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Effect of FIB-modification of Si(111) surface on GaAs nanowire growth
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Abstract. The paper presents the results of experimental studies of GaAs nanowire growth
on Si(111) substrate with Ga focused ion beam modified arcas with different treatment doses.
We observed a significant difference between the parameters of nanowires arrays formed on
modified and unmodified areas. It is shown that changing the dose of Ga ions from 52 fC/
um? to 1x10* fC/um? allows to form nanowire arrays with a different set of parameters in a
single technological cycle with a high selectivity. The possibility of regulating of the NW length
in the range of 1—6 um, the density in the range of 0—7.8 um=2, the diameter in the range of
28—95 nm and the normally oriented NWs in the range of 5—70 % by focused ion beam have
been experimentally demonstrated. The change of modes and mechanisms of the catalytic
centers formation and the initial stage of GaAs NWs growth were revealed.
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AnHoranusa. B pabGore mnpencraBiieHbl pe3yiabTaThl IKCIEPUMEHTAIbHBIX MCCIICIOBAHUI
pocTa HUTEBJIUSIHUSI MOHHO-JIy4YeBOi 00padoTku moBepxHocTu Si(111) Ha mpoiuecchl pocrta
HUTEBUIHBIX HaHOKpUCTAIIoB GaAs. BBIIBICHO pe3Koe pasinuue MeXIy HHUTCBUIHBIMU
HaHOKpHUCTaZIaMi, c(OPMUPOBAHHBEIMU Ha MOIMMUIIMPOBAHHBIX M HEMOIU(UILIMPOBAHHBIX
yuacTkax momioxku Si. IlokazaHo, 4TO M3MeHEHME [O03bl MMILIAaHTaLuMu HOHOB Ga ¢
52 oKi/mkm? 1o 1x10* pKi/MKM? 03BOJISIET BapbUPOBATh MapaMeTphbl (IVIOTHOCTh, AUAMETP,
JUIMHY U OPMEHTALIMI0O OTHOCUTEIbHO IOMJOXKM) MacCHBa HUTEBUIHBIX HAHOKPUCTAUIOB
B IIMPOKOM JMaIlia3oHe YCJIOBUI B €IWHOM TEXHOJIOTMYeCKOM IukJje. IIpemcTaBiieHbI
OCHOBHBIC 3aKOHOMEPHOCTH, KOTOPBIC OTOOpaKaloT HEJIMHEHHYIO 3aBUCUMOCTH IapaMeTPOB
¢(OPMUPOBAHHBIX CTPYKTYpP OT AO3bI MMILTIAHTAIIMN MOHOB.
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Introduction

III—V nanowires (NWSs) are promising objects for creating various elements and devices in the
fields of photonics, micro- and nanoelectronics, micromechanics and sensors. This is possible due
to the combination of unique electronic, optical and mechanical properties of this nanostructure
type [1]. The creation of devices based on NWs requires the development of technologies for
controlling their main characteristics, such as: length, diameter, shape, chemical composition,
doping type, doping level, and array density [2]. The fabrication of NWs is usually carried out
using the “vapor-liquid-solid” (VLS) mechanism, which makes it possible to control the main
NWs parameters by changing the size and surface arrangement of metal nanodroplets which act
as catalytic centers for further NWs growth.

These changes can be performed using various combinations of epitaxial and lithographic
methods [3]. So, depending on the type of VLS mechanism, electron beam lithography [4],
nanoimprint lithography [5] and the so-called nanospheric lithography [6] are most widely used
for NWs formation with different main characteristics.

Recently, the local ion-beam surface treatment using a Ga focused ion beam (FIB) has been
actively studied as an alternative method for controlling NWs parameters [7—10]. This method
makes it possible minimizing the main drawbacks of the traditional technological approaches
based on the optical lithography operations, chemical wet and plasma etching [11—12].

On the one hand, the focused ion beam method can be used for the formation of holes in
the masking oxide layer (in SiO,/Si structures) with subsequent localization of catalyst droplets
in them [7]. On the other hand, the Ga ion beam and self-catalytic VLS growth can be used for
direct local formation of catalytic centers [8]. In this case, Ga ions implanted into the substrate
by FIB form Ga droplets on the surface during further annealing which promote GaAs NW
catalytic growth [9]. So, this technology makes it possible to effectively control the size, density
and position of the formed metal droplets by changing various technological parameters of the
FIB treatment and pre-growth annealing that thereby largely predetermining the characteristics
of subsequently growing GaAs NWs [10]. At the same time, issues related to the mutual influence
of the main parameters of ion-beam processing and epitaxial synthesis on the key characteristics
of GaAs NWs remain poorly understood. The mechanisms underlying on the FIB-induced NW
growth are also have many questions.

The aim of this work is to study the effect of the Si(111) surface treatment with different Ga
ion doses on the GaAs nanowire growth.

Experiment

FIB treatment of the Si(111) surface was carried out using a Nova NanoLab 600 scanning
electron microscope (SEM) equipped an ion beam system with a Ga ion source. We modified
square areas with a size of 5x5 pum by Ga ion beam at accelerating voltage of 30 kV and beam
current of 30 pA. The dose of Ga ions varied from 52 fC/um? to 1x10* fC/um? by changing the
number of FIB passes. Ga ions are predominantly implanted into the substrate surface under the
used FIB treatment modes. So, surface etching was supressed.
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Self-catalytic GaAs NWs were grown by molecular beam epitaxy (MBE) on a SemiTEq
STE 35. Si(111) samples with FIB-modified surface arecas were preliminarily annealed under
ultrahigh vacuum conditions at a temperature of 600 °C. At this stage, the processes of implanted
Ga ions segregation were initiated to form Ga catalytic centres. In this condition, native Si oxide
masking layer was not removed. It allowed us to simultaneously form GaAs NWs outside the
modified regions. Then, GaAs NWs were grown at the same substrate temperature (600 °C) with
the equivalent GaAs deposition rate and thickness equal to 0.25 ML/s and 200 nm, respectively.
The Ga and As fluxes were preliminarily calibrated by the GaAs growth rate on GaAs(001)
substrates.

The control of the obtained structures morphology was carried out by SEM methods. Analysis
of the geometric parameters of GaAs NWs (length, diameter, density and orientation) based on
SEM images was performed using specialized software SIS Software Scandium.

Results and discussion

An analysis of the obtained SEM images of the Si(111) surface with FIB-modified areas shows
a significant effect of the Ga ion dose on the formation processes and geometric parameters of
GaAs NW arrays (Fig. 1).

Fig. 1. SEM images of modified areas after GaAs nanowires growth for Ga ion dose of 52 fC/um? (a),
260 fC/um? (b), 1x10* fC/um? (¢) and unmodified area (d)

Quantitative analysis of the GaAs NW arrays geometric parameters based on SEM images and
subsequent statistical processing of the obtained data were performed (Fig. 2).

The N'Ws growth is significantly suppressed at the area with an ion dose of 52 fC/um? (Fig. 1, a)
and their density equal to 0.36 um (Fig. 2, a). The NWs density value in this area is almost an
order of magnitude lower than the array density formed on the unmodified surface (2.56 pm-?).
At the same time, Ga droplets array is formed in this area with density of 13.6 pm=.

Increasing the FIB treatment dose leads to a sharp raising the GaAs NWs density (Fig. 1, b).
The peak value of 7.8 um= is reached at the dose of 5.2x103 fC/um?, which then gradually
decreases to 5.76 ym (Fig. 1, ¢). It is also worth noting that the NWs density is more than 2
times higher than their density on the unmodified surface, excluding the data point of minimal
dose value (Fig. 2, a).

The dependences of the GaAs NWs length and diameter on the FIB treatment dose
(Figs. 2, b and 2, c, respectively) are quite similar. Both graphs show a sharp decrease in the NWs
length and diameter with an increase in the ion dose. Starting from a dose of 1.56x103 fC/um?,
the values reach saturation. The N'Ws density in this range has a pronounced tendency to decrease
(Fig. 2, a). We assume that this behaviour may be related to the intensification of the parasitic
growth in the region of high doses (Fig. 1). The maximum value of normally oriented GaAs NWs
is 70 % at a dose of 520 fC/um? (Fig. 2, d). This dependence first increases, and then sharply
decreases (at the dose of 5.2x103 fC/um?) with stabilization at a value in the range 6—10 % (the
reference value is about 50 %).

We assumed that the use of low ion doses should suppress the formation of Ga droplets and
GaAs crystallites on modify area by the following reasons. Ions are predominantly embedded
into the crystal structure of the near-surface substrate layer at low doses regime. At the same
time, the lattice is enriched with ions and the defects generated by them but retains its structure
[13]. The concentration of defects in these areas is relatively low, so crystal structure relaxation
is complicated during annealing. The presence of defects also makes it difficult for the implanted
Ga ions (atoms) to reach the surface. This, in turn, affects the suppression of the catalyst
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Fig. 2. Dependences of density (a), length (b), diameter (c¢) and vertical orientation of NWs (d) on Ga
ion dose (dash lines correspond to values for unmodified areas).

droplets formation from the implanted material. While the expected result should have confirmed
this assumption, this study showed that a high-density array of Ga droplets is formed in the area
with a dose of 52 fC/um? (Fig. 1, a). We believe that the droplets formed at the initial growth
stage from supplied growth components. This is confirmed by the fact that there is almost complete
suppression of directly catalytic growth with the participation of these droplets (Fig. 1, a; 2, a). We
suppose that the reason of this behavior may be related with the NW nucleation stage. This stage
was, apparently, kinetically retarded or extended in time in these areas. This led to the outflow of
material to neighbouring regions, where the initial stage of NW formation proceeded much faster.

Changing the ion dose from 52 to 260 fC/um? is accompanied by an increase in defects
on the modified region. We think that this leads to enhanced of the crystal lattice relaxation
processes at the annealing stage. This causes segregation of embedded Ga ions on the Si substrate
surface and, as consequently, the formation of catalyst droplets [14]. The creation of the metal
component excess on this area leads to an expected increase in the self-catalytic NWs density
(more than 2 times) and GaAs crystallites, respectively (Figs. 1, b; 2, a). The values of NWs
length and diameter decrease to 2.97 um and 58 nm, respectively (Figs. 2, b; 2, ¢). It is also
interesting to note that this area has a maximum fraction of GaAs NWs oriented normally to the
substrate and equal to 70 %.

With a further increase in the dose up to 1x10* fC/um?, the nanowire density changes
insignificantly, while the diameter, length, and number of vertically oriented structures sharply
decrease. We associate this system behaviour with a change in the GaAs NW nucleation mechanism.
The formation of the metal component excess for the catalytic centres creation under conditions
of 100 % coverage of surface with GaAs crystallites is possible only in the following case. We
believe that in the process of epitaxial growth there is an additional uncompensated flow of Ga
atoms due to continued segregation of embedded Ga ions. This assumption is in good agreement
with the results of experimental studies. First, the NW diameter (Fig. 2, c¢) in the studied ion
dose range is more than 2 times below reference values. We attribute this to the fact that the
segregation flow of excess Ga to the surface is quite small. Consequently, the size of the formed
catalytic centres and the diameter of the growing NWs is relatively small. Second, this flow should
decrease with time due to the finite number of embedded Ga ions as can be seen from Fig. 1, c.
GaAs NWs have a pronounced conical shape and a relatively small length (0.91 pm). Third, in
this area the Ga droplets formation happen mainly not on the Si(111) surface, but on various
faces of randomly oriented GaAs crystallites. So, the fraction of GaAs NWs oriented normally to
the substrate decreases sharply and at doses above 1.56x103 fC/um? does not exceed 20 %.
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Conclusion

Thus, the performed experimental studies have shown that the control of different NWs
parameters by the FIB method is possible by varying the implantation dose of Ga+ ions into the
Si(111) substrate. A sharp difference between NWs arrays formed on modified and unmodified
regions of the Si substrate was revealed. It is shown that changing the dose of Ga ions from
52 fC/um? to 1x10* fC/um? makes it possible to control the main NW parameters, such as:
length (1—6 um), density (0—7.8 pm=2), diameter (28—95 nm) and orientation (5—70 %). The
change of modes and mechanisms of the catalytic centres formation and the initial stage of GaAs
NWs growth has been experimentally demonstrated. The possibility of forming GaAs NWs arrays
with significantly different geometric parameters on one sample in a single technological cycle is
experimentally shown.
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