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ABSTRACT: Directed self-assembly of block copolymers (BCP) is a very attractive technique for the realization of functional
nanostructures at high resolution. In this work, we developed full dry-etching strategies for BCP nanolithography using an 18-nm
pitch lamellar silicon-containing block copolymer. Both an oxidizing Ar/O; plasma and a non-oxidizing Ha/N, plasma are used to
remove the topcoat material of our BCP stack and reveal the perpendicular lamellae. Under Ar/O, plasma, an interfacial layer stops
the etch process at the top-coat/BCP interface, which provides an etch-stop but also requires an additional CF4-based breakthrough
plasma for further etching. This interfacial layer is not present in H./N,. Increasing the H,/N; ratio leads to more profound modifica-
tions of the silicon-containing lamellas, for which a chemistry in He/N2/O, rather than Ar/O, plasma produces a smoother and more
regular lithographic mask. Finally, these features are successfully transferred into silicon, silicon-on-insulator and silicon nitride
substrates. This work highlights the performance of a silicon-containing block-copolymer at 18 nm pitch to pattern relevant hard-

mask materials for various applications, including microelectronics.

INTRODUCTION

The downscaling of pattern dimensions in microelectronics
has long passed the limits of 193 nm immersion lithography.
Design-technology co-optimization (DTCO)* allowed manu-
facturers to keep the pace in pitch scaling for the past decade,
waiting for extreme-UV (EUV) lithography to become high-
volume production-ready. The steady progress brought the
pitches of the densest structures in the current most advanced
CMOS nodes down to around 30 nm. Future nodes will bring
these pitches closer to 20 nm or below, which is beyond the
limit of single exposure low-numerical aperture EUV lithogra-
phy and thus, EUV-based multiple patterning schemes,? such as
self-aligned double patterning or self-aligned litho-etch-litho-
etch will have to be introduced already.

Directed self-assembly (DSA) of block copolymers (BCPs)
is an interesting candidate for advanced patterning in microe-
lectronics due to its ability to produce lines/spaces or pillars at
pitches which would otherwise require multiple low-NA expo-
sures and masks.® DSA is particularly attractive for the first
metal levels in sub-3 nm nodes, where pitches are in the range
of 20-30 nm, which is still reachable by low-y BCP systems,
such as PS-b-PMMA .* However, the so-called “high-y” BCPs,
where the Flory—Huggins interaction parameter “y” refers to the
segregation strength between blocks, can reach pitches below

22 nm without expensive double-patterning EUV process flows
or future high-numerical aperture EUV lithography.

High-y BCPs have been developed for their inherent ability
to phase-segregate into thermodynamically favorable domains
with at least one dimension below 10 nm and as low as 3 nm.®
Specific combinations of chemical composition, co-monomer
ratio, molar mass and thermal treatment can be found to produce
a variety of highly ordered systems among which the lamellar
system is of great interest for line/space applications.® The
block copolymer is typically spin-coated on the planar substrate
and one of its blocks is selectively removed after the phase-sep-
aration process so that the remaining block forms a lithographic
mask on the substrate. In order to orient the features perpendic-
ularly to the substrate, the block copolymer is sandwiched be-
tween neutral layers, namely a neutral underlayer (UL) and a
neutral top coat (TC). Such materials present balanced affinity
for either blocks and therefore provide a thermodynamic driv-
ing force to promote perpendicular orientation of the
nanodomains.”®

We recently demonstrated the perpendicular orientation of la-
mellar high-y BCP systems based on poly(1,1-dimethyl silacy-
clobutane)-block-polystyrene (PDMSB-b-PS), where the top-
interface is neutralized using a functional chemically cross-
linked top-coat material that enables breakthrough properties,
such as patterning, dewetting cancelation and stacking of BCP



films.” PDMSB-b-PS combines two main advantages for high-
resolution nanolithography via DSA. Compared to the widely
used PS-b-PMMA block copolymer, the higher segregation
strength of PDMSB-b-PS (y = 0.07° vs 0.03) enables self-as-
sembled domains of PDMSB lamellae with critical dimensions
as low as 6 nm. Another crucial advantage of this BCP platform
is the inherent chemical contrast provided by the semi-organic
nature of the Si-containing PDMSB block with respect to the
fully organic nature of the PS block and of the underlayer and
topcoat materials. This improved chemical contrast was fore-
seen as a keystone in semi-organic Si-containing BCP to re-
veal the PDMSB-based lithographic mask.

In this work, we extend on previously published work’1112
and compare our most successful dry-etching strategies with a
high-resolution (Lo = 18 nm) PDMSB-b-PS high-y BCP assem-
bled in fingerprints (as a preliminary study for DSA via che-
moepitaxy), and transfer the PDMSB-derived lamellae at high
aspect ratios into substrates of interest for microelectronic ap-
plications, including silicon on insulator (SOI) and silicon ni-
tride (SiN).

EXPERIMENTAL DETAILS
Materials

All pattern transfer experiments were performed with an op-
timized trilayer stack of PDMSB-b-PS block copolymer sand-
wiched between a neutral underlayer and a crosslinked topcoat
(NL/BCP/TC), referred to as the BCP stack. Upon thermal an-
nealing, the PS and Si containing PDMSB blocks segregate into
lamellar domains with 9 nm resolution and perpendicular orien-
tation with respect to the substrate. Further details on the neutral
underlayer, BCP and topcoat material, all provided by Arkema
are available in the literature.” The BCP stack was assembled
on 27x27 mm? squares cleaved from 200 mm diameter wafers
of [1,0,0]-oriented Si; 300 mm wafers of SOI with 15 nm Si on
20 nm PEALD SiO; on Si; or 300 mm wafers of SizNs on Si
with either 55 nm LPCVD SisN4 on 10 nm SiO2 or 20 nm
PECVD Si3N, on Si, both referred to as “SiN” and “SiN on Si”
substrates, respectively. SiN samples were previously coated
with a 22 nm thick layer of spin on carbon (SOC) obtained by
spin-coating (2000 rpm) a solution of NFC HM8102-9 (JSR
Micro), previously diluted in PGMEA (1:3 v/v) and thermally
crosslinked at 260°C for 1 min.

Preparation of the polymer stack

The neutral underlayer was first grafted on the substrate (Si,
SOI, or SOC on SiN) surface by spin-coating a 1 wt% solution
of hydroxy-terminated poly(alkyl acrylate) homopolymer in
methyl isobutyl ketone (MIBK) at 700 rpm followed by thermal
grafting at 200°C for 75 s. Non-grafted material was removed
by rinsing with PGMEA under sonication for 10 s, leaving the
substrate interface covered with a 5 nm thick underlayer. The
PDMSB-b-PS BCP (a 0.9 wt% solution in MIBK of poly(1,1-
dimethyl silacyclobutane)-block-poly(styrene) with lamellar
morphology and an intrinsic period of 18 nm) was spin-coated
at 2000 rpm and the solvent evaporated at 60 °C for 1 min. The
topcoat solution is composed of a statistical terpolymer of glyc-
idyl methacrylate, 2-hydroxyl ethyl methacrylate and 2,2,2-tri-
fluoro ethyl methacrylate (abbreviated “FGH” hereafter) at 2
wt% and a thermal initiator at 0.2 wt% in a 90:10 v/v mixture
of ethanol and PGME. This topcoat solution was spin-coated on
the BCP film at 2000 rpm and cured at 90 °C for 3 min to initiate

the crosslinking reaction between glycidyl pendant groups in
the FGH terpolymer. The crosslinking reaction continues dur-
ing the thermal annealing step applied to allow phase segrega-
tion in the BCP film at 260 °C for 5 min. Under our experi-
mental conditions, the layer thicknesses determined by spectro-
scopic ellipsometry were approximately 5 nm, 35 nm and 50
nm for the underlayer, BCP and topcoat layers, respectively, re-
sulting in a total thickness of the BCP stack of 88 £ 2 nm.

Plasma etch

Etching experiments were performed in a 300 mm Advant-
Edge™ MESA™ Inductively Coupled Plasma (ICP) etch tool
from Applied Materials with chamber walls made of yttrium
oxide. The plasma source is a dual-coil TCP with 13.56 MHz
RF generators of 3000 W nominal power. The electrostatic
chuck can be polarized with bias power up to 1.5 kW. The re-
actor is equipped with the Pulsync™ RF system, which allows
pulsing of the source and bias power in a wide range of frequen-
cies and duty cycles (from a few tens of hertz up to tens of kil-
ohertz and from a few percent up to continuous wave plasma).
The carrier wafer temperature and the reactor body are main-
tained at 60°C and 65°C, respectively. More detail about the
experimental set-up can be found in the litterature.’® Samples
were patched on 300 mm Si wafers with Kapton® adhesive
tape. Chamber conditioning starts with a wafer-less clean:
NF3/Cl; for 45 s, Clo/O,/Ar for 45 s, and O, for 30 s. For Ha/N;
experiments, the clean is followed by a 300s-long H2/N, condi-
tioning plasma on Si blanket wafer. Unless indicated otherwise,
N2/O/He plasma BCP etch was carried out after a carbon-coat-
ing of the chamber walls (40 s of CH4 plasma). Such coating
may also be used during TC etching with H,/N.. After a process
with C-coated walls, the chamber is systematically cleaned with
O, for 60 s.

Plasma etch conditions

Plasma etch steps were applied to sequentially remove the
topcoat material and topcoat-BCP layer interface, where appli-
cable, selectively remove the PS phase and neutral underlayer
while leaving the PDMSB lamellae, and transfer the resulting
PDMSB-derived mask into the underlying substrate. The
plasma gas composition and flow rates (in sccm), chamber pres-
sure (mTorr), source and bias powers (hereafter referred to as
WSs and Wh, respectively, in W) are specified in the results and
discussion section of the manuscript and figure legends.

Spectroscopic ellipsometry

The thicknesses of the layers in the BCP stack were deter-
mined in reflection mode with a phase modulated spectroscopic
ellipsometer (UVISEL, from Horiba Scientifc) on the spectral
range 300-800 nm. A trilayer model was created with material
dispersion files fitted on single layers with a Cauchy absorbent
model. Optical index and thickness are both fitted at each point
of the curves, then taking into account an eventual modification
of the optical index of the layer during processing. For the mor-
phologies of masks with open lamellae, the thicknesses meas-
ured correspond to an average value on the sample, i.e. approx-
imately half of the height for standing lamellae (assuming an
opening rate of 50%).



Scanning electron microscopy and scanning transmission
electron microscopy

Top-view SEM images were acquired on a Hitachi CD-SEM
H-9300 microscope operating at 0.5 kV electron acceleration
voltage with a 6 pA current. Cross-section SEM images were
acquired on a Hitachi S-5000 microscope at 30 kV electron ac-
celeration voltage with 15 nA emission current or using a Helios
450S-FEI dual beam microscope at 25 kV. This latter equip-
ment is also used for sample preparation and STEM imaging. A
series of Pt protective layers were deposited on a 30 um x 2 um
surface area of the sample under electron beam (5 kV, 26 nA,
approx. 200 nm of Pt deposited) followed by a 600 nm thick Pt
protective layer under focused ion beam (30 kV, 0.43 nA). On
pattern-transferred samples (inorganic materials) a thin carbon
layer was deposited under electron beam prior to Pt to increase
contrast. A 30 um x 2 um specimen was then etched away from
the substrate at a depth of approx. 4 um, transferred to a grid via
an omniprobe needle for mechanical manipulation and thinned
under focused ion beam (30 kV, decreasing emission current
from 2.5 nA to 80 pA) to approximately 100 nm width. Trans-
mission images of the cross-section were finally recorded in
scanning mode at 29 kV and 100 pA on the same equipment
using bright field detection.

RESULTS AND DISCUSSIONS
Removal of cross-linked TCs

Due to its cross-linked nature, the TC material is insoluble in
solvents and thus cannot be removed through a simple rinsing
step. Therefore, alternative strategies are required to remove the
sacrificial TC layer and reveal the BCP film. Nevertheless, this
is only a minor drawback considering the demonstrated benefits
arising from the cross-linking properties such as patterning pos-
sibilities and dewetting anihilation.” The methacrylic nature of
the comonomers constituting the TC material makes it suscep-
tible to depolymerization under UV-stimulus. We were thus
able to achieve the TC removal via an “UV+wet” etch (Sup-
porting information and Supporting Figure S1). Despite the ef-
ficiency of this method, we decided to show here more industry-
compatible processes and propose alternative dry-etch develop-
ments for the removal of the TC material, under either oxidizing
or reducing plasma-etch conditions.

TC removal under oxidizing plasma conditions

Dry-etch of the cross-linked TC material can be achieved
with excellent selectivity with respect to the BCP under oxidiz-
ing plasmas conditions, owing to the improved chemical con-
trast between the two different materials. Indeed, the FGH ma-
terial was designed to be entirely organic, therefore easily
etched under oxidizing plasma conditions, e.g. a simple O;
plasma. In our case, an etch-stop is obtained on both PDMSB
and PS phases of the BCP with an Ar/O (80/40 sccm) plasma
of 200 W source power and 20 W bias power (Figure 1). Once
the etch process reaches the top of the BCP layer, the residual
film thickness remains constant, at a value of 30-33 nm, which
corresponds to the thickness of the BCP and grafted underlayer
(Figure 1). This point is corroborated by the almost featureless
top-view SEM image after 35 s etch reported in Figure 1, where
the typical fingerprints of the BCP are hardly visible, even with
a 100% applied over-etch, and by cross-section SEM images
after 8 s and 35 s etch (Figure S2). The Ar/O, plasma for TC
removal is stopped right at the TC/BCP interface, most likely

due to the formation of a silicon-rich layer located at the upper
interface of the PDMSB-b-PS film, which etch mechanism is
certainly limited to physical sputtering. Indeed, X-ray Photoe-
lectron Spectroscopy (XPS) measurements (Figure S3), which
probe the upper 7 nm of the layer, show a virtual absence of
fluorine on the surface (and therefore a complete removal of the
fluorinated TC), a strong presence of Si-O, C and O (indicating
the presence of an oxidized layer of SiO,Cy type) as well as Si-
C and C-C contributions (probably due to the signature of the
BCP below); and this either after 25 s and 35 s of etching.

The origin of this silicon-rich layer at the TC/BCP interface
is still under investigation. This layer may be due to a slightly
imperfectly balanced TC composition (artificially enriching the
upper interface of the BCP in PDMSB material), or to the pres-
ence of an interfacial mixing layer composed of TC and BCP
material. The formation of a mixing layer during assembly of
the BCP stack has been described in the literature for other BCP
and TC compositions, and is related to the specific processes
followed to obtain the functional TC,** or to additives favoring
the mixing of the two materials.'>® Although it cannot be rig-
orously excluded, the latter seems unlikely in our case, since the
TC was designed specifically to avoid diffusion of species be-
tween layers. Indeed, the present TC system presents different
characteristics (low cross-linking temperature, oligomeric na-
ture of its composition prior to the cross-linking step, or even
orthogonality of the TC’s solvent toward the BCP, etc...) lim-
iting the diffusion of chemical species at the interface and a re-
sultant interfacial mixing layer. It must be pointed out here that
the potential silicon-rich layer would be extremely thin (much
less than 5 nm), since a continuous silicon-containing layer is
not seen throughout the whole set of FIB-STEM characteriza-
tions.

Interfacial layer

TC removal by

_ Ar/oz plasma
—_—

51100 —

TC etchrate ~ 6 nm/s

Initial thickness of
BCP + underlayer

0 10 20 30 40 |
Plasma etch time (s)

Figure 1: Dry etching of the organic cross-linked topcoat with an
Ar/O2 based plasma. Plasma etch conditions were: Ar 80 sccm, Oz
40 sccm, 10 mT, 200 Ws, 20 Wh. Residual thickness evolution vs
etching time and SEM image of the surface after 30s etching.

More advanced characterization and processes would be re-
quired to further assess the origin and composition of the inter-
facial layer. Nonetheless, an explanation to the presence of an
etch-stop here can be put forward, even though oxygen-based
plasmas are later demonstrated to be chemically capable of
etching the BCP. It is well-known that plasma etch forms a mix-
ing layer of a few nm, mostly controlled by ion energy, where



ions allow atoms buried under the surface of the material to be
exposed to radicals. When this layer is composed of species
with a large difference in reactivity towards plasma species
(here silicon and carbon towards oxygen), renewal of the rap-
idly consumed species (here carbon) cannot compensate the
losses and an enrichment of the mixing layer in the other species
ensues (here silicon), thus forming a crust that protects the layer
underneath from plasma etch. This etch-stop property is here
obtained thanks to a relatively low bias power (low ion energy)
and enables the etch process to stop exactly on the desired layer
without deformation of the prepattern, and even enables an
over-etch step to be performed on the stack to obtain clean in-
terfaces. This property is extremely appealing for nano-fabrica-
tion with BCPs, enabling for instance new integration schemes
involving top-coat patterning.”

Upon removal of the TC layer with the Ar/O, chemistry, a
breakthrough step is performed in fluorocarbon chemistry in or-
der to etch the oxidized silicon-rich interface. First attempts
with a 5 s-long CF4/O- plasma (CF, 60 sccm, O, 60 sccm, 10
mT, 200 Ws, 10 Whb) also removed ~5 nm of the BCP film.
Following the BT step, the same Ar/O- plasma conditions as for
TC removal are used to etch the PS phase of the BCP, as further
evidenced by the increased contrast in SEM images. Although
the CF4/O; breakthrough step is efficient at removing the inter-
facial layer for further etching of the PS phase, broken lines are
seen in the PDMSB mask after PS removal (Figure S4). In ad-
dition, the process window is narrow: a minimum of 5 s is re-
quired to remove the interface layer and 8 s produce significant
damage to the PDMSB mask. Fluorocarbon-based chemistries
are known to create a lot of stress on polymers (striations, etc.)
due to the deposition of a fluorocarbon-rich layer, which thick-
ness (typically 2-5 nm) cannot be neglected when etching lines
of CD ~ 9 nm.Y" This stress affects the local density of the pol-
ymer material and thus its sensitivity to reactive species (F, O).
It could explain the breaks appearing with longer process times.

Several attempts were made to prevent mask degradation, by
tuning the nature and ratios of gases during the breakthrough
process, and adjusting the bias/source powers applied accord-
ingly. Significant improvement was achieved with respect to
the CF4/O, reference process via suppression of the oxygen
component in the gas mixture and dilution of CF, with an inert
gas (He), which leads to a slower etch process, and thus to a
better quality of the remaining mask even for a longer etch step
(Figure S4). Further slowing-down of the interfacial etch pro-
cess, through the progressive use of polymerizing fluorocarbon
gas to dilute the CF4 component, and introduction of N, as a
mild fluorocarbon deposit etcher, improves the quality of the
remaining BCP mask, at constant PS etch-rate. These are all
clues that higher mask quality could be obtained through milder
etch conditions, e.g. the use of chamber wall coating, reactor
configuration, etc. However, due to the relatively tight process-
window obtained from our ICP reactor and despite our efforts
and the improvement obtained, all ours attempts led to the in-
troduction of defects in the self-assembled features (PDMSB
broken lines), which prevented high-quality pattern transfer
through this approach. Therefore, we investigated other plasma
chemistries for the TC removal step, aiming at plasma etch con-
ditions that improves the mechanical and/or chemical properties
of the PDMSB material.

TC removal under reducing plasma conditions

The mixture of reductive gases based on Ha/N, chemistry is
well-known for the stripping of photoresist material.*® When the
N2 proportion is low (< 30%), the Ho/N, based plasma has large
VUV fluence in the sub-200 nm wavelength range, while being
a slow etcher for both silicon'® and PS. In addition, the VUV
fluence is known to be efficient at cleaving Si-CHy bonds,*° re-
sulting in a reduction in carbon content in the polymer, and thus
a relative increase in the silicon content. This can be exploited
as an additional curing process to reinforce both the etch and
mechanical resistance of the PDMSB block, concomitantly to
TC removal. In parallel, PS is promptly converted to hydrogen-
ated amorphous carbon by destruction of its aromatic cycle.?°
This amorphization is welcome in our case as it results in a
much lower etch resistance when exposed to oxygen-based
chemistries and thus larger selectivity with PDMSB when etch-
ing away the PS phase. As the TC is a fully organic methacry-
late derivative, its etch rate is limited by the flux of atomic hy-
drogen. Indeed, increasing the nitrogen flux at the expense of
H_ beyond the ratio used in our experiments results in a net drop
of the etch rate, as the global amount of atomic H is diluted by
nitrogen. It means that its ashing rate increases with pressure
and ICP power. The VUV fluence however, owing to self-ab-
sorption by H,,2 is larger at lower pressure, where the ion flux
is also higher, and the atomic flux is proportionally lower. Con-
sidering our intent of modifying both the PS and the PDMSB, a
slower etch rate of the topcoat is rather beneficial, although the
larger ion flux reduces the selectivity with PS (severely ion-lim-
ited etch rate??). Provided the results observed on the effect of
VUV on material modification during the etch process and that
the limiting factor for etch-rate is the atomic hydrogen flux, we
deduced that the etch rate will vary linearly with pressure and
ICP power in the range of pressure and power relevant in the
context. Therefore, a compromise was found at 15 mTorr to
slow-down the TC etch rate (H, 150 sccm, N2 50 sccm, 15 mT,
1200 Ws, 0 Wh), resulting in ~1.9 nm-s* etch rate for the TC
and ~1.1 nm-s etch rate averaged for the both domains of the
BCP, thus leading to complete removal of the TC material
within a comfortable ~25-30 s process window (Figure 2A),
easily tunable with the ICP power. Here, the interfacial layer is
etched over a time lapse of ~5 s. If carbon-coating of the ICP
chamber is used to slow down the etch mechanism, the TC etch-
rate decreases approx. 7-folds, and the time lapse for interfacial
layer etch increases to approx. 30 s (Figure S5). This is expected
due to the consumption of reactive species by the protective
coating (reduction of the density of O atoms in the plasma by
scavenging them to form CO and CO, volatile products), result-
ing in reproducible etch rates and large process-windows.

In a similar manner, if the gas ratio is inverted to obtain a
main N, component over H,, such as a 97/3 ratio, the etch rate
of the interfacial layer is slowed down by approx. 50%, due to
the depletion of the Si etchant in the gases mixture (Figure 2B).
Thus, the gas ratio provides another leverage to precisely con-
trol the remaining thickness of the stack with an N2/H; “etch-
slow” behavior. Reducing the H2 flow in order to induce a better
etch-slow when reaching the interface layer however also re-
duces the curing effect on PDMSB (Si-enriching) and PS (hy-
drogenation and lowering of its etch resistance).
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Figure 2: Comparison of remaining BCP stack thickness (top), and corresponding topview SEM images (below) following topcoat removal
by non-oxidative plasma composed of Hz and N2 gases with (A) Hz excess (Hz 150 sccm, N2 50 sccm) and (B) Nz excess (N2 97 sccm, Hz 3
sccm). SEM images show progressively enhanced contrast between PS (dark grey) and PDMSB (light grey) phases along with the etch time
(indicated on each image), indicative of the absence of interfacial layer and progressive PS etch.

If either the H2/N2 (150/50 sccm) or the Na/H, (97/3 sccm)
plasma is further pursued, the contrast between the PDMSB and
PS domains becomes more pronounced (Figure 2), indicating
that the PS phase is etched faster than the PDMSB phase. How-
ever, in this case, the roughness of the PDMSB lamellae seems
to increase, and significant bridge-defects can be seen on corre-
sponding SEM (Figure 2) and cross-section SEM (Figure S6)
images. This bridging effect might be due to a low kinetic of
self-assembly, a slightly imbalanced surface energy of the un-
derlayer or to physical re-deposition during the etch process.
Moreover, there is a trade-off between consuming the PDMSB
budget and fully opening the lithographic mask and we were not
able to achieve further high quality pattern transfer, for example
into the Si substrate, when using the same plasma chemistry for
both TC and PS etch.

It should be mentioned that other groups already investigated
a NJ/H; gas chemistry for the removal of the PS phase for their
own high-y BCP platform.?® The time duration over 10 min for
their process is unfortunately excessively long to be considered
as a viable pathway for high volume manufacturing with DSA.
With the PDMSB-b-PS BCP, variable N; ratios were tested (up
to 50 sccm and 500 sccm for Hz and N, respectively), and sim-
ilar selectivities were observed as in our case, which also made
pattern transfer into the substrate difficult.!? Finally, using large
H, process times is known to be detrimental for doping and
electrical performances of a device in general: over-exposing
the BCP to etch it in a single step here could damage logic layers
underneath. These different drawbacks prompted us to investi-
gate dedicated plasma etch strategies for the removal of the PS
phase, depending on the TC etch plasma chemistries applied.
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Figure 3: Comparison between the different topcoat and PS removal dry etching plasma conditions. The CDSEM images for evaluation of
the PDMSB mask roughness and homogeneity were obtained on an annealed stack of BCP on Si submitted to full TC removal followed by
partial PS removal. The plasma etch conditions were as follows: Ar/O2 plasma: Ar 80 sccm, O2 40 sccm, 10 mT, 200 Ws, 20 Wh, 35 s for
TC removal, 5s for partial PS removal; Hz2/N2 plasma: H2 150 sccm, N2 50 sccm, 15 mT, 1200 Ws, 0 Wb, 35 s; N2/Hz plasma: N2 97 sccm,
H2 3 sccm, 15 mT, 1200 Ws, 0 Wh, 35 s; CF4/O2 BT: CF4 60 sccm, Oz 60 sccm, 10 mT, 200 Ws, 10 Wh, 5 s; soft BT: He 80 sccm, CHsF 20
scem, CF420 scem, 10 mT, 600 Ws, 60 Wb, 10 s; He/N2/O2 plasma: He 100 sccm, N2 35 sccm, Oz 15 sccm, 10 mT, 250 Ws, 30 Wb, 15 sin

CHjs-coated plasma chamber.

PS removal options

Removal of the PS phase can be performed with high selec-
tivity with respect to the PDMSB phase of the BCP, for instance
with an Ar/O, based plasma. Etch experiments performed on
blanket wafers of each component indicated etch rates of nearly
2.6 nm.s* and 0.002 nm.s’t, for PS and PDMSB homopolymers,
respectively, under the same etch conditions as in our Ar/O,
based TC removal approach (Ar 80 sccm, O, 20 sccm, 10 mT,
200 Ws, 20 Wh), and the increase in contrast due to the selective
removal of the PS phase of the BCP is visible on SEM images
(Figure 3). It is interesting to note that the PS phase of the BCP
can be etched under the same conditions that resulted in an etch-
stop at the TC/BCP interface. This may be counter-intuitive but
it is easily explained. During BCP etch, the plasma to which the
PDMSB is exposed is locally much poorer in oxygen than in the
case of homo-PDMSB etch, due to the consumption of oxygen
species by the PS phase being etched. This results in a signifi-
cantly slower consumption of the carbon atoms in PDMSB (less
silicon-enrichment) and no interfacial crust formation. These
micro-loading effects are often reported in the literature to be
the root cause for the large discrepancies in selectivity measure-
ments between blanket (homopolymers) and patterned (BCP)
wafers.?+2

After PS removal by Ar/O; etch, the revealed PDMSB pat-
terns showed high line roughness, bridges and some pattern col-
lapse (SEM image 2A in Figure 3), which prompted us to re-
duce the plasma selectivity between both blocks in order to keep

the aspect ratio lower (<3:1) and smoothen the PDMSB fea-
tures. PS, even once hydrogenated, is etched by chemical sput-
tering and the etch rate is strongly ion-limited. PDMSB how-
ever, builds up a protective silicon-rich crust (as evidenced in
Figure S7) when the reactivity of the plasma species with car-
bon is too high (ions also bring heat, which according to Arrhe-
nius Law, increases the reactivity of O with C). By reducing the
ion flux, the etch rate of PS also decreases and the Si-rich layer
struggles to form on top of PDMSB, allowing it to be etched by
O radicals. These considerations were taken into account to
modify the PS etch plasma as follows: Ar (very efficient at pro-
ducing ions) is replaced by N (which also increases the O rad-
ical flux), while He is used for dilution purposes (owing to its
very low mass the ion flux of He is typically half that of Ar%).
The enhancement of the chemical aspect by mixing N, with O,
increases the lateral etch rate of PDMSB, thereby smoothening
the lines that otherwise exhibit high roughness with Ar-based
mixtures.?” Finally, carbon-coating of the chamber walls further
decreases the etch-rate by a factor of about 2 (Figure 4, top),
thus providing a comfortable 25-35 s process-window for com-
plete removal of the PS-phase with this He/N,/O, plasma. In-
deed, as evidenced by the SEM images reported in Figure 4,
smooth PDMSB lamellas are obtained in this case and a PS vs
PDMSB etch selectivity of about 2 is found.
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Figure 4: Comparison of the block copolymer residual thickness
under a selective He/N2/O2 plasma, with and without a carbon pro-
tective chamber wall coating (top), and corresponding SEM images
of the remaining PDMSB lamellae (below) with a carbon protective
chamber wall coating. Plasma etch with He/N2/O2 plasma (He 100
scem, N2 35 scem, O2 15 sccm, 10 mT, 250 Ws, 30 Wb, in CHa-
coated plasma chamber or uncoated chamber) was applied for up
to 45 s (etch times indicated on each SEM image), after topcaot
removal with Hz/N2 plasma (Hz2 150 sccm, N2 50 sccm, 15 mT,
1200 Ws, 0 Wh, for 33 s).

As summarized in the schematic and SEM images reported
in Figure 3, selected combinations of plasma dry-etching chem-
istries for TC and PS phase etch have distinct effects on the
quality of the PDMSB-derived lithographic mask. Oxidizing
plasma for both TC removal and PS phase removal (Ar/O, +
CF4/0O; + Ar/Oy) leads to smooth lamellae but heterogeneity in
mask thickness due to the CFs-based BT (SEM image 1A). Af-
ter the Ar/O, and CF4/O; steps, less damage to the PDMSB

mask is achieved with a PS etch in He/N./O, plasma, but to the
expense of higher lamella roughness and with variable feature
width (SEM image 1B). Alternatively, interfacial layer removal
with a “soft BT” (combination of Ar/O, + He/CHsF/CF, +
He/N2/O2) improves the homogeneity in lamella width, but lo-
cal cuts are still visible (SEM image 1’B). TC etch with non-
oxidizing H2/N, plasma chemistry reveals no interfacial layer
but the quality of the mask sees a dramatic influence of the PS
etch plasma. TC etch with H./N, followed by PS etch with
Ar/O, produces a mask with significant bridge formation and
collapse of lamellae (SEM image 2A). In contrast, the combi-
nation of Ha/N, plasma to remove the TC (30 - 35 s) followed
by 30 s of He/N,/O, plasma in a C-coated ICP chamber to etch
the PS phase, provides a thick fully opened silicon-oxy-nitride
mask from the PDMSB domains of the BCP. The resulting
PDMSB-derived features show regular lamella width and low
roughness (SEM image 2B). Therefore, this plasma combina-
tion was selected to transfer patterns into the underlying sub-
strate.

As an alternative, promising preliminary results in terms of
mask quality were obtained with TC removal by Na/H, 97/3
followed by PS etch with He/N,/O,, in spite of localized minor
damage to the mask (SEM image 2°B). This approach is partic-
ularly relevant for CMOS high volume manufacturing, where
high H. gas content should be avoided.

Pattern transfer into the silicon substrate

As depicted in Figure 5, the PDMSB lamellae were trans-
ferred into the silicon substrate using a HBr/O, chemistry,?2°
to assess the etch resistance of the modified PDMSB as a mask
to pattern amorphous silicon, which is common to many pat-
terning stacks. Bromine-based species are the main etchant
here, forming mainly SiH.Br, and SiBr, as volatile products.?®
The stickiness of most etch by-products can be enhanced by
adding some oxygen in the gas mixture so that these sticky by-
products passivate the sidewalls. The transfer plasma is syn-
chronously-pulsed at a pulsing frequency of 1 kHz (cycle times
of 1 ms) and RF ON times of 200 ps (20% duty cycle) to reduce
the dissociation of HBr. This results in lower H radical creation,
the latter diffusing into silicon and creating a damage layer,
which once removed with diluted HF clean typically reveals a
sloped profile in silicon as seen in Figure 5B and C.

A break-through step with a Cl, or CF, chemistry is applied
to remove the thin (< 2 nm) native oxide layer present at the
silicon surface. Transferred patterns present good fidelity with
respect to the initial PDMSB mask, as evidenced by either SEM
or FIB-STEM techniques (Figure 5), showing dense high as-
pect-ratio features of 8-9 nm in width for approx. 45 nm in
depth, thus an aspect-ratio of about 5 obtained with this etch
process. Most patterning applications would not require an as-
pect ratio higher than 3:1 in amorphous silicon, therefore this
result indicates that the use of the BCP as a mask to directly
pattern amorphous silicon is a viable option.
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Figure 5: General scheme for the transfer of PDMSB lamellae into a silicon wafer substrate via our full dry etching process (top); FIB-STEM
cross-section images of the initial block copolymer stack (A) and of the silicon substrate after transfer of the block copolymer features (B),
showing ~45 nm depth for 9 nm CD features (AR~5); cross-sectional SEM image (C) and SEM topview image (D) of the features transferred
into the silicon substrate.
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Figure 6: FIB-STEM cross-section of the BCP stack comprising a grafted neutral underlayer and crosslinked neutral topcoat on a SOI sub-
strate with a 15 nm amorphous Si layer on a 20 nm SiOz layer (left) and transferred BCP features after successive dry etching steps, showing
~ 9 nm Si lines on SiOz (right).



Pattern transfer into SOI

The same etch steps were used to pattern a thin crystalline
silicon layer (15 nm) on silica (SOI substrate). Silicon etching
was achieved down to the silicon/silica interface without affect-
ing the initial silicon layer thickness. FIBSTEM cross-section
images (Figure 6) reveal the presence of a few nm of remaining
PDMSB mask at the end of the process, which prevents trim-
ming of the top of the silicon features throughout the pulsed
HBr/O, plasma etch step. Moreover, the regularity of the etch-
ing is much better here thanks to the stop layer on the oxide,
avoiding the well-known Aspect Ratio Dependent Etching
(ARDE) effect (all trenches have not the exact same CD) as ob-
served on bulk silicon (Figure 5B).

Pattern transfer into other hard-masks relevant to
CMOS applications: silicon nitride

The underlayer used to neutralize the interface between the
substrate and the BCP is thermally grafted through the reaction
of its hydroxyl endgroup to form a metal-oxide bond,® which
means that it can easily be grafted onto silicon but also onto
SiOy, SiN or TiN. As the chemical reaction only affects the pol-
ymer chain-end, the grafted underlayer provides an interface
with roughly the same characteristics, regardless of the sub-
strate. Consequently, orientation of the BCP lamellae perpen-
dicular to the substrate was not affected by its surface chemis-
try, confirming that efficient grafting of the neutral underlayer
was achieved on these inorganic substrates (Figure 7). Perpen-
dicular orientation of the BCP lamellae was also observed on
“spin on carbon” (SOC) modified with thermally grafted neutral
underlayer (Figure 7).

The differences observed on the different substrates are due
to the fact that the BCP not only "sees" an underlayer due to its
low thickness, but rather a combination of the surface energy of
the underlayer material and that of the substrate. Thus, the BCP
is assembled on substrates exhibiting different "neutrality” con-
ditions, and the self-assembly varies accordingly.

Finally, our BCP patterns could potentially be transferred
into a variety of organic or inorganic substrates or hard masks.

Figure 7: CD-SEM topview images (x 300 k, scale bar 100 nm) of
the block copolymer stack on different substrates: Si with native
SiO2 layer, PECVD SiN, thermally grown SiOz, TiN and spin-on-
carbon (SOC) on Si. The substrate surface is made neutral to the

BCP by thermally grafting the neutral underlayer. Removal of the
topcoat layer and partial removal of the PS phase of the BCP was
performed by dry-etching (Hz2/N2 followed by He/N2/O2 plasma
etching) to reveal the perpendicular orientation of the PDMSB la-
mellae.

We demonstrate the potential of our stack to transfer lamellar
features into other substrates through the example of SiN. SiN
is interesting due to its widespread use as a sacrificial hard-
mask in conventional industrial etch processes. SiN is typically
etched with fluorinated gas plasma chemistries, which we found
to be damaging to our silicon-based BCP mask (Figure 3). In
addition, poor selectivity is expected between the silicon-oxy-
nitride features obtained upon revealing the BCP lamellae and
the SiN substrate. Therefore, we introduced an additional spin
on carbon (SOC) layer between the SiN substrate and the BCP
stack to successively transfer the BCP features into the SOC
layer and SOC features into the SiN layer.

Transfer of the BCP features into the SOC layer was achieved
using HBr/O, gas chemistry (Figure 8), where a continuous
wave plasma was applied at relatively low pressure (5 mT) and
high source and bias powers (500 Ws, 120 Wb). The lower pow-
ers (300 Ws, 30 Whb) and higher pressures (15 mT with our
pulsed plasma conditions) investigated resulted in the collapse
and wriggling of the SOC lines. This is in agreement with pre-
vious observations, where the etching conditions should favor
sidewall passivation via the deposition of poorly volatile bro-
minated etch products formed during SOC etching.?

The transfer of the PDMSB/SOC features into SiN was
achieved with a Ar/CH3F/O; gas chemistry®® (Ar 200 sccm,
CHsF 70 sccm, O, 30 sccm, 10 mT, 400 Ws, 50 Wb). Other
attempts with an Ar/CF./CHF; plasma showed poor selectivity,
limiting the depth of the transfer into SiN to approx. 20 nm be-
fore complete etching of the SOC mask. The source power was
kept relatively low (400 Ws) to have better control on polymer
growth on SOC and avoid wiggling. For an etch process capable
of etching lines into the 20 nm PECVD SiN layer down to the
Si substrate interface, adequate bias powers were in the range
of 50 to 90 Wb, and the SOC mask was mostly intact at the end
of the etch process applied for 30 s (remaining SOC lamellae
are visible as a light grey shadow on the FIBSTEM image in
Figure 8C and on the tilted SEM image of uncoated sample in
G). At the end of the process, very smooth and sub-9 nm SiN
lines are obtained.
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Figure 8: General scheme for the transfer of PDMSB lamellae into SiN via a spin-on-carbon hard mask under a full dry etching process (top);
FIB-STEM cross-section images (A,B,C) of the BCP stack comprising a thermally crosslinked SOC, grafted neutral underlayer and cross-
linked neutral topcoat on a SiN substrate (A); transferred BCP features into SOC after three successive dry etching steps (B) and into 20 nm
of SiN on Si (C); topview SEM images of corresponding uncoated samples, showing PDMSB lamellae on SOC after partial PS etch (D);
transferred features into SOC on SiN (E) and into SiN with CD ~ 9 nm (F); 20° tilted cross-sectional SEM image evidencing residual SOC
lamellae after transfer into SiN (G). Plasma etch was as follows: TC removal with a H2/N2 plasma (33 s), PS etch with He/N2/O2 plasma (15
s for partial PS removal in D; 30 s for full PS removal in all other samples); transfer into SOC with a HBr/O2 plasma (HBr 70 sccm, O2 30
scem, 5 mT, 500 Ws, 120 Wh, 6 s) and transfer into SiN with a Ar/CH3F/O2 plasma (Ar 200 sccm, CHsF 70 sccm, Oz 30 sccm, 10 mT, 400
Wh, 50 Ws, 30 s). Stripping of the residual SOC layer was carried out with an Oz plasma (50 s) to determine CD in topview image F.

CONCLUSIONS with a Ar/CH3F/O, plasma with excellent selectivities. This
In this work, we developed full dry-etching strategies for work highlights the performance of a silicon-containing block-
BCP nanolithography dedicated to microelectronics, as we re- copolymer at 18 nm pitch to pattern relevant hard-mask materi-
port pattern transfer of 18-nm pitch lamellas of a PDMSB-b-PS als for various applications, including microelectronics.
block copolymer into Si, SOI and SiN substrates within practi-
cal timeframes (around 30 s for each etch step). To account for
applications requiring etch stops or not, several etch strategies ASSOCIATED CONTENT

have been proposed. Both an oxidizing Ar/O- plasma and a non- Supporting Information.

oxidizing Hz/N plasma can be used to remove the topcoat ma- Topcoat removal by UV and wet etch, alternative BT after Ar/O>
terial of our BCP stack and reveal the PDMSB lamellae. Under TC removal, Hz/N; TC etch-rates with or without C coating,
Ar/O; plasma, an interfacial layer stops the etch process at the FIBSTEM image of partially open BCP stack. This material is
top-coat/BCP interface, which provides an etch-stop but also available free of charge via the Internet at http://pubs.acs.org.

requires an additional CF4-based breakthrough plasma for fur-

ther etching of the PS component of the BCP. This interfacial

layer is not present in Ho/N2. Increasing the ratio of H./N; leads

to more profound modification of PDMSB, for which a PS re- AUTHOR INFORMATION
moval chemistry in He/N,/O, rather than Ar/O, plasma pro-
duces smoother and a more regular PDMSB-derived litho-
graphic mask. Selectivity between PDMSB mask and cSi with Gwenaelle Pound-Lana — University of Grenoble Alpes, CNRS,
a synchronously pulsed HBr/O; plasma are also promising for CEA/LETI Minatec, Grenoble INP, LTM, 38000 Grenoble,
patterning of common aSi at relevant film thickness. Transfer France; orcid.org/0000-0003-0569-024;

into SiN required an additional SOC hard mask of similar thick- Email: gpoundlana@gmail.com

ness. The PDMSB lamellae were transferred into the SOC layer

with an HBr/O; plasma, which was in turn transferred into SiN
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