 5), the Urbach energy 

values are lower for these samples. This observation fur-

ther indicates that internal mechanical stress does not 

play a decisive role in determining the Urbach energy in 

ZnO:Bi thin films. The reduction in Urbach energy for 

BZO2 and BZO3 samples relative to BZO1 thin films 

may be attributed to a decrease in local electrostatic po-

tential fluctuations with increasing Bi in ZnO:Bi thin 

films. This results in a lower contrast of local potential 

fluctuations within the film volume. 

Furthermore, XRD patterns (Fig. 3b) indicate that 

BZO1 films exhibit a higher degree of the nanocolumnar 

structure disorder, as evidenced by the presence of crys-

tallites oriented along the [012] and [013] directions. 

Such crystallite misorientation also contributes to an in-

crease in the Urbach energy. 

Despite the monotonic increase in both ‖ and ⊥ 

with increasing Bi concentration in ZnO:Bi films, the 

Urbach energy exhibits a non-monotonic behavior. In 

particular, BZO2 and BZO3 samples show lower Urbach 

energy values than BZO1, despite significantly higher 

stress levels (Table 1, Fig. 5). This indicates that the for-

mation of band-tail states in ZnO:Bi thin films is gov-

erned not by average macroscopic stress, but rather by 

factors such as local electrostatic potential fluctuations 

and nanocolumnar structural disorder. 

The results demonstrate that the optical properties 

(notably optical absorption and Urbach energy) and 

structural characteristics of ZnO:Bi thin films – includ-

ing nanocolumn diameter and internal mechanical 

stress – are strongly dependent on Bi dopant concentra-

tion. The non-monotonic dependence of the Urbach en-

ergy reflects a complex interaction between structural 

and electronic disorder. These findings highlight the 

usefulness of the Urbach energy as a sensitive indicator 

of film quality and structural-electronic disorder, which 

is important for optimizing ZnO:Bi thin films for poten-

tial applications in photocatalysis, sensing, and optoe-

lectronic devices. 

 

4. CONCLUSIONS 
 

This study investigated the effect of Bi dopant con-

centration on the optical and structural properties of 

ZnO:Bi thin films synthesized by radiofrequency magne-

tron sputtering, with particular emphasis on Urbach en-

ergy and internal mechanical stresses. 

An increase in Bi concentration (Bi) in ZnO:Bi thin 

films is accompanied by a rise in internal mechanical 

stress, attributed to local lattice distortions caused by 

the substitution of Zn2+ ions with larger Bi3+ ions and/or 

the formation of a secondary Bi2O3 phase. The lattice pa-

rameters (a and c) of the hexagonal wurtzite structure, 

as well as the in-plane (‖) and out-of-plane (⊥) stresses, 

increase with increasing Bi. 

At low Bi doping levels (Bi  1.8 at. %), the in-plane 

stress (‖  (0.87  0.01)  109 N·m – 2) is insufficient to 

destroy the nanocolumnar structure characteristic of 

undoped ZnO films, and the average nanocolumn diam-

eter remains  18-20 nm. At higher Bi concentrations 

(5.2 and 6.0 at.%), significantly increased in-plane stress 

(‖  (4.51  0.01)  109 and (5.79  0.01)  109 Nm – 2, 

respectively) suppresses lateral nanocolumn growth, re-

sulting in a considerable reduction in average nanocol-

umn diameter to  8 nm and  5 nm. 

It was found that Bi doping leads to a substantial in-

crease in the Urbach energy, from EU = 136  3 meV for 

undoped ZnO thin films to EU = 243  3 − 291  3 meV 

for ZnO:Bi films, indicating enhanced structural and 

electronic disorder and a broadening of band-tail states. 

The Urbach energy exhibits a non-monotonic de-

pendence on Bi concentration, reaching a maximum 
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value of 291  3 meV at Bi = 1.8 at. %, followed by a de-

crease to 243  3 meV and 278  3 meV at Bi = 5.2 and 

Bi = 6.0 at. %, respectively. Although macroscopic me-

chanical stress contributes to EU in ZnO:Bi thin films, 

this non-monotonic behavior is primarily governed by lo-

cal electrostatic potential fluctuations and nanocolum-

nar structural misorientation rather than by averaged 

stresses within the film. 
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Вплив допування Bi на оптичні та структурні властивості тонких плівок ZnO:  

роль енергії Урбаха та механічних напружень 
 

С.І. Шулима1 , Н.А. Курган1 , В.Х. Касіяненко2,1 , В.Л. Карбівський1 , В.В. Стоніс1, Н.О. Зу-

єва1, О.А. Пузько1 , Л.П. Клюєнко1, О.І. Соболєв1 
 

1 Інститут металофізики ім. Г.В. Курдюмова НАН України, 03142 Київ, Україна 
2 Вінницький національний технічний університет, 21021 Вінниця, Україна 

 
Досліджено вплив концентрації допанта Bi на оптичні та структурні властивості тонких плівок ZnO, 

синтезованих методом радіочастотного магнетронного осадження, з фокусом на аналіз енергії Урбаха 

та внутрішніх механічних напружень. Показано, що підвищення концентрації Bi у плівках ZnO супро-

воджується зростанням механічних напружень, пов’язаних із локальними спотвореннями кристалічної 

гратки. Ці деформації можуть виникати внаслідок заміщення іонів Zn2+ більшими іонами Bi3+ або утво-

рення вторинної фази Bi2O3, що в обох випадках спричиняє розвиток внутрішніх напружень у плівках. 

Встановлено, що при незначних концентраціях допанта Bi (до 1.8 ат. %) механічні напруження не 

впливають на діаметр наностовпчикової структури тонких плівок ZnO, тоді як при значних концентра-

ціях (більше 5 ат. %) спостерігається пригнічення латерального росту наностовпчиків із відповідним 

зменшенням їх діаметрів. Показано, що енергія Урбаха допованих Bi плівок ZnO істотно перевищує 

відповідне значення для недопованих зразків, що вказує на розширення хвостів локалізованих станів 

у забороненій зоні внаслідок допування вісмутом. Хоча макроскопічні механічні напруження вплива-

ють на значення енергії Урбаха, її немонотонна залежність від концентрації Bi зумовлена насамперед 

іншими чинниками – зокрема локальними флуктуаціями електростатичного потенціалу та розорієнта-

цією наностовпчикової структури. 
 

Ключові слова: Тонкі плівки ZnO, Радіочастотне магнетронне розпилення, Оптичні властивості, Стру-

ктурні властивості, Енергія Урбаха, Механічні напруження. 
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