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Abstract. This work aims to investigate the effect of cadmium dopant concentration on the 

properties of zinc oxide microstructures grown on silicon substrates by using metalorganic 

chemical vapor deposition at atmospheric pressure. The XRD patterns confirm the 

formation of a wurtzite-type crystalline phase of zinc oxide. The photoluminescence spectra 

of the studied ZnO microstructures consist of several bands, including a violet band 

(3.24 eV), blue band (2.8 eV), and yellow band (2.1 eV). The blue band was observed only 

for Cd-doped ZnO microstructures and was absent for undoped ZnO microstructures.  

ZnO microstructures grown with 1, 2.5, and 10 wt.% of Cd in the precursor mixture 

exhibited the best photocatalytic efficiency (over 70% degradation of Methyl Orange dye 

within 180 min). The higher reaction rate constant was observed for Cd-doped ZnO 

microstructures, for which the contribution of the blue band in the whole photo-

luminescence spectrum lies within the range 30…40% and the contribution of the violet 

band is close to 20%. The results obtained demonstrate that Cd-doped ZnO microstructures 

exhibit attractive photocatalytic activity and can be used for the development of effective 

photocatalysts. 
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1. Introduction 

Zinc oxide (ZnO) is a polar inorganic crystalline 

material, a direct-bandgap semiconductor with a wide 

energy band gap close to 3.3 eV at room temperature  

and a large exciton binding energy of 60 meV [1].  

It is widely used as an additive in different materials and 

products. The unique combination of electrical and 

optical properties makes ZnO prospective for the 

semiconductor industry in the field of electronics, 

optoelectronics, and photovoltaics, especially for solar 

cells’ design, ultraviolet light-emitting diodes, and 

photodetectors [2–4]. The physical properties of ZnO can 

be easily modified by appropriate doping, which opens a 

new horizon for a variety of applications in the 

semiconductor industry. For example, doping with In, Al, 

or Ga is often used to obtain high conductivity and 

optical transparency thin films [5, 6]. Zinc oxide is also  

 

an attractive material for photocatalytic applications [7]. 

However, the main disadvantage of zinc oxide as a 

photocatalyst is that its light absorption is only efficient 

within the UV part of the optical spectrum, which 

significantly limits its use for visible photocatalysis.  

To overcome this challenge and enhance the photo-

catalytic activity of ZnO doping with various metal and 

non-metal impurities, including rare-earth elements, has 

been proposed and investigated over the last 20 years. A 

significant number of studies have been devoted to the 

investigation of structure, morphology, and doping level 

impact on ZnO photocatalytic properties by using X-ray 

diffraction analysis, scanning electron microscopy, 

Raman scattering, and UV-vis spectroscopy. Three 

model organic solutions, namely Methyl Orange dye, 

Methylene Blue, or Rhodamine B dye, are often chosen 

to study the kinetics of the degradation process [8]. 
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Among the number of doping elements, Cd is 

considered the most promising impurity for the reduction 

of the ZnO band gap [9, 10]. Bandgap engineering is 

desirable to achieve a bandgap that corresponds to the 

visible range of the optical spectrum [11, 12]. Cd has 

2 valence electrons, like Zn. Thus, it does not create new 

donor or acceptor levels in the forbidden band. However, 

a significant difference in the ion radii of Zn
2+

 and Cd
2+

 

results in a substantial change in the electronic structure 

of ZnO. The bandgap of Zn1–xCdxO solid solution can be 

varied within 3.3…2.2 eV, which allows tuning its pro-

perties within a wide optical wavelength range [13, 14]. 

Cd also effectively reduces the damage in ZnO caused by 

electrons [15] and heavy ions irradiation [16, 17]. 

For ZnO synthesis, a lot of chemical and physical 

methods are available. We can underline the sol-gel [18], 

spray pyrolysis [19, 20], chemical vapor deposition [21], 

hydrothermal synthesis and electrochemical deposition 

[22, 23], pulsed laser deposition, and magnetron 

sputtering [24]. All these methods are well studied and 

provide the synthesis of thin films with high 

reproducibility. 

In this study, we try to use MOCVD at atmospheric 

pressure (APMOCVD) to grow Cd-doped ZnO micro-

structures. Among other things, it is worth noting that Cd 

and Zn have sufficient differences in saturation vapor 

pressure, which could result in extremely low 

incorporation of Cd ions into the growing ZnO phase. No 

results of ZnO:Cd synthesis by using the APMOCVD 

method exist. Possibly, this approach leads to new 

features of ZnO:Cd growth with distinct properties. 

Previously, properties of Cd-doped ZnO films grown 

using MOCVD with conventional diethyl-zinc and 

dimethyl-cadmium precursors were investigated in Refs. 

[25, 26]. Thus, this work is focused on studying the 

feasibility of using Zn and Cd acetylacetonates for the 

growth of Cd-doped ZnO microstructures and 

investigating the impact of various Cd acetylacetonate 

concentrations on the structure and properties of grown 

samples. 

2. Experimental methods 

2.1. Sample preparation 

Zinc acetylacetonate Zn(C5H7O2)2 (99%) from J&K 

Scientific LTD and cadmium acetylacetonate 

Cd(C5H7O2)2 (>99.9%) from Tokyo Chemical Industry 

Co., LTD were used as precursors for the growth of 

undoped ZnO and Cd-doped ZnO microstructures by 

APMOCVD. The metal atom in the metalorganic 

compounds is characterized by weak bonds, and 

therefore, the compounds are easily decomposed at 

relatively low temperatures. The melting temperatures of 

zinc and cadmium acetylacetonates are 124…126 °C and 

209…214 °C, respectively. Thus, the decomposition of 

these metalorganic compounds free the metal ions, 

which, in turn, is easily oxidized to the corresponding 

oxides. Hence, cadmium-doped zinc oxide can be 

obtained from a mixture of acetylacetonates of various 

metals in the appropriate ratio. 

 
 

Fig. 1. Schematic view of the furnace for growing 
nanostructures using APMOCVD: 1 – precursor evaporation 

zone, 2 – precursor decomposition and transport zone,  

3 – deposition zone, 4 – porcelain container (crucible) with 

precursors, 5 – quartz tube, 6 – ceramic plug. 
 

 

The growth of ZnO microstructures on silicon 

substrates was carried out using the APMOCVD process 

in a tubular electric furnace with a length of 700 cm, a 

diameter of 5 cm, and a power of 2.5 kW. A schematic 

view of the furnace for growing nanostructures using 

APMOCVD is shown in Fig. 1. The furnace consists of 

three zones: zone 1 – for evaporation of precursors, zone 

2 – chemical vapor transport zone, zone 3 – zone of 

condensation and growth of ZnO nanostructures. 

The porcelain crucible with a mixture of zinc 

acetylacetonate (Zn(AA)) and cadmium acetylacetonate 

Cd(AA) precursors was placed in zone 1 of the furnace 

for decomposition. One end of the quartz tube was closed 

by a bung, and the other end of the tube was open to 

remove the reaction products. The substrates were placed 

in zone 3 of the furnace at a temperature of 400 to 

500 °C. Naturally, the silicon substrates were cleaned in 

ethanol and deionized water using an ultrasonic bath. The 

cleaning lasted 360 s for each solvent, after which the 

wafers were dried in a nitrogen stream. After that, the 

substrates were placed in deposition zone 3 of the 

preheated furnace for heating to a temperature higher 

than 400…500 °C. Then, the porcelain crucible with a 

mixture of Zn(AA) and Cd(AA) precursors was placed in 

zone 1, and the quartz tube was closed with a ceramic 

plug. The distance between the precursors and the silicon 

substrates was 7 cm. The deposition was carried out for 

30 min, after which the furnace was turned off. The 

samples were cooled in the furnace for an hour. 

2.2. Photocatalytic experiment 

Photocatalytic activity of ZnO and Cd-doped ZnO 

photocatalysts was characterized using the model 

pollutant – methyl orange (MO) aqueous solution with 

optimal initial concentration 10 mg·L
–1

 [27] under Hg 

lamp irradiation with a power of 200 W. Methyl Orange 

dye is very stable, does not degrade at visible or UV light 

unless facilitated by a suitable photocatalyst. The 

distance from the irradiation source to the container with 

samples was at least 15 cm. Before illumination, the 

samples were washed with an MO solution to remove 

particles that did not adhere well to the silicon surface 

and could distort the results of the MO solution 

transmission. Then, samples of undoped and Cd-doped  
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ZnO deposited by MOCVD with an area close to 

1×1 cm
2
 were immersed in 3 ml of an aqueous solution 

of MO. The container with the samples was kept for 

12 hours to obtain the adsorption equilibrium before 

irradiation. The samples were exposed to irradiation for 

60, 120, and 180 min, respectively. The concentrations of 

MO dye were determined by measuring the transmittance 

of the MO solution at 465 nm at each stage of photo-

degradation. This study was repeated several times on the 

same samples to confirm the validity of the photocatalyst 

reaction. 

The degradation efficiency (DE) of MO was 

calculated using equation (1): 

 

Degradation efficiency (%) = (C0 – Ct)/C0×100%,   (1) 

 

where C0 is the initial concentration of the MO dye and 

Ct is the concentration of the MO dye after irradiation for 

time t. The error of dye concentration measurement was 

no more than 0.1%. 

The rate of the photodegradation reactions was 

described using the pseudo-first-order kinetic model: 

 0ln tC C kt ,       (2) 

where k is the pseudo-first-order rate constant [28]. 

2.3. Characterization 

The structure of the ZnO:Cd was studied using an X-ray 

diffractometer DRON-4 under the simultaneous rotation 

of the sample and the counter (2θ curves). The 40 kV and 

30 mA X-ray tube generated CuKα1 radiation with a wave-

length of λ = 0.154056 nm. The resolution was 0.01°. 

Elemental analysis was carried out using two 

scanning electron microscopes: TESCAN MIRA 3 LMU 

and ZEISS EVO 50XVP. The samples were examined 

for the presence of Zn, O, and Cd as well as various 

potential impurities. 

Raman spectra were recorded using the Horiba 

Jobin-Yvon T64000 spectrometer equipped with a CCD 

detector at room temperature in a backscattering 

geometry. Radiation from a solid-state laser (532 nm) 

and a He-Cd laser (325 nm) was focused on the sample  

by using an Olympus BX 41 microscope and used to 

study Raman scattering under non-resonant conditions. 

The diameter of the analyzed spot was 1 μm, and the 

spectral resolution was 1 cm
−1

 and 1 nm, respectively. 
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Fig. 2. X-ray diffraction pattern of ZnO/Si microstructures 
grown at various (0…10 wt.%) Cd(AA) precursor content. 

 

 

The optical and photocatalytic properties were 
characterized by UV-VIS spectrometry by using a 

Shimadzu UV2600i dual-beam spectrophotometer. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

Fig. 2 shows X-ray diffraction patterns of undoped and 

Cd-doped ZnO microstructures. The XRD patterns 

confirm the formation of a wurtzite-type crystalline 

phase of zinc oxide. Intense reflexes are observed from 

(100), (002), (101), (110), and (110) planes. The peak 

related to Si is also observed. No additional phases 

associated with Cd (according to JCPDS cards No. 05-

0674, No. 01-1176) or CdO (according to JCPDS cards 

No. 05-0640, No. 76-0653) were observed. Since the 

Cd
2+

 ion has a larger ionic radius than the Zn
2+

 ion
 

(78 pm over 60 pm), the substitution of native Zn atoms 

by Cd atoms in the ZnO lattice can lead to an increase in 

the lattice period c. It is worth noting that ZnO has a 

wurtzite structure, while CdO has a rock salt structure, 

making it difficult to grow a wurtzite Zn1–xCdxO system 

with high Cd content. For x within 0…0.6, the c-axis 

length c(x) as a function of Cd content can be expressed 

by the following equation: c(x) = 0.5207 + 0.056x –

 0.0029x
2
 [29]. In our case, the lattice constant c lies 

within 0.519…0.521 nm and demonstrates a slight 

decrease with increasing Cd. This means that only a 

small amount of Cd is incorporated into the ZnO lattice. 

The decrease in lattice constant c can be explained by 

increasing microstrain in the ZnO lattice (see Table 1).  

 

Table 1. XRD data and lattice parameters for ZnO microstructures grown at various Cd(AA) precursor contents. 

Cd(AA) 

concentration, wt.% 

Diffraction angle 

2θ, degree 

FWHM, 

degree 

Lattice constant 

c, nm 

Grain size 

D, nm 
Lattice strain εc 

0 34.43 0.31 0.5203 27 −5.76·10
−4

 

1 34.40 0.30 0.5207 28 1.92·10
−4

 

2.5 34.50 0.28 0.5194 30 −2.31·10
−3

 

5 34.46 0.26 0.5198 32 −1.54·10
−3

 

7.5 34.47 0.27 0.5197 31 −1.73·10
−3

 

10 34.54 0.28 0.5187 29 −3.65·10
−3
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Fig. 3. Relationship between grain size D and lattice strain εc as 

a function of Cd(AA) concentration.  
 

 

The microstrain along the c-axis was estimated using the 

following formula: 

0

0

c

cc
c


 ,       (3) 

where c0 = 0.5206 nm. 

Grain size can be estimated by the Scherrer formula 

using the FWHM values of diffraction peaks of XRD 

patterns [30, 31]: 

q




cos

9.0

FWHM
D ,      (4) 

 

 

 

where D is the grain size, λ equals X-ray radiation 

wavelength, FWHM is the full width at half maximum  of 

diffraction peak, and θ is the Bragg angle. 

The calculated grain size D and microstrain εc in 

ZnO are shown in Fig. 3 as а function of Cd con-

centration in the mixture of the precursors. At first, the 

grain size D increases with Cd content up to 32 nm  

at 5 to 7.5 wt.% Cd and then slightly decreases to 29 nm. 

The microstrains, which are minimal in ZnO without Cd 

impurity, demonstrate compression of the c-axis by 

0.36 %. 

Scanning electron microscopy 

The surface morphology of undoped and Cd-doped ZnO 

microstructures was investigated using scanning electron 

microscopy, and the results are shown in Figs 4a−4f. 

One can see that the surface of the silicon wafers is 

uniformly covered with microstructures in the form of 

branched agglomerations due to chemical vapor depo-

sition of metalorganic compounds (Zn and Cd acetylace-

tonates). Upon detailed inspection (inserts in the images), 

it is noticeable that these are highly agglomerated 

spherical particles with a size close to 1 µm. It should be 

noted that the ZnO microcrystals’ agglomerations are 

oriented randomly without a preferred growth direction. 

In addition, doping with various Cd concentrations does 

not significantly affect the microcrystal size. 

 

 

 

 

Fig. 4. Scanning electron microscopy images of ZnO deposited with various Cd(AA) concentrations, wt.%: 0 (a), 1 (b), 2.5 (c), 

5 (d), 7.5 (e), 10 (f). 

 20 m  20 m  20 m 

 20 m  20 m  20 m 
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EDX mapping was performed to investigate the 

elemental distribution in pure and ZnO:Cd micro-

structures. The elemental mapping image in Fig. 5 shows 

the distribution of Zn (purple), O (green), and Si (light 

blue) elements in ZnO microstructures doped with 1, 2.5, 

5, 7.5, and 10 wt.% of Cd(AA), respectively.  

The attentive eye can see that the images look 

brighter or darker, exhibiting an increase or decrease in 

Zn and O content. It should be noted that Cd content was 

not detected in the EDX analysis. Hence, one can 

suppose that Cd concentration is no more than 0.2 at.%, 

i.e., lies below the minimal detection level of the EDX 

analyzer. However, the traces of carbon were present in 

each sample, probably due to carbon precipitation during 

the synthesis process, accompanied by Zn and Cd 

acetylacetonate decomposition. The measured values of 

Zn and O content are presented in Table 2. 
         The obtained microstructures are characterized by 
non-stoichiometry due to the lack of oxygen in the crystal 

lattice. This composition is typical for all oxides obtained  
 
 

Table 2. Elemental distribution in ZnO microcrystal samples. 

Cd(AA) 
concentration, wt.% 

Zn, 
at.% 

O, 
at.% 

Si, 
at.% 

0 36.7 36.2 27.2 

1 44.1 35.3 20.6 

2.5 37.7 32.6 29.8 

5 28.4 23.9 47.7 

7.5 49.5 36.8 13.7 

10 40.7 38.5 20.8 

 
 
 

 

 

 

using the MOCVD method. The big values of atomic 

percent of Si testify that ZnO microstructures do not fully 

cover the Si wafer. In this case, we cannot precisely 

measure the Zn/O ratio. 

3.2. Raman spectra 

Raman spectra of initial ZnO and ZnO:Cd micro-
structures are shown in Fig. 6. Two peaks at close to 99 

and 435.5 cm
−1

 are observed for all samples of ZnO:Cd 
microstructures, which are associated with vibrations of 
heavy zinc (cadmium) ions of the cationic sublattice E2

low
 

and light oxygen ions of the anionic sublattice E2
high

. The 

appearance of the E2
high

 mode at 435.5 cm
−1

 is typical for 
the wurtzite hexagonal phase of ZnO and assigned to the 
optical phonon E2 mode of ZnO crystal [32]. The weak 

mode at 330 cm
–1

 is associated with the E2
high

 – E2
low

 
band of the second order of ZnO. The A1

TO
 mode at 

383 cm
–1

 indicates the growth of ZnO crystallites with 
random orientation. The peak at 577 cm

–1
 is associated 

with the A1
LO

 mode of ZnO, which is typically observed 
within 570…580 cm

–1
. The slight shift can indicate 

lattice distortion due to the presence of Cd
2+

 ions with a 

bigger radius than Zn
2+

. 
The substitution of zinc ions by heavier cadmium 

ions causes a slight shift of the E2
low

 mode towards a 
smaller frequency for samples with 1 and 2.5 wt.% of 
Cd(AA) compared to the undoped ZnO sample. 
However, for concentrations of 5, 7.5, and 10 wt.% of 
Cd(AA), the peak position of that mode goes back to the 
initial frequency (Fig. 7). Minor Cd doping facilitates 
defect generation and causes an increase in the amplitude 
of E2

low
. It is worth noting that the shift of the E2

low
 mode 

is within the margin of error. Thus, the displacement of 
Zn

2+
 ions in the lattice is minimal. 
 

 

Fig. 5. Elemental distribution of pure and Cd-doped ZnO microcrystals (1, 2.5, 5, 7.5, and 10 wt.%). 
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Fig. 6. Raman spectra of ZnO microstructures grown at various 
Cd(AA) concentrations. 
 

 

The E2
high

 frequency shift is substantial: from 

437 cm
–1

 for pure ZnO to approximately 435.5 cm
–1

 for 

the doped samples. To take into consideration that E2
high

 

mode is associated with oxygen atoms, one can expect 

that the incorporation of Cd into ZnO lattice leads to the 

distortion of oxygen sublattice. As stated in [33] the 

E2
high

 phonon in ZnO can exhibit a large variation of the 

frequency when either the isotopic masses of atoms 

constituting ZnO are changed or the homogeneously 

distributed impurities are present. Narrowing of both 

E2
low

 and E2
high

 until 5 wt.% and their latter broadening 

indicates that at Cd(AA) 5 wt.% the ZnO microstructures 

have the best crystallinity, and the following increase of 

Cd(AA) dopant leads to an increase of disorder in the 

crystal structure. 

The shift of E2
high

 mode indicates the presence of 

biaxial tensile stress in the plane of the substrate. To 

quantitatively evaluate the influence of stress on optical 

phonons, the frequency shift of the E2
high

 mode (∆ω) was 

analyzed as a function of lateral strain εxx [34] as follows, 

xxxx m
C

C
ba 












33

132 ,       (5) 

 

 

where ∆ω = ω − ω0, ω0 = 437.0 cm
−1

 is the E2
high

 phonon 

frequency of unstrained ZnO bulk crystal, a = −690.8 cm
−1

 

and b = −940 cm
−1

 are phonon deformation-potential para-

meters, C13 = 105.1 GPa and C33 = 210.9 GPa are elastic 

constants of ZnO single crystal [35], and m = −443 cm
−1

 

is the phenomenological coefficient. The obtained results 

for lateral strain εxx are also shown in Fig. 7. 

3.3. Photoluminescence 

The photoluminescence (PL) spectrum shown in Fig. 8 

for all samples consists of four principal peaks at 

ultraviolet (NBE), blue (BB), yellow (YB), and infrared 

(IR) ranges. Despite a low Cd content in the grown 

samples, it is remarkable that the PL spectrum displays 

pronounced changes in PL intensity with increasing 

Cd(AA) amount. One can see that the near-band edge 

(NBE) peak in the spectrum of pure ZnO is observed at 

3.27 eV, and shifts insignificantly to 3.26 eV in the 

spectra of the doped samples (1 to 5 wt.% of Cd(AA)). 

With further increase of Cd(AA) concentration  

(7.5…10 wt.%), the peak is smeared and its position 

shifts to 3.12 eV with a simultaneous decrease in the 

intensity. This shift can indicate a decrease in the band 

gap or the appearance of a number of energy levels in the 

forbidden band below the conduction band [36]. The 

bandgap energy Eg(x) of the ternary alloy Zn1–xCdxO is 

determined by the following equation: Eg(x) = 3.28(1 –

 x) + 2.3x − 3.04x(1 – x). Thus, the shift PL band to 

3.12 eV can occur at 3 at.% of Cd. In our case, we did 

not observe such a significant Cd concentration in the 

EDX spectra. So, the appearance the new NBE2 peak at 

3.12 eV is, apparently, due to the deterioration of crystal 

quality. This peak can be related to optical transitions via 

singly ionized oxygen vacancy [37, 38], transitions of 

free electrons to the level of zinc vacancy [39] or 

transition electron from Zni level to valence band. 

Deep-level emissions (DLE) in ZnO are associated 

with defects in the crystal lattice, namely vacancies and 

interstitial defects. These defects include the surface 

states, zinc interstitials (Zni) and oxygen vacancies (VO), 

which act as donors, and zinc vacancies (VZn) and 

oxygen interstitials (Oi), which act as acceptors [40]. 

 

 

Fig. 7. Peak position shift and FWHM of E2
low and E2

high modes at various Cd(AA) concentrations. 
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Fig. 8. PL spectra of grown zinc oxide microstructures at 

various Cd(AA) content. 
 

 

Emissions in the blue range (2.76…2.86 eV) are 

primarily linked to transitions involving Zn interstitials 

or Zn vacancies. Theoretically, Zn interstitials are 

positioned at 0.22 eV below the conduction band, and the 

VZn level is close to 0.3 eV above the valence band, 

enabling transitions from Zni to the valence band or to 

VZn, which can produce blue emission peaked at 2.8 eV 

[35]. The calculations in [26] suggest that Cd substitution 

at Zn sites reduces the formation energy of Zn vacancies. 

It is worth noting that the blue emissions are present only 

in the doped samples spectra. This indicates that Cd ions 

promote to formation Zni or VZn defects enhancing BB 

emission band. YB emission can occur from transitions 

free electrons from ZnO conduction band to Oi levels and 

the orange/red emission from transition electrons from 

shallow donor level of Zni to acceptor level of Oi. 

Finally, the emission peak in the near-infrared region  

(IR peak at 1.58…1.64 eV) reflects the second-order 

NBE emission. We have calculated the integral intensity 

for each bands and figured out their contribution to PL. 

The calculations were done in Origin program by using 

Lorentz function for each peak in non-linear curve  

fitting algorithm. The results are shown in Fig. 9.  
 

 

 

Fig. 9. Contribution to PL spectra of main violet, blue and 
yellow bands for ZnO microstructures at different Cd(AA) 

content. 
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Fig. 10. Typical UV-VIS spectra of MO dye photodegradation 

in the presence of ZnO:Cd (2.5 wt.%) photocatalyst. 
 

 

The contribution of BB firstly increases to 50% at 5% of 

Cd(AA) then it decrease to 37 %. At the same time the 

behavior YB and NBE band looks the same. Thus, Cd 

impurity in initial acetylacetonate powder mixture 

stimulates formation of Zni or VZn defects in ZnO 

microstructures prepared by MOCVD at atmospheric 

pressure. The contribution of these defects in PL 

spectrum is significant 30–50%. 

3.4. Photocatalytic study 

The photocatalytic properties of ZnO and Cd-doped ZnO 

samples were investigated using Methyl Orange (MO) as 

a model pollutant. Methyl orange is one of the most 

widely used dyes in the textile industry and, at the same 

time, is very harmful to humans and animals [42]. The 

transmittance of the MO solution was monitored within 

the wavelength range 300…800 nm. This model dye has 

two absorption peaks in distilled water at 270 and 

465 nm, respectively. The decrease of the peak at 465 nm 

was chosen to monitor the effect of MO degradation 

(Fig. 10) [43]. 

Fig. 11a shows the results of photodegradation of 

MO by pure ZnO and cadmium-doped ZnO photo-

catalysts after irradiation for 180 min. One can see that 

all Сd-doped samples of ZnO exhibit improved photo-

catalytic performance compared to pure ZnO. The 

highest efficiency of MO photodegradation was observed 

in ZnO:Cd (1 wt.%), ZnO:Cd (2.5 wt.%), and ZnO:Cd 

(10 wt.%). The photodegradation efficiency of the MO 

dye facilitated by these samples was 71%, 76% and 75%, 

respectively, after 180 min irradiation (Fig. 11b). At the 

same time, the photodegradation efficiency for undoped 

ZnO did not exceed 23%. 

The kinetic rate constants (k) of MO degradation for 

all samples were calculated using Eq. (5) and shown in 

Fig. 12. The degradation rate constant k is determined 

from the ln(C0/Ct) slope vs irradiation time (t) plot. The 

calculation results suggest that the photo-degradation of 

MO dye follows pseudo-first-order kinetics in the presence 

of Cd-doped ZnO photocatalysts. ZnO:Cd microstructures 

with lower concentrations of Cd(AA) (1 and 2.5 wt.%)  
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exhibited a higher reaction rate than samples with higher 
content of cadmium (5 and 7.5 wt.%). However, the 
sample with the highest Cd concentration (10 wt.%) also 

exhibits a high reaction rate. In this case, the influence of 
the surface morphology of the microstructures on the 
photocatalytic properties should not be neglected. 

Returning to the SEM results presented in Table 1, it is 
evident that the grain sizes in the samples with 2.5 and 
10% of cadmium impurity are similar. In contrast, the 

samples with 5 and 7.5% cadmium impurity are 
characterized by a larger grain size and, accordingly, 
exhibit lower photocatalytic activity. 

Based on our photoluminescence results, we can state 

that photodegradation is very efficient for samples with a 
20% contribution of NBE emission into the PL spectrum 
and 30–40% of the blue band. The samples with intense 

blue emission demonstrate middle results. Clear ZnO 
microcrystals, due to intense UV emission, demonstrate the 
worst result. An increase in photo-catalytic activity for Cd-

doped ZnO microcrystals can be explained by the 
appearance in the surface region of some surface states and 
intrinsic defects like VZn, photoexcita-tion of which allows 
the photogenerated electron-hole pair to overcome the solid-

liquid barrier more easily, preventing their recombination 
through intrinsic defects, and facilitating various chemical 
reactions on the surface of the semiconductor catalyst.  

 

 

 

Fig. 12. Photodegradation kinetics in coordinates ln(C0/C) vs time (t). 
 

 

 
Furthermore, the enhanced photodegradation efficiency 

of Cd-doped ZnO nano-sheets, observed in the paper 
[44], was attributed to the increase in the defects and 
reduction in the bandgap of ZnO nanoparticles. The 
existence of Zni and VZn defects in the surface region of 

ZnO microstructures changes the Fermi level and 
promotes charge transfer.  

4. Conclusions 

This work investigated the effect of Cd dopant con-
centration on the properties of zinc oxide microstructures 
grown on silicon substrates by APMOCVD. The results 
of the X-ray diffraction analysis confirmed the formation 

of a crystalline phase of zinc oxide of the wurtzite type. 
The broadening of both E2

low
 and E2

high
 in Raman spectra 

at more than 5 wt.% of Cd(AA) indicates an increase of 

disorder in the crystal structure. Although Cd content in 
EDX analysis was not detected, photoluminescence and 
photocatalysis of ZnO microstructures grown with 

different Cd(AA) content demonstrate significant 
differences in PL. The decrease in intensity of NBE 
emission and its shift to lower energy were observed; the 
appearance of a blue band at 2.8 eV caused by Zn 

interstitials was also observed for Cd-doped ZnO micro-
structures compared to undoped ones. The photo-
degradation efficiency of the MO dye with undoped ZnO 

microstructures was only 23%. The maximum photo-
catalytic efficiency, above 70% after 180 min of irradia-
tion, was observed in ZnO samples grown with 1, 2.5, 

and 10 wt.% Cd. The increase in photocatalytic activity 
of Cd-doped ZnO microcrystals can be explained by the 
existence of Zni and VZn defects in surface region of ZnO 
microstructures. These defects change Fermi level faci-

litating charge transfer. Thus, Cd-doped ZnO micro-
structures deposited on Si substrates are promising 
photocatalytic materials for effective photodegradation of 

toxic compounds in the environment. 
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Fig. 11. Photodegradation rate of Methyl Orange dye in the presence of ZnO photocatalysts doped with Cd(AA) (0…10 wt.% ) 

under Hg lamp irradiation (a), degradation efficiency of ZnO:Cd (0…10 wt.%) photocatalysts (b). 
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Структура, оптичні та фотокаталітичні властивості легованих Cd мікроструктур ZnO, вирощених  методом 
MOCVD за атмосферного тиску 
 

В.А. Карпина, А.Є. Леміш, Л.А. Миронюк, Д.В. Миронюк, О.І. Оліфан, І.М. Даниленко, В.В. Білорусець,  
С.П. Старик, В.В. Стрельчук, А.І. Євтушенко 
 

Анотація. Робота присвячена дослідженню впливу концентрації домішки кадмію на властивості мікроструктур оксиду 
цинку, вирощених на кремнієвих підкладках методом металоорганічного хімічного осадження з газової фази за 
атмосферного тиску. Рентгенограми підтверджують формування кристалічної фази оксиду цинку типу вюрцит. Спектри 
фотолюмінесценції мікроструктур ZnO складаються з декількох смуг, включаючи фіолетову (3,24 еВ), синю (2,8 еВ) і жовту 
(2,1 еВ). Синя смуга спостерігається тільки для мікроструктур ZnO, легованих Cd, і абсолютно відсутня для нелегованих 
мікроструктур ZnO. Мікроструктури ZnO, вирощені з 1, 2,5 і 10 мас.% Cd в суміші прекурсорів, продемонстрували найкращу 
фотокаталітичну ефективність (понад 70% деградації барвника метилового оранжевого протягом 180 хв). Вища константа 
швидкості реакції спостерігається для мікроструктур ZnO, легованих Cd, для яких внесок синьої смуги в загальний спектр 
ФЛ лежить у межах 30–40%, а внесок фіолетової смуги становить близько 20%. Одержані результати демонструють, що 
леговані Cd мікроструктури ZnO проявляють значну фотокаталітичну активність і можуть бути використані для розробки 
ефективних фотокаталізаторів. 
 

Ключові слова: оксид цинку, кадмій, мікроструктури, MOCVD, фотокаталіз, фотолюмінесценція. 
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