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Recently, numerous devices use ZnO nanowires (NWSs) as building blocks, for example, light emitters, pressure and gas
sensors, resonators and many others. However, for integrations of the NWs into such devices, a high level of NW diameter control is
needed. In this work, an opportunity to adjust the NW diameter by using differently doped by Al or Ga seed layers is presented.
Moreover, a change of the doping concentrations allows to optimize the growth temperature. Thus, ultrathin NWs, i.e. with a
diameter of d < 10 nm can be fabricated by using temperature of T = 400°C. This temperature is far below than those typically used
for the fabrication of NWs by pulsed laser deposition.
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Hanonporu 3 ZnO BUKOPUCTOBYIOTBCSI B SIKOCTI KIIFOUOBHX EJIEMEHTIB U PO3POOKH YHMCICHHUX IPHCTPOIB, TAKHX SIK
CBITJIOBUIIPOMIHIOBAa4i, CEHCOPU THUCKY Ta3y, pe30HaTOpH i Oararo iHmmx. [[yns iHTerpamii HAaHOAPOTIB B TaKi MPHCTPOI MOTPiOHA
BHCOKAa TOYHICTH B PErylIIOBaHHI iX niamerpa. Bijgpmr Toro, Temmeparypa 3pOCTAaHHS HAHOJPOTIB Ipa€ KIIOYOBY pONIb UIS iX
inTerpamii. JlaHi mpo OCOOMMBOCTI POCTy HAHOIPOTIB MpU Temmeparypax Hmwkde T = 550 © C i inpopmariis mpo MexaHi3MH ix
3pOCTaHHS OyXe 0OMexeHi. Y mill poOoTi ToBeeHa MOKIIMBICTh PETYIIOBAHHA JiaMeTpa HAaHOAPOTIB 3a JONOMOTOI0 BUKOPHCTaHHS
miaknanok, jgeroBanux Al a6o Ga. BcTaHoBieHO, 10 Bapiallisi KOHICHTpAIll MOMIIIOK B MIiIKIA/INI JO3BOJIE ONTHMI3yBaTH
TEMIIepaTypy 3pOCTaHHA HaHOIPOTiB. [lokazaHO, IO MOXKYTh OYTH BUTOTOBIICHI YIBTPATOHKI HAHOAPOTH 3 AiamerpoM d <10 nm mpu
temneparypi T = 400 ° C. Llg Temneparypa 3HaUHO HWXKYE 3HAUCHHS, SKE 3a3BUYail BUKOPUCTOBYETHCS JJISI 3POCTAHHS HAHOJIPOTIB
METOJIOM IMITyJIbCHO-JIa3€PHOTO OCA/KEHHSI.

Kirouosi cioBa: HaHOTIPOBOIOKH, ZnO, iIMITYJIECHO-TTa3epHE 0CAIKEHHS.

Introduction

Zn0 is a transparent conductive oxide which attracts a
lot of scientific interest in the last years. This material
mostly crystallizes in the hexagonal wurtzite structure by
using an ambient pressure and temperature. In the ZnO
lattice structure each Zn ion is encircled by a tetrahedral
of O ions, and vice-versa which causes a polar symmetry
along the hexagonal axis, i.e. ZnO tends to form c-
oriented structures with Zn-terminated (0001) or O-
terminated (0001) polar faces [1]. The polarity is
responsible for most of 2ZnO properties, e.g.
piezoelectricity and spontaneous polarization [1, 2].
Additionally, a wide bandgap of about 3.37 eV, optical
transparency in the visible spectrum range, large exciton
binding energy of about 60 meV at room temperature [3],
self-grown properties, radiation hardness,
biocompatibility —and  high  melting  point  of
T = 1950°C make the ZnO favorable semiconductor
material for the fabrication of the numerous
nanostructures with further integration of them in
different applications [1,4].

Fabrication of the cylindrical elongated 2ZnO
nanostructures such as nanowires (NWSs) is of a special
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interest in this work. The NWs have a high surface-to-
volume ratio, can be grown dislocation-free and have
many potential applications, e.g. light emitters [5],
electromechanical resonators [6], pressure and 3D
imaging sensors [7,8]. The desired geometry of the NWSs
is determined by the applications. For instance, for the
pressure sensors, thick NWs with a diameter of d > 100
nm are favorable for compression-force application,
whereas thin NWs (d < 100 nm) are interesting to be used
for a bending-force application. Additionally, thin NWs
are desired for gas sensors, since sensing is strongly
depends on the surface-to-volume ration of the
nanostructures. For the ultrathin NWs with a diameter
comparable with a Bohr radius, i.e. d < 10 nm, quantum
confinement effects are expected and these NWs can be
used for a fabrication of qubits [9].

Recently, most of the known growth methods use a
vapor to solid phase transfer with an epitaxial fabrication
of the NWs on the solid substrate. The growth
mechanisms can be splitted into two main groups -
mechanisms which require presence of a catalyst, or a
catalyst-free growth [10]. A catalytic material changes the
melting and evaporation points of ZnO, and supports a



A. Shkurmanov

chemical reaction. However, the main disadvantage of
using a catalyst for the growth process is its diffusion and
incorporation into the NW which can lead to a change of
the material properties, e.g. conductivity, optical
transmission, etc. Obviously, that for a control of
chemical purity of the ZnO NWSs, which can be required
for many of their possible applications, a catalyst-free
growth is desired. However, this desired growth
mechanism is technically challenged for the most known
growth techniques [10,11].

Methods

In order to grow the NWs by a catalyst-free epitaxial
growth, a two-steps fabrication process was used. In the
first step, a planar Al- or rather Ga-doped ZnO seed layers
were fabricated on the a-plane sapphire substrates by
using a conventional low-pressure pulsed laser deposition
(LP PLD) with a growth temperature of about T = 720°C
and oxygen partial pressure of p = 0.01 mbar. These seed
layers have a doping concentration in a range of x =0 -7
at% and a thickness of about 200 nm [12]. For the second
step, a combination of the sapphire substrate with a seed
layer was put into the high-pressure pulsed laser
deposition chamber (HP PLD). For more than a decade,
the high pressure pulsed laser deposition is using for the
NW and other quasi 1-dimensional nanostructure growth
[13]. This growth method is technically simple, allows to
obtain the NWs by a direct transfer of the depositing ZnO
from the vapor to the solid phase without using any
catalyst and chemical reaction [10]. Also, a selective
growth of the nanostructures is possible by using HP PLD
technique [15]. In contrast to the conventional LP PLD
method, the high pressure one exploits an internal gas
flow which support the transfer of the particles from the
target to the substrate, increases a supersaturation of the
ZnO particles over the substrate and thus, leads to the
growth of the quasi 1- or rather 3-dimensional structures
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[10, 11]. The HP PLD growth chamber used for this
research is schematically presented in Fig. 1. The body of
the chamber is made by quartz and the design of the
chamber supports the transfer of the ZnO particles to the
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Fig. 1. Scheme of the high-pressure PLD process (top view)

A pulsed high-power excimer laser beam with a
wavelength of A = 248 nm is focused by a UV lens onto
the ZnO target, which is evaporated, excited and ionized.
The plasma plume propagates with angle of about 30°
towards the substrate’s surface. The argon particles are

mixed with Zn" and O ions, reduce their energy and thus
the ZnO molecules and clusters can be formed during the
transfer to the substrate and be deposited there. After
reaching the surface of the substrate, Ar with an excess of
the ZnO clusters can be removed in the end of the quartz
chamber. Note, that the pressure of the Ar flow is about
150 mbar [13].

However, the most of the reports which use the HP
PLD process show the growth of thick NW arrays with
typical diameter in a range between 60 and 600 nm
[13,15,16,17]. Here, an opportunity to obtain ultrathin
NWs by using a different compositions of the underlying
seed layers will be shown. Moreover, a choice of the seed
layer has a strong impact on the growth temperature
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Fig. 2. Surface roughness (a) and the FWHM of rocking curves (b) of the seed layers as a function of the Al or rather Ga

concentrations
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Fig. 3. SEM images of the growth results obtained on the Al-doped (a) or Ga-doped ZnO seed layers (b) by using different

temperatures. The scale bar corresponds to 1pm

which can be strongly reduced from the typical T =
950°C to T = 400°C. This relatively low growth
temperature can preserve complementary metal-oxide-
semiconductor (CMQOS) structure [18] and thus, ZnO
NWs can be integrated in these technology.

Results
The surface morphology and the crystalline quality of
the obtained seed layers were investigated by atomic force

48

microscopy (AFM) and X-ray diffraction (XRD)
measurements, respectively, since the surface can
influence the NW’s growth [19]. For both types of the
seed layers, a quite smooth surface was obtained, as
shown in Fig. 2a. However, for the Al-doped ZnO seed
layers, a decrease of the average surface roughness from
2.4 to 1.3 nm with increasing Al concentration can be
seen. For the Ga-doped seed layers, there is no clear
behavior of the average surface roughness as a function of
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the doping concentrations and the surface roughness
fluctuates typically between 2.0 and 2.6 nm and only for
the layer doped with x = 3.5 at% of Ga, a reduction of the
surface roughness to R,= 1.3 nm can be observed.

The full width half maximum (FWHM) of the rocking
curves as a function of the Al and Ga doping
concentrations is presented in Fig. 1b. For the undoped
ZnO seed layer, FWHM of about 0.8° is observed. For the
Al-doped seed layers, an increase of the FWHM up to
2.4° for x = 7at% is seen whereas for the Ga doping, there
is no strong dependence on the Ga concentration. In this
case, the FWHM was determined to be in the range of
0.8°-1.0°. The FWHM values are strongly depend on the
grain size [20,21] and their tilting, therefore the sizes and
tilt of the grains for the Ga-doped seed layers are similar,
whereas for the Al-doped layers they increase with
increasing of doping concentration.

Scanning electron microscopy (SEM) images of the
grown nanostructures are shown in Fig. 3. By using an
undoped ZnO seed layer and the high growth temperature
of T =950°C, a low density of vertically oriented NWs is
obtained as expected from the previous results [22,23].
These NWs have a diameter of about 70 nm and an aspect
ratio of about 25. By reducing the growth temperature
down to T=700°C, diameter of the NWs decreases to 16
nm and aspect ratio increases up to 300. However, in
contrast to the NWSs prepared by using the highest growth
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temperature, these NWs are randomly oriented. For the
low temperature growth at T = 400°C, a suppression of
the NWs can be observed, and only very thin and short
NWs with a diameter of 24 nm and aspect ratio of 6 were
obtained.

By using Al- and Ga-doped seed layers, the growth
results are different compared to that one observed for the
undoped ZnO seed layers. In the case of Al-doped layers
and highest growth temperature of T=950°C, a well-
oriented growth of vertically aligned NWs is observed but
only for Al-concentration of x = 3.5 at%. These NWs
have a diameter of about 80 nm and an aspect ratio of 30.
For other doping concentrations, the NW growth is
suppressed and only growth of honeycomb-like structures
is obtained. These honeycomb-like structures were not
observed on the undoped seed layers and are typical for
the growth on the doped seed layers. Interestingly, that
with reduction of the growth temperature to T = 700°C,
NWs were obtained on the seed layer with a concentration
of x = 7 at% only and the growth on the seed layers with
x < 3.5 at% is suppressed. A further reduction of the
growth temperature leads to decrease of the optimum Al
concentration which supports the growth of NWs, i.e. at T
= 600°C NWs are obtained for the doping concentration
of x = 2 and x = 3.5 at%, whereas for T = 400°C, the
growth is observed on the seed layers with x = 1 and
2at%. Note, all NWs are well-oriented vertically, and for

AZO
(b) 4 R
100/ 2 o] A
e A
b A
= A 2
§ 10} N
(7]
<
0 1 2 3 45 6 7
Concentration (at%)
100 O undoped
(d) A 1at%p
o100 A :?sta/i%
© A
5 A &
L1a
(7]
<
1
400 600 800 1000

Temperature (°C)

Fig. 4. NW aspect ratio as a function of the doping concentration (a,b) and growth temperature (c,d) for the Ga-doped (a,c) and

Al-doped seed layers (b,d).
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T = 400°C, NWs are grown as an ultrathin array with a
diameter of d < 7 nm and an aspect ratio of 45. For the
concentrations which does not support the growth of NWs
at given temperature, the growth of a honeycomb-like
structures is observed.

The growth on the Ga-doped seed layers is slightly
different at temperature of T=950°C compared to that one
observed on the Al-doped layers. For this growth
temperature, there are no NWs are observed on the seed
layer doped with x=3.5at%. However, for the doping
concentration of x = 7at%, growth of elongated pyramid-
like structure was obtained. For other concentrations and
growth temperatures, the results are mostly similar to
those ones grown on the Al-doped seed layers. Growth of
ultrathin NWs with a diameter d < 7 nm and an aspect
ratio of about 100 was obtained on the seed layer doped
with x = 1 at% of Ga and by using growth temperature of
T =400°C.

In the work of Kaebisch et al [17], an impact of the Al
dopants in the seed layer on the NW growth process is
observed as well. They attributed this behavior to a
change of the surface polarity from an O-terminated
surface of the undoped ZnO layer to a Zn-terminated one
of the Al-doped layers. In their case, on the doped layers,
the honeycomb-like structures were fabricated instead of
NWs. The observed growth of the honeycomb structure

presented here, would also indicate such a change of the
surface polarity. In order to verify the change, the polarity
of the seed layers were determined by using an etching
method described in Ref. 24. Accordingly to that method,
the seed layers were etched in a diluted HCI acid with a
concentration of 1:100 for 30 s and the etching pattern
indicates a type of the polarity. Note, that for the
mentioned concentration, an etching rate is expected to be
of about 1 nm/s. This experiment revealed that only for
the undoped seed layer as well as for Al-doped layers
with x = 1 at%, an O-terminated surface was found which
manifested itself by a pyramidal etching pattern. Other
seed layers have a crater-like pattern which indicates a
Zn-termination. However, in contrast to the conclusions
made by Kébisch et al., the change of the polarity of the
surface seems to be unlikely for the difference of the
observed growth behaviors since the NWs are able to be
fabricated even on the Zn-terminated surfaces.

A change of the observed NW growth results can be
caused by a variation of the growth mechanism [10,11]
via a change of the free energy, which can be given by:
AF=F, +F;-F, [25]. Here F,,,, F;, and F, represent the free
energy of the depositing material, the interface, and the
surface, respectively. Obviously, the surface roughness
and crystal quality described above, have an impact on the
surface free energy. However, their impact is not

for the Al- and Ga-doped layers in the experiments sufficient in order to change the entire growth
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Fig. 5. The diameter of the NWs as a function of the doping concentration (a,b) and growth temperature (c,d) for the Ga-doped

(a,c) and Al-doped seed layers (b,d).
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mechanism. For example, for the Ga-doped seed layers,
the grain size was determined almost the same, whereas
for the Al-doped ZnO layers, the grain size increases with
increasing Al concentration. However, for both types of
the seed layers, the growth results are observed almost the
same and fabricated NWs have similar diameter and
aspect ratio. This result is in a contradiction to the results
obtained by Ting et al. [26] which conclude that the NW
diameter increases with the grain size. Moreover, neither
an increase of the diameter of the NWs with decreasing of
the surface roughness [19] nor another correlations were
found. Note that a change of the surface roughness and
the grain size caused by the elevated temperature during
the growth process can be excluded since XRD and AFM
measurements performed on the reference samples and
annealed under deposition conditions did not reveal a
sufficient change of the seed layer morphology.

Thus, a sum of the free energy of the depositing
material (i.e. F,,,) and the free energy of the interface of
deposited ZnO (F;) has a strong and significant impact on
the change of the growth mechanism. However, the
experimental determination of these free energies is
technically challenging by using mentioned HP PLD
chamber. For the F,, investigation a mass spectrometer
should be integrated inside the chamber, whereas for the
F; determination, a theoretical model based on the Monte
Carlo simulations is needed [27].

In Fig 4 and 5, aspect ratio and diameter of the grown
NWs as a function of the doping concentration of the seed
layers and the growth temperature are presented
respectively. The aspect ratio of the NWs grown on Ga-
doped ZnO layers decreases with increasing doping
concentration, whereas it decreases with increasing
temperature. At the same time, an increase of the NW
diameter with increasing Ga concentration and growth
temperature is observed. For the growth on the Al-doped
layers, a slightly different situation occurs. Here, the NW
aspect ratio has no behavior as a function of the Al doping
concentration but increases with the growth temperature.

Thereby, the Ga doping of the ZnO seed layer has a
stronger impact on the NW diameter than the doping of
the layers with Al. This effect might be explained by the
larger size of Ga dopants which are probably more
attractive for the deposited ZnO particles, i.e. the particles
remain close to the surface of the seed layer and their
motion toward the NW axis is suppressed. Thus, the
lateral growth rate is enhanced, i.e. the NW diameter
increases, whereas the vertical growth is reduced, i.e. the
NW length decreases. Also, seems that the kinetic energy
of the moving ZnO particles, i.e. particles which were
deposited but not yet crystallized, strongly depends on the
growth temperature. Low Kkinetic energy might be
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responsible for the lateral mobility and the lateral growth
rate of the NWs on the both types of the seed layers.

Conclusions
In order to summarize the work,
conclusions should be made:

1) Al and Ga dopants in the ZnO seed layers have a
significant impact on the NW growth process. They
effect on the surface free energy via surface
morphology, crystal quality of the layers and other
surface parameters and thus can change the growth
mechanism of the NWs.

2) The NWs can be fabricated at T = 400°C. This
temperature is far below the typical PLD-used
temperature, allows to protect metallic contact lines
in the CMOS structure and thus, the NWs can be
integrated into this technology.

3) By using a low-temperature process, a well-oriented
vertical array of ultrathin NWs can be obtained on
the seed layer doped with x = lat% of Al or Ga.
These NWSs have a typical diameter d <10 nm,
which is comparable with a Bohr radius.

following
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