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Abstract. Development of the new approaches for synthesis of luminescent semiconductor
nanomaterials is of high demand. In this work, nano- and microstructures of zinc oxide were
synthesized by the hydrothermal method to provide new insight onto the optimization of this
material optical properties. The possibility of controlling the synthesized ZnO geometry and
morphology using various surfactants during the synthesis was demonstrated. Further study of
the structures obtained by PL spectroscopy made it possible to observe a correlation between
the hydrothermal growth conditions and the obtained ZnO nanostructures optical properties.
This property, together with the ability to control the structures geometry, opens up new pos-
sibilities for their application in nanophotonics, UV-VIS and white light sources.
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AnHOTanuda. PazpaboTka HOBBIX ITOJIX0A0B K CHHTE3Y JIOMUHECLICHTHBIX ITOTYITIPOBOTHUKOBBIX
HaHOMAaTepuaJloB SIBJSIETCSI B HACTOsIlee BpeMsl aKTyaJlbHOW 3ajgauveil. B maHHOiIT pabote
TUAPOTEPMAIbHBIM METOJOM ObLIM CUHTE3UPOBAaHbl HAHO- U MUKPOCTPYKTYPbl OKCUIA IIMHKA,
YTO MO3BOJIMJIO IO-HOBOMY B3IJISIHYTh HA ONTUMM3ALAI0 ONITUYECKMX CBOMCTB 3TOr0 MaTepuaa.
[TokazaHa BO3MOXXHOCTH YIIpaBJIeHUsI TeoMeTpueil 1 Mopdosorueit cuHTe3npoBaHHoro ZnO
C TOMOIIBIO PA3JIMYHBIX MOBEPXHOCTHO-AKTUBHBIX BELIECTB, UCIOJb3YEMBIX B IIPOLECCE
cuHTe3a. JlanbHeiilllee M3ydeHUE CTIPYKTYp MeTogoM crekrpockonuu POJI mo3BoamiIo
OOHAPYXXUTh KOPPEISIUI0 MEXAY TUAPOTEPMAIbHBIMU YCAOBUSIMM POCTa U ONTUUYECKUMU
CBOICTBAaMHU ITOJYYEHHBIX HAHOCTPYKTYp ZnO. DTO CBOHCTBO BMECTE C BO3MOXKHOCTBIO
YIIPaBJICHUS TEOMETPUEN CTPYKTYP OTKPBIBAET HOBbIE BO3MOXHOCTU JJISI UX MPUMEHEHUS B
HaHOo(OTOHUKE, UCTOUYHUKAX Y D-BUAMMOTO 1 OEJIOTO CBETA.
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Introduction

Nano- and micro-sized structures find a wide range of applications in various fields from
sensors [1] to UV [2, 3] and visible range emitters [4]. One promising material for modern
research is zinc oxide. Zinc oxide is a technologically feasible, abundant, chemically stable, and
non-toxic wide-gap semiconductor material that was actively studied during the last decades.
Wide bandgap (3.37 eV at room temperature (RT) in a bulk) and large exciton binding energy
(60 meV), which is much higher than thermal energy at RT make it an excellent candidate for
the development of UV light sources [5].

The promising method for the growth of ZnO nanostructures is hydrothermal synthesis
[6, 7]. The advantages of this include vast control over the growth conditions, low synthesis
temperatures (less than 100 °C) [6, 7], providing significant reduction in energy consumption and
making this technique technologically feasible. Using the hydrothermal synthesis, it is possible
to obtain nanostructures of various geometries and on various substrates, both lattice-matched
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and not, classical ones — silicon, sapphire and silicon carbide [8§—10], transparent and even
flexible [11, 12]. Despite the wide range of works on the hydrothermal synthesis, study and device
application of ZnO nanostructures, there have been no systematic studies aimed at simultaneously
controlling the geometry of such objects and studying the growth conditions effect on their optical
properties. In this work, samples obtained by hydrothermal synthesis with addition of surfactants
are thoroughly studied to demonstrate that change in the growth solution chemistry provides
not only ability for control over the nanostructures morphology but also affects the luminescent
properties of the structures allowing for fine-tuning of the ZnO structures optical properties and
their application in photonics.

Materials and Methods

Typically, equimolar aqueous solutions of zinc nitrate (Zn(NQO,),) and hexamethylenetetramine
(HMTA — CH/ N,) are used for the ZnO nanostructures hydrothermal synthesis [6, 7]. Here,
Zn(NO,), serves as a source of Zn** ions, and HMTA is a slowly decomposing base that provides
an alkaline environment in solution and the desired amount of OH™ ions. Reactions occurring
during the synthesis:

C,H,,N, +6H,0 — 6HCHO + 4NH, (1)
NH, +H,0 - NH* + OH" )
Zn(NO,), <> Zn** +2NO, (3)
20H™ +Zn** <> Zn(OH), 4)
Zn(OH), <> ZnO+H,0 (5)

In this work, we employ conventional synthesis protocol using equimolar concentration
Zn(NO,), and HMTA aqueous solutions. Synthesis is carried out on Si(111) substrates, which
were preliminarily purified in acetone and then in isopropanol. Five samples were synthesized:
Sample 1 — without the use of surfactants, Sample 2 — with sodium citrate and Sample 3 — with
PEI. For ZnO surface nucleation we spin-coated the substrates with 3 seed layers of zinc acetate
aqueous solution at a concentration of 5 mmol-L! [13].

T o s o

Fig. 1. Scanning electron microscopy (SEM) images of Sample 1 (branched NWs) (a); Sample 2
(hexapods) (b); Sample 3 (vertical NWs) (c¢)

For the growth, HMTA aqueous solution (with the surfactants for Samples 2 and 3) was
added to the zinc nitrate solution in 200 ml Teflon cup with constant stirring. Sample 1 was
grown with equimolar concentration of precursors of 300 mmol-L™'. Samples with surfactants
(2, 3) were grown with equimolar concentration of precursors of 100 mmol-L™!. During the
synthesis, a constant temperature of 85 °C was maintained. The synthesis duration for all samples
was 3 hours.

The resulting structures are found to possess branched N'Ws shape with an aspect ratio (length
to thickness ratio) of about 10:1 (Fig. 1, a), quasi-two-dimensional nanostructures [8] in the
shape of hexapods with D ~ 5 um, 1 ~ 1 um (Fig. 1, ) and NWs with D ~ 100 nm and 1 ~ 1 um
(Fig. 1, ¢). Typical images of the synthesized ZnO nanostructures were obtained using a JSM
7001F scanning electron microscope (JEOL, Akishima, Tokyo, Japan).
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Results and Discussion

The PL spectra of the synthesized samples were studied using an MDR-204-2 monochromator
(LOMO-Photonics). The samples were placed in a closed-cycle helium cryostat (Janis Research
Company, USA). The PL was excited by a He-Cd laser (excitation wavelength A = 325 nm,
maximum radiation power W = 50 kW-cm2). The sample temperature was varied in the 5—300 K
range. The laser radiation intensity was controlled by neutral light filters. During the work, PL
spectra were obtained for all samples (Fig. 2).

a b
o 9 )
= ————
0100k DX Sample1 | 3K |1 § Sample2 |[—5K
O < (no surfactants) 80K 1 (O 100} [X01  (sodium citrate) |—— BOK
g —— 300K} " DX . —— 300K
o
= =
sl |
= by
[72)
c 2
2 )
£ £
d 400 500 600 700 d 50 460 450 560 550 560 650 700
Wavelength, nm Wavelength, nm
® 0
g9 9
o X041  Sample3 oK Conduction Band
O 100p (PEI) —— 80K
- 300K
o
o
. T
i P
>
‘» Zn;Vo
c | 460-550 nm |
©
= M v o W Oz, Vz, O
= i o i i i
F 350 400 450 500 550 600 650 700 Valence Band

Wavelength, nm

Fig. 2. PL spectra taken in a wide spectral range at different temperatures: (¢) Sample 1 (without

surfactant), (b) Sample 2 (with sodium citrate), NBE region of the spectrum is multiplied by 0.1, (¢)

Sample 3 (with PEI) NBE region of the spectrum multiplied by 0.1, (d) Schematic representation of
the deep levels and corresponding radiative transitions

PL spectroscopy study demonstrates strong NBE emission in the UV region in all of the
synthesized samples associated with an exciton on a neutral donor (D X). The obtained spectra
demonstrate the different response in the visible range governed by the deep levels. The sample
synthesized without the surfactants has an efficient response in the visible, centered near 620 nm.
This band is often associated with excess zinc including Zn interstitial (Znin) and lack of oxygen
such as vacancies (V,) [6, 14, 15]. Use of sodium citrate leads to the DLE in the green region
centered near 500 nm. This behavior is associated with the excess oxygen and zinc vacancies
[6, 14, 15]. Use of PEI makes it possible to suppress the DLE. These effects are associated with
a variation in the balance between zinc and oxygen ions in the growth solution provided by the
change in the chemical composition of the growth medium.

Conclusion

The obtained results demonstrate the prospects for use of the technologically feasible
hydrothermal method to develop light-emitting structures based on zinc oxide. The spectral
characteristics of such structures can be tailored in a wide range by changing the growth medium
composition opening the way for fabrication of UV-VIS and white light sources for biology,
disinfection and lighting.
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