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Influence of solution precursors on structure
of ZnO films
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In the work using high resolution scanning electron microscopy and X-ray analysis, we
carry out the studying of the correlation between chemical and technological conditions of
deposition, the initial solution composition and structural properties of the synthesized
samples of zinc oxide. Growth of the layers depends on the initial precursors and it occurs
through formation of the ordered array of nanorods and nanoflowers. It is shown that it
is possible to choose the optimal conditions to obtain ZnO films with controlled structural
properties that can be used as the base layers in microelectronic devices.
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C ucnmonb3oBaHMEM CKAHUPYIONIEH SMeKTPOHHON MUKPOCKOTIHUU M PEHTTEHOCTPYKTYPHOTO
aHaJin3a MPOBEAEHO OIpe/lesieHIle B3ANMOCBASU MEKAY (MUBUKO-TEXHOJOTUUECKUMU YCJIOBHUA-
MU OCaKAEHH!sA, COCTABOM HCXOMHOTO PACTBOPA U CTPYKTYPHBIMU CBOHICTBAMM CUHTE3UPOBaH-
HBIX 00pasIlOB OKCHIA IMHKA. POCT ¢JI0€B 3aBMCUT OT HAYAJNLHBIX MPEKYPCOPOB B MCXOTHOM
pacTBOpe M MPOUCXOAUT TyTeM (HOPMUPOBAHUA YIOPSATOUEHHOTO MACCHBA HAHOBOJOKOH MU
HAHOIBeTOB. BuIOpaHbl onNTHMMANBHEIE YCJIOBUA IJA TMOJYUEHUs TJIEHOK OKCHUAa IIMHKA C
KOHTPOJIUPYEMBIMU CTPYKTYPHBIMU CBOIICTBAMU, KOTOPBIE MOTYT OBITH MCIIONBL30BAHBI B Ka-
yecTBe 0a30BLIX CJIOEB B MUKPOIJEKTPOHUKE.

Buaus BEXigHuX nperypcopis Ha crpykrypy miaisok ZnO. T.0.Bepecmox, .I.Kyp6amos,
H.M.Onanacwr, A.C.Onanaciok.

3 BUKOPUCTAHHAM CKAHYIOUOI eJeKTPOHHOI MiKPOCKOIIl Ta PeHTreHOCTPYKTYPHOrO aHaJIi-
3y IIPOBEJCHO BU3HAUCHHS B3AEMO3B’SA3KY Mi (PisMKO-T€XHOJOriUHMMN YMOBAMH OCAIMKEH-
Hd, CKJIAZOM BUXIiJHOTO POSUMHY T4 CTPYKTYPHHMHK BJIACTHBOCTSAME CHHTE30BAHUX 3PasKiB
OKcHUAy IUHKY. PicT miapis sajeXuThs Big IIOYaTKOBUX IIPEKYPCOPIB y BuUXigHoMy posumHi i
BigmbyBaeTbcsa muassxom (OPMYBAHHS YIIOPSAIKOBAHOI'O MAaCHBY HAHOBOJIOKOH ab0o HAHOKBITiB.
O6paHo onTHMAJbHI YyMOBH [Jd OTPUMAHHS [JIiBOK OKCHAY IWHKY 3 KOHTPOJLOBAHUMU
CTPYKTYPHUMU BJIACTHUBOCTAMHU, AKI MOMKYyTb OyTu BHKOpucCTaHi AK 06aso0Bi miapu y Mikpo-
eJIeKTPOoHiILi.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

Owing to the wide range of zinc oxide ap-
plications as the base material of creation of
gas sensors, sensors of various types of radia-
tion, devices of micro- and optoelectronics, it
was attracted a great attention of researchers
[1]. Due to a large band gap E, = 3.37 eV,
Zn0O can be used as window and conductive
layers of solar cells [2]. In addition, the
high carrier mobility and the possibility of

Functional materials, 22, 1, 2015

obtaining of highly porous structures, zinc
oxide can be used as a functional layer for
creating sensitized solar cells of high effi-
ciency based on perovskite absorbing layers
[3]. High transparency in the visible region
of the spectrum allows to use ZnO to create
functional elements of transparent electron-
ics [4].

Nowadays, for synthesis of zinc oxide
films and nanostructures it can be used a
large number of non-vacuum methods:
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chemical vapor deposition [5], sol-gel
method [6, 7], spray pyrolysis [8], hy-
drothermal synthesis [9-10], electrolytic
deposition [11, 12, 18], chemical bath depo-
sition from aqueous solution [14-18]. Last
method is very promising due to its effi-
ciency and simplicity. Also, it does not re-
quire maintenance of high temperature and
pressure during the synthesis, which sig-
nificantly reduces the cost of manufactur-
ing of the device structures.

Synthesis of ZnO by low temperature no
vacuum methods also makes it possible to
obtain condensates on flexible substrates
with controlled structural characteristics
(such as nanodots, nanofibers, nano-porous
and solid) which depend on the deposition
conditions and source precursors [19, 20]. A
number of works devoted to investigation of
structural properties of zinc oxide films de-
posited by different methods [21, 22]. How-
ever structural and substructural charac-
teristics of chemically deposited ZnO layers
have been insufficiently studied. Therefore,
the current work presents results of com-
prehensive study of the structural and sub-
structural characteristics of two series of
ZnO films samples, obtained by chemical
bath deposition from solutions of zinc ace-
tate and zinc nitrate. In addition, in the
work we carried out the studying of the
correlation between chemical and techno-
logical conditions of deposition, the compo-
sition of the initial solution on structural
properties of the synthesized samples.

2. Experimental

Synthesis of two series of samples of zinc
oxide condensates was performed by the
method of chemical bath deposition under
reactor temperature of 90°C. The films were
obtained via dipping the substrates in solu-
tion of precursor’s reagents. As precursors
we used zinc  salts: zinc  acetate
(Zn(CH3C00),-2H,0)  or  zine  nitrate
(Zn(NO3),) with the chemical purity. To ob-
tain solutions the distilled water was used.
Initial concentration of the mixture was
0.1 M. To maintain pH of the solution
about 10 the complexing agent — ammonia
solution (NH,OH) was added to it. As sub-
strate we used glass and glass with FTO
underlayer, which has been previously
cleaned in acetone, isopropanol and ethanol
and dried in nitrogen. Deposition time of
the layers varied from 7= 30 to 120 min
with an interval of 15 minutes. After the
films deposition the samples were dried
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under nitrogen and annealed in air at
350°C.

Investigation of morphology of the syn-
thesized samples was performed using a
scanning electron microscope ZEISS Avirguda.
Structural investigations of the samples were
performed using an automated X-ray diffrac-
tometer Bruker D8 Advance with Ni-filtered
K, — radiation of copper anode in a range
of angles 20° < 20 < 80°, where 20 — the
Bragg’s angle. The diffraction patterns ob-
tained under study were normalized to in-
tensity of (002) peak of the hexagonal
phase. X-ray radiation was focused accord-
ing to the Bragg-Brentano method [23].
Processing of the diffractograms was car-
ried out using of the Difwin software.

Phase analysis was performed by com-
parison of interplanar distances and relative
intensities from the investigated samples
and references according to the Joint Com-
mittee on Powder Diffraction Standards
[24]. The curves were normalized to inten-
sity of (002) peak of the hexagonal phase.

Texture quality of chalcogenide films
was estimated using Harris method [23].
Pole density was calculated using equation:

(;/ 1)
i~ N ’
1
ﬁz(fi/IOi)
i=1

where I;, I;,; — integral intensity of the
i-diffraction peak for the film samples and
standards; N — number of lines in the dif-
fraction pattern.

Thereafter we built the dependences P; —
(hEl); and P; — ¢, where @ — angle between
chosen direction and normal to different
crystallographic planes, which correspond to
reflection in the X-ray pattern, (hkl); —
Miller indices. This angle was calculated for
the hexagonal lattice, using the equations
given in [23]. The axis of the texture has
indexes corresponding to the maximal value
of P;. Orientation factor was determined via

N
equation f = VLZ(Pi - 1)2. Determination

N

i=1
of the interplanar distances of wurtzite
structure of ZnO was performed by position
of K,; component of all of the most intense
lines present in the XRD pattern.
Calculation of the lattice constants, a
and ¢, of the hexagonal phase was held as:
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Fig. 1. Surface images of ZnO films deposited from solution of zinc nitrate after deposition time of
T =60 min (a), 90 min (b), 120 min (¢) and from solution of zinc acetate after deposition time of

T =45 min (d, f), 90 min (g, e), 120 min (h, i).
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where A — is a wavelength of X-rays.

The ratio ¢/a was considered as a con-
stant and equal to the value of the wurtzite
structure of ideal lattice ¢/a = 1.601 [24].

Further the values of the lattice con-
stants of ZnO were clarified using the Nel-
son-Riley extrapolation method [25]. At the
same time we used graphical method of suc-
cessive approximations, which included an
iterative procedure. From dependences a(c)
— 1/2co0s26(1/sind + 1/0) we determined val-
ues of the lattice parameters, a and ¢, and
the ratio ¢/a. Calculated ratio c/a (a/c) was
used to estimate new constants from equa-
tions (1) and (2). Thereafter the iterative
procedure was repeated several times (up to
four), while the obtained wvalues, a, ¢ and
c/a, converged [23]. An approximation of

Functional materials, 22, 1, 2015

the points in a(c) — 1/2cos26(1/sind + 1/6)
dependences was made with the help of the
least-squares method using the OriginPro
software package. The proposed procedure
of determining the lattice parameters (a, c)
allowed to significantly increase the accu-
racy of measurements. The values of a, ¢
obtained after fourth iteration were used to
calculate the volume of hexagonal primitive
cell using expression V = (8V3a2c)/2.
Traditionally, determining of grain size
is performed by electron microscopy using
the Scherrer equation [18, 21, 22]. Despite
that we used diffractometrical method in
order to estimate the average size of coher-
ent scattering domain size (CSD) L and level
of microstrain (¢) by the half-width of the
diffraction lines. To separate the diffraction
broadening caused by physical and instru-
mental effects we used approximations of
X-ray line by the Cauchy and Gauss func-
tions. Further separation of contributions
from dispersion on CSD and microstrain
was performed by the graphical Williamson-
Hall method. Accordingly it was built the
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graphics in coordinates PcosO/A — (4sinb/A
and (Bcos®/A)2 — (4sinB/A)2, where B — is
physical broadening of X-ray line [19]. Ad-
ditionally microstrain and size of CSD were
determined by the method of approximation
with present of X-ray line as a threefold
convolution [23, 25]:

L__ A Bi-cBy 3)
- COSGI tB?l - B%z ’

. BABs - BB, 4
~ 16tg0,(cBy — tBy)’

where ¢ = tg20,/tg20;; ¢ = cos0y/cosby; By =
V(Bi)Z—(bi)z; 0, and 05 — are diffraction
angles of the pairs of analyzed lines; B;, b;,
Bﬁ — measured, instrumental and physical
broadening of the corresponding X-ray
lines.

3. Results and discussion

Surface images of the condensates depos-
ited during different deposition time are
shown in Fig. 1. Studies have shown that
during the deposition from solution of zine
nitrate, the condensates had poor adhesion
to the glass substrate surface. Growth of
zinc oxide films occurred through formation
of an ordered array of hexagonal nanorods
(Fig. 1a) with thickness (0.2-0.8 um) and
length (2.0-3.5 um). Furthermore obtained
nanorods had different angles to the sub-
strate (t = 60 min). With increasing dura-
tion of deposition to 90 min. (Fig. 1b),
there was an increase in both, thickness
(1.0-1.9 um) and length (4.8-6.7 um) of
the nanorods. Increasing of the deposition
time to 120 min led to the merging gaps
between the nanorods by lamellar crystal-
lites with thickness 0.10-0.16 pm. And
therefore it led to the formation of a con-
tinuous film (Fig. 1c).

After the deposition of the condensates
onto glass substrates with FTO underlayer
from =zinc acetate solution (t = 45 min),
there was a formation of nanoflowers of
ZnO. They consisted of outlets of the
nanorods with hexagonal shape (length 3.7-
4.4 um and thickness of 0.5-0.6 um) ori-
ented at different angles to the substrate.
Additionally, the nanorods were slightly
narrowed to its end (Fig. lc, d).

With increasing of deposition time to
90 min, there took place the growth of the
nanoflowers next layer on the first one
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Fig. 2. XRD patterns of the films obtained
from zinc acetate (a) and zinc nitrate (b) so-
lutions after different duration of deposition.

(Fig. 1g, e). Furthermore the size of the
nanorods, which formed flowers, slightly in-
creased. As it can be seen from Fig. le, the
nanorods were porous. After extending of
duration of the deposition to 120 min, with
formation of the new nanoflowers, there
was a growth of the nanorods bundles, ap-
proximately, same length (6.83-7.5 um) and
thickness (0.6-0.7 um) (Fig. 1h, i).

As a result, growth of the labyrinthine
structure with high surface area to the sub-
strates was occurred onto substrates. It
should be noted that despite its tracery, lay-
ers have high adhesion to the substrate’s
surface. In case of using of zinc acetate as
precursor, the mnanorod’s surface was
smoother than in the case of zinc nitrate
using.

Phase analysis showed (Fig. 2a) that the
samples of zinc oxide obtained from solu-
tion of zinc acetate were single phase in
whole range of the deposition time (1t = 30—
120 min). And in the XRD pattern, the
lines at the angles of 36.65°, 34.83°, 32.16°
were with dominant intensity. They were
identified as reflection of the crystal-

Functional materials, 22, 1, 2015
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lographic planes (101), (002) and (100) of
hexagonal phase of ZnO, respectively. In ad-
dition, there were also registered the reflec-
tions from crystallographic planes of (102),
(110), (103) at the angles of 47.93°, 56.94°,
63.19°.

X-ray patterns from zinc oxide layers
synthesized from zine nitrate solution were
presented in Fig. 2b. Phase analysis showed
that in the spectra the maximal intensity
had reflections from crystallographic planes
(002) of hexagonal phase of ZnO. Also in
the diffractograms we registered fairly in-
tense lines at the angles of 31.65°, 36.13°,
47.52°, that we identified as a reflection of
the planes (100), (101), (102) of wurtzite
phase of zinc oxide, respectively [24].

In addition in the diffractograms of ZnO
layers of small thickness (deposition dura-
tion <90 min) there were present extrane-
ous peaks at the angles of 26.03°, 28.72°,
32.99°, which were identified as reflections
from planes of (311), (020), (021) of
H{oN,O,gZNng [24]. Presence of extraneous
phase may be due to incorporation in the
crystal structure of the condensation prod-
ucts of residual sediment during the chemi-
cal reaction.

It should be noted that the presence of
extraneous phases was not observed in the
samples obtained from zinc acetate solution
as source precursor and annealed in air at
350°C.

Results of the calculation of reverse pole
figures (Fig. 3a, b) showed that the samples
of zinc oxide deposited from zinc nitrate
solution have high (f = 0.45-1.83) growth
texture of [002] (Fig. 3a, inset). While the
samples synthesized using zinc acetate as a
source precursor had worse quality of
growth texture of [002] (f= 0.16-0.27)
(Fig. 3b, inset). These findings are sup-
ported by electron microscopic images of the
samples surface. Furthermore quality of
textures depended on the duration of depo-
sition with slightly varying in the both
cases. It should be noted, that growth tex-
ture [002] is typical when zinc oxide films are
synthesized by chemical bath deposition from
the solutions of zinc nitrate and ammonia
[16], and zinc acetate and ammonia [18].

Table shows the results of the precision
determination of the lattice constants of
synthesized ZnO samples. We showed the
data obtained after the fourth iteration, be-
cause the values of a, ¢ and their ratio c/a
were practically unchanged after fourth it-
eration, indicating about finishing of calcu-
lation procedure. It was found that the lat-
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Fig. 3. Dependencies of pole density and ori-
entation factor (inset) on deposition time of
condensates deposited from zinc nitrate (a)
and zinc acetate (b): 1 — 1 =30 min, 2 —
45 min, 3 — 60 min, 4 — 90 min, 5§ — 120 min.

tice constants of ZnO layers, deposited from
the solution of zinec acetate, were in the
range of a = 0.32488-0.32548 nm, c =
0.52010-0.52083 nm; lattice parameters of
the condensates deposited from the solution
of zinc nitrate were equal to a = 0.32486-
0.32548 nm, ¢ = 0.52064-0.52149 nm. The
analysis showed that obtained values of a
were slightly lower than the reference one
(a = 0.83256 nm); while the values of ¢ were
close to the reference for the solid material
(¢ = 0.5212 nm). The result of the parame-
ters a and c¢ calculations allowed to deter-
mine their ratio and volume of the lattice
cell of ZnO (Table). It was found that in-
creasing of deposition time of the films ob-
tained from a solution of zinc nitrate led to
decrease of ¢/a ratio from 1.6034 to 1.5996,
with following increasing to 1.6027. A simi-
lar tendency was observed for samples de-
posited from the solution of zinc acetate.
Volume of the lattice cell of the material

was equal to V = (0.1428-0.1434)-10727 m3.
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Table. Calculation of the lattice parameters of ZnO condensates

These values were lower in the following
directory for massive material (V =
0.1435-10727 m3).

Dependences of CSD size L(ggg) and level
of microstrain €002) in the direction perpen-
dicular to the atomic planes (002) on the
duration of deposition are shown in Fig. 4.
As it was mentioned above, the results were
obtained using three different approxima-
tions described in methods.

Because values of the substructural pa-
rameters of ZnO determined from threefold
convolution were the most accurate and
close to the real ones; thus we discussed the
results based on it. Calculation of the sub-
structure of synthesized films showed that
the average size of CSD in the condensates
deposited from zinc nitrate solution de-
creased with increasing of the deposition
time from L(OOZ) =42 nm (t ~ 30 min) to
L(OOZ) =26 nm (t~ 120 min) (see Fig. 4a).
For ZnO samples synthesized from zinec ni-
trate solution, we observed a reverse trend:
increasing deposition time led to increase of
CSD size from 29 nm to 33 nm (Fig. 4b).
The authors of [22] obtained slightly larger
values of CSD (L = 55111 nm) using the
Scherrer equation for electrodeposited ZnO
films. Level of microstrain (Fig. 4a, inset)
in ZnO condensates deposited from zinec ni-
trate solution, decreased monotonically with
increasing of deposition time 1t from ¢ ~
3.09:1073 to &~ 0.59:1073. In ZnO conden-
sates obtained from =zinc acetate solution,
values of microstrains (Fig. 4b, inset) in-
creased with increasing deposition time 7t
from €~ 1.21073 to e~ 2.12.1073. At the
same time these values were lower than in
the samples obtained from the solution of
zinec nitrate.
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T, min Zn0O
Zinc acetate Zinc nitrate
a, nm e, nm c/a v-1027, m3| a, nm ¢, nm c/a V-1027, m3,
30 0.32514 | 0.52082 1.6018 0,1430 0.32486 | 0.52087 1.6034 0.1428
45 0.32536 | 0.52115 1.6018 0,1433 0.32534 | 0.52096 1.6013 0.1432
60 0.32548 | 0.52064 1.5996 0,1432 0.32548 | 0.52064 1.5996 0.1433
90 0.32523 | 0.52010 1.5992 0,1429 0.32538 | 0.52145 1.6026 0.1434
120 0.32488 | 0.52083 1.6031 0,1428 0.32538 | 0.52149 1.6027 0.1434
[22] a =0.3256 nm, ¢ = 0.5212 nm, ¢/a = 1.601, V = 0.1485-10727 m3
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Fig. 4. Dependences of CSD size L and mi-
crostrain in crystallographic direction (002)
on deposition time for the samples of ZnO
obtained from =zinc nitrate (a) and zinc ace-
tate (b). Approximation by the Gauss (1) and
Cauchy (2), threefold convolution method (3).

4. Conclusions

In this paper we investigated an influ-
ence of precursor composition on the struc-
tural and substructural characteristics of
zinec oxide condensates synthesized by
chemical bath deposition from zinc nitrate
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and zinc acetate solutions at different depo-
sition duration. It was established that ZnO
films, deposited from zinc nitrate solution,
had poor adhesion to the surface of the
glass substrate; and the growth of the lay-
ers occurred through the formation of an
ordered array of nanorods. The growth of
condensates deposited on FTO substrate
from zinc acetate solution occurred through
formation of ZnO nanoflowers with the high
specific surface area. This layer had a high
adhesion to the substrate surface.

It was found that the samples synthe-
sized from zinc acetate solution after an-
nealing at 350°C were single phase with sta-
ble hexagonal structure. Despite that, there
were registered the presence of extraneous
phase in ZnO films with low thickness, de-
posited from =zinc nitrate solution. ZnO
films obtained from the both solutions
showed the growth texture of [002]. At the
same time, the layers obtained from zinc
nitrate solution had higher quality of
growth texture (f = 0.45-1.83) compared
with the samples deposited using zinc ace-
tate as an initial precursor (f = 0.16-0.27).

Precision values of the lattice parameters of
the material (¢ = 0.32486 nm, ¢ = 0.52087 nm
— for condensates deposited from zinc nitrate
solution; a = 0.32514 nm, ¢ = 0.5208 nm —
deposited from zine acetate solution) showed
that these values were well correlate with ref-
erence one (a = 0.3256 nm, ¢ = 0.5212 nm).

It was shown that the average size of CSD
in the condensates deposited from zine nitrate
solution, decreased with increasingof deposition
time from Lgg =42 nm (t~ 30 min) to
L(po2) = 26 nm (t ~ 120 min), while for ZnO
samples synthesized from zinc nitrate solu-
tion, there was observed the inverse trend:
CSD size increased from 29 nm to 33 nm
with increasing deposition time. Level of
microstrain of ZnO condensates deposited
from zinc nitrate solution decreased mono-
tonically with increasing deposition time 1
from ¢ ~ 8.09-1073 to £ ~ 0.59-1073. In ZnO con-
densates obtained from zinc acetate solution, mi-
crostrain increased with increasing deposition
time T from € ~ 1.2.1078 to ¢ ~ 2.12.1073.

With the help of this research we can
choose the optimal conditions to obtain ZnO
films with controlled structural properties
that can be used as the base layers in mi-
croelectronic devices.
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