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In this letter, we investigate the impact of potassium hydroxide (KOH) etching procedure on Silicon
nanostructure fabricated by Atomic force microscopy on P-type Silicon-on-insulator. An
electrochemical process, as the local anodic oxidation followed by two wet chemical etching steps,
KOH etching for silicon removal and hydrofluoric etching for oxide removal, were implemented to
fabricate the silicon nanostructures. The effect of the pure KOH concentrations (10% to 30% wt) on
the quality of the surface is studied. The influence of etching immersing time in etching of
nanostructure and SOI surface are considered as well. Impact of different KOH concentrations mixed
with 10% IPA with reaction temperature on etch rate is investigated. The KOH etching process is
elaborately optimized by 30%wt. KOH + 10%vol. IPA in appropriate time and temperature. The angle
of the walls in etch pit for extracted nanowire reveals some deviation from the standard anisotropic
etching.

Keywords: Local anodic oxidation (LAOQ); Silicon-on-insulator (SOI); potassium hydroxide (KOH)
wet chemical etching, isopropyl alcohol (IPA)

1. INTRODUCTION

The conventional techniques for semiconductor fabrication are based on various lithographical
methods in top-down approach.Unconventional methods, on the other hand, could provide simpler
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ways to achieve nanostructures. Some unconventional methods such as nano-imprint lithography
(NIL) [1], soft lithography [2], or atomic force microscopy (AFM) nanolithography [3] can be
considered as flexible alternatives for nanoscale patterning and fabrication. Tip induced local anodic
oxidation (LAO), as a local oxidation of Si surfaces in air ambient, is one of the most widely
investigated processes for AFM nanolithography [4, 5]. This top down fabrication process requires the
implementing of Si anisotropic etching.

Different groups reported different wet and dry etching materials and processes. Hydrazine is
one of the etchant with the advantage of low degradation during deep etching [6], however extreme
precaution is essential since it is highly toxic and potentially explosive. Dry plasma etching methods
(e.g. reactive ion etching (RIE)) are another options, which allow to obtain a great variety of etching
profiles or aspect ratios. However, the selectivity between the oxide mask and the Si is generally
poorer in comparison with liquid etchants [7].

Anisotropic chemical wet etching is still an applicable technique for fabricating simple
microstructures and nanostructures on a single crystal silicon on insulator (SOI) wafer. Tetramethyl-
amino-hydroxide (TMAH) and potassium hydroxide (KOH) saturated with isopropyl alcohol (IPA) are
two well-known etchants which can be used for etching of nanostructures fabricated by LAO
technique. However, the TMAH etchant revealed some disadvantage of slow etching rate and a trend
to have a rough surface (e.g. hillocks formation) [8, 9]. The most common anisotropic etchant is
potassium hydroxide (KOH) which is more recommended compare to other anisotropic etchant (e.g.,
ethylenediamine, pyrocatechol) for Si etching [10]. The mechanism of KOH anisotropic etching has
been elaborately investigated by several teams [11, 12].

In AFM- LAO method, an oxide pattern is transferred on the top Si layer used as a mask for
selective etching of the Si. The liquid etching (KOH) attacks uncovered top Si layer, and the desired
structure can be extracted by means of selective chemical etching and removal of undesired Si area.
KOH etching is known for good silicon/silicondioxide selectivity and its easy performance. The buried
oxide layer (BOX) in SOI wafer acts as an etch stop.

The etched structure has a trapezoidal cross section, which is defined by well precise crystalline
planes (due to anisotropic etching). This allows an easy reduction of the Si wire dimensions by
successive oxidation steps and the regularity of the cross section after the etch, which is an important
advantage for the fabrication of small and long nanostructures or nanosensors [13]. Some aspects of
the KOH wet etching on nanostructure fabricated by AFM nanolithography have been investigated
previously [14], but some impacts of the KOH etching (with or without IPA saturated admixture) like
etching time, or reaction time still are interesting issues to be studied. Practically, AFM-LAO oxide
(SiOy) can be an imperfect etch mask due to its fundamental differences, such as structure and
electrical properties, with the thermal oxide which may lead to a larger selectivity value [14].
Therefore, the impact of LAO induced mask on the final etched structure can be different in
comparison with the thermal oxide mask.

We briefly reported the fabrication of nanodevice by AFM — LAO nanolithography[15, 16] on
SOI, using KOH+IPA wet etching [17]. In this work we elaborately investigate the impact of etching
process on Si surface and nanoscale devices, as a pure experimental work. The important contributing
parameters in etching process like the effect of KOH concentration, reaction temperature or immersing
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time of etching on etch rate and surface roughness, are investigated and compared with previous
works. In this matter, the specific property of AFM induced oxide was considered on the etched
nanostructure. This can use as a guide for future experimental works in AFM nanolithography, KOH
etching, and complete the previous ones.

2. METHODOLOGY

LAO was carried out on the p-type B-doped (100) SOI wafer with top Si thickness of 100 nm,
buried oxide (BOX) thickness of a 145 nm with a resistivity of 13.5-22.5 Q cm (Soitech) [18], by
using scanning probe microscope machine (SPM) (SPI13800N/4000)[19]. LAO procedure was
performed in contact mode employing AFM conductive-coated tips with the force constant of 0.2 N
m' and the resonance frequency of 13 kHz.

The room humidity (RH) was controllable from 50% to 80% with an accuracy of 1%. The
oxide growth patterned on SOI top layer (mask), and uncover area was removed by KOH+IPA etching
process. Finally, the oxide mask was removed by hydrofluoric acid (HF) in aqueous solution with a
well-known ability to dissolve SiO,. KOH pellets (molar weight of 56.11 g/mol) are supplied from
System, Isopropyl alcohol (IPA) (molar weight of 60.10 g/mol) is supplied by Merck, and hydrofluoric
acid (HF) supplied by JT Baker (concentration of 49 %). The KOH wet etching has significant role in
fabrication of nanostructure, with a high rank of accuracy and precaution. All KOH etching
experiments were carried out in a closed glass beaker with a constant temperature bath, stirred in order
to get uniform etching rate. The structure has a simple shape consists of the square pads (as the
contacts) and a nanowire between the pads as a channel [15]. The morphology of the etched surfaces
was also observed using scanning electron microscopes (SEM) (HITACHI 4300 and JEOL JSM-
6360). The surface profiler instrument (Tencor P-12, Sitek System) used for surface roughness
measurement.

3. RESULTS AND DISCUSSION

In order to study KOH impact on surface of the wafer, some p-type (100) Si samples were
exposed by KOH at different concentrations. Figure 1 shows AFM micrograph images of the etched Si
wafer for different KOH percentage in solution (10-30%wt) at the range of temperature between 63-
65°C (optimized temperature for fabrication). It can be seen that the surface roughness changes as the
percentage of KOH increases from 10%wt up to 30% wt. For low percentage of KOH the surfaces is
rougher and the formation of insoluble precipitates are more visible. Similar observations are reported
in previous works in KOH wet etching [20, 21]. Although the concentration alone is not the main
factor on surface roughness, temperature and etching time are also contributing in this matter.
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Figure 1. AFM Micrograph images of the SOI surface etched with KOH: (a) 10%wt (b) 20%wt (c)
30%wt

Figure 2, illustrates the relationship between the surface roughness and the temperature at
various KOH concentration percentage for p-type (100) Si samples. The graph reveals that the surface
roughness, after etching by different KOH concentrations, increases with the temperature up to the
highest value at the temperature of 75°C, and the smoother Si surface is achievable at higher
concentration of KOH.
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Figure 2. Effect of the reaction temperature on the surface roughness at different KOH concentrations
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In reported cases, the etching temperature was normally taken between 55°C-70°C to reach
acceptable edge cutting for patterned nanostructure [10]. The etch rate and concentration of KOH has
lowest dependence at the temperature below 70°C, and faster etch rate can be achieved by using a
high-temperature reaction [10, 22]. The time of etching or immersing time depends on thickness of Si
in SOI, which is desired to be removed. In our case, since the rate of Si removal for KOH etching is
assumed to be 0.25 pm/min [23], time interval estimation for removing of 100 nm of the top Si layer is
between 20-22 s.

Figure 3 shows the effect of immersing time on the nanostructure after KOH (30%wt) etching
process at the temperature range of 63°C- 65°C. This KOH concentration is taken according to the
optimized parameters reported previously [15]. As we can see the best shape extracted after 20s
(Figure3a) of etching, while for longer immersing time (25-30s) the over etching is appeared and some
parts of the structure are removed. However, surface roughness is higher for shorter immersing time
(20s) compare to the other times. The same effect are reported in [10, 24].

Figure 3. AFM image of nanostructure after etching by KOH 30%wt. for different immersing time, a)
20s,b)25s,and c) 30 s

During the KOH etching process, hydrogen bubbles are producing due to reaction of Si and the
hydrogen ion. These bubbles may act as a surface mask against the reaction sites [25, 26]. The number
of bubbles is directly proportional to the temperature, whereas the size of the bubbles is reversely
related to the etchant concentration. On the other hand, the sharpness of the etched structure is
important in fabrication of nanodevices, which requires monitoring the temperature and KOH
concentration together. In the KOH etching process, it was observed that by increasing the KOH
concentration the density of bubbles increased but the size of the bubbles decreased, the same effect
already has been reported [10]. In fact, an admixture of isopropyl alcohol (IPA) in KOH etchant can
improve the smoothness of the surface after etching[27].The influence of the IPA admixture in KOH
etching was elaborately investigated in reported cases [10, 26].

Addition of IPA improves the surface roughness due to the increased wettability of the
resulting etchant. This process reduces the stability of hydrogen bubbles (tensioactive character).The
etching rate strongly depends on water concentration, and water content in solution extremely
decreases with the high KOH concentration[28]. Adding IPA can liberate water particles in the close
vicinity of Si surface by hindering hydration of K™ and OH™ ions [27]. This mechanism prevents the



Int. J. Electrochem. Sci., Vol. 8, 2013 8089

formation of pyramidal hillocks, which known as the most common reasons for having a higher
surface roughness of the <100> Si [29]. The presence of IPA interrupts the access of OH" ions across
the surface and reduces the oxidation rate. This provides an equilibrium in diffusion and oxidation of
reaction products and decreases the duration of the attached hydrogen bubbles to the etched surface,
which leads to have more smoothness of the surface [8, 11]. It is important to mention that using IPA
addition may reduce the etching rate but it definitely provides smooth (100) Si surface in the whole
range of examined concentration of KOH, specially for a high KOH ratio [30].

The effect of the IPA concentration on KOH etching rate for Si (100) is shown in Figure 4, at
different temperatures (60-63°C) for different KOH concentrations (10%-50%). It shows decrement of
etching rate by increasing the IPA concentration with the lowest etch rate for the KOH concentration
of 50%wt in all examined IPA concentrations. At this rate of KOH concentration (50%wt), the lowest
dependence of the etch rate with IPA% variation was observed. It must be mentioned that the 50% of
IPA in KOH solution provides an unstable condition during the etching, considering the alcohol
evaporation and difficult saturation, due to the high rate of IPA in solution. The highest etching rate
was achieved at 10% of IPA admixture for all examined KOH concentration. The results show that the
etch rate decreases with increasing the KOH concentration at constant temperature, which is in
agreement with previous works [10, 27].
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Figure 4. Etching rate of Si (100) for KOH mixed with different IPA %vol. at 60 C°

For different temperatures, the impact of the different KOH concentrations on etch rate was
examined for the solutions mixed with 10% of IPA, as it is shown in Figure 5. Regardless of the etch
sharpness or surface roughness, it was observed that the fastest etch rate can be achieved by using a
high-temperature reaction. However, high temperature (>80 °C) procedure has destructive effect on the
thin Si layer in SOI sample (as in our case), which leads to have uneven or twisted surface.

The graph shown in Figure 5 indicates that the variation of the etch rate with KOH
concentration has minimal dependence at lower temperatures (like 50 °C and 60 °C) in comparison
with the higher one (70 °C). Furthermore, it shows that the etch rate increases with increasing reaction
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temperature, for all examined range of KOH concentrations. At 60 °C and 70 °C, a maximum etching
rate is obtained for 30wt % KOH + 10% of IPA. The variation in etch rate for these two reaction
temperatures shows, first, an increase with KOH concentration up to 30%wt and then a decrease for
more increasing of the KOH concentration up to 50%wt. The reason can be explained by considering
the Si etching reaction. In general, the etching process in order to remove the Si in KOH solution is
expressed by the following reaction:

Si + 20H + 2H,0 — Si (OH,) + Hy(q) (1)

When KOH reacts with Si, soluble Si (OH,4)” with H, (Hydrogen bubbles) will be formed. At a
low KOH concentration, OH" ions are in low concentration, whereas the numbers of H,O molecules
are low at high KOH concentration. Accordingly, the reaction can be slow down at high and low KOH
concentrations. However, the precise extracted rates or concentrations can be affected by different IPA
percentage in admixture.

As a conclusion, it can be said that the etching temperature has much more significant effect on
etch rate than changing KOH concentration, in the range of examined temperature (< 700C). Yun [10]
reported the same result for the etch rate of KOH admixture with 10% of IPA. It is worth noting that
for pure KOH etchant, the best etch rate appears at lower KOH concentration [12, 27].
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Figure 5. Etching rate of Si (100) for different KOH mixed with IPA (10%vol)

The effect of the KOH concentration mixed with IPA on quality of the etching surface for
nanostructure was examined [19, 31]; by the higher KOH concentration (40%wt KOH + 10%vol IPA),
the structure was over-etched with lower rate of sharpness after etching process. Based on our
experiment and the related literature [10,17, 26], the etchant solution of 30%wt KOH + 10%vol. IPA
was optimized.

The role of immersing time and temperature were also considered in obtaining the optimum
result for nanostructure formation with a proper surface roughness. In anisotropic etching for (100) Si,
the etch pit have a pyramid shape, and walls are flat and angled [10, 27]. Regarding to literature, the
etching will be stopped at (111) plane wall at an angle of 54.7°[32]. For KOH etching, the etch rate for
high index planes, e.g. (411), (311) or (211), grows faster than low index plane, like (110) or (111) [27,
33]. At the shorter immersing time, high index planes of the Si surface are more etched compare to the
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lower index planes, and then the pit walls are less angled compare to the case of longer immersing
time. In Figure 6 (a,b), AFM images of the structure before and after etching are shown. In this case,
after 10 seconds of etching, the structure is under-etched with the broadened edges.

Figure 6. AFM topography images of the structure, a) after LAO and b) after etching process (under
etched) with the solution of 30%wt. KOH + 10% IPA at 63°C, after 10 seconds immersing time

It can be interesting to examine the effect of etching time of the optimized etching solution on
SOI surface. The whole process of Si etching process can approximately be split up into three major
procedures. First, the infusion of the etchant on the boundary layer that leads to etchant diffusion
across the surface of the wafer; then the etchant chemical reaction begins with the Si atoms located at
the surface, and finally the diffusion of this chemical reaction spreads through to the bulk [8]. Which
in our case, for SOI wafer with a thin top Si layer and short etching time (< 25s), the third procedure,
as the reaction progress from the etched surface to the bulk etchant [34], cannot be occurred
completely. Figure 7(a-c) demonstrate SEM image comparison for the effect of the etching time
variation on the SOI surface after etched by 30%wt KOH + 10%vol. IPA at 5s, 10s and 20s
respectively. It shows that how the etchant influences the SOI surface during the etchant diffusion
across the surface, which leads to beginning of the chemical reaction. This provides increasing of the
surface roughness, when the time of etching is increased up to 20s. During the etching process, the
transport velocity of the fresh etchant toward the silicon wafer, as a significant factor that can affect
the etch rate, is determined by the gradient of the etchant concentration. It is important to mention that
reaction velocity of the etchant and Si atoms are mainly related to the etching temperature, etchant
concentration and additives [34].

The optimized range of etching temperature for the best smoothness and sharpness was
achieved at 63-65 °C, when the etching time was adjusted for 20s to 22s. Lower range of temperature
may enhance the absorption of IPA on Si surface, which blocks the effect of IPA. The solution was
stirred at 600 rpm (to have uniform etching in all directions) and the substrate was rinsed by deionized
water (DIW) for a few seconds after etching.
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Figure 7. SEM images of the effect of 30%wt KOH + 10%vol. IPA etching time on the SOI surface
after a) 5s, b) 10s, ¢) 20s

After KOH etching, the samples are etched with diluted hydrofluoric acid (H20/HF 100:1) at
room temperature for 12-14 seconds (stirred at 600 rpm) to remove the SiO, mask. This short time
period is enough to remove the thin oxide mask (3-4 nm) [15] and native oxide. It is worth mentioning
that some parts of the mask was already removed during the anisotropic etching process. Figure 8
demonstrates the AFM image and profile images of the structure after etching process for optimized
parameters. As it can be seen in AFM profile image (top), all top Si layer of SOI (100 nm) has been
removed.
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Figure 8. AFM profile image of the nanowire (top) and AFM images of the nanostructure after etched
by 30%wt KOH + 10%vol. IPA at 63 - 65 °C
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Energy dispersive x-Ray (EDX) analysis and SEM image of the structure after KOH etching
and mask removal are shown in Figure 9. For the pointed area on the structure surface (Figure 9a), the
EDX analysis indicated that the atomic element contained 72.30 % silicon (Si) and 27.70 % oxygen
(O). The same analysis for out of the structure area (Figure 9a) revealed that the selected area
contained 63.75 % oxygen (O) and 36.25% silicon (Si). During HF etching, the oxide mask and the
native oxide are expected to be removed. Therefore the structure should contain a small amount of
oxygen (O). However, the existence of oxygen on the Si structure area (Figure 9a) may originate from
the underlying BOX layer. The volume of the electron penetration in the sample contributes to the
element percentage results. For the energy range of the primary electron used in EDX analysis (5.0
kV), the depth penetration for the SiO, is 0.253um by calculation with Kanaya-Okayama depth
penetration formula [35]. The sample thickness is only ~0.100um, so the results cannot show clearly
the exact percentage. By the way, the results still show the acceptable difference between the Si and O
atomic percentage.
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Figure 9. EDX analysis of the Si nanostructure after etching processes measured, a) on the structure,
b) out of the structure area on BOX

Figure 10 shows the high magnification transmission electron microscopy (TEM) image of the
nanowire profile for an arbitrary sample after anisotropic etching with KOH 30%wt. + 10% vol. IPA
and HF etching processes (oxide removal). It shows pyramid shape profile for the nanowire with flat
and angled walls. According to the size measurement by TEM instrument, the angle of the etched
structure is found 51.97° (Figure 10) which is smaller than reported cases for the standard Si
anisotropic etching (54.74° ) [10]. The reason can be studied by considering that the etching rate in
(111) plane is not completely stopped. For (100) plane during the etching process, two dangling bond
is exposed by the etchants (i.e. hydroxide ions), whereas for the case of a (111) plane, only one
dangling bond is exposed to the etching solution [10]. Accordingly, etching in the (111) plane would
be more slowly than in the (100) plane, but it is not completely stopped, and the angle can be smaller
than 54.74° for standard (111) plane.

Another reason for the angle difference may come from the poorer quality of the oxide layer in
LAO compare to the annealed oxide. It is known that the properties of the non-annealed oxide created



Int. J. Electrochem. Sci., Vol. 8, 2013 8094

by AFM-LAO are different from the thermally grown oxide. Un-annealed anodic oxides have the
lower density of 2.05 vs 2.27 (g cm™), the higher dielectric constant of 5.2 vs 3.9 [36], and the greater
H,O content of ~4%-5% by weigh [37], in comparison with thermally grown oxide respectively.
According to the different quality and thickness of the grown oxide by LAO, for etching procedure the
selectivity of etchant is a critical parameter to achieve a high aspect ratio for nanostructures. As far as
the etching selectivity is concerned for experimental works, low selectivity of silicon/silicon dioxide
for AFM-LAO is another issue for the etching process. In fact, for KOH solution, a silicon/AFM- LAO
pattern etching selectivity value of 40:1 has been reported [38]. This low selectivity may provide
higher undercutting of the both Si and oxide mask, especially at the edge of the oxide layer due to the
poorer quality.

X29000
I

Figure 10. TEM micrograph of nanowire after etching process (modified from [15])

The reduction of the structure width after KOH etching is another cause needed to be
considered. This effect is likely because of the imperfect etch mask. An inhomogeneous local electric
field at the AFM tip, during the oxidation, leads to a lower quality (e.g. formation of non-uniformity)
across the oxide (SiOx) mask [14].

In Table 1, we reported the height of the LAO induced oxide and the etching depth for different
samples. For oxide height greater than 2 nm, the heights of the etched Si are nearly constant. Small
variations of the etching depth can be explained due to the existence of oxide patterns (with different
height) on the top of the etched Si which can make some variations of the Si heights after etching. On
the other hand, the oxide patterns smaller than 1.5 nm make significant decrease in height of Si
structure after etching, and the oxide height less than 1 nm cannot bring about any remarkable Si
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structure after etching. The same trend reported for AFM-LAO (for tapping mode) in [39]. It is worth
to mention that for high KOH concentration used in this study, the whole patterned oxide and
underneath Si disappeared for thin oxide layer ( <1.5 nm).

Table 1. Heights of the oxide patterns and resulting silicon structure after etching

Oxide height (hnm) 3.1 2.9 2.5 2 1.5 1
Etching depth(nm) 100 99.1 99 87 45 ~0

4. CONCLUSION

Simple nanostructures were fabricated on SOI by AFM-LAO nanolithography. KOH wet
etching processes were optimized to extract the structure after LAO process, and then the HF etching
for Silicon oxide removal was used. The optimized condition is the solution of 30%wt. KOH with
10%vol. IPA for wet etching at 63°C reaction temperature, 20 seconds for immersing time stirred at
600rpm. The impact of the parameter variation, such as different KOH concentrations with or without
IPA admixture, different etching immersing time, and reaction temperature on the structure or the Si
surface were investigated. For the nanowire profile, the angle of the wall in etching pit after etching
was 51.97°.
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