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Abstract — In this work sol-gel dip-coating technique was used
to synthesize ZnO and ZnO/Al films. The influence of annealing
regime and dopant concentration on the structural properties of
Zn0O and aluminum doped ZnO (ZnO/Al) films was investigated.
The surface morphology and crystallinity of ZnO films were
determined using atomic force microscopy and X-ray diffraction,
respectively. The experimental results show that ZnO and ZnO/Al
films prepared using “shock” conditions have smooth surfaces and
uniform grains. Increase of aluminum concentration led to grain
size reduction and denser film.
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I. INTRODUCTION

Zinc oxide is a transparent semiconducting oxide with a
direct wide band gap (3.37 eV) [1]. ZnO nanoparticles have
piezoelectric, electric and optical properties and they also show
ultraviolet emission near band gap. Possible applications of
ZnO nanoparticles are humidity and gas sensors, photoelements
and light emitting diodes [2], varistors [3], surface acoustic
wave devices [4], optical waveguides [5], solar cells [6], etc.

High electrical conductivity, optical transparency in wide
range and resistance to hydrogen plasma exposure of ZnO films
doped with Il group elements (B, Ga, In) makes them
prospective materials for application in transparent electrodes,
optoelectronic devices and solar cells [7], [8].

Doped zinc oxide (ZnO) thin films (including with AI°") are
a promising alternative for indium tin oxide transparent
conducting films, due to high conductivity and excellent optical
properties. ZnO/Al thin films can be produced by many
methods such as chemical vapour deposition [9], radio
frequency sputtering [10], sol-gel dip-coating [11], spray
pyrolysis [12].

In this work we have studied the structural and optical
properties of ZnO/Al thin films prepared by sol-gel dip-coating
process.
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1. EXPERIMENTAL SECTION

A. Materials

Zinc acetate dihydrate (Zn(CH3C0O0), 2H,0),
diethanolamine (DEA), aluminium nitrate nonahydrate
(AI(NO3)3-9H,0) were obtained from Sigma Aldrich. All the
reagents used in the experiments were analytical grade and
were used without further purification. During experiments

samples with different mole fraction of AI**

1% and 5 %.

were prepared 0 %,

B. Characterization

The effect of the annealing conditions on the particle size of
the synthesized ZnO nanoparticles was studied using powder
X-ray diffraction (XRD) with X-ray diffractometer Rigaku
Ultima+. Cu Ko radiation was used in XRD. Scanning electron
microscopy (SEM) images were obtained using scanning
electron microscope T200 - JEOL at an accelerating voltage
5kV. Atomic force microscopy (AFM) was done using Veeco
SPM Il microscope in a non-contact mode. AFM measurements
were used to investigate the effect of AIP* doping on the
microstructure of ZnO/Al films. AIP* doping influence on optical
properties of the films was studied using Speccord 210 PC
ultraviolet-visible light (UV-VIS) spectrometer.

C. Preparation of ZnO/AIl Thin Films

A precursor solution was synthesized by dissolving zinc
acetate dihydrate in ethanol and DEA solution. The concentration
of zinc ions was 0.5 M, and the molar ratio of DEA to zinc ions
was maintained at 1.0. The volume ratio of
C,HsOH : DEA : Zn(CH;COOQ),.2H,0 was 89:5:6. The
solution was stirred at 60 °C for 2h to yield a clear and
transparent sol. Al(NOs)3-9H,0 was used as a dopant with mole
fraction 0 %, 1 % and 5 % to form ZnO, ZnO/Al-1 and ZnO/Al-5
samples, respectively. After addition of Al(NO3)3-9H,0, solution
was stirred for further 1.5 h. The solution was then aged in room
temperature for 24 h. The precursor solution was deposited on
Menzel-Gléaser sodium silicate glass substrates by dip-coating
process. Glass substrates were cleaned using CeO,, soap, distilled
water and ethanol. After coating the substrates were pre-heated at
200°C for 10 min. Then the films were transformed into
nanocrystalline pure or aluminium-doped ZnO films by thermal
treatment at 500 °C for 30 min. Two different thermal treatment
methods were used: gradual increase of the temperature, with
increase rate 5 °C/min, or using “shock” conditions (specimens
were inserted in the maximal temperature 500 °C).

I1l. RESULTS AND DISCUSSION

A. Results

The surface morphologies of the ZnO, ZnO/Al-1 and
ZnO/Al-5 films measured by AFM are presented in Fig. 1. Two
different annealing treatments of ZnO and ZnO/Al films are the
gradual increase of the temperature and the “shock™ conditions.
Fig. 2 shows the surface roughness of the films and Fig. 3 shows
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the average grain size of the films. For samples annealed using For samples obtained using “shock” conditions, ZnO

gradual increase of temperature the surface was relatively rough, ~ doping with AI** led to finer grain sizes. For samples obtained
1

they had bigger grain size and inhomogeneous grain distribution  using gradual temperature increase A
along the specimens compared to samples annealed using opposite effect.

“shock” conditions. Upon comparison of samples with different
amounts of AI**, it can be seen that temperature treatment method
has a significant influence on ZnO/Al surface.

doping led to an

10.0 newD
100 nn¥Dy

a b
3 3
E E
o o
H B
c
=
(=]
E
o
&
e f

Fig. 1. AFM results showing ZnO (a and b), ZnO/Al-1 (c and d) and ZnO/AI-5 (e and f) film morphology. The films are annealed using different conditions:
a), ¢) and e) gradually increasing temperature by 5 °C/min; b), d) and f) “shock” conditions.
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The crystal structures in thin films were identified using
XRD. Fig. 4 displays the X-ray diffraction patterns of the
samples annealed using “shock™ conditions. For both ZnO and
ZnO/Al films the patterns corresponded to five diffraction
peaks of crystalline ZnO: (100), (002), (101), (102), (110).
This indicates that films had a hexagonal wurtzite structure.

Fig. 5 shows optical transmittance spectra of samples ZnO,
ZnO/AI-1 and ZnO/Al-5 in range from 300 nm to 740 nm.
Upon doping ZnO with APP* the optical transmittance
increased in direct proportion to the changes of AI**
concentration.

Optical transmittance of ZnO sample was 82.28 %. For
ZnO/Al-1 sample optical transmittance was 88.45 % and for
ZnO/Al-5 sample optical transmittance was 91.03 %.

For investigation of concentration of AI** influence on film
morphology SEM was performed. SEM results are presented
in Fig. 6. In SEM images it can be seen that the coatings
consisted of individual grains that are densely arranged.
Furthermore, with the increase of AI** dopant concentration,
grains were arranged more densely. Pure ZnO film had larger
grain size, but narrower grain size distribution, compared to
ZnO/Al films. For ZnO/Al films grain size decreased, if AP
concentration increased.
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Fig.2. ZnO (a and b), ZnO/Al-1 (c and d) and ZnO/Al-5 (e and f) film
roughness annealed at different conditions: a), c) and e) gradually
increasing temperature with increase rate 5 °C/min; b), d) and f)
“shock” conditions.
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Fig. 3. Grain sizes of ZnO (a and b), ZnO/Al-1 (c and d) and ZnO/Al-5 (e
and f) films annealed at different conditions: a), c) and e) gradually
increasing temperature with increase rate 5 °C/min; b), d) and f)
“shock” conditions.
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Fig. 4. X-ray diffraction pattern of ZnO (a), ZnO/Al-1 films (b) and ZnO/Al-
5 (c).
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Fig. 5. Optical transmittance spectra of ZnO and ZnO/Al obtained using
“shock” conditions.

B. Discussion

The possible reason for higher roughness of samples
annealed with gradual increase of temperature (see Fig. 1) is
given in the further text. Samples annealed with gradual
increase of temperature formed irregular particle size
distribution, because the growth of the particles occurs
gradually starting from the upper layers and spread in depth,
so the particle growth on the surface limited the growth of the
particles located in inner layers. Conversely, in coatings,
obtained using “shock” conditions, the particle growth
occurred uniformly at all film depths. Gradual increase of the
annealing temperature also caused crystalline lattice
deformation due to anisotropic thermal motion, but when
using the “shock™” conditions crystal lattice deformation did
not have time to take place, when the sample reached the
maximum temperature momentarily.

In Fig. 4 XRD results for pure and AI** doped ZnO films
are shown. In both cases there was ZnO wurtzite crystalline
phase. The intensities of diffraction peaks of the (100), (002),
(101), (102) and (110) planes tended to decrease with entry of
AI** dopant. This indicates that doping with AI** decreased the
crystallinity of ZnO films. In XRD patterns of both ZnO/Al-1
and ZnO/AI-5 no new peaks appeared. This could be caused
by interaction between AI** and ZnO. It may be due to the fact
that AI** upon entering the ZnO structure did not form a
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crystalline phase or solid solutions with ZnO system or that
the concentration of AI** is too low.

I N Y ) N O T S
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Fig. 6. SEM microscope images of ZnO and ZnO/Al filmsobtained using
“shock” conditions: a) pure ZnO film; b) 1% mole fraction AI**
doped film (ZnO/AI-1); ¢) 5% mole fraction AI** doped film
(ZnO/Al-5).

Optical transmittance spectra of samples shown in Fig. 5. It
shows that doping of ZnO with AI*" increase the intensity of
optical transmittance; this can be explained by decrease of
porosity in ZnO/Al samples. Reduction of porosity is
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explained by the particle size distribution — smaller particles
filled in the gaps between larger particles, thus preventing the
formation of pores.

SEM images in Fig. 6 show that between the particles pores
were formed. This can be determined by both optical and
electrical properties of the material. Since the samples doped
with AI** had smaller particle sizes than the ZnO model, the
amount of pores in these samples decreased due to the
formation of particles in denser arrangement.

V. CONCLUSION

ZnO and znO/Al thin films were coated on sodium-silicate
glass substrate by sol-gel dip-coating method. Influence of
annealing conditions on the morphology of thin films was
investigated. Surface of the specimens annealed in “shock”
conditions had better quality, lower roughness and smaller
particle size.

Studies on the effects of the AI** concentration on ZnO/Al
thin film morphology indicated that the increase of AI®*
concentration in ZnO composition led to decrease of particle
size in the films and formation of denser particle arrangement;
this resulted in an increase of optical transmittance.
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Inna Juhpevi¢a, Marija MaSonkina, Gundars MeZinskis, Alona Gabrene. ZnO un ZnO/Al parklajumu iegiiSana ar iemérksanas-
izvilk§anas metodi un to ipasibas.

P&dgjos gados ZnO planie parklajumi ienémusi nozimigu vietu jaunajas tehnologijas. Tiem ir plass pielietojumu diapazons — gan zinatng, gan
tehnologija. ZnO planos parklajumus var izmantot saules baterijas, gazu sensoros, pjezoelektriskas ierices, ka katalizatorus un vél daudzas dazadas
sferas. Leg€jot cinka oksidu, ir iesp&jams izveidot materialu ar izcilam elektriskajam Tpasibam. Ka leggjosos jonus var izmantot I, VV un retzemju
grupu elementus. No visiem uzskaititajiem elementiem tiesi leg&Sana ar AI®* joniem var veicinat struktiru ar defektiem veidosanos, izmainit
optiskas un elektriskas ipasibas. Iespgjamas vairakas metodes ZnO/Al parklajumu iegiiSanai, pieméram, kimiska tvaika kondens€Sana, pulsgjosa
lazera nogulsnésana, uzputina$ana un sola-géla metode. Salidzinot sola-g€la metodi ar citam metodem, tas prieksSrocibas ir nelielas izmaksas un
viegli realiz€jams process.

ZnO un ZnO/AIP* planos parklajumus uz natrija-silikatu stikla virsmas ieguva, izmantojot sola-géla iemérksanas-izvilk$anas metodi. Tika noteikta
apdedzinasanas rezima ietekme uz plana parklajuma morfologiju. Paraugu virsma, kuru paklava ,,Soka” apdedzinaSanai, bija kvalitativaka, bez

redzamiem defektiem, ar augstako raupjuma pakapi un parklajumu veidojosas dalinas bija mazaka izméra.

|3+ |3+

Pétfjuma rezultati liecina, ka AI°® jonu ievadiSana ZnO sola-g€la sastava izmaina plana parklajuma morfologiju un ipasibas. Al*" jona

koncentracijas paaugstinasana ZnO sola-ggla sastava veicina ZnO dalinu izméra samazinasanos parklajuma un blivaka parklajuma veidosanos.

Unna FOxueBuuya, Mapus MamonkuHa, ['yHaapc Mexunckuc, Ainéna [agpene. IMoaydyenne toHkux mokpsituii ZnO u ZnO/Al
METO/0M 30J/Ib-TeJIb M UX CBOIiCTBA.

B TMOCJICAHUE IOAbl MMEHHO TOHKUE IMOKPBITUA ZnO 3aHUMArOT 3HAYUTECIIbHOC MECTO B HOBBIX TEXHOJIOTUAX U MOKPBIBAIOT OI'pOMHbIﬁ JHaAra3oH
NPUMEHEHUST B Pa3jIMYHBIX TEXHOJIOIMAX W HaYKeE. Tonkue TMOKPBITUA ZnO MO>XHO HCIIOJIB30BaTh B COJIHCYHBIX GaTapeﬂx, CEHCOpax,
NBE302JIEKTPUYCCKUX YCTAaHOBKAX U JPYrux C(bean. J'lempyﬂ OKCHUJ IIMHKA, MOXHO IOJY4YUTb MaTre€puaia ¢ yHUKAJIbHBIMU DJIEKTPUUYCCKUMU
cBoiicTBamu. JlernpyronmMu HOHaMH MOTYT OBITH 3meMeHTHl |, V rpynmsl M peako3eMenbHble d5eMeHThL. VIOHbI AP MOT'yT OBITh
HUCTIOJIb30BaHbI UIA CO3JaHU CTPYKTYPHBI C 3JIEMEHTAMU lle(beKTOB, a TaK XK€ U1 yIIydII€HUs ONITUYCCKUX U DJICKTPUICCKUX CBOMCTB.

st nonyuernst ZNO/Al moKphITHIT MOTYT OBITH HCIIOB30BaHBI PA3HBIE METO/IBI, HATPUMED, XUMHUYECKasI KOH/ICHCAIIHS U3 Ta3000pa3Hoi (asbl,
OCaAXICHUE, HAIIBUJICHHUE, a TaKXE TCXHOJIOTUA 30JIb-T'ClIb. CpaBHl/IBaﬂ METOA 30JIb-I'€JIb C APYrUMH METOAaMH, METOA 30Jb-I€JIb HMEET
IPEUMYILECTBA B CPABHUTEIBHO HU3KUX 3aTpaTax U B IPOCTaTe peann3yeMoro mporecca.

Toukwue nokpeitust ZNO u ZnO/Al O HaHeCeHbI Ha HATPHIT-CHIIMKATHYIO CTEKIITHHYIO MO/UIOKKY METOJIOM OKYHAHHS B PACTBOPBI 30J1b-TeJIb.
BBUIO MpOBepeHO BIMSHUE PEXHMa 00XKHIra Ha MOPQOJIOTHUIO TOHKUX MOKPBITHIL. [10BEpXHOCTH 00pa3IoB, KOTOPbIE MOABEPIIIUCH IIOKOBOMY
pexuMy TepMOo0oOpaboTKu, Oblia OoJiee KauecTBeHHAs!, 0e3 BUIUMBIX Je()EKTOB, C BBILICH CTENEHBIO IIEPOXOBATOCTH M YaCTHIIBL, 0Opasyromye
MOBEPXHOCTh MOKPBITHSI, OBUTH C MEHBILE TI0 Pa3MepaM.

Pesynbrarhl HccneNoOBaHus yKa3bIBAalOT, YTO BBEJEHHE MOHA aTIOMHHHA B cOCTaB 30ieil ZNO M3MEHSIOT MOP(OJIOrUI0 U CBOHCTBA TOHKUX
NoKpbITHi. TTOBBIICHHE KOHIIGHTPAIMK HOHA aJIOMUHUS B 30/1b-Tedb ZNO cocraBax BeAET K YMCHBIICHHIO pa3Mepa YaCTHILbI MOKPBITHA U
00pa3oBaHuio OoJee IIIOTHOH MOBEPXHOCTH TOKPBITHS.
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