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A critical challenge for directed self-assembly of block copolymers is the selectivity between the

two polymer phases. Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) is one of the most

studied block-copolymers to reach sub-20 nm patterns. A very high PMMA/PS selectivity (>10:1) is

required to conserve a sufficient PS pattern thickness allowing pattern transfer to sublayers. In this

paper, the authors propose to develop a chemistry allowing a full PMMA removal without PS con-

sumption. It is based on CO and CO-H2 cycles allowing to get a very high etch control. The pro-

posed etch mechanisms have been understood thanks to x-ray photoelectron spectroscopy analyses

performed on blanket wafers. Finally, this new etch process has been validated on the cylindrical

PS-b-PMMA patterned structure. Published by the AVS. https://doi.org/10.1116/1.5034133

I. INTRODUCTION

For decades, optical lithography has been the driver of

microelectronics, as the technologies’ critical dimensions

(CD) were directly defined by the photolithography resolu-

tion as known as the Rayleigh criterion. But for a few years,

optical lithography only is not able to achieve a higher reso-

lution and lower dimension. New patterning techniques such

as multiple patterning, extreme ultraviolet lithography, direct

self-assembly (DSA), and e-beam lithography are being

developed to achieve future node requirements.1

DSA is one of the promising low cost solutions to reach

high density sub-20 nm patterns by limiting lithography

costs. The resolution of this bottom-up technique will only

be limited by the material properties of the block copolymers

(BCP) used.2–4

Several block-copolymers have been studied for sub-

20 nm patterning. Polystyrene-block-poly(methyl methacry-

late) (PS-b-PMMA) is the commonly used block-copolymer

for DSA applications due to its well-known properties and

its easy synthesis.5,6 Volume fractions of PS and PMMA

blocks in the block-copolymer determine the pattern mor-

phology.7 Lamellar or cylindrical PMMA patterns in a PS

matrix can be created.8 According to these properties, line

and contact applications could be achieved using DSA.

One of the major challenges for DSA integration concerns

PMMA removal selectively to PS. Indeed, to be able to

transfer patterns from the BCP into subjacent layers, it is

important to remove PMMA without altering PS. This

removal can be achieved by solvent or by plasma etching.

Plasma provides better compatibility with narrow lines

limiting the risk of pattern collapses for lamellar applica-

tions. However, one major challenge of this technique is to

get high selectivity between PMMA and PS films.

PMMA removal selectivity to PS by plasma etching has

widely been studied during the last decade. Different etch

chemistries have been proposed in the literature to etch

PMMA selectively to PS.9 Two plasma etch approaches have

been evaluated as the most promising ones: a CO-H2 chemis-

try developed in the meantime by Toshiba Corporation10 and

by CEA-LETI11 and a succession of Ar and Ar-O2 cycles

proposed by IMEC.12

In this paper, we propose to study CO and CO-H2 cycles

as a solution to remove PMMA selectively to PS. This pro-

cess has been developed on 300mm blanket homopolymer

wafers. Complementary x-ray photoelectron spectroscopy

(XPS) analyses have been performed to understand the etch

mechanisms. Finally, this new etch process has been vali-

dated on cylindrical patterned PS-b-PMMA copolymer

structures.

II. EXPERIMENT

A. Materials

PS and PMMA homopolymer solutions, provided by

Arkema
VR
, were spin-coated on 300mm blanket wafers and

then annealed on Sokudo DuoTM track to obtain films with a

thickness of 50 nm.

Figures 1(a) and 1(b) show PS and PMMA formulae,13

respectively.

PS is a polymer composed of an aliphatic carbon and hydro-

gen backbone chain with a phenyl group (aromatic -C6H5)

replacing a hydrogen atom every two CH2 as shown in Fig.

1(a). While PMMA, which is also based on an aliphatica)Electronic mail: nicolas.posseme@cea.fr
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backbone chain, presents methyl (-CH3) and methacrylate

(-COOCH3) groups substituted to the hydrogen atoms every

two CH2 as shown in Fig. 1(b).

PS-b-PMMA is a block-copolymer (BCP) composed of

PS and PMMA chains. These polymer chains are arranged

by block, it means that a chain of several monomers from

one polymer will be linked to a chain of monomers from the

second polymer. The intrinsic period of the studied polymer,

provided by Arkema under the tradename Nanostrength
VR

EO, is L0¼ 35nm, and the PMMA/PS volume fraction is 30/70

(MnPMMA¼ 18.5 kg/mol and MnPS¼ 38.6 kg/mol) in order

to get a cylindrical morphology dedicated to contact pattern-

ing applications. Then, BCP is dissolved in propylene glycol

monomethyl ether acetate solvent, and the solution is further

coated and annealed on 300mm wafers using Sokudo Duo

track to get a film around 40 nm.

Our application requires that the patterns (PMMA cylin-

ders in our case) are self-assembled themselves perpendicu-

larly to the substrate. Therefore, a thin neutral layer should

be added under the BCP film.14 This layer is a grafted PS-

r-PMMA random copolymer, meaning that PS and PMMA

monomers are randomly distributed in the copolymer. In the

following, this layer is called brush. The brush and BCP

layer thicknesses are around 8 and 42 nm, respectively.

Complementary information about the investigated mate-

rials can be found in a previous paper.15

B. Etching setup

Plasma etching has been carried out on a 300mm Flex
VR

reactor from LamResearch
VR
. This capacitive coupled plasma

reactor generates two frequencies (2 and 27MHz) on the

bottom electrode. An O2-based waferless auto clean is per-

formed before and after each wafer.

The investigated etch process is composed of two steps: a

CO step followed by CO-H2 step (process conditions are

detailed in Table I). The best CO-H2 gas ratio has already

been set in a previous paper to 1:1.15

C. Characterization setup

The thickness measurement used to determine etch selec-

tivity has been obtained by ellipsometry made before and

after plasma etching of PS and PMMA homopolymers with

an ALERIS HXTM setup from KLA TENCORTM for an inci-

dent angle of 71�. A Cauchy transparent model has been

used for the thickness measurement from the wavelength

between 400 and 850 nm for both materials. To take into

account the polymer modification induced by plasma, the

medium refractive index is also adjusted in the model during

the thickness fitting. Pristine PS has a real index of 1.49

while PMMA has an index of 1.59 at 620 nm; these materials

exhibit no absorption (j¼ 0) in this wavelength range. For

the etching regime, no index modification has been

observed. Concerning polymer surface phenomena, the

refractive medium index cannot be significantly different

and the modified layer thickness is limited, it does not allow

a model with two different layers. Pristine PS or PMMA

homopolymer film thicknesses have been evaluated at 50 nm

with these ellipsometric considerations.

Surface etching mechanism phenomena have been under-

stood, thanks to ex situ XPS experiments. These have been

carried out on a Thermo Fisher Scientific Theta 300 spec-

trometer operating with a monochromatic Al Ka x-ray

source (h�¼ 1486.6 eV). The concentrations of C and O

atoms are extracted from the C1s and O1s core-level energy

regions, respectively.

Spectral fitting is performed to extract the various peaks

contribution in the acquired energy regions. Individual line

shapes are decomposed with a combination of Lorentzian

and Gaussian functions. Each element concentration can be

obtained by dividing the calculated peak areas by the corre-

sponding Scofield cross section (O1s: 2.93; C1s: 1.0). The

sum of the concentrations for the different elements on the

analyzed surfaces is equal to 100%.

XPS measurements have been carried out for ten scans

with a dwell time of 500ms and a pass energy of 50 eV, giv-

ing a spectral resolution of 1 eV. The analyzed surfaces are

measured at 23.75� take off angle from the normal

incidence.

In order to compare the impact of the different plasma

chemistries on PS and PMMA, experiments have been car-

ried out at the same time for the different chemistries for

each material. Small samples (5� 5 cm2) have been set on

the same 300mm silicon wafer, with kapton backside, to be

characterized without turning the x-ray gun off. The distance

between the gun and the different samples is constant.

FIG. 1. PS (a) and PMMA (b) semideveloped chemical formulas.

TABLE I. Main gas parameter description.

Gas Pressure Bias power (2 MHz) Source power (27 MHz)

Step 1: CO 120 mTorr 50 W 150 W

Step 2: CO-H2 120 mTorr 50 W 150 W
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Scanning electron microscopy (SEM) has been used for

morphological observations, and a critical dimension scanning

electron microscopy Hitachi CG4000TM for the determination

of the pattern shape and dimension. SEM images have been

acquired with an accelerating voltage of 500V and a probe cur-

rent of 6 pA. Based on SEM images, PMMA cylinder dimen-

sions have been determined by a MatlabTM script based on

gray-level image thresholding.16 The critical dimensions (CD)

of 500 cylinders have been determined for each plasma condi-

tion. However, the dimensions extracted from this MatlabTM

script are only estimated values as the values are dependent on

the threshold parameter. The same threshold parameter has

been used for all image treatment in this paper to allow an effi-

cient comparison between the different etching conditions.

Cross section has been carried out to determine the effec-

tiveness of PMMA removal with a Hitachi S5000TM. Cross-

sectional samples have been obtained after a gold-palladium

metallization of 25 s to reduce charging effect characteristic

of the polymer reaction to electron beam. All the cross sec-

tions have been observed at a 350 000� magnification, for

an accelerating voltage of 30 keV and a probe current of

10 lA. To determine the PMMA efficiency on cylindrical

patterns, 20�-titled images have been observed.

III. RESULTS AND DISCUSSION

A. PMMA removal selectively to PS on blanket wafers

1. Choice of CO and CO:H2 step time

Figure 2 summarizes polystyrene and PMMA consump-

tion as a function of plasma process time for CO and CO-H2

etch chemistries.

Using CO chemistry, no PS consumption is observed dur-

ing the first seconds of plasma while a 3 nm material deposi-

tion is measured on top of PS after 200 s without the

refractive medium index evolution. In the meantime, 20 nm

PMMA is consumed during the first 20 s. Beyond this time,

the PMMA is not etched anymore.

For CO-H2 chemistry, the PMMA consumption is linear

between 10 and 100 s, with an etch rate estimated to be

15 nm/min. In the meantime, the PS consumption is esti-

mated to be 3 nm for a process time between 10 s and 30 s

and reaches a plateau (4 nm) beyond this time.

Based on these trends, we have proposed to cycle alterna-

tively CO and CO-H2 steps. The first step of CO is etching

PMMA while depositing on PS. Then, the CO-H2 step par-

tially removes the deposition on PS while etching the

PMMA. A trade-off has to be found for CO and CO-H2 pro-

cess times to avoid the etch stop phenomenon or PS

consumption.

Therefore, in our experimental conditions, the process

times for CO and CO-H2 process steps have been set at 15 s

and 25 s, respectively.

2. Effect of the number of cycles on PS and PMMA

consumption

In Fig. 3, PMMA and PS consumptions are plotted as a

function of cycle chemistry evolution. First, we have

confirmed effects of CO 15 s on PS and PMMA: no PS etch-

ing is observed while a 15 nm PMMA removal is measured.

After 1 cycle (CO 15 s þ CO-H2 25 s), PMMA consump-

tion is about 20 nm while no PS film thickness has been con-

sumed. After 2 cycles, the PMMA film is still etched while

PS remains not etched. By increasing the number of cycles

(not shown here), PMMA consumption reaches a plateau,

explained by a nonoptimized CO þ CO-H2 step time. This

phenomenon can be overcome with a better control of the

deposit thickness or etching rate which could be controlled

by the process times.

We demonstrated that PMMA can be removed without

PS consumption by cycling CO and CO-H2 chemistries.

These results are very close to those obtained by Miyazoe

et al. without removing H2 flow on the first step.17

FIG. 2. (Color online) Polymer consumption to CO and CO-H2 plasma on

PS (a) and PMMA (b).

FIG. 3. (Color online) Example of interest of cycling CO and CO-H2 steps

for removing PMMA selectively to PS.
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In the following part, we have investigated PS and

PMMA surface evolution as a function of CO and CO-H2

cycle number.

B. Plasma–material interaction understanding

In order to understand differences in the plasma–materials

interaction mechanisms allowing to etch PMMA without PS

consumption, XPS experiments have been carried out.

According to these analyses, we have determined the surface

film composition for the chemistries based on cycling CO

and CO-H2 steps.

To have a better understanding, we have compared XPS

analysis obtained for the cycling chemistry with results

obtained for CO and CO-H2 chemistry which have been pre-

viously presented in detail.15 PS and PMMA surface compo-

sitions for CO and CO-H2 processes have been plotted in

Fig. 4.

This XPS analysis has been carried out to characterize the

film surface composition evolution. For CO plasma on PS

and PMMA films, we can observe an increase in carbon-

oxide bonds concentration by increasing the process time

[Figs. 4(a) and 4(b)]. On PS, we can observe that carbon-

oxide bonds represent around 15% after 10 s and 40% after

200 s. There is an oxygen increase from the first seconds of

the process. On PMMA, we have an oxygen amount

decrease on first process seconds. Then, a carbon-oxide bond

density stagnation at around 30% is observed until 65 s.

Finally, this bond density is slightly increasing after 200 s.

Thus, similarities can be observed between both polymers

with an increase in carbon-oxide bonds concentration with

CO process time. By comparing these results to ellipsome-

try, we can conclude that carbon-oxide material is deposited

on top of both polymers. This deposit induces a PMMA etch-

ing saturation phenomenon after 20 s process time while the

PS is not etched at all.

For CO-H2, there is no significant modification between

spectra after 20 and 65 s process times [Figs. 4(c) and 4(d)].

However, we can detect a slight oxygen composition increase

in PS between 20 and 65 s while there is almost no modifica-

tion on PMMA. In both cases, it can be deduced that we are at

an etch steady state regime. This etching regime with CO-H2

is confirmed by ellipsometry measurements.

According to ellipsometry and XPS analyses, we can con-

firm that a deposit is created on both polymers with CO

chemistry. Therefore, CO chemistry does not allow a full

PMMA removal. While for CO-H2, PS and PMMA are

etched. These mechanisms have been deeply detailed in the

previous paper.15

The evolution of PS and PMMA surface compositions

during CO and CO-H2 cycling chemistry has been plotted in

Fig. 5.

By cycling CO (15 s) and CO-H2 (25 s) steps, no signifi-

cant modification can be observed on the PS or PMMA sur-

face compositions compared to CO only. On PS, the

composition does not evolve from the first CO step to the

end of the second cycle, we could consider that the deposit is

not evolving as a function of the cycle numbers. For PMMA,

the C–O bond density seems to be slightly reduced with the

process evolution after a significant oxygen loss induced by

PMMA etching of the first seconds. However, ex situ XPS

experiment cannot allow a precise characterization of the

surface composition and to determine the real impact of

chemistry on PS and PMMA. Moreover, we can consider

that our process has not been optimized for allowing a

PMMA removal without saturation. Finally, we can confirm

the ability to remove PMMA without consuming PS with

well-defined parameters.

FIG. 4. XPS analysis of PS [(a) and (c)] and PMMA [(b) and (d)] surface

compositions for CO [(a) and (b)] and CO-H2 plasma [(c) and (d)].
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A perfect control of each step parameter should allow a

full PMMA removal without PS consumption by cycling CO

and CO-H2 steps as schematized in Fig. 6.

On polystyrene, a thin carbon-oxide deposit is created

with CO chemistry while a partial etch can be achieved

on PMMA. The CO step time has to be optimized to

avoid a PMMA etch stop phenomenon. Then, a CO-H2

step is performed to consume PMMA material with an

efficient etch rate. It could consume few angstroms of

carbon-oxide deposit at the top of PS while the PMMA is

etched more favorably. The control of this step allows

not to etch more than the deposit at the top of PS. Then,

a new CO step is performed to protect again PS and to

help PMMA etching. Thus, a CO-H2 step etching PMMA

is used to allow a full PMMA removal. Depending on the

etch rate and the thickness to etch, several cycles should

be necessary. Finally, the PMMA film could be etched

without consuming PS.

We have just proved that CO and CO-H2 step combina-

tion with the plasma parameter adjustments allows to etch

PMMA without consuming PS.

The validation of the new etch process to remove PMMA

selectively to PS on patterned PS-b-PMMA with a cylindri-

cal morphology structures is presented in Sec. III C.

C. Application to PS-b-PMMA films with a cylindrical
morphology

The chemistry based on CO/CO-H2 cycles has been evalu-

ated on the PS-b-PMMA film with a cylindrical morphology.

In Fig. 7, patterns after self-assembly without PMMA

removal have been represented in top view and cross sec-

tional SEM images.

PS-b-PMMA films with a cylindrical morphology has

been observed after the self-assembly. Cylinder dimensions

have been estimated by image threshold to 12 nm [Fig. 7(a)].

Cross section observation allows to determine the film thick-

ness. The 20�-titled SEM image in Fig. 7(b) shows a film

thickness of around 44 nm after BCP self-assembly. In the

following, all cross section observations have been obtained

with similar SEM conditions. To help the PMMA removal

efficiency observation, a dotted line has been added to show

the PMMA (and brush) thickness remaining and a continu-

ous line for the underlayer interface.

First, CO and CO-H2 steps have been evaluated separately

on PS-b-PMMA with a cylindrical morphology in Fig. 8.

Figure 8 represents the impact of CO [Figs. 8(a) and 8(c)]

and CO-H2 steps [Figs. 8(b) and 8(d)] on the PS-b-PMMA

film with a cylindrical morphology. The top view SEM image

of the BCP film after CO plasma shows a 12 nm-CD while a

slight CD increase to 13 nm is observed when using CO-H2

chemistry [Fig. 8(a)]. This result is in good agreement with a

previous study showing an increase in the CD after CO-H2

chemistry as a function of the process time.15 In the mean-

time, these cross-section views confirm a low PMMA con-

sumption and no PS etch with the 15 s-CO step as already

observed on blanket wafers, while 30 nm of PMMA and

10nm of PS are removed with the 25 s-CO-H2 step.

Then, the effect of CO (15 s) þ CO-H2 (25 s) chemistry

on PS-b-PMMA is shown in Fig. 9.

After a cycle, 25 nm of the PMMA cylinder are removed

with only 3 nm-PS consumption. Critical dimensions are

kept constant at 12 nm.

FIG. 5. XPS surface composition evolution of PS (a) and PMMA (b) films

with cycles.

FIG. 6. (Color online) Principle of cycling CO and CO-H2 steps to fully remove PMMA selectively to PS.
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The PMMA consumption thickness is adjusted as a func-

tion of the number of cycles as shown in Fig. 10. By increas-

ing the cycle number, PMMA consumption is enhanced

without impacting PS.

After 5 CO þ CO-H2 cycles, PMMA patterns as well as

the brush layer are fully etched. Furthermore, increasing the

number of cycles does not increase the CD showing the pro-

cess robustness. High overetch will allow to fully remove

PMMA/brush layers without widening dimensions.

In our experimental conditions, a 2 nm-CD bias has been

estimated [see Figs. 10(a)–10(e)].

These results show that cycling CO and CO-H2 allows a

full PMMA removal and inducing a CD bias of 2 nm.

However, dimensions have been determined by image

threshold and contrast which has a high impact on the pattern

measurement and which could be impacted by topography

patterns. It means that it is not easy to compare dimensions

determined after self-assembly and dimensions after PMMA

removal. However, it seems that the PMMA removal by

cycling CO and CO-H2 steps does not induce a lack of pat-

tern control because measured dimensions are the same after

3 and 5 cycles.

Finally, to be sure that the developed PMMA removal chem-

istry allows to be used in an integration with PS-b-PMMA films

with a cylindrical morphology, transfer into sublayers has

been investigated. Patterns have been transferred into a 30-

nm silicon-containing antireflective coating (SiARC) layer

and into a 70-nm amorphous carbon [spin on carbon (SOC)]

film with chemistries CF4/Ar/H2 and H2/N2, respectively.
18

Transfer results are presented in Fig. 11.

On the cross section after PMMA removal [Fig. 11(b)], we

can easily determine the three layers (BCP, SiARC, and SOC).

Thanks to this contrast, we can observe that CO þ CO-H2

chemistry allows a full PMMA removal and that this chemis-

try is selective to SiARC. The top-view image associated

with this PMMA removal proves that there is no behavior

step difference on the SiARC underlayer compared to the Si

substrate: a cylinder CD of 14 nm. Then, transfers into

SiARC-SOC layers with this developed chemistry have been

proved in Fig. 11(d). This confirms the efficiency of full

PMMA removal.

IV. CONCLUSION

In this paper, we have studied PMMA removal selectively

to PS on PS-b-PMMA films with a cylindrical morphology.

FIG. 7. (Color online) Self-organization of PS-b-PMMA. SEM top view (a)

and cross-section (b) images.

FIG. 8. (Color online) SEM top-view [(a) and (b)] and cross sectional [(c)

and (d)] images of PMMA removal on the PS-b-PMMA film with a cylindri-

cal morphology after CO 15 s [(a) and (c)] or CO-H2 25 s [(b) and (d)] etch-

ing chemistry.

FIG. 9. (Color online) PMMA removal on the PS-b-PMMA film with one

CO þ CO-H2 cycle.

FIG. 10. (Color online) PMMA removal on the PS-b-PMMA film with CO/

CO-H2 cycles. three cycles [(a) and (b)], four cycles [(c) and (d)], and 5

cycles [(e) and (f)].
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Previously, we have proved the interest of CO-H2 chemistry

for this application even though selectivity was lower com-

pared to the blanket study on homopolymers and inducing a

significant CD bias. By developing a new chemistry based

on cycling CO and CO-H2 steps, we succeeded in etching

PMMA without consuming PS on blanket wafers. This selec-

tivity is based on the polymerization rate control from etch-

ing gases for these polymers. XPS measurements have been

carried out in order to propose mechanisms of this very high

selectivity. This chemistry has been applied to PS-b-PMMA

films with a cylindrical morphology. Results have proven inter-

est of CO þ CO-H2 plasma cycles for this application because

it allows a full PMMA removal and a brush etching without

consuming PS. In the meantime, CD bias induced by this

removal is limited (to only 2 nm). Finally, to validate PMMA

removal efficiency, transfers into SiARC-SOC sublayers have

been investigated. These transfers have been successfully

achieved conserving shape and dimensions of cylinder holes.

Results for PMMA removal by plasma etching with this chem-

istry are as good as those obtained for UV exposure and wet

development.19 We confirm that PMMA removal selectively to

PS by plasma etching should be seriously considered as it

allows to remove PMMA in the chamber used for the follow-

ing transfer with similar results.
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FIG. 11. PMMA removal on PS-b-PMMA after 5 CO/CO-H2 cycles [(a) and

(b)] and after transfer into SiARC-SOC layers [(c) and (d)].
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