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OUTLINE

The Joint Activity JA3 (WP13) has a focus on high-resolution lithographic methods combined with
a pattern transfer, e.g. removal of material by reactive ion etching (RIE) and atomic layer etching
(ALE). One of the main aims of current Joint Activity is the transfer of the developed technology of
lithographic and patterning methods to the Transnational Access (TA) offer of the NEP project.
The present Task concentrates on high-resolution patterning methods and include the milestone
MS11, ALE-based pattern transfer in Si structure with sub-10 nm resolution.

Atomic layer etching provides layer-by-layer control in removal of semiconductor or dielectric
materials and at the moment is the etching approach with the highest available accuracy. Without
any doubt, the ALE represents (together with epitaxial growth methods, e.g. molecular beam
epitaxy (MBE) and metalorganic vapor phase epitaxy (MOVPE)) one of few technological
appproaches that can provide a real atomic layer control in nano-processing. Unlike lithographic
techniques, where sub-task 13.2.2 belongs (see below), the ALE and epitaxy give atomic precision
control in the vertical direction only. As for the lithography in general, atomic precision in the
lateral direction is still out of reach, at least for practical applications. Of course, manipulation of
atoms and molecules by e.g. scanning tunneling microscopes are well-known, but so far there was
no real applications for those methods in the technology of nanostructures. Thus in the current
report, we will focus on ALE as a representative method for etching with potentially atomic
monolayer accuracy. The outcomes of the Task 13.2 will be used in the TA offer and possibly in
other work packages such as WP14.

The Deliveable D13.3 embraces the Task 13.2 “Pattern transfer with atomic precision” and
includes the following Subtasks:

Subtask 13.2.1: Atomic layer etching (ALE) (LUND, EPFL, CSIC)

ALE allows very fine control of the dry etching by a cyclic layer-by-layer material removal. We will
develop a Cl-based ALE of Si combined with high-resolution lithography such as DSA and t-SPL to
demonstrate a damage-free, sub-10 nm etching and explore a possibility to use ALE for dry resist
development after He™ FIB (Task 13.1). The ALE will also be used for expanding the capabilities of
pattern transfer techniques offered in TA and in Task 13.3 and to test etching of III-Vs.

Subtask 13.2.2: High-resolution patterning by an additive approach (EPFL, LUND, CSIC)

t-SPL (Task 13.1) can be combined with lift-off for patterns < 20 nm without proximity effects and
with high overlay accuracy. Approaches for this purpose include the use of bilayer and trilayer
stacks, or by creating PPA bridges for shadow masks. The process will be optimized to include the
new DLW option for multiple scale lift- off down to single-nm digit. This sub-task will also deal with
selective modification of materials, using e.g. sequential infiltration synthesis of inorganic materials
in BCPs (Task 13.1.2). Selective conversion of one polymer block in BCP to inorganic material will
allow a high-resolution pattern transfer.

Another Subtask 13.3.1: Selective-area growth of III-V nanowires (C2N-CNRS, LUND,
CSIC-CNM) is formally placed in Task 13.3: Process integration, transfer to TA and
applications. However, in a broader sense, the selective area-growth of III-V nanowires can be
regarded as a pattern transfer with atomic precision using so-called “bottom-up” nanofabrication

This initiative has received funding from the EU’s H2020 framework program for research and
innovation under grant agreement n. 101007417, NFFA-Europe Pilot Project 5



http://www.nffa.eu/

approach, where nanostructures (e.g. hanowires) are formed by self-organisation of atoms in
epitaxial processes. Such epitaxial process can provide layer-by-layer (atomic) control over the
grown material and will be briefly discussed in the current report.

Subtask 13.2.1: Atomic layer etching (ALE)
(LUND, EPFL, CSIC)

The main difference of atomic layer etching (ALE) compared to other dry etching techniques, for
example, reactive ion etching (RIE), plasma etching (PE) or ion beam etching (IBE) is the cyclic,
self-limiting nature of the etching process!™. It is the self-limiting steps that allow very accurate
control of the etched material, to the atomic layer or monolayer (ML) precision?.

A typical ALE scheme includes activation of the etched surface (e.g. Si) by introduction of a
reactive gas (Cl,), saturation of the surface to create covalent bonds between the gas
molecules/atoms and the substrate atoms, removal of the excess gas molecules from the reaction
chamber and finally, etching step by bombardment of the modified surface by energetic ions, for
example, Art ions, Figure 1°. The ions provide sufficient energy to desorb the reaction products,
like SiCly, but not to remove the uncontollable amount of underlayer substrate atoms (Si). As a
result, at the end of the cycle, it is possible to remove a single monolayer of material that gives
unprecedented accuracy and low damage effects in the etched substrate. The self-limiting step in
this case is thermal adsorption of chlorine controlled by the Langmuir-Hinshelwood kinetics
(molecular activation) or adsorption of Cl-radicals produced by Cl,-plasma (atomic activation).

EPC vs Ar plasma: molecular activation
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Figure 1: (Left) Schematic of the ALE of Si using Cl, as an etch gas. Adsorption of chlorine on the
Si surface and its subsequent Art bombardment in plasma results in layer-by-layer etching mode.
Removal of more than one monolayer during the bombardment is a characteristic of quasi-ALE
process. (Right) The plot shows a typical self-limitation behavior of ALE etch per cycle (EPC) of Si
as a function of Ar-plasma exposure time. The ALE process provided by molecular activation of Si
surface by molecular Cl, adsorption.

Of course, it is clear that the ion energy must be fine-tuned in order to avoid unwanted sputtering
of the substrate material by the physical ion bombardment. Substantial sputtering happens at a
high energy range, typically above 30-50 eV - it depends on the etched material and the type of
ions. In practice, however, it is difficult to completely avoid the sputtering effects and such atomic
layer etching process with a significant contribition of ion beam sputtering or other “parasitic”
effects is often called “quasi-ALE” process (Q-ALE). So the sputtering impact in a Q-ALE process
will result in faster etch rate and a bit lower accuracy of etching. The etch per cycle (EPC) will
gradually increase with the duration of ion bombardment in the etching step in Q-ALE, or will
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saturate in “real” ALE, Figure 1. For ions with energy below the sputtering threshold, the ECP
dependence on time of ion irradiation will show a saturation behavior?.

Another contribution to the non-ideal ALE is presence of excess reactive gas in the gas phase of
reaction chamber due, for example, to insufficient pumping time or excessively injected gas. The
residual reactive gas molecules will dissociate and activate in Ar* plasma during the etching phase
(see the step “Inert gas plasma (Ar) in Figure 1) to contribute with additional etch rate of the
material. In the experiments, both sputtering and excess reactive gas give a significant
contribution to the total etch rate and usually result in a decrease of reproducibility of the etching
process.

For example, during our optimisation work of ALE process to etch Si with Cl, using Ar-plasma
bombardment, the dosing of chlorine gas was reduced from the initial 20 sccm in the beginning of
the experiments to 1-5 sccm and the Cl, pressure decreased from 60 to 3 mTorr in order to avoid
the excess reactive gas in the chamber. As for the Ar* ion energy, that directly depends on the
applied radio frequency (RF) power, the RF-power was reduced from 70 to 7-10 W. The reduction
of both the injected amount of chroline and the ion energy allowed to adjust the EPC to the values
that would be expected for a “real” ALE process, which is of the order of 0.5 &, Figure 2.
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Figure 2: (Left) A plot of EPC as a function of RF-power that determines the Ar* ion energy (the
plot is adopted from the report on MS11). The red circles show the physical sputtering
contribution, while the blue squares indicate the total etching rate. (Right) An example of ALE of Si
using nominally 25 nm Au aerosol particles with the final etched features of about 10 nm in
diameter, that indicate a strong mask erosion.

The performance of ALE is determined by many etch process parameters, but the most important
are (a) the ion energy (controlled by the RF-power and pressure), (b) the amount of injected
reactive gas (controlled by gas flow, pressure and the injection duration), (c) time of ion
bombardment and other factors. It was found that the “process window” where the ALE can be
successfully used is usually very small, for example, high ion energy may result in degradation of
etch masks. Figure 2 shows a scanning electron microscope (SEM) image of the etched Si pillars
where 25 nm aerosol Au particles were used as etch masks. The measured size of the etched Si
structures is about 10 nm that indicate that the aerosol Au particles were eroded during the ALE
process. Smaller particles or longer etch cycles resulted in complete disappearance of the masks.
The erosion was most likely caused by the Ar* ion sputtering, since gold does not form volatile
compounds under the condition used in ALE.
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Below is a basic analysis of atomic layer etching performance and the figures of merits of the
technique and its comparison with other common etch methods, like RIE. In particular, the
following parameters will be presented and compared:

e absolute etching rate

e accuracy of etching

e etch selectivity

e damage effects during etching

Please bear in mind that this analysis is based on our experimental JA activity and some literature
reviews and will be updated in due course.

Subtask 13.2.2: High-resolution patterning by
an additive approach (EPFL, LUND, CSIC)

In contrast to the atomic layer etching where the material removal process can be controlled with
an accuracy of a single monolayer in the vertical direction, horizontal (lateral) patterning with the
same precision is extremely difficult to implement. The closest solution would be a manipulation of
atoms or molecules using scanning tunneling microscope, but this approach has no practical
significance for practical nano-technology and will not be considered here.

Thermal scanning probe lithography (t-SPL) is one of the lithographic techniques that allows sub-
10 nm features®. The t-SPL is based on local heating of an atomic force microscope (AFM) tip that
results in sublimation of a suitable resist film. The EPFL group together with CSIC-CNM
demonsrated a lift-off process with sub-20 nm features combined with direct laser write (DLW) for
patterning 2D materials and t-SPL nanopatterning on silicon nanowires (Milestone MS26). Figure 3
illustrates an example of a fabrication process to make MoS,-based filed-effect transistor (FET)
using the t-SPL and DLW.

P
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Scotch tape Glass M MoS, PF film W Si Sio, PMGI W PPA W Metal: Ti/Cr + Au

a 1. MoS, exfoliation 2. MoS, transfer to 3. MoS, transfer to 4. Resist spin-coating
polymer film substrate and t-SPL & DLW R
patterning ‘
C
5. Pattern transfer 6. Ar* milling 7. Metal deposition 8. Lift-off

Figure 3: (a) The process flow to fabricate 2D-FET in 2D material. (b) Combined t-SPL and DLW
for forming source-drain and contact pads. Details of the process are in the MS26 report.

Another additive patterning approach includes block-copolymer (BCP) lithography combined with
sequential infiltration synthesis (SIS) to produced e.g. ultra-high resolution etching masks for
reactive ion etching or atomic layer etching. The BCP lithography allows formation of regular
patterns with single-nanometer resolution, especially when BCP-materials with high Flory-Huggins
interaction parameter are used. In the present work we demonstrated sub-10 nm patterning of Si

This initiative has received funding from the EU’s H2020 framework program for research and
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substrate using Polystyrene-b-Maltoheptause (PS-b-MH)”# and Polystyrene-b-Poly(4-vinyl pyridine)
(PS-b-P4VP). An optimised sequential infiltration synthesis is used on those BCP films to form etch
masks to be used in a F-based reactive ion etching.

° °
TMA——e °
. $a & & AIO. 12 nm

Figure 4: (a) Schematic illustration of sequential infiltration synthesis of AlOy in the MH block in
PS-b-MH BCP film and (b) Scanning electron microscoscopy (SEM) cross-section of a Si sample
after its reactive ion etching using alumina as an etch mask. Etched features of about 6 nm were
achieved?.

Figure 4 shows a schematic of the SIS process in PS-b-MH BCP film and the final result of a high-
resolution reactive ion etching of Si when the AlOx served as an etch mask. The BCP-RIE
technology described here can be regarded as a combined additive and subtractive process.

Subtask 13.3.1: Selective-area growth of III-V
nanowires (C2N-CNRS, LUND, CSIC-CNM)

The possibility to grow high structural quality III-V nanowires (NWs) on mismatched substrates,
represents an elegant way to integrate III-V materials on Silicon for example to fabricate a III-V
on Si tandem solar cell avoiding in one go the use of expensive III-V substrates and the difficult
integration of III-V on Si. The selective area growth of III-V NW is typically obtained by pattering a
thin SiO, (or SiN) mask on Si(111) substrate by electron beam, nanoimprint or Talbot lithography
and dry etching and the selective growth us performed by Vapor-Liquid-Solid (VLS) method using
a Gallium catalyst (self-catalyzed growth) by MBE or MOVPE. The two main problems using this
method are the difficulty in obtaining reproducibly high yield of vertical NWs>?, and the difficulty
to tune the NWs diameters, which tend — independently from the nanohole opening diameter and
the Ga-droplet dimensions — to converge to 80-90 nm diameter.

In the framework of the NEP project, we have optimized the fabrication of the SiO, mask to solve
these two issues obtaining high (100%) yield of vertical NWs and the tuning of the NWs diameters
from the beginning of the growth (that is, using only VLS growth without any contribution of
Vapour Solid growth as reported in the past). The Si(111) surface is first cleaned by three
successive cycles of oxidation in oxygen plasma reactive ion etching (RIE) and etching in
hydrofluoric acid (HF) diluted in water to 5% concentration. This first cleaning procedure of the Si
surface is key to obtain high yields of vertical NWs yet not sufficient to achieve homogeneous high
yields over the whole surface of a 2 inches wafer, Figure 5.

This initiative has received funding from the EU’s H2020 framework program for research and
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Figure 5: Influence of the Si wafer oxidation-wet etching cycles on the NW vertical yield. Various
GaAs NW samples were grown with a similar GaP foot on Si(111) wafers coated with a thin layer
of SiO, (subsequently patterned). Before the SiO; layer deposition, the Si wafers are cleaned with
either a simple HF dip (blue), or a cleaning procedure consisting of 3 cycles of plasma oxidation
and HF etching (red). The vertical yield was estimated in the middle of the 1.5 x 1.5 cm? NW
array, centered on 2” Si wafers. SEM top-view images of two representative samples are shown.
The different NW morphologies come from different shell thicknesses. Figure reprinted from?!.

A 70 nm thick silica layer is deposited via plasma-enhanced chemical vapor deposition (PECVD).
We have worked on the SiO, deposition process in order to achieve low carbon contamination (not
shown). The mask was the then patterned by e-beam lithography (hexagonal array of hole
apertures with 8 different diameters), pattern transfer by RIE (SFe¢/CHF3) and the remaining SiO;
layer inside the nanoholes holes removed by a dip in a 1% water HF solution. GaAs NWs growth
was carried out in a Riber Compact 21 MBE system at 600 °C using a predisposition step of Ga, a
short GaP stem (40 nm) followed by the GaAs growth by the VLS method. Ga pre-deposition time
and III/V ratio must be tuned according to the final NW diameter and the required taper.

For relatively short growth times (8 minutes in this case), NW with different diameter can be
grown during the same epitaxial growth having all a vertical yield approaching 100%. This is the
first time that the diameter of self-catalyzed III-V NWs on Si are controlled by VLS, from the
beginning of the growth, Figure 6.

While high yields of vertical NWs approaching or reaching 100% can be achieved “locally” using
these process parameters, we observed inhomogeneous yields over the 2. We attributed this
inhomogeneity to the contaminants introduced on the substrate surface during DI water rinsing
after the final HF1% step and left there by the standard N, blow-drying. In fact, a considerable
amount of water evaporation occurs during blow-drying, and contaminants initially dissolved in the
evaporated water can be left behind and cause undesirable drying marks!2.

Vertical yield :  66% 88% 97% 99.9% 99.9% 100% 100% 100%

250 nm

<D>:73 nm 77 nm 87 nm 100 nm 120 nm 130 nm 136 nm 146 nm
<h>:655nm 570 nm 424 nm 358 nm 327 nm 328 nm 312 nm 308 nm
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Figure 6: SEM images of representative NWs grown with different average diameters <D>,
average height <h> and the corresponding yield of vertical NWs. The average diameters and
heights were measured on 10 different NWs per group.

To solve the problem, we implemented a Marangoni drying process for SiO, (Marangoni drying is
typically used microelectronics industry to properly dry Si wafers). The fundamental difference
between a Si and a SiO; surface is that while the former is hydrophobic, the latter is hydrophilic.
For this reason, we implemented a Marangoni drying using a dip-coater in which the patterned
SiO, samples (after the HF1% step) are dried in a N»/2-methoxyethanol atmosphere while the
enclosure containing the wafer withdrawn from a DI bath is kept at 105 °C to ensure a complete
evaporation of the DI from the SiO; surface (in the very same way it occurs for hydrophobic Si at
room temperature). The sample is the transferred in the MBE for NWs growth without any
additional drying step.

Figure 7 (b) shows the results: an average yield of vertical NWs of 99.5% is obtained over a 2"
surface area (as the patterning of the whole 2” wafer is time consuming, we patterned 7 areas of
1mm? in the different position of the 2" wafer).

Figure 7: Results obtained on the sample processed using the modified Marangoni drying a)
Schematic of the 7 patterned areas of 1 mm? on a 2 inches Si substate with the corresponding
yields of vertical NWs measured. b/c) Representative SEM images from the pattern “a” with two
different periods (360/250 nm).

PERFORMANCE AND THE FIGURE OF
MERIT

Subtask 13.2.1: Atomic layer etching (ALE)

Absolute etching rate: the absolute etching rate of ALE is very low due to the fact that only a
single monolayer (ML) or several monolayers (Q-ALE) are etched away in the etch cycle. In the
one of the most studied process, atomic layer etching of Si, the values of EPC may differ by an
order of magnitude, from 1 to tens of A*1314, In our experiments the EPC of Si with Cl, as the
reactive gas and Ar* plasma, vary from approximately 0.3 to 1.7 A, Figures 1 and 2. Our earlier
experiments demonstrated even higher etch rate, up to 8.5 A/cycle, but it is clear now that the
fast etching was due to high Ar* ion energy, exceeding 60 eV and the excess of Cl, gas. Other
authors reported a wide variation of Si etching rate using, apart from Cl,, a different chemistry,

This initiative has received funding from the EU’s H2020 framework program for research and
innovation under grant agreement n. 101007417, NFFA-Europe Pilot Project 11



http://www.nffa.eu/

for example, CF4/O, NFs/He!. However, it is not uncommon to report EPC of several A, that clearly
indicate a quasi-ALE regime>13,

Taking into account the duration of each ALE step, that have been optimised, namely: (a) surface
activation 5 s, (b) purge 40 s, (c) Ar plasma bombardment 10 s and (d) etch purge 2 s, the whole
ALE cycle takes 57 s. Assuming a reasonable EPC of 1 R, one can estimate the ALE absolute
etching rate of Si to be about 6 nm/hour. This can be compared to a typical etching rate used in
reactive ion etching processes for nanofabrication of 100 nm/min that equals to 6 pm/hour!>. This
is a very rough comparison, but it shows that the real ALE is about 1000 times slower in
comparison with the conventional RIE processes. Thus this simple calculation explains the interest
of the world-wide ALE community towards the Q-ALE processes that offer about ten time faster
etching rate compared to the real ALE. However, as a result, the higher etching rate the Q-ALE
processes may not offer the atomic layer etch control.

In discussion about the etching rates of different methods, one should not forget that the ALE is
the only etching technique that potentially allows atomic resolution, so its application area includes
formation of structures and devices with sub-10 nm feature size. As a consequence, the absolute
etching rate of ALE may not play so big role in comparison with traditional etching techniques, like
RIE.

Accuracy of the etching process: the low etching rate of ALE and its cyclic process make it
possible to stop the etching when the exact number of MLs is removed, while the traditional RIE
will have to rely on duration of the process or /n-situ measurements, e.g. optical emission or mass-
spectroscopy. While the ALE makes use of self-limiting steps, for example, adsorption of reactive
gases, that result in low sensitivity to process variations, the RIE may suffer from instabilities of
startup of plasma discharges, that may affect the etching rate. So in practice the ALE etch
accuracy in vertical direction is superior to RIE may be of order of 1 A.

Surface ML adsorption of reactive gas species during molecular or atomic activation in ALE
provides a perfect condition for uniform etching rate over the whole area of the specimen. On the
contracy, the etch uniformity in RIE depends upon plasma density at a given place of the sample
and may vary depending on hardware design or process conditions.

The accuracy of etching can also be described in terms of surface roughness (rms), and in many
cases this is a critical parameter, especially for structure sizes well below 100 nm. There are a
number of reports about supervior surface quality obtained after ALE2. Our recent data where a
RIE with Cly/Ar and ALE with the same chemistry were used to etch Si, indicated that the rms of Si
surface after RIE was between 0.2-0.4 nm, while ALE produced a very smooth surface with rms of
0.1 nm?e,

Etch selectivity: the etch selectivity can be defined as a ratio of etching rate of substrate to the
etching rate of a protective mask. In an ideal case the mask is not etched at all, giving the infinite
etch selectivity. In practice, however, typical etch selectivity is between 2:1 and 10:1, and it
depends on the mask material and the etching conditions. For example, silicon dioxide is a perfect
protective mask in Si etching in a Cl-based chemistry with selectivity better than 10:1.

In our experiments, with the following mask types: (a) photoresists PAR/PMGI, (b) block-
copolymers with selectively infiltrated alumina, (c) aerosol particles of Au and Pd, the ALE process
was used to etch Si. The photoresists were utilised during the initial experiments with a high RF-
power and excess Cl; flows, so the etching conditions were Q-ALE with strong effects of high Ar*
energy and gas-phase chlorine RIE. Unfortunately, there is no data from a corresponding RIE to
compare with the ALE, but the SEM cross-section inspection indicated a significant erosion of the
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photoresist masks after 200 cycles of ALE. The top PAR resist was almost completely removed
during the process, so the etch selectivity can be estimated as 1:1. Such selectivity can be
observed in a conventional Cl,/Ar inductively-coupled RIE of Si. In joint experiments between
LUND and CSIC-CNM to apply the ALE process to etch or modify the Si nanowires, it was found
that a negative resist used to form the etch mask was eroded during the chlorine/argon ALE
process. The modified resist cross-linked in etching to make it difficult to remove by conventional
solvents. At the same time, we discovered that the atomic layer etching results in a much
smoother surface compared to RIE.

An attempt has been made to test infiltrated block-copolymer (BCP) of polystyrene-b-poly(4-vinyl
pyridine) — PS-b-P4VP, where P4VP block is infiltrated by sequential infiltration synthesis (SIS)
using trimethylaluminum and water to convert the P4VP polymer block to Al,03%'7. The alumina
mask is well-known for its high stability in an agressive environment, e.g. halogen gases. After the
SIS, the samples was etched by a low-power ALE process with reduced amount of chlorine. The
etch selectivity of 15-20 nm large alumina masks on Si wafer was not sufficient for a relaible
pattern transfer, that could be due to a porous structure of the mask?’.

Aerosol-generated 25 nm particles of Au and Pd were also tried for the masking applications. In
this case, the etch selectivity of the 25 nm Au particles was found to be enough to etch 10 nm Si
pillars. At the same time, the size of the particles decreased from 25 to 10 nm after only 50 cycles
of etching in ALE. Figure 8 shows a significant decrease in size of the aerosol Au particles, from
roughly 25 to 10 nm, after the ALE.

In conclusion, our ALE process showed a limited etch selectivity, at least with the three tested
types of masks. The best results were obtained with the aerosol Au particles, but even those
particles were eroded to about half of their original size. One of possible reasons for the poor etch
selectivity with those materials can be a significant influence of the ion bombardment that non-
selectivily removed both Si and the mask material.
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Figure 8: Size distribution of 25 nm Au aerosol masks before and after 50 cycle of ALE of Si using
Cl; and Ar chemistry.

Damage effects in ALE: So far the damage effects in ALE were not covered very well in
literature, so the knowledge here is limited. However, one can expect a lower degree of substrate
damage in an atomic layer etching process compared to a traditional RIE process because of (a) a
cyclic nature of ALE and (b) very low energy of the impinging ions. Some recent publications on
molecular dynamics (MD) modelling of ALE, indicate that during bombardment of Si surface with
20 eV Ar* ions, the damaged layer stretches to about 1.2 nm, Figure 9 (left)!8. At the same time,
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there are no extensive experimental studies of ALE-related damage effects in semiconductors, few
papers point out low degree of damage in III-V semiconductor structures during ALE**%,

Our recent studies of ALE of Si using chlorine and argon demonstrated a relatively low energy of
Ar* ions during the etching step, Figure 9 (right). As can be seen in the figure, the Ar* ions have a
peak energy of 39-55 eV, that is sufficient for the ALE process and significantly less than the
corresponding energy in a typical RIE process (100-300 eV).

8

810" : : . .
7008 | -
) 8 EDOTIH
3 6007 | pemym OleZgEEMg
, g 5108 G
/ = .
f— § 400° | .
5 sl 1
s Emek:inn *
$1024 — si 2 2n0® | OeEpman 1
Taatatal : o 110
— Ar !
. & 385 05 01 ' '
®sSi ®cCl OAr Atomic Density 0 2 4 60 80 100
(x10?3 /ecm?) Ar+[ibnleénergy, @&V

Figure 9: (left) Molecular dynamics simulation of atomic configuration and corresponding atomic
density profiles for Si, Ar and Cl atoms after one cycle of ALE with atomic CI* activation and Ar+
ion energy of 20 eV, (Right) Dependence of Ar* ion energy on Ar gas pressure during the RF-
plasma discharge with the DC-bias set to 7 V in PlasmaTherm Takachi™ RIE tool. Increase of Ar
gas pressure from 3 to 20 mTorr results in reduction of Ar* energy distribution peak from 55 to 39
eV. The ion energy must be adjsted to reach the ALE regime, but the ions may also be responsible
for generation of surface damage.

The latest preliminary data of LUND obtained by Kelvin Probe Force Microscopy (KPFM) indicate
less damage in Si during ALE compared to RIE. The Si surface potential as measured by KPFM,
demonstrated values of the surface potential close to the unetched reference Si (4.7 V) after ALE,
while the conventional RIE process with the same chemistry resulted in a significant reduction of
the potential to 4.1 V.

Subtask 13.2.2: High-resolution patterning by

an additive approach

The two above-mentioned additive lithographic patterning, t-SPL and BCP-lithography, in
combination with lift-off or SIS, do not yet provide atomic precision of the lateral patterning. As
with other high-resolution lithographic methods, e.g. electron beam or ion beam lithography, those
techniques are capable to single-digit (<10 nm) nanopatterning, however, they have their own
limitations. Both have unique advantages and disadvantages which are briefly discussed below.

Thermal scanning probe lithography (t-SPL): the lateral resolution of t-SPL is generally
limited by the tip diameter and heat spreading, but it is possible to achieve single-digit pattern
transfer using t-SPL when thin resist layer is used?!. Due to the small aspect ratio of features in
the PPA polymer, thickness of the resist film must be very small, 5-10 nm. As a result, typical
approach to transfer patterns from the PPA resist after the t-SPL, includes patterning of a thin
dielectric film of SiO, that can serve a reliable etch mask in the following etching step. The aspect
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ratio in t-SPL can be improved by the ultra-sharp tip with high aspect ratio, that can be produced
by e.g. electron or ion beam enhanced deposition of metal on the standard t-SPL tip (Subtask
13.3.3). Throughput of the t-SPL is relatively low and comparable with that of atomic force
microscope, however, the possibility to image the area to be patterned for e.g. mix and match
lithography is a big advantage of t-SPL.

Block-copolymer (BCP) lithography: this lithographic method can be combined with SIS
modification to allows formation of sub-10 nm regular features on large area using a self-
organisation of a BCP films on the substrate surface??. Very often the block copolymers aree used
in combination with directed self-assembly (DSA) that improves the patterning?3. Resolution of the
BCP-lithography depends on the Flory-Huggins parameter, the big parameter allows formation of
small structures, less than 10 nm. At the same time, this technique can only be used for formation
of regular patterns, e.g. hexagonally-arranged holes or arrays of lamellas??. High-resolution
additive patterning in block-copolymers can be realised by a number of techniques, including lift-
off or sequential infiltration synthesis®?%, but the final resolution will depend on the BCP pattern.
Throughput of BCP-approach is fairly high, since it is a parallel patterning method, however, one
of the major problems is defectivity of the copolymer film. As in t-SPL, the BCP approach relies on
very thin films for a high resolution, a single-digit patterning requires typically sub-20 nm film
thickness, that limits how the pattttern can be transfered into the substrate. The SIS approach is a
promissing technique, however, it has its own limitations due to a high porosity and low density of
AlOy films, that reduces stability of the dielectric in e.g. dry etching'’.

Subtask 13.3.1: Selective-area growth of III-V
nanowires

Epitaxial growth of III-V nanowires (NW) is related to ALE due to its ability to control the vertical
growth of the material with atomic precision. However, the lateral patterning to control the size
and position of NW is usually performed by conventional high-resolution lithography, e.g. electron
beam lithography as demonstrated in Subtask 13.3.1. There were attempts to apply BCP-defined
masks for selective growth of InAs NW, in this case the lateral size of NWs is determined by the
BCP-lithography, DSA guiding lines and their orientation?3. Here it was possible to control the
orientation of the vertical InAs NWs relative to eahc other, that may be of interest for NW device
applications.
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