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Growth and characterization of ZnO nanostructured

material
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Linképing University, Department of Physics,Chemistry and Biology,583 81 Linkoping, Sweden

ZnO is a wide band gap (3.37 eV) semiconductor material with a high exciton binding energy (60 meV) at room
temperature, which is a prerequisite for realization of efficient and stable optoelectronic systems. We demonstrated the
APMOCVD growth of nanostructured ZnO material on Si and SiC with advanced emitting properties. The comparison of the
properties of nanostructured polycrystalline layers with spatially disconnected ZnO nanocrystals clearly showed the
advantage of the latter structures. Such structures distinctively luminesce in the UV range of the spectrum due to excitonic
emission, while the contribution of the defect related luminescence is negligible. The significant improvement of the PL

properties can be related to the decreased
structural quality.
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1. Introduction

In recent years, much attention has been focused on
zinc oxide (ZnO) as wide band gap semiconductor
material because of its potential use in optoelectronics,
transparent electronics (TCO), spintronics (DMS with high
Tc) and nanotechnology [1]. Compared to GaN, ZnO is
particularly attractive for UV-Blue light emitting devices
(LED) due to the high exciton binding energy (=60 meV)
at room temperature, which is a prerequisite for realization
of efficient and stable optoelectronic systems [2,3].

ZnO crystals of different forms and morphologies
have been prepared by a number of techniques. Bulk ZnO
crystals can be obtained via hydrothermal growth (HG)
[4]. Thin ZnO films have been prepared by molecular
beam epitaxy (MBE) [5], atomic layer deposition (ALD)
[6], pulsed laser deposition (PLD) [7], chemical vapor
deposition (CVD) [8] combined with metalorganic
precursors (MOCVD) [9] or enhanced by plasma
discharge (PECVD) [10], radio-frequency and direct
current magnetron sputtering (RF and DC MS
respectively) [11,12], etc. ZnO nanostructures have been
fabricated by similar techniques via catalyst assisted
vapor-liquid-solid (VLS) growth mechanism or direct
vapor - solid mode [13-16]. Each technique has its
advantages as well as disadvantages - therefore there is
always a compromise between the technique simplicity
and material quality, scalability and production costs, etc.

Since optical and electronic properties are highly
sensitive to the crystalline quality of ZnO films, the choice
of the substrate material has to be considered as well. Most
of the substrate materials that are used today for ZnO
growth (ScAIMgO, [17], SiC, ALO;, ZnO) are,
unfortunately, either too expensive or low scalable. Silicon
substrates are cheap, technologically convenient and
scalable, but the lattice and thermal expansion coefficient

mismatches are large for high quality ZnO growth [18,
19]. Thus, obtaining a high quality ZnO material on Si
substrates is a challenging task. Furthermore, the
development of simple and reliable Si integrated technique
for deposition of device grade ZnO, matching
optoelectronics requirements is of great importance.

There remain still some issues to be solved before the
full commercialization of ZnO devices. First of all until
now there are no reliable methods for p-type ZnO growth,
although recently some groups have reported promising
results [20-22]. Another difficulty is to obtain an efficient
highly intensive luminescence from ZnO in the short
wavelength range. Having a band gap of 3.37 eV, ZnO
should emit in the range of 366 - 380 nm (A-UV
radiation). Usually the emission spectra of ZnO consist of
two luminescence bands: a narrow UV near band edge
(NBE) excitonic emission and a broad deep level emission
(DLE), so called “green” luminescence [23, 24]. The
origin of DLE is still under debate but it is most probably
related to Zn atoms as interstitials (Zn;) and/or oxygen
vacancies (V,) [25]. Since for the application in
optoelectronics a high emitting ability together with
spectral purity of material is required, the above-
mentioned problems should be solved. In a previous study
[26] we have shown that in-situ hydrogen incorporation
during growth of nanostructured ZnO films on Si results in
suppression of DLE and an overall improvement of the
emitting ability.

In the present paper we demonstrate an improvement
of the luminescence properties for the case of nanosized
ZnO crystals on Si and SiC. C-axis oriented nanopillars
were grown on Si via self-assembled seeding layer while
deposition on SiC resulted in epitaxially grown well
defined hexagonal nanocrystals.
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2. Experimental
2.1 Sample preparation

ZnO samples were prepared by atmospheric pressure
metalorganic chemical vapor deposition (APMOCVD) in a
experimental setup sketched in Fig. 1. Zn acetylacetonates
(Zn(AA),) and oxygen were used as precursors [27]. The
setup consisted of a reaction chamber, subjected to a
multi-zone heating (T1, T2, T3), evaporator of Zn
precursors and argon/oxygen inlets, equipped with gas
flow meters. The substrate is located perpendicularly to
the reagents flow in the T3 temperature zone. Ar gas flow
transports the vapor of thermally decomposed Zn
precursor to the reaction zone, where due to mixing with
oxygen, the ZnO deposits onto the substrate. The main
technological parameters to be controlled are: substrate
temperature (T; = T3), oxygen flow rate (Qop),
temperature of Zn precursor evaporation (Ty,), argon flow
rate (Q4,) and time of growth (t).

Fig. 1. Schematics of the APMOCVD setup for ZnO

nanostructured material deposition. 1 — low temperature

zone for Zn precursor evaporation; 2 — reaction zone;
3 — substrate;

A set of samples was prepared on Si (100) at substrate
temperature ranging 350 — 500 °C. The estimated layer
thickness was 200 — 250 nm. Also, a sample at a variable
growth rate was prepared at Ts = 500 °C in a two-step
procedure, allowing deposition of a continuous ZnO layer
(seeding layer) followed by discontinuous nanostructures
growth. Additionally, ZnO was grown on a p-type SiC
substrate, which exhibits low mismatch and enables
formation of p-n junction. All the samples prepared are
listed in Table 1.

2.2 Characterization techniques

Scanning electron microscopy (SEM) was used to
reveal the morphology and microstructure of the grown
material (Leo 1550 Gemini SEM). The structural
properties of the samples were measured by x-ray
diffraction (XRD) using a Siemens D5000 difractometer,
utilizing Cu-Ko radiation (A = 0.1542 nm). From the
perspective  of future applications the micro-
photoluminescence measurements were carried out at
room temperature with the frequency doubled Nd:YVO 4
laser as continuous wave excitation source, giving the
wavelength A = 266 nm. The laser was focused onto the
sample with a reflecting microscope objective. The
emitted luminescence was collected by the same objective
and mirrored into a single grating 0.45 m monochromator
equipped with a liquid nitrogen cooled Si-CCD camera
with a spectral resolution of about 0.1 meV. The
dimensions of the excited area was around 10 pm in
diameter providing the excitation density 2 - 400 W/em'-

Table 1. List of samples, prepared by APMOCYVD and the main deposition parameters. NPs — nanopillars, HEX — hexagonal

nanocrystals.
# Qo>
TS; Tan QAV 1,

Sample °C (scem) °C (sccm) min
1 Zn0/Si/350 350 50 160 200 10
2 Zn0Q/Si/450 450 50 160 200 10
3 Zn0/Si/500 500 50 160 200 10
4 Zn0/Si/500 (NPs) 500 50 160-120 200 10
5 Zn0O/SiC/500 (HEX) 500 50 120 200 10

3. Results and discussion

ZnO deposited of Si (samples 1-3) were found to be
the layers of polycrystalline nature, consisting of
nanosized grains. For sample 1, deposited at Ts = 350 °C,
the grains are of smaller size — comparing to those
deposited at 450 and 500 °C. Also, the uniformity of grain
size is poor — the grains of different size are present. The
samples, deposited at 450 and 500 °C display rather
similar microstructure: the polycrystalline grains are well
shaped and more uniform in size. However, still some

randomly distributed big grains are present (Fig. 2a-c).
The two-step deposition on Si substrate resulted in growth
of thin (about 100 nm) polycrystalline layer of ZnO, with a
tiny elongated pillar on the top of each grain (Fig. 2d). The
ZnO NPs are of similar diameter (=35 nm) and length
(=150 nm) and are uniformly distributed over the surface.
The obtained structures resulted from the two-step growth:
at the first stage, at high reagents flow the polycrystalline
seeding layer was formed. At the second stage, a small
flow of reagents was introduced and at sufficient
temperature it has a high migration ability to form the
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structure of minimal surface energy. Thus, the ZnO
nanopillars (ZnO NPs) growth was realized. The growth of
ZnO on SiC substrate at lower reagents flow resulted in
the growth of hexagonally shaped ZnO crystals (ZnO
HEX) with lateral size = 280 nm and height = 200 nm
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(Fig. 2e). The obtained structures were epitaxially grown
and the c-axis of ZnO coincides with the c-axis of the SiC.
The ZnO HEX tend to coalesce eventually forming a
continuous layer (Fig. 2f)
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Fig. 2. SEM images (top view) of ZnO, deposited on Si substrates at a — 350, b - 450, ¢ - 500 °C, d — ZnO nanopillars (top view
and cross-section inset); e- ZnO HEX on SiC; f— ZnO HEX coalescence. The stripes represent steps on the SiC surface, which
are decorated by ZnO deposit.

XRD spectra for the samples 1-3 are presented in Fig. 3a.

We have investigated the influence of deposition
The XRD data confirm the polycrystalline nature of the

temperature on the crystal structure of ZnO/Si. The 0-20
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films, showing the main reflections characteristic of ZnO
wurtzite structure. With increase of the deposition
temperature the XRD spectra become more developed:
while for ZnO/Si deposited at 350 °C only the (002) peak
of low intensity is present, for the sample deposited at 500
°C additional peaks appear — (100) and (101). This result is
in agreement with the SEM observations.
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Fig. 3 a) The 6-20 XRD spectra of ZnO, deposited on Si
substrates at 1 — 350, 2 - 450, 3 - 500 °C; b) The 6-20 XRD
spectra of ZnO NPs and ZnO HEX.

We explain the data obtained as following: at lower
temperature of growth the surface mobility of atoms,
adatoms and clusters is low and the species, reaching the
substrate “freezing” and thus the obtained structure is
polycrystalline with small grains. At increased
temperatures (450-500 °C) the surface mobility of species
to be deposited is higher and they are more able to find the
most favorable place on the substrate surface, thus creating
the well-shaped large crystallites that are textured to the
substrate plane. The texture coefficient increases with
increasing the deposition temperature (see Table 2.) The
texture is formed due to self-textured growth — at the
initial stage the grains with different orientations are
formed, and then via competitive growth the grains,
having the lowest surface free energy dominate [28]. Since
the surface energy of (002) crystal plane is lowest
calculated for ZnO [29], the grown films are textured with
their c-axis perpendicular to the substrate plane

The XRD spectra of ZnO nanopillars (ZnO NPs)
display peaks at (002), (103), (112) (Fig. 3b). We suggest,
that the (002) reflection is mostly from the top part of the
sample ZnO NPs, which are the elongated crystallites with
their c-axis oriented perpendicular to the substrate.
Probably, the (103) and (112) reflections come from the
seeding layer. A unique feature of such structure is its fine
size together with well ordering, uniformity and density.
Moreover, the preparation of such structure without any
catalyst is extremely prospective. The ZnO hexagons
(ZnO HEX) are of high structural quality (see Fig. 3b): the
commonly observed 002 peak has the second order
reflection (004), what is characteristic of high quality
crystalline materials and proves the single crystalline
nature of ZnO HEX.

From the detailed analysis of the XRD data we have
calculated the values of interplanar spacing c-lattice
constant, strains and stress and texture coefficient for all
the samples (Table 2).

Table 2. Data of XRD analysis for ZnO deposited on Si and SiC: peak position (20) of (002) reflection, interplanar spacing d, c-lattice
constant, strain ¢, stress G and (002) texture coefficient TC. All the data were calculated according to [30-37]. The standard value of c-

lattice constant ZnO = 5.207 4 [38].

Sample/Substrate/Growth 2602, d, ¢, A s, 10° G, TC
temperature (°C) deg. A Gpa
Zn0/Si/350 34.41 2.6049 5.2098 -0.59 +0.1420 1.01
7Zn0/Si/450 34.49 2.5992 5.1984 -1.159 +0.3692 1.67
Zn0/Si/500 34.51 2.5975 5.1950 -2.24 +0.5195 2.09
Zn0/Si/500 (NPs) 34.55 2.5948 5.1896 -3.25 +0.7611 2.2
Zn0/SiC/500 (HEX) 34.60 2.5902 5.1805 -5.03 +1.1710 2.32
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It is evident that the c-lattice constant for all studied
samples is less then the standard value for ZnO. We
believe that this is due to the lattice and thermal expansion
coefficient (TEC) mismatches. For ZnO in plane lattice
constant a = 3.252 A and for cubic Si a=5.43 A. The TEC
of ZnO is 6.51x10%/K and for Si TEC = 3.52 x10/K.
Both factors influence and increase the value the a-lattice
constant, resulting in tensile strain. Since the a-constant
increased, the c-constant decreased. This observation is
also in agreement with the decrease of c-lattice constant
with growth temperature increase. From the Table 2 it
follows that growth at higher temperatures causes larger
strain and deformation of the ZnO grown on Si. Similar
tendency is observed in the ZnO NPs sample, though with
higher absolute values of the discussed parameters. Most
probably, this is related to the dominant contribution from
the seeding layer. The highest values of strain and stress
were observed in the ZnO HEX. Because of the singly
crystal nature of the hexagons and epitaxial relation with
the substrate, they accumulate strain. While for
polycrystalline structures the strains can partially release
due to grain boundaries.
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Fig. 4. RT PL spectra of ZnO/Si: 1- Ts = 350 °C; 2 — Ts
=450 °C; 3 - Ts = 500 °C. The sharp similar lines
centered at 543 and 611 nm are due to background
signal. Spectra are vertically shifted for better
visualization. The inset represents the same spectra in

Besides the hexagonal shape of ZnO HEX, which
reflects the ZnO crystal symmetry, we have obtained
indications from the XRD measurements that the hexagons
are epitaxially grown single crystals. Since the SiC
substrates are 8° miscut from [0001], a signal from ZnO
was obtained only after tilting the sample correspondingly.
Also, we observed a possibility to assemble the single ZnO
HEX’s in two-dimensional layer (Fig. 2i). This feature is a
good prerequisite for growth of growth of single crystal
ZnO films on SiC by boundary-free coalescence of well-
oriented hexagonal crystallites.

We investigated the room temperature
photoluminescence (PL) properties of the samples
prepared. The RT PL spectra of ZnO deposited on Si at
different temperatures are presented in Fig. 4.

All the spectra contain a sharp peak of the near band
edge emission due to band-to-band transitions with
maximum at 376 nm. Due to the broad defect emission, in
the range 480 — 700 nm, it is difficult to identify the
reasons causing it. With increase of the growth
temperature the emitting ability of ZnO improves: the
intensity of NBE emission increases monotonously, what
can be due to a decreased concentration of non-radiative
recombination centers as expected at high growth
temperatures [23]. At the same time, the DLE intensity
changes slightly. Due to the fact that at the present case
growth occurred at O-rich conditions, the probability of
oxygen vacancy presence is rather small. However, the
growth temperature increase intensifies the growth rate,
what can cause more intrinsic defects to appear at higher
growth temperatures. In order to evaluate the contributions
of NBE and DL emissions, we introduce a “figure of
merit”, defined as S = I,ngey InpLe), Where Lyngg) is the
integral spectral intensity of the NBE emission peak and
IyoLg) is the integral spectral intensity of the DLE peak.
For the samples without obvious visible luminescence,
IyoLe) Was calculated as the area of the background signal
in the range 450620 nm. Based on the figure of merit
data, we may estimate the attraction of the grown material
for optoelectronics. The summarized data deduced from

log scale. the PL spectra are presented in Table 3.
Table 3. The data of RT PL of ZnO on Si and SiC.

Sample/ NBE DLE S,
Substrate/Growth Ly A, nm FWHM, L A, nm FWHM, a,u.
temperature (°C) nm nm

Zn0/Si/350 124158 377.1 15.0 120557 611.8 71.7 1.02
Zn0/Si/450 301864 3717.5 14.5 160261 656.3 115.8 1.88
Zn0/S1/500 516892 376.5. 13.3 182814 610.9 91.5 2.82
Zn0/Si/500 (NPs) 1733984 376.8 11.2 76387 --- - 22.7
ZnO/SiC/500 (HEX) 228276 376.9 12.8 43071 --- - 53
The ZnO nanostructures demonstrated advanced strong and narrow NBE PL, the ZnO NPs possess some

optical properties - high figure of merit: S = 22.7 for ZnO
NPs and 5.3 for ZnO HEX. However, together with the

defect related luminescence (Fig. 5). We assume, that most
of DLE signal comes from the polycrystalline seeding



2974 V. Khranovskyy, G. R. Yazdi, A. Larson, S. Hussain, P-O. Holtz, R. Yakimova

layer, while the intense NBE emission comes from the
high quality ZnO NPs. Unfortunately, due to the tiny
dimensions and high density of ZnO NPs is was not
possible to determine the contribution of the seeding layer
and NPs solely. In order to estimate the uniformity of the
PL signal a mapping of the ZnO surface with a spot size
10 x 10 um was performed. For ZnO NPs the PL character
and intensity were similar and perfectly uniform PL signal
was observed. For ZnO HEX the PL character was similar,
but the NBE intensity varied locally on different places of
the sample, depending on the ZnO HEX density. It
confirms that the photoluminescence observed comes from
the hexagonal zinc oxide crystals.

In order to investigate the nature of luminescence of
ZnO NPs and ZnO HEX we plotted the intensity of the
NBE emission versus the excitation power (Ixgg = f(Pexc))-
The excitation power was changed from 2 to 400 W/cm®
and the incident energy was focused on an area about 100

pm?,

Equation:
y=a'x'b
HEX:
a 1321902 410358121
b 135013 013223
NANO:

157.40695 £70.67071
b 1.27949 £0.07588
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Fig. 5. RT PL spectra of ZnO NPs and ZnO HEX; inset is the
excitation power dependence Ingr = f(P,.) for ZnO NPs and
ZnO HEX.

By fitting the obtained experimental data by power
function T = P, we extracted the power index k. For the

ZnO NPs k value was found to be 1.27, while for HEX &
equals 1.35. According to the model proposed by Schmidt
[39] the observed luminescence is due to free and/or
bound exciton emission. The photoluminescence data
obtained demonstrate the potential of the prepared ZnO
materials for such optoelectronic applications as light
emitting devices and laser diodes.

4. Conclusions

ZnO polycrystalline layers consisting of nanosized
crystallites can be grown by APMOCVD in a temperature

range 350 — 500 °C on bare Si substrates. All the as-grown
nanostructured layers exhibit relatively low NBE emission
and a broad “green-yellow” defect luminescence.
Changing the morphology from nanostructured layers to
spatially disconnected single nanocrystals (NPs, and HEX)
leads to a significant improvement of the
photoluminescence properties. The intensity of the NBE
emission increases significantly, due to decreasing of the
non-radiative recombination centers in the high structural
quality nanocrystallites. The observed luminescence is of
excitonic nature due to free and bound excitonic emission.
We have elaborated a growth process for catalyst free
fabrication of uniformly and densely distributed ZnO NPs
on silicon substrates by using of ZnO seeding layer.
Demonstrated epitaxial growth of ZnO single crystals on
p-type SiC opens a possibility for processing of high-
quality hetero p-n junction. The observed coalescence of
ZnO HEX suggests a route toward ZnO epitaxial layer
growth on foreign substrates.
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