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Abstract. In this paper, the design and elaboration of a cost-effective technological process
for the fabrication of the platform for the study of flexoelectric properties of GaN
microtubes with the diameter of 2 - 5 um and the thickness of the microtube walls of 50 nm
is proposed. The impact of the design as well as the electrochemical etching parameters
(applied voltage, duration of anodization) on the obtained channel dimensions is
investigated. The proposed technological route implies electrochemical etching of n-InP
semiconductor crystal in an environmentally friendly electrolyte at high etch rate. The
technological process was optimized experimentally. It was proposed to introduce a
perpendicular channel in which the microtube will be placed to reach a higher stability on
the platform during the measurements.

Keywords: investigation chip, anodization, flexoelectricity, isotropic etching, neutral electrolyte,
high etch rate, porous InP.

Introduction

In nature there are several types of effects that represent an influence of two
phenomena, such as the influence of the magnetic field on a conductor or semiconductor
through which electric current flows and as a result the trajectory of the charge carriers
changes or uneven heating occurs, depending on the induction magnetic vector (Hall effect
and Nernst effect respectively). In addition to these, other effects were discovered,
including piezoelectricity, and later flexoelectricity.

Piezoelectricity is an electromechanical effect that consists in applying a uniform
mechanical stress to the polarizing sample. This effect was firstly observed in 1880 by
Jacques and Pierre Curie when they applied pressure to a quartz crystal and it accumulated
electric charge. It should be mentioned that this effect manifests itself in two ways: directly
- when applying mechanical stress, the sample/crystal is polarized, and in the opposite way
- when applying an electric potential lead to deformation. The materials in which this
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mechanism manifests are called piezomaterials and they can be: crystals, ceramics,
biological matter, such as bones, DNA and various proteins.

The flexoelectric effect (from the Latin “flexura” - bending) refers to the appearance
of electrical polarization in bodies during bending or any other type of non-uniform
deformation. This phenomenon is quite common, because, unlike piezoelectricity, it does
not imply symmetry restrictions on the choice of material, as long as it is dielectric.
Flexoelectricity is observed not only in solids [1 - 3], but also in polymers [4, 5], liquid
crystals [6], and biological tissues [7 - 9]. Unfortunately, electric polarization comparable to
that obtained at piezoelectric effect cannot be obtained: it is not so easy to create the
required gradients of mechanical stress in crystals, and flexible polymers have three orders
of magnitude lower values of the flexoelectric effect.

To date, scientifically has been proven that piezoelectricity can exist in 20 out of 32
crystal symmetry classes. At the same time, materials that are able to create electric fields
at bending, can belong to absolutely any class of symmetry [10 - 12]. Through slight
stretching, the bending of the crystal lattice makes each atomic layer differ from the
previous one. Such differences give rise to some changes regarding the placement of ions in
the crystal lattice. As a result of such changes, an electric field arises. Due to the fact that
intrinsic flexoelectric coefficients tend to be small [13], large deformations are required to
achieve substantial flexoelectric responses. Nevertheless, the most increased
manifestations of flexoelectricity tend to be found at the nanoscale, where large gradients
can be easier achieved [14 - 17].

Nowadays, Si is the most used and popular semiconductor material due to its low
cost and availability. Silicon is used for the fabrication of advanced semiconductor
structures and devices for micromechanics, optoelectronics and microelectronics. Wet
chemical etching in combination with photolithography is a basic process used for spatial
shaping of the crystal. The phenomenon of anisotropic wet chemical etching in alkaline
solutions has been widely reported in the literature [18 - 22].

However, during the last two decades it was demonstrated that electrochemistry
represents not only a cost-effective approach for nanostructuring of semiconductor crystals
at high etch rate, but also an environmentally friendly tool due to controlled anodization in
salty water [23 - 26]. The purpose of this work is to elaborate a technological platform via
an alternative approach based on electrochemical etching in NaCl electrolyte of
semiconductor compounds (InP in our case) suitable for flexoelectric investigation of
semiconductor microtubes with the wall thickness about several tens of nanometers.

The technological process and materials

In this study crystalline 500-um thick (100)-oriented substrates of sulfur doped n-InP
with the free electron concentration of 1.2x10! cm™ were used. The samples were supplied
by CrysTec GmbH, Germany. The wafers were cleaned by sonication in acetone for 15 min
with subsequent washing in distilled water and drying. The native oxide was removed from
the surface by dipping the sample in HCl/H,O solution with ratio (1:3) for 2 min. Before the
anodization process, conventional photolithography was used to open windows in
photoresist covering the top surface of samples. The sample was subjected to the
photolithography process, using a positive photoresist (FR) and a strip-shaped mask with a
width of 110 um as well as a space between them of 35 pm. Then the areas not covered
with photoresist were subjected to electrochemical etching. The sample with the electrical
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contact prepared with silver paste was pressed against an O-ring in a Teflon cell, as shown
in Fig. 1, and the surface of 0.2 cm?area was exposed to the applied voltage of 5V for 1 min
in 3.5 M NaCl or 5% HCl electrolyte. The anodization was performed in potentiostatic
regime at room temperature (T = 25 °C) in three electrode configurations with a Pt mesh
with the surface area of 6 cm? acting as counterelectrode (CE), a saturated Ag/AgCl
reference electrode (RE) and the sample as working electrode (WE). The potentiostat was
fully controlled via PC unit. The steering of the electrolyte was provided by Teflon agitator
connected to the motor. The rotation speed of 150 r-mint was controlled by applied
potential from an external power supply to the motor. The purpose of this step was to
create a porous structure with pores large enough to easily destroy the walls between them
and to obtain the desired channel. To remove the formed porous regions, the sample was
held in HCl:HsPO. solution with a ratio of 1:1 for 20 seconds. The morphology of the
anodized InP samples was investigated using TESCAN Vega TS 5130 MM scanning electron
microscope (SEM).

Power supply Potentiostat
" _ RE CE WE
Qo Q @ &
Motor
NaCl
electrolyte
Agitator L,
Screw

Copper plate n-type InP  O-ring
crystal

Silver paste

Figure 1. Schematic representation of the electrochemical etching setup.

Optimization of the platform design and technological approach

It is obvious that when force is applied over the sample placed on a flat platform, as
is shown in Figure 2a, we will not be able to extract any electrical signal due to the
difficulty of creating a mechanical stain gradient and it is not excluded the risk to destroy
the wall of the investigated microtube having thickness about 30-50 nm. Therefore, it is
necessary to create a space in the platform under the microtube in order to be able to bend
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the sample when a force is applied. It is proposed to form a channel under the investigated
microtube, as is shown in Figure 2b. The desired channel can be introduced by anisotropic
chemical etching of Si substrates with crystallographic orientation (100). Thus, according to
Figure 2c, when the mechanical stress is applied, the GaN microtube will have enough
space underneath for deformation. However, it should be noted that the given configuration
of the “V” type channel is not perfect because the angle formed between the <111>
direction with the surface of the platform is an angle of 135 degrees, which could prevent
the free deformation of the microtube.

In connection with this, it is proposed to modify the cross-section of the channel
from ,V” shape to semicircle ,C”, as is shown in Figure 2d, e. The given configuration of the
channel will expose as high angle as to allow bending of the microtube without any
impediments.

Force
(a) .
/ GaN microtube

0] (0]

isolating substrate

(b) (d)

0] 0] 0] 0]

90 gr.
e U )
/:!D

(c) l l (e)
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Figure 2. Schematic representation of the application of mechanical stress to a tubular
sample. The cross-section of the substrate developed with a “V” shaped channel (b, c) and
the optimized version with a semicircle “C” channel (d, e).

Both shapes of the channels could be obtained via anisotropic and isotropic wet
etching of Si crystals for the V-type channel and semicircle C-type channel respectively [3].
In the anisotropic etching, the etch rate is different for different crystallographic
orientations, while isotropic etching is characterized by the same etch rate in all directions.
Besides this, acidic and alkaline wet etching have different etch rates that define the
anisotropy of the etching. The etch rate of alkaline solutions are generally lower than the
etch rates in acidic etching solutions. One important particularity of the anisotropic etching
is that alkaline etch processes are often performed at high temperatures (70-80 °C)
reaching an etch rate of 1-2 um-min. The etch rate can be increased to 2-4 ym-min by
increasing the concentration of the etchant solution, but the etch mechanism becomes
more isotropic. At the same time, acidic etching is performed at low temperatures (6-20 °C)
and is normally isotropic reaching etch rates up to 5 ym/min at 6-10 °C. Taking into
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account that usually a KOH based electrolyte is used for anisotropic etching of Si, the
inherent low etch rate and elevated temperature of the electrolyte leads to the attack of the
photoresist protective layer on the crystal surface.

The could serve as an alternative approach electrochemical etching of
semiconductor crystals. It is known that electrochemical etching is a cost-effective process
and has a high etch rate [23]. Based on this, it is proposed to form a porous layer in the
regions not covered by the photoresist (channel region), then the process is followed by
dissolution of formed porous layer in concentrated HCL:HsPO4 electrolyte, as it is described
in the experimental section. Then, a dielectric layer from SiO; or SizN4 is deposited on the
developed platform to provide short circuit protection of the investigated microtube.

It is known that positioning of the micro-nanoobjects exactly on the channel is
challenging. To solve this problem, the optimization of the mask design was proposed. It is
proposed to create an array of parallel channels rather than an individual channel. The
schematic representation of the main technological step is presented in Figure 3.

(a) Opened windows in the photoresist (b) pum
exposed to electrochemical etching —

n-InP substrate Photoresist

Figure 3. (a) Schematic representation of the “C” channl formation via anodizaion of

the semiconductor substrate through opened window in the photoresist. (b) Optical

image of developed photoresist after exposure with UV light. The image is from InP
surface.

The choice of the electrolyte.

Usually, the pores in semiconductors are introduced via electrochemical dissolution
of materials in electrolytes containing acids such as HF, HCL, H,SO4, HNOs etc. or in alkaline
electrolytes. The nature of the electrolyte and its concentration have a strong influence on
the morphology of porous layers produced via anodization process.

In the last decade, to make the process of nanofabrication based on electrochemical
etching broadly accessible and environmentally friendly, a part of research was focused on
nanostructuring in neutral electrolytes. It was proposed and demonstrated using a neutral
electrolyte based on an aqueous solution of NaCl instead of commonly used aggressive
acids or alkaline electrolytes for the purpose of electrochemical nanostructuring of GaAs
and CdSe substrates [24]. Subsequently formation of uniform porous layers and of porous
InP membranes was realized for various applications, e.g. nonlithographic manufacturing of
semiconductor nanotemplates for the deposition of metal nanotubes [25], and the
development of gas sensors was demonstrated [26]. Recently, different porous
morphologies produced by anodization in depth of a HVPE-grown GaN substrates with
respect to the N- or Ga-face were reported [27].

The results of porosification in neutral electrolyte of IlI-V and 1I-VI semiconductor
compounds have been reported recently [23].
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Results and discussions

In order to make more channels on the surface of the semiconductor crystal and to
investigate the impact of the width of opened regions upon the final distance between the
channels in the manufacturing process of the platform, photolithographic masks in the form
of strips with a width of 35 ym up to 110 um, as well as the space between the strips of 35
um were used (see Figure 3b). This study is motivated by the fact that electrochemical
etching starts from the surface unprotected by photoresist (opened windows in photoresist),
but once the pores grow with the time (ti), their direction of growth is directed also
sideways. Thus, the channel width will be defined not only by the width of the space
between the photoresist strips, but also by the electrochemical etching duration, as is
shown in Figure 4 for porous region 1. However, with increasing of anodization time up to
t,, pores in neighboring porous regions 1 meet each other forming an alternating porous

layer.
Electrochemical etching
trough opened windows
in the ph0t01 esist
FR v FR

4 /////// //////////////////%
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o \\\ i

-~ B

L

porous region 2
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Figure 4. Schematic representation of the time evolution of porous layer in depth and
under the protected by photoresist regions.

The evolution of the thickness of produced porous layer during anodization is
presented in Figure 5. For the purpose of comparison, and to demonstrate that anodization
in neutral electrolyte is feasible, the electrochemical etching was performed in two
electrolytes, namely HCL and NaCl. It can be seen, that the results of electrochemical
etching in NaCl are not much inferior those inherent to etching in HCL From the
morphological point of view, the NaCl electrolyte provides conditions for the growth of
crystallographically oriented pores al low applied current densities, passing in arrays of
parallel pores in n-InP consisting of current line-oriented pores at higher current densities.
It was established that the morphology and the mechanism of pore formation are the same
as in the case of anodic etching in HCL electrolyte. Thus, an environmentally-friendly
electrolyte based on aqueous solution of NaCl can be used for further exploration of pore
formation in InP.

As concern the etch rate, one can see from Figure 5 that it sharply decreases with the
duration of anodization. This behavior is quite normal for electrochemical etching and can
be explained by difficulties in penetrating of the fresh electrolyte from the surface-
electrolyte interface area into pores with diameter of 80 nm. Notwithstanding this, the etch
rate is much higher e.g. 32 um-min for electrochemical etching compared with 4 yum-min!
in the case of chemical etching.

Journal of Engineering Science December, 2020, Vol. XXVII (4)



Elaboration of the platform for flexoelectric investigation of GaN microtubes 51

As was mentioned above, an important technological step consists in optimization of
the anodization time for the purpose to stop the electrochemical etching after formation of
the porous region 1, see Figure 4.
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Figure 5. Evolution of thickness of porous layer and etch rate of anodized InP crystal in
NaCl and HCL electrolyte.

Figure 6a illustrates a SEM image in cross-section and tilted of formed porous
channel after 1 min of anodization in NaCl electrolyte.

Figure 6. SEM images of the n-InP semiconductor substrate: (a) - after electrochemical
etching in NaCl electrolyte for 1 min through opened windows in the photoresist; (b) -
the semicircular channel obtained after chemical removal of the porous layer from (a); (c)
- array of formed parallel channels on the same chip; (d) - after electrochemical etching
for 2 min and chemical removal of the porous layer.
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It was established that, as a result of anodization through photolithographic mask
with strip width of 110 um and the distance between them of 35 ym for duration of 1 min,
followed by chemical dissolution of formed porous channel, we obtained a channel with the
thickness of 32 um and width of 67 ym, as is shown in Figure 6b.

The width of the formed channel is more than 2 times larger than the width of the
initial space between the strips. Respectively, between 2 consecutive channels are not 110
um, but 77 um. Formation of parallel array of channels on the chip, as is presented in Figure
6¢, will allow easier positioning of microtubes on the channel.

Usually, large quantities of micrometer-long nanowires or nanotubes can be
obtained on different substrates. However, during the transfer on the chip, their length can
be significantly reduced, e.g. via ultrasonic bath used to detach the nanotubes from the
growth substrate. In the Table 1 we present the data regarding the width of opened
windows in the photoresist and expected width of the resulted “C” shaped channel after
electrochemical etching for 1 min in NaCl electrolyte.

At a longer duration of electrochemical etching, the formed porous layer
schematically represented in Figure 4 as the porous region 2, merges with the neighboring
porous region, and after removal of the formed porous layers a large etch pit will be
obtained (see Figure 6d) instead of a flat surface with array of channels presented in Figure
6C.

Table 1

Correlation between width of opened windows in the photoresist and expected width of the
“C” shaped channel.

1 min etching of n-InP in 3.5 M NaCl at applied voltage 5V
Width of opened windows in the photoresist, um 10 35 70 100
Width of the resulted “C” shaped channel, um 45 70 105 135

The following suggestion could be added to the technological process as a possible
but not mandatory optimization. It is proposed to place the investigated microtube in a
specially-created channel oriented perpendicular to channel 1, as it is shown in Figure 7a.
For the formation of channel 2 an additional photolithographic process will be involved as
well as an additional electrochemical etching for 30 sec which will result in the deepening
of the channel at about 20 um from the surface. The need in this channel 2 is motivated by
the fact that the microtube will be deepened in the platform (see Figure 7b) and will have a
higher stability than on the flat surface (especially under application of the mechanical
stresses).

(a) (b) 0 1 '—(_)Wmum

\ / \J/ 35um

/
Channel 1 Channel 2

Figure 7. (a) Schematic representation in top view and cross-section view in (b) of the
optimized platform.
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Conclusions

We elaborated the design of the platform for the study of flexoelectric properties of
GaN microtubes with the diameter of 2-5 ym and the wall thickness of 50 nm. The
technological process was optimized experimentally, namely: the optimal width of the
photolithographic mask strips, the space between them and the duration of the
electrochemical etching were determined. It was proposed to introduce a perpendicular
channel in which the microtube will be placed to reach a higher stability on the platform
during the measurements. It was demonstrated that electrochemical etching in NaCl and
HCL electrolytes differs not much from each other. Thus, the environmentally-friendly
electrolyte based on aqueous solution of NaCl can be used for further exploration of pore
formation in InP.
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