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Results of studies by scanning electron microscopy and photoluminescence (PL) of structural features
and radiative transitions of ZnO:Mg films grown by atmospheric pressure metal-organic chemical vapor
deposition (APMOCVD) on silicon substrates are presented. Different ZnO:Mg microstructures from poly-
crystalline films with smooth morphology to columns and hexagonal rods are effectively formed in a wide
temperature range 190-450 °C using two compositions of a mixture of zinc and magnesium (5 and
10 wt. %) acetylacetonates (ZnAA and MgAA, respectively) as precursors. The substrate temperatures have
a drastic effect on the crystallinity and morphology of ZnO films. A column shaped ZnO microstructure is
formed at a substrate temperature above 350 °C. The MgAA content in the mixture of precursors also af-
fects the morphology of polycrystalline films. At lower substrate temperatures (200-320 °C), grown ZnO:Mg
samples with MgAA content of 10 wt. % have a surface morphology characterized by enlarged grains com-
pared to samples grown with MgAA 5 wt. %, whereas high substrate temperatures (350-450 °C) promote to
form a surface morphology with rod-like structures in both cases: 5 and 10 wt. % of MgAA content. The
growth rate of ZnO structures increases with increasing substrate temperatures. The PL emission spectra
of samples with 10 wt. % MgAA demonstrate increased near band edge (NBE) emission and suppress de-
fect level emission compared to samples with 5 wt. % MgAA. Therefore, we can conclude that magnesium
acts as an isoelectronic impurity improving NBE PL emission due to gettering of defects. Mg also causes an
increase in grain size, improving the crystalline perfection of ZnO:Mg polycrystalline films grown at low
substrate temperatures, as well as helps to grow hexagonal rods at higher substrate temperatures. Thus,
Mg-doped ZnO microstructures grown in the high temperature range could be an effective photocatalyst.
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1. INTRODUCTION

Zinc oxide has a band gap of 3.37 eV at room tem-
perature (RT), which makes it one of the most interest-
ing candidate materials for optoelectronic devices in the
ultraviolet (UV) region [1]. The large exciton binding
energy of about 60 meV provides pronounced excitonic
effects in the emission and absorption spectra up to RT
[2]. Due to its physical properties, wide band gap zinc
oxide is a promising photocatalytic material that may
become a cheap alternative to existing photocatalysts
based on TiO: for the degradation of organic pollutants
in the future [3]. On the other hand, the key point of
semiconductor devices is to design heterostructures
that can provide the development of high electron mo-
bility transistors and light emission diodes. It is critical
to have band gap engineering in order to realize a de-
vice-based material [4]. Band gap engineering of ZnO
can be realized by alloying with MgO and CdO. Theo-
retically, the band gap of MgZnO ternary alloys can
vary from 3.37 eV (ZnO) to 7.8 eV (MgO) [5]. Nonethe-
less, a high MgO content leads to phase separation. For
a moderate content of MgO, the alloy keeps the wurtz-
ite crystal structure of ZnO, providing a wide range of
direct band gap engineering ranging from 3.37 to
4.0 eV [6]. In addition, the exciton binding energy in-
creases in ZnMgO/Zn0O/ZnMgO quantum wells due to
an increase in carrier confinement [7], thus making
this heterostructure suitable for fabricating electronic
LED devices.
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Many techniques can be used for the preparation of
ZnO films, such as molecular beam epitaxy [8], pulse
laser deposition [6, 9], direct current [10] and radio
frequency magnetron sputtering [11], hydrothermal
[12], chemical bath deposition [13], sol-gel spin coating
[14], spray pyrolysis [15] and metal organic vapor
phase epitaxy (MOCVD) [16-18]. The last one allows to
change the deposition parameters, respectively, to con-
trol the growth rate and morphology of ZnO structures,
and to influence the photocatalytic activity [16]. The
advantage of this method is the possibility to deposit
coatings on large surfaces, a high deposition rate with
the ability to control atomic composition for mass pro-
duction. The authors of [16] discovered the formation of
nanostructures with multilayer tower and rod-shaped
configurations at a substrate temperature in the range
from 300 to 475°C. However, they provided infor-
mation only for pure ZnO.

In this work, we present the possibilities of obtain-
ing ZnO:Mg structures with different shapes and di-
mensions by means of modified MOCVD method called
APMOCVD, 1i.e., atmospheric pressure MOCVD. By
changing the temperature and composition of Zn and
Mg precursors, we study the evaluation of morphology
and photoluminescence behavior of ZnO:Mg structures
grown by APMOCVD.

2. EXPERIMENTAL DETAILS
Mg-doped ZnO films were deposited by APMOCVD
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on silicon substrates in 190-450 °C temperature range
using the mixture of zinc and magnesium acetylaceto-
nates (ZnAA and MgAA, respectively) as precursors.

Scanning electron microscope (SEM) was chosen to
investigate the morphology of Mg-doped ZnO structures
depending on substrate temperatures. The microstruc-
ture of ZnO:Mg samples was studied by a Leo 1550
Gemini SEM at a primary beam acceleration potential
of 5 kV.

The photoluminescence (PL) measurements were
carried out at RT with a solid-state laser operating in
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the UV range. The luminescence was collected and
mirrored into a monochromator equipped with a Si-
CCD detector (2D-matrix of 2000/800 pixels), cooled
with liquid nitrogen, whose spectral resolution was
around 0.1 meV.

3. RESULTS AND DISCUSSION

ZnO:Mg (ZnAA + MgAA 5 wt. %) (Fig. 1) and (ZnAA +
MgAA 10 wt. %) (Fig. 2) films were grown on Si (100)
substrates at temperatures from 250 to 420 °C.

Fig. 1 - SEM images of ZnO:Mg (ZnAA + MgAA 5 wt. %) structures obtained at different deposition temperatures: (a) 250 °C,

(b) 315 °C, (¢) 350 °C, (d) 390 °C

As one can see, the surface morphology of ZnO:Mg
structures changes with increasing substrate tempera-
ture and MgAA content in the grown samples (Fig. 1
and Fig. 2).

In the case of ZnO:Mg (ZnAA + MgAA 5 wt. %) films
deposited at low substrate temperatures (250-300 °C),
the mobility of adatoms is low, and the bases of ZnO
wurtzite columns retain a random orientation, which
together form a multigrain layer. The grain size in-
creases with increasing substrate temperature from
about 75 nm (Fig. 1a) to 100-150 nm (Fig. 1b). When
the substrate temperature reaches 350-400 °C, both the
mobility of adatoms and intergranular diffusion in-
crease significantly, leading to the formation of a poly-
crystalline structure with a predominant orientation of
crystallites in the (001) direction, i.e., perpendicular to
the substrate, which is clearly visible at a substrate
temperature of 350 °C (Fig. 1c) and, as can be seen,
structures are formed with a clear hexagonal cut. As a

result of a further increase in temperature and intensi-
fication of the processes of diffusion and coalescence,
there is a further increase in the structure with the
formation of rods (Fig. 1d).

The kinetics and mechanism of the formation of
self-organized structures is a complex and multi-stage
process. It can be argued that their formation is a con-
sequence of spontaneous adsorption and evaporation of
adsorbate particles upon contact of the vapor phase
with the surface of the solid substrate. The stage of the
formation of two-dimensional clusters, their origin or
nucleation is important. It is associated with a certain
migration of adatoms (unattached atoms) and their
coalescence. In the implementation of layered homoepi-
taxy by the Frank-Van der Merwe growth mechanism,
the formed two-dimensional clusters grow and merge
with each other forming a continuous monolayer.
Volmer-Weber heteroepitaxy is associated with the
formation of three-dimensional individual structures of
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nuclei on the substrate surface. An intermediate link
between the above two methods is the Stranski-
Krastanov nucleation mechanism, which provides for
the formation of the so-called wetting layer with the
subsequent growth of pyramidal structures due to the
removal of elastic deformations [19]. Observation of the
surface demonstrates this method of forming hexagonal
columns from the initial single formations of crystalline
grains with a hexagonal shape of the order of 200-
500 nm.

SEM images of ZnO:Mg (ZnAA + MgAA 10 wt. %)
films (Fig. 2) also show the formation of large polycrys-
talline structures at 250 °C with grain sizes up to
800 nm, of an arbitrary (non-hexagonal) shape, which
overlap and compete with each other. At temperatures
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of 300-350 °C, the surface morphology of the samples
takes the ordered form of hexagonal grains with a di-
ameter of about 850 nm (Fig. 2b). In Fig. 2¢, it is shown
that columns already have a clear hexagonal shape.
Diameters of hexagons are about 800 nm, while the tip
has a size of about 200 nm. The image of the sample
grown at a substrate temperature of 420 °C (Fig. 2d)
shows a quasi-array of well-formed hexagonal rods with
a diameter of 200-300 nm.

Comparing ZnO:Mg structures grown at different
concentrations of magnesium, we can conclude that an
increase in the concentration of magnesium acety-
lacetonate in the precursor from 5 to 10 wt. % creates
conditions for the growth of ZnO-Mg rods, especially
with increasing substrate temperature.

Fig. 2 - SEM images of ZnO:Mg (ZnAA + MgAA 10 wt. %) nanostructures obtained at different deposition temperatures:

(a) 250 °C, (b) 315 °C, (c) 350 °C, (d) 390 °C

Fig. 3 presents SEM images of the cross section of
Zn0O:Mg structures. It is shown that the grain size and
film thickness of ZnO:Mg increase to a certain value
with increasing temperature. The reason for the for-
mation of the film at the initial stage of the process is
the low growth temperature, i.e., atoms and molecules
that settle on the surface of the substrate do not have
enough kinetic energy to move to the appropriate posi-
tion, where they join together to form larger grains.
With increasing substrate temperature to ~ 300 °C, in
Fig. 3b we observe a columnar structure. The film is
rough and homogeneous with a thickness of ~ 700 nm.
At a substrate temperature of ~ 400 °C, the film thick-
ness is about 1.5 pm (Fig. 3d).

As the substrate temperature increases, the for-

mation of zinc oxide molecules accelerates and the
process of nucleation and crystallization of new grains
decreases, as a consequence, the growth rate of sepa-
rated structures increases [17].

In the case of increasing the concentration of the in-
itial precursor of MgAA to 10 wt. % in a relatively high
temperature range (350-400 °C), nanostructures grow
in the form of rods with a hexagonal pointed pyramidal
top (Fig. 3h). In addition, the thickness of these films is
greater and is more than 2 pm.

The morphology analysis of the formed films and
structures allows us to conclude that the formation of
the film and the growth of structures depend on the
mass of the precursor, which slowly evaporates. The
greater the mass of the precursor or the closer the sub-
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strate is to the evaporation zone of the precursor, the
greater the film thickness. Structures are formed main-
ly by the Stranski-Krastanov mechanism, but when the
vapor pressure above the substrate decreases and at a
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temperature sufficient to activate the diffusion mecha-
nism, the structures grow according to the Volmer-
Weber mechanism.

Fig. 3 — Cross-section view of ZnO:Mg structures obtained at different deposition temperatures: a-d (ZnAA + MgAA 5 wt. %)
(a) 250 °C, (b) 315 °C, (c) 350 °C, (d) 390 °C; e-h (ZnAA + MgAA 10 wt. %) (e) 250 °C, (f) 320 °C, (g) 350 °C, (h) 420 °C

The main characterization technique to be used for
ZnO structures is PL spectroscopy. In this technique, a
UV laser (325 nm) is used to excite the sample. As a
result, the photon emission with different wavelengths,
the so-called near band edge (NBE) emission and deep
level emission (DLE), is observed (Fig. 4).

Fig. 4 shows the measured at RT PL spectra of
ZnO:Mg (ZnAA + MgAA 5 wt. %) samples grown on
silicon substrates in the temperature range 190-450 °C.
The spectra show a sharp peak at 377 nm, which is
attributed to the NBE emission of ZnO originated from
free exciton recombination. The radiation band in the
visible wavelength range (peak at ~ 470 nm) occurs due
to radiative recombination (DLE) due to point defects
in the ZnO lattice, such as oxygen vacancy, zinc
vacancy, oxygen and zinc in interstitials [4, 20].
However, the identification of recombination centers
and mechanisms responsible for the luminescent
properties is still controversial. It should be noted that
Mg does not have a significant effect on the PL
spectrum (there is no significant blue shift of the
emission maximum). This may indicate that Mg is not
fully incorporated (5 wt. % of MgAA in the precursor
mixture) in the cationic sublattice of Zn.

Fig. 5 shows the RT PL spectra of ZnO:Mg (ZnAA +
MgAA 10 wt. %) samples deposited on silicon substrates
in the temperature range 190-450 °C. The results are
similar to those described above. However, it should be
noted that the use of 10 wt. % MgAA in the precursors
mixture (instead of 5 wt. %) leads to an increase in the
intensity of the marginal emission in the UV region of
the spectrum and the suppression of defective emission
in the blue-green region of the spectrum. It is also seen
that the highest intensity of the marginal emission is
demonstrated by samples deposited at 420-450 °C. This
may be due to the optimal quantum constraint
associated with the geometry and size of nanorods (see
Fig. 2d and Fig. 3h). The high and sharp maximum is
located approximately at a wavelength of 378 nm
(E=4.135x10"15¢eV-s).
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Fig. 4 — PL spectra of ZnO:Mg (ZnAA + MgAA 5 wt. %) films
obtained in the temperature range 190-420 °C
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Fig. 5 — PL spectra of ZnO:Mg (ZnAA + MgAA 10 wt. %) films
obtained in the temperature range 190-450 °C

We reconstruct one of the ZnO:Mg (ZnAA + MgAA
10 wt. %) PL spectra in the coordinates of the semi-
logarithmic dependence of the emission intensity on
energy (Fig. 6). Only the dominant peak of marginal
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emission can be clearly observed in our sample, while
the blurred maximum of the defective emission is still
visible, for clarity it is depicted with a 10-fold increase
in intensity (green curve in Fig. 6). The obtained film is
considered to have high quality crystallites.

With the introduction of ~ 10 wt. % Mg, the band
gap can be increased by ~ 0.1-0.2 eV, and this should
cause a blue shift of the maximum peak of NBE (see
Fig. 6) when measuring PL at low temperatures [5]. It
is known that the marginal emission depends on the
temperature and can decrease from ~ 3.36 eV at 4 K to
3.28 eV at RT for undoped zinc oxide [21]. It was
initially expected that doping with 10 wt. % Mg would
cause a significant blue shift of the edge emission band
in the PL spectra. However, we have a blue shift of
marginal emission of only 0.02 eV. It should be noted
that a small size of nanostructures can cause a red shift
of the maximum edge emission, compensating for the
effect of magnesium [21]. Moreover, phonon replicas of
free excitons are also responsible for the red shift of the
main peak position.
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Fig. 6 — PL spectrum of ZnO:Mg (ZnAA + MgAA 10 wt. %)
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Briefly, the high-intensity NBE peak at ~ 376 nm
caused by free exciton recombination has the peak full
width at half maximum of about 14.41 nm. The
emission band in the visible wavelength range (peak at
~ 470 nm) arises from radiative recombination through
point defects in the ZnO lattice. The ratio of the peaks
of NBE and DLE spectral integral intensity emission
(figure of merit) was about 6, confirming that ZnO:Mg
nanostructures are suitable for LED applications.

4. CONCLUSIONS

The method of atmospheric pressure chemical vapor
deposition for obtaining nanostructures of zinc oxide of
different morphology is presented. From SEM images,
we can conclude that in order to synthesize quasi
aligned ZnO nanorods via APMOCVD on Si substrates,
a substrate temperature between 400 and 500 °C is
required. Lower Si substrate temperatures result in
amorphous or polycrystalline thin films.

From the PL spectra, it is revealed that the use of
10 wt. % MgAA (instead of 5 wt. %) leads to an increase
in the NBE intensity and suppression of DLE in the
luminescence of ZnO nanostructures.

Magnesium acts as an isoelectronic impurity and
leads to an increase in grain size (improving crystalline
perfection) and improvement in NBE PL emission due
to gettering of defects.
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Broiue remneparypu niakiaagku i BMicTy martioo Ha po3BuTOK Mopdosiorii Ta
JaoMiHecreHnio mwiiBok ZnO:Mg

J1.B. Mupouroxk, JI.A. Mupouok, B.A. Kapauna, JI.I. [Terpocan, A.I. €srymresnxo

Inecmumym npobnem mamepianosuascmaa imerni I.M. @panuyesuwa HAH Yrpainu, eyn. Kpocusxcarnoscvkoeo, 3,
03142 Kuis, Ykpaina

Y poboTi HaBeEHO PE3yIbTATH JOCTIIIKeHb METOJAMU CKAHYBAJIHHOI eJIEKTPOHHOI MIKpPOCKOITi 1 ¢oTo-
miominectienrii (OJI) ocobimBocTe MIKPOCTPYKTYPH TA4 BUIIPOMIHIOBAJBHUX IepexomiB IwrBok ZnO:Mg,
OTPUMAHUX METOJ0M XIMIYHOIO OCAJPKEHHSI 3 IAPOBOI (Pa3d METAJIOPraHIYHUX CIOJIYK IIPU aTMOCHEPHOMY
THUCKY HA MIAKJIAIKU KpeMHin. PismoManiTHI MikpocTpykTypu ZnO Bif IMOJTIKPUCTAIIYHUX ILUIIBOK 3 IJIa-
KO0 MOP(OJIOTIEI0 IO CTOBIIIIB TA MeKCATOHAJIBLHHUX CTEPIKHIB e()eKTUBHO YTBOPIIOTHCS B IIIUPOKOMY JIiama-
3oH1 Temmepatyp 190-450 °C 3 BUKOPUCTAHHAM JBOX KOMIIO3HUIIN CYMIIII AlleTUIAETOHATIB IIMHKY 1 Mar-
Hio (ZnAA ta MgAA) (5 Ta 10 Bar. %) B siKocTi IIpekypcopis. TemmepaTypa maKIa KU Mae CyTTEBUM BILJIUB
Ha KpHCTaIIYHicTh Ta Mopdosoriio mwiiBok ZnO. Crpykrypu ZnO y dopmi KOJIOH YTBOPIIOTHCA IPHU TEMITe-
parypax Buie 350 °C. Bmicr MgAA y cymimmi mpexypcopiB TAKOK BILIMBAae HAa MOPQOJIOTi0 YacTUHOK. [Ipu
Bmicti MgAA 10 Bar. %, npu Hu3bkux Temmeparypax maraagagu (200-320 °C) yTBOPIOIOTECS 3epHA OLIbIINX
PO3MipiB MOPIBHAHO 3 pocToM 3epeH y InriBkax npu MgAA 5 Bar. %, Toal ik IIpX BUIUX TeMIIepaTypax IIij-
rianok (350-450 °C) yTBopoThCA cTep:kHenoaioHl crpykrypu. IIBuakicts pocry crpykryp ZnO apocrae i3
301IBIIEHHSIM TeMIlepaTypH migkiaaaku. ¥ cuerrpax emicii @JI spaskis 3 10 Bar. % MgAA (y mopiBHsHHI 3
5 Bar. %) cIocTepiraeThes PicT IHTEHCUBHOCTI KPAHOBOI CMyTH Ta IPUTHIYYETHCS BHIIPOMIHIOBAHHS JedeKT-
HUX piBHIB JioMiHecueHIl crpykryp ZnO. Tomy mMoskHA 3pOOHTH BUCHOBOK, 10 MATHIH /i€ SK 130€JI€KTPOH-
HA JOMIIIKA 1 IIPUBOIUATSE 0 IIOKPAIIEHH KPaioBol eMicil JIIOMIHECIIeHIN] 3a paXyHOK reTepyBaHH:A gedek-
TiB. Maruiif Takosk CIIpUYUHSE 301ILIICHHS PO3MIPY 3€PeH, MOKPAILYIOYN JOCKOHAICTD KPUCTAJIITIB IO K-
pucramivaux nBok ZnO:Mg, BUPOIIeHNX Py HU3BKINA TeMIIepaTypl miAKIaIKH, a TAKOK CIIPUSIE POCTY T'e-
KCATOHAJIBHUX CTEPIKHIB IIPU O1JIBII BUCOKHUX TeMIleparypax migriaagku. CTpyKTYpH OKCHUIY IIUHKY, JIErOBa-
HI MarHieM, MOKYTh BUCTYIIATH AK epeKTUBHI (hOTOKATAII3aATOPH.

Kmiouosi cimosa: Metona XiMi4HOIO OCamyKeHHS 3 IIAPOBOI (pa3y MeTaJOPraHIYHHUX CIIOJIYK IIPH arMocdep-
HOMY THCKY, AIleTHJIAIleTOHAT IMHKY, AllermiarieroHarT marHio, CkaHyoua eJIeKTPOHHA MIKPOCKOIIis,
DoTosIoMIHECIIeHITIA.
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