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I. INTRODUCTION

Since the introduction of integrated circuits, there has always been a great interest, driven by both economic and performance aspects, to increase the number of transistors on a wafer. This has been achieved by constantly reducing the size of the transistors, thus increasing the number of transistors on the same surface [START_REF] Moore | Cramming More Components onto Integrated Circuits[END_REF][START_REF] Moore | Progress in digital integrated electronics[END_REF].

However, as we approach the sub-10nm technologic nodes, conventional lithography has achieved its limit in terms of pattern scaling [START_REF] Stoykovich | Block copolymers and conventional lithography[END_REF]. New patterning techniques, such as extreme ultraviolet lithography, directed self-assembly (DSA) and multiple patterning, are being studied as alternatives to continue pattern miniaturization [START_REF] Posseme | Plasma Etching Process for CMOS Devices Realization[END_REF]. This article will focus on the DSA of block copolymers (BCPs), which is a promising low cost solution to obtain high density sub-10 nm patterns. It uses the self-assembling property of these materials to reach nanoscale dimensions and, at the same time, meet the constraints of manufacturing, like cost and equipment availability [START_REF] Stoykovich | Block copolymers and conventional lithography[END_REF].

Block copolymers consist of two different polymer chains connected by a covalent bond. They are able to microphase separate, spontaneously forming a dense array of different ordered nanostructures, like cylinders or lamellae, with domain dimensions of around 5 to 50 nm [START_REF] Stoykovich | Block copolymers and conventional lithography[END_REF]. Polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) is the most commonly used block copolymer for the DSA application because of its well-known properties and easy synthesis [START_REF] Argoud | 300mm pilot line DSA contact hole process stability[END_REF].

To remain attractive for the smaller technological nodes, the BCPs pitch has been constantly reduced. Since the minimum pitch for the PS-b-PMMA system is limited to around 24 nm due to its low chi, new systems have been developed to achieve higher resolution by improving its microphase separation strength, thus obtaining the "high chi" BCPs [START_REF] Feng | Block Copolymers: Synthesis, Self-Assembly, and Applications[END_REF]. They also reportedly present better Line Edge Roughness (LER) and Line Width Roughness (LWR) compared to PS-b-PMMA [START_REF] Miyazoe | High chi block copolymer DSA to improve pattern quality for FinFET device fabrication[END_REF]. In this paper, the organic high chi BCP system being studied is a modified PS-b-PMMA that presents an 18-nm pitch and lamellar morphology.

A major etching challenge for DSA integration concerns the PMMA removal selectively to PS. To transfer the line/space pattern into the subjacent layers, we must completely remove the PMMA and conserve enough PS budget. This can be achieved by either wet or dry etching. Wet etching allows for quasi-infinite selectivity between both blocks, but presents a pattern collapse risk due to capillary forces [START_REF] Gharbi | PMMA removal options by wet development in PS-b-PMMA block copolymer for nanolithographic mask fabrication[END_REF]. Plasma etching is more compatible with narrow lines, thus limiting the risk of pattern collapse. However, the main difficulty with this approach is to obtain high selectivity between PMMA and PS films.

For the standard PS-b-PMMA, different etching chemistries have been developed.

The most common plasma etching used for the selective PMMA removal are based on O2 [START_REF] Miyazoe | High chi block copolymer DSA to improve pattern quality for FinFET device fabrication[END_REF][START_REF] Tsai | Two-dimensional pattern formation using graphoepitaxy of PS-b-PMMA block copolymers for advanced FinFET device and circuit fabrication[END_REF], Ar/O2 [START_REF] Nealey | Plasma etch removal of poly(methyl methacrylate) in block copolymer lithography[END_REF][START_REF] Yamashita | Exploration of suitable dry etch technologies for Directed Self-Assembly[END_REF] and CO/H2 [START_REF] Miyazoe | Highly selective dry etching of polystyrene-poly(methyl methacrylate) block copolymer by gas pulsing carbon monoxide-based plasmas[END_REF]. Cyclic approaches based on CO/H2 + CO [START_REF] Miyazoe | Highly selective dry etching of polystyrene-poly(methyl methacrylate) block copolymer by gas pulsing carbon monoxide-based plasmas[END_REF][START_REF] Sarrazin | PMMA removal selectivity to polystyrene using dry etch approach[END_REF] or Ar/O2 + Ar [START_REF] Delgadillo | 28 nm pitch of line/space pattern transfer into silicon substrates with chemo-epitaxy Directed Self-Assembly (DSA) process flow[END_REF] have also been studied. The O2-based chemistries are very reactive [START_REF] Farrell | Monitoring PMMA elimination by reactive ion etching from a lamellar PS-b-PMMA thin film by ex situ TEM methods[END_REF][START_REF] Delalande | Development of plasma etching processes to pattern sub-15 nm features with PS-b-PMMA block copolymer masks: Application to advanced CMOS technology[END_REF] and present low PMMA:PS selectivity (around 2.0). The CO + CO/H2 plasma cycles were shown to be suitable for the cylindrical application [START_REF] Imamura | Highly selective removal of poly(methyl methacrylate) from polystyrene-block-poly(methyl methacrylate) by CO/H2 plasma etching[END_REF], but present limitations for lamellar application: higher PS consumption due to a higher amount of oxygen (coming from PMMA) released during etching. Therefore, an oxygen-free chemistry based on CH4/N2 was developed to obtain high selectivity with line/space patterns for standard PS-b-PMMA with a 38-nm pitch [START_REF] Sarrazin | New CH4-N2 dry etch chemistry for PMMA removal without consuming PS[END_REF].

In this paper, we propose to evaluate the process window of this dry etch chemistry for an organic high chi block copolymer by varying the CH4/N2 ratio and studying the etch mechanisms thanks to X-ray photoelectron spectroscopy (XPS). Then, the results obtained for the 18-nm pitch high chi PS-b-PMMA are presented, highlighting the challenges encountered due to its smaller dimensions.

II. EXPERIMENTAL SETUP

A. Materials

All the materials are provided by Brewer Science Inc. and Arkema.

PS and PMMA homopolymer solutions with the modified high chi chemistry were spin-coated on 300mm silicon blanket wafers and then annealed on Sokudo Duo™ track to obtain 50-nm films.

Two different lamellar block copolymers were used on this study. The first one was a standard PS-b-PMMA with period L0=38nm. The BCP solution is spin-coated and annealed on 300mm wafers using a Sokudo Duo™ track. A thin brush layer composed of PS-r-PMMA random copolymer is spin-coated on the substrate before the BCP deposition in order to neutralize the surface and obtain the vertical lamellae morphology.

The brush and BCP layer thicknesses are around 8 and 52 nm, respectively.

The second block copolymer used was a high chi modified PS-b-PMMA with period L0=18nm. The deposition process is similar to that of the standard PS-b-PMMA explained above. The brush and BCP layer thicknesses are around 5 and 16 nm, respectively. Figure 1 represents the material stack used. The stack was the same for both block copolymers, with only the brush layer and block copolymer thickness changing according to the values presented in Table I. 

B. Etching setup

The plasma etching experiments were carried out on a 300mm Kiyo FX® reactor from LamResearch®. This inductively coupled plasma (ICP) reactor is powered by a RF generator of 13.56MHz. The pressure, bias voltage and plasma power of the CH4/N2

plasma were set at 10mTorr, 200V and 500W, respectively. The gas ratio was variated in order to establish a process window.

C. Characterization setup

PMMA:PS selectivity and etch rates were determined using the thickness measurements obtained by ellipsometry before and after plasma etching of high chi PS and PMMA homopolymers coated on blanket wafers. The tool used is the Atlas XP+™ from Nanometrics® with an incident angle of 65°. For both materials, a Cauchy transparent model was for wavelengths between 500 and 1000 nm, since these materials exhibit no absorption (k=0) in this wavelength range. The refractive index was also adjusted in the model during the thickness fitting. At 620 nm, as deposited PS has a refractive index of 1.49 while as deposited PMMA has an index of 1.59. No refractive index modifications were observed after etching nor between modified (high chi) and non-modified (standard) PS-b-PMMA. The as deposited homopolymer thicknesses for high chi PS and PMMA films were measured at 55 and 52 nm, respectively.

Quasi in-situ X-ray photoelectron spectroscopy (XPS) analysis were conducted to understand the surface etching mechanisms. A Thermo Fisher Scientific® Theta 300™ spectrometer with a monochromatic Al Kα x-ray source (hʋ = 1486.6 eV) was used. The concentrations of C, O and N atoms were extracted from the C1s, O1s and N1s core-level energy regions, respectively. Binding energies in all XPS spectra were calibrated using the C1s C-C peak (285 eV). All peaks were de-convoluted by a fitting routine consisting of a combination of Lorentzian and Gaussian functions (using Avantage™ software).

Each element concentration was obtained by dividing the calculated peak areas by the corresponding Scofield cross section (O1s: 2.88; C1s: 1.0; N1s 1.68). The sum of the concentrations for the different elements on the analyzed surfaces is equal to 100%.

XPS measurements were carried out on parallel angle resolved mode with takeoff angles varying between 23.75° and 76.25° to probe different depths of the material (maximum depth = 10 nm). For each element, the measurements consisted of five scans with a dwell time of 500 ms, a pass energy of 100 eV and an energy step size of 0.1 eV.

Two types of Scanning Electron Microscope (SEM) were used for morphological observations, each one with a specific application. The critical dimension SEM (CD-SEM) used for top-view observation was the Verity 4i+™ tool from Applied Materials®.

SEM images were acquired with an accelerating voltage of 800V and a probe current of 71 pA. After top-view observations, a cross-section SEM was used to determine the effectiveness of PMMA removal and observe the morphology of the line/space patterns.

The tool used was a Hitachi® S5500™ microscope. Cross-sectional samples were precoated with a gold-palladium metallization during 25s to reduce charging effect characteristic of the polymer reaction to electron beam. All images were acquired with an accelerating voltage of 5.0 kV, a probe current of 15 μA and using a tilt of -20°.

III. RESULTS AND DISCUSSION

A. Modified PS and PMMA homopolymer results

Figure 2 summarizes high chi modified PS and PMMA homopolymer consumption as a function of plasma process time for different CH4/N2 ratios.

The graph shows that for the ratio 1:2, both materials consumptions are linear.

After 60s of etching, around 42 nm of PMMA and 9 nm of PS are etched, corresponding to a selectivity of 4.7, approximately. As for the ratio 1:1, after 60s, 16 nm of PMMA are etched while a deposition of around 5 nm is observed on top of PS, which means the ratio 1:1 presents infinite selectivity on blanket wafers. Finally, ratio 2:1 presents the same tendencies as ratio 1:1. However, for the PMMA consumption, it seems to reach a plateau after 25s of etching. To understand the etching mechanisms and plasma/surface interactions involved, quasi in-situ XPS analysis were carried out on these blanket high chi homopolymers for ratios 1:1 and 1:2 with different etching times. The results are shown in Figure 3.

First, it is important to notice that as deposited high chi PS and PMMA present a composition very similar to that of the standard PS and PMMA [START_REF] Beamson | High Resolution XPS of Organic Polymers: The Scienta ESCA300 Database[END_REF]. PS consists of only carbon and hydrogen and its XPS analysis presents two peaks. The one at 285.0 eV corresponds to two different bonds (aliphatic carbon at 284.7 eV and carbon from phenyl cycle at 285.0 eV) that cannot be dissociated due to the energy pass. In this paper, these peaks will be represented together as C-C, C=C. The other peak is observed at 292.0 eV and represents a shake-up peak characteristic of the aromatic cycle, represented as pi pi* [START_REF] Beamson | High Resolution XPS of Organic Polymers: The Scienta ESCA300 Database[END_REF]. and 3(d) that the etching presents the same tendencies as the ratio 1:1 with a higher C-N content, which is to be expected from the increase of the N2 flow. These same etching mechanisms were observed for standard PS-b-PMMA in previous works [START_REF] Sarrazin | New CH4-N2 dry etch chemistry for PMMA removal without consuming PS[END_REF].

B. Application to PS-b-PMMA films with lamellar morphology

Standard PS-b-PMMA with 38 nm pitch

First, different CH4/N2 ratios were tested on standard 38 nm pitch PS-b-PMMA with 52 nm initial thickness in order to compare the PMMA:PS selectivity of free surface and blanket wafers. The cross-section and top-view SEM images post PMMA removal, as well as the calculated selectivity, are presented in Figure 4. As expected, the greater the CH4 content, the better the selectivity since CH4 is the major passivating component of this etching chemistry. However, Figure 4(c) shows that when the CH4/N2 ratio is too important, the PS lines thickness is increased due to too much carbon passivation on the PS flanks. The highlighted section on the top-view image in Figure 4(c) presents the consequent pattern collapse caused by the lines thickening, which prevents the correct pattern transfer into the underlayers. Therefore, we selected the ratios 1:2 and 1:1 to continue our studies for the high chi PS-b-PMMA.

It is also important to notice that, for all CH4/N2 ratios studied, the selectivity on free surface is lower compared to that of blanket wafers. This indicates that new etching mechanisms come into place when the two block copolymer's phases interact. As we have seen on the XPS analysis (section III.A), the loss of C-O and C=O bonds is characteristic of PMMA etching. The oxygen-containing by-products of the PMMA etching probably interact with the PS phase, inducing its consumption. 

High chi PS-b-PMMA with 18 nm pitch

For the etching of the 18-nm pitch high chi PS-b-PMMA, we estimate that there should be at least 15 nm of PS plus brush layer left after PMMA removal to ensure the correct pattern transfer into the subjacent silicon oxide layer, which means that the high chi BCP requires a higher selectivity than the standard PS-b-PMMA due to its reduced thickness (16 nm). Since the initial thickness of the PS-b-PMMA and brush layer stack is approximately 21 nm, this translates to a desired selectivity of around 3.5.

Figure 5 presents the cross-section and top-view SEM images after PMMA removal, as well as the calculated selectivity for the ratios 1:2 and 1:1. First, it is important to notice that, for the same dry process, the 18-nm pitch high chi BCP presents lower selectivity compared to the 38-nm pitch standard PS-b-PMMA. This might be due to the block copolymers modified chemistry or to the fact that the etching time is shorter for smaller thickness. It should also be noticed that the cross-section SEM measurements are approximations, due to its low precision when using higher magnification. Therefore, the main high chi PS-b-PMMA dry etching difficulties come from the trade-off between obtaining a high PMMA:PS selectivity and avoiding bridge formation due to carbon passivation. This inspired the idea to alternate etching and deposition steps to avoid bridge formation and improve selectivity, using a cyclic approach based on different CH4/N2 ratios.

Cyclic approach

Figure 6 presents the schema for the cyclic approach. The idea is to have a first step with a lower carbon content (ratio 1:2) to etch both PS and PMMA followed by a step with a higher carbon content (ratio 2:1) to etch the PMMA and form a CN-type deposit on the PS. These two steps together make one cycle and are then repeated until all PMMA has been removed and no PS has been consumed. FIG 6. (Color online) Schema for the cyclic approach with different CH4/N2 ratios in order to fully remove the PMMA selectively to PS.

Figure 7 summarizes the results obtained. First, this cyclic approach was tested on high chi PS and PMMA homopolymers. The graph in Figure 7(a) shows that, expected, the PMMA is continuously etched with the increasing number of cycles while the PS is not consumed. However, as we can see in Figures 7(b) and 7(c), when the same cyclic etching is applied to free surface high chi PS-b-PMMA, there is no visible improvement of the PMMA:PS selectivity when compared to the non-cyclic approach presented in the previous section. Furthermore, some bridge formation is observed in Based on these results, a cyclic etching with lower CH4 flow (ratio 1:5) on the first step was also tested. As was seen on the previous sections, the reduced CH4 flow leads to lower PMMA:PS selectivity (around 1.6), which then prevents correct pattern transfer.

No PMMA etch stop was observed thanks to the reduced carbon content on the etching step. However, bridge formation is only slightly delayed in comparison to the previous approach, with bridges forming between third and fourth cycles, as can be seen in Figure 8(a).

In order to avoid bridge formation altogether, a third cyclic approach was tested: alternating short CH4/N2 and Ar/O2 steps. Ar/O2 is known to effectively remove the PMMA phase and present low LER and LWR. However, it presents very low selectivity (around 1.0 for high chi PS-b-PMMA), which explains the presence of the CH4/N2 step to improve the PMMA:PS selectivity. The results can be found in Figure 8(b). No bridge is formed with these cycles, which confirms the theory that bridge formation comes from too much carbon deposit on the PS lines. After 4 cycles, the PMMA is completely removed, however there is not enough PS remaining (around 7 nm) for pattern transfer into the SiO2 hard mask. Therefore, we conclude that the cyclic approach still presents the same etching difficulties that we observed for the non-cyclic process. This means the full dry etching approach cannot find the right balance between high selectivity and bridge formation for the high chi PS-b-PMMA, mostly due to its small dimensions, namely its initial thickness and pitch.

C. Mixed wet and dry etching approach

Based on the results obtained with the full dry approach, we have proposed a mixed wet and dry etching approach in order to successfully remove the PMMA and open the brush layer, conserving enough PS budget for pattern transfer. This approach consists of a wet PMMA removal in order to obtain an infinite PMMA:PS selectivity, followed by a dry brush layer opening step to allow for pattern transfer into the SiO2 layer.

The wet PMMA removal for the high chi PS-b-PMMA consists of two steps: an UV exposure followed by a solvent rinse [START_REF] Gharbi | PMMA removal options by wet development in PS-b-PMMA block copolymer for nanolithographic mask fabrication[END_REF]. With the appropriate dose, the UV exposure is responsible for breaking the PMMA chains, which allows these broken chains to be later removed by the solvent rinse; and hardening the PS lines, which helps avoid possible pattern collapse due to capillary forces. The optimal dose was found to be 30 mJ/cm² with a 172 nm wavelength. As for the second step, the solvent chosen was isopropyl alcohol (IPA) and the rinse time is 30 seconds. The cross-section and top-view SEM images after wet PMMA removal are presented in Figure 9. The PMMA is completely removed while no PS nor brush layer are consumed. The second step necessary in order to proceed to pattern transfer is the brush layer opening plasma etching step. Two different chemistries were proposed: CF4 and Ar/O2.

In order to validate their interest, we proceeded to the pattern transfer into the SiO2 subjacent layer using a CHF3/CF4 plasma. Figure 10 shows the results obtained after wet PMMA removal, brush layer opening and transfer into the SiO2 layer. We observe in Figure 10(a) that the CF4 brush layer opening plasma leads to some wiggling, while Figure 10(b) shows that the Ar/O2 plasma was too aggressive and did not conserve enough PS budget for pattern transfer.

The Ar/O2 ratio was then improved to 24:1 instead of 10:1 while conserving the other parameters presented on Table II. This ratio improvement is expected to provide a less isotropic etching and to conserve more PS budget. and the SiO2 etching (represented as "ME" for main etch step). Three different brush presented some bridge formation on top of the lines, which were formed due to intensive sidewalls passivation and to a species confinement effect accentuated by the small pitch.

We then concluded that the main high chi PS-b-PMMA dry etching difficulties come from the trade-off between obtaining high selectivity and avoiding bridge formation.

The second approach proposed was a mixed wet and dry etching process. The wet PMMA removal presents infinite selectivity on high chi modified PS-b-PMMA. The UV exposure causes the PMMA chains to break and the PS lines to harden, and the IPA rinse removes the broken PMMA chains without modifying the PS lines. A dry etching process to open the brush layer using an Ar/O2 plasma with high argon content was developed in order to obtain a highly anisotropic etching and to conserve more PS budget. With this mixed wet and dry etching approach, the complete pattern transfer of an 18-nm pitch high chi organic block copolymer into the SiO2 and silicon bulk layers was validated.

FIG 2 .

 2 FIG 2. (Color online) Modified PS and PMMA homopolymer consumption for different CH4/N2 ratios.
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 3 FIG 3. (Color online) Modified PS (a) and (b); and modified PMMA (c) and (d) surface compositions determined by quasi in-situ XPS for two different ratios: (a) and (c) ratio 1:1; (b) and (d) ratio 1:2.

Figure 3

 3 Figure 3 also shows the XPS results after etching with CH4/N2 for two different
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 4 FIG 4. Cross-section and top-view SEM images of standard PS-b-PMMA with 38-nm pitch after etching with different CH4/N2 ratios: (a) ratio 1:2; (b) ratio 1:1; and (c) ratio 2:1.

FIG 5 .

 5 FIG 5. Cross-section and top-view SEM images of high chi PS-b-PMMA after etching with different CH4/N2 ratios: (a) ratio 1:2; (b) ratio 1:1.
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 5 Figure 5(a) shows the results for the ratio 1:2, which presents a selectivity of
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 7 Figure 7(c) after the third cycle. Finally, for both number of cycles presented in Figures
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 8 FIG 8. Cross-section and top-view SEM images of high chi PS-b-PMMA after 4 cycles of two different cyclic approaches: (a) alternating 5s CH4/N2 steps with ratios 1:5 and 2:1; (b) 5s CH4/N2 step with ratio 1:1 followed by a 3s Ar/O2 step with ratio 24:1.
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 9 FIG 9. Cross-section and top-view SEM images of high chi PS-b-PMMA after the wet PMMA removal consisting of an UV exposure followed by an IPA rinse.
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 10 FIG 10. Cross-section and top-view SEM images of high chi PS-b-PMMA after the wet PMMA removal, the brush layer dry opening (represented as "BT" for breakthrough step)

  

TABLE I .

 I Pitch and thickness values for the standard and high chi PS-b-PMMA.

	Block copolymer	Pitch (nm) Initial thickness (nm) Brush layer (nm)
	Standard PS-b-PMMA	38	52	8
	High chi PS-b-PMMA	18	16	5
	FIG 1. (Color online) Material stack used on the study of both standard and high chi PS-
	b-PMMA etching. Brush layer and block copolymer thickness are indicated in Table I.

TABLE II .

 II Plasma parameters of the chemistries tested for the dry etching of the brush and

	SiO2 layers.						
		Pressure	Power	Bias	Flow	Temperature	Time
		(mTorr)	(W)	(V)	(sccm)	(°C)	(s)
	CF4	10	625	70	150	60	5
	Ar/O2	10	220	200	50/5	35	5
	CHF3/CF4	4	625	110 50/50	35	8
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layer opening plasmas are presented: (a) CF4; (b) Ar/O2 with ratio 10:1; and (c) Ar/O2 with ratio 24:1.

Finally, Figure 11 presents the results after the complete stack etching: wet PMMA removal, dry brush layer opening using the optimized Ar/O2 plasma, SiO2 etching using the CHF3/CF4 plasma, Si bulk layer etching with an HBr/O2 plasma, and remaining PS stripping with an O2 plasma. Therefore, we demonstrate the pattern transfer of an 18 nm pitch high chi organic block copolymer into SiO2 and silicon bulk layers using a mixed wet and dry etching removal process. 

IV. SUMMARY AND CONCLUSIONS

In this paper, we have studied the PMMA removal selectively to PS on high chi PS-b-PMMA films with an 18-nm pitch. The first approach proposed was a full dry etching based on CH4/N2. While for PS and PMMA homopolymers we succeeded in etching the PMMA without consuming the PS thanks to a CxNy thin deposition layer formed on the PS surface, the same could not be applied to the high chi PS-b-PMMA block copolymer assembled on a free surface. The high chi BCP requires higher selectivity than standard PS-b-PMMA due to its smaller thickness. Moreover, it also