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ABSTRACT: Next generations of microelectronic devices request

further miniaturized systems. In this context, photolithography

is a key step and many efforts have been paid to develop new

irradiation setup and materials compatible with sub-100 nm re-

solution. Among other resist platforms, chemically amplified

photoresists (CAR) are widely used because of their excellent

properties in terms of resolution, sensitivity, and etching resist-

ance. However, low information on the impact of the polymer

structure on the lithography performance is available. CAR

with well-controlled polymer structures were thus prepared

and investigated. In particular, the impact of the polymer struc-

ture on the lithographic performance was evaluated. Linear

INTRODUCTION Deep UV (DUV) photolithography has become

the current technique used in the industry of microelectronics

for production of submicron structures. Chemically amplified

photoresists (CAR) are the predominant materials used in the

fabrication of nanoscale structures with 193-nm photolithogra-

phy.1 Patterns are defined chemically through the production

of acid in areas exposed to DUV light and an acid-catalyzed

deprotection reaction that changes the solubility of the reacted

material in an aqueous base solution.2 The patterning process

is complex because many composition and process parameters

have an impact on the photolithographic performances of the

photoresist. Among these parameters, those linked to the

resist materials are considered as the most critical. Three fac-

tors are essential to consider: resolution limit, sensitivity, and

line width roughness (LWR). Resolution limit is the most im-

portant criterion because the new platforms of resists should

be able to address the challenging next lithographic nodes

under 45 nm. However, sensitivity is a parameter of impor-

tance for practical applications due to the necessity to achieve

short exposure times. LWR and line edge roughness (LER),

measuring the deviation from an atomically smooth surface

and branched polymers with various molecular weights and 
polydispersities were compared. We focused on the depend-
ency of the photosensitivity of the resist with the structural 
parameters. These results allow further understanding the fun-
damental phenomena involved by 193-nm irradiation.

KEYWORDS: atomic force microscopy; atom transfer radical 
polymerization; chemically amplified photoresists; hyper-

branched polymer; nanotechnology; photolithography; photo-
resists; resists

have become new parameters preventing the feasibility of 
smaller feature sizes.3 LWR and LER are mainly attributed 
to the chemistry and the properties of the photoresist 
polymer.2,4 However, other parameters like the nature and 
concentration of photoacid generator (PAG),5 the base 
quencher or other additives,6 and almost all the 
intermediate process steps have been recognized to play a 
role on the final LWR and LER, such as exposure,7 

postexposure baking (PEB),8 and development.9 Lot of 
research efforts have been deployed for optimizing each step 
of the lithographic processing or for stabilizing the PAG 
phase separation and the photoacid distribution,10 

nonethe-less, LER and LWR values remain still high.

The nature of the polymer significantly contributes to all 
aspects of resist characteristics and performance. Most of the 
polymers used as resists are linear copolymers or terpoly-
mers synthesized by the free radical polymerization tech-
nique.2,11 Such technique has the advantage to be relatively 
simple but the main drawback is a limited control of the 
polymer chain structure.

Advanced polymer synthesis strategies like atom transfer 
radical polymerization (ATRP) were recently proposed to
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achieve a better control of the polymer structure, with both

linear and hyperbranched structure and for a large variety of

monomers.12

The aim of this work is to compare the photosensitivity of

resists comprising polymers with various well-defined struc-

tures. Linear polymers were first investigated. The impact of

the polymer molecular weight, the chemical composition of

the polymer, and its polydispersity were investigated. Differ-

ent process parameters were also adapted regarding the

polymer composition.

The study was extended to innovative hyperbranched poly-

mers. Such a structure was recently proposed for 193-nm li-

thography.13 The molecular compact structure is supposed to

allow decreasing the LER. We have studied here the

response of this hyperbranched polymer and compared it

with linear polymers in terms of response to process and

photonic parameters.

EXPERIMENTAL

Chemicals

Linear and branched terpolymers were synthesized by ATRP.

The hyperbranched polymers were synthesized using the

self-condensing vinyl polymerization strategy developed by

Fréchet et al.14 The details of polymer synthesis and polymer

structure characterization are given in ref. 13. The structures

of both linear and branched polymers are given in Scheme 1.

The three monomers used to prepare the terpolymer are

methyl adamantyl methacrylate (R-AMA), a-c butyrolactone

methacrylate (GBLMA), and hydroxyl functionalized adaman-

tyl methacrylate (HAdMA). The three monomers composing

the final structure of the copolymer are related to a specific

property for the use of the resist in a microelectronics con-

text (etching resistivity, adhesion, and deprotection). The rel-

ative proportion of the monomer in the terpolymer is

designed by the parameters (r, g, h), corresponding, respec-

tively, to R-AMA, GBLMA, and HAdMA.

The polymers were dissolved in cyclohexanone (99.8%;

Aldrich). Triphenylsulfonium perfluorobutyl sulfonic acid of

3 wt % (99þ%; Aldrich) was added as a PAG and 0.2 wt %

of trioctyl amine (98%; Aldrich) as a quencher. After stirring

for a few hours, the solutions were filtered with a 0.2 lm

Teflon filter.

All resists were deposited on single-crystal undoped Si (100)

wafer polished on one side by spin-coating. A bottom antire-

flective coating layer (BARC) was systematically deposited on

the Si substrate before the resist deposition to decrease the

back reflection on Si and also to improve the adhesion of the

resist on the substrate. The targeted resist thickness was 120

nm. The spinning rate was adjusted to achieve this thickness.

Nanopatterning Process

After spin-coating deposition, the films were heated on a

hotplate to remove the residual solvent and densify the poly-

mer layer Post-Apply Bake (PAB). The photosensitive resist

was then exposed with different light doses to generate the

acid production in the irradiated part.

Patterns were generated by irradiation using an ArF excimer

laser equipped with an interferometric setup.15 The interfer-

ometer comprises phase masks specially designed to elimi-

nate the zeroth diffraction order. The phase masks were irra-

diated in normal incidence. The 61 diffraction orders

generated by the phase mask recombined within the poly-

mer films, creating a sinusoidal distribution of light that was

used to induce the surface patterning of the film. Typically,

SCHEME 1 Molecular structures of the copolymers used in the DUV resists. (a) Linear polymer and (b) hyperbranched polymer.

r, g, and h were, respectively, 30%, 50%, and 20%. The relative proportion of the monomer in the terpolymer is designed by the

parameters (r, g, h), corresponding, respectively, to R-AMA, GBLMA, and HAdMA monomers.
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each polymer, three values of the dose have been plotted:

the minimum dose for which patterns started to be obtained

(lower line), the optimum dose (dot), and the maximum

dose before overexposure (upper line). The difference

between the extreme values gives the exposure latitude of

the resist. If the exposure latitude is low, the correct dose

will be difficult to define and a slight modification of the

environmental parameters may deteriorate dramatically the

pattern profile. High-exposure latitude will facilitate the DUV

patterning process. This characteristic is thus of high impor-

tance for practical applications of the photoresist.

It has to be emphasized that the same curing temperatures

(TPAB and TPEB) were chosen for this family of polymers.

Indeed, the Tg of these polymers were determined and were

found to be almost independent on the molecular weight

between 25.000 and 130.000 g/mol. Only the polymers with

lowest molecular weights were found with significantly

lower Tg. All values can be found in Table 1.

Polymers A, B, C, and D have all the same composition: they

are copolymers comprising the 3 different monomers (R-

AMA, GBLMA, and HAdMA) with the same relative feed pro-

portion (r ¼ 30%, g ¼ 50%, h ¼ 20%, respectively) and

same PDI. Complete patterning (down to the substrate)

FIGURE 1 SEM images of typical patterns obtained by DUV

interferometry. (a) Polymer exhibiting good lithographic per-

formances (Mn ¼ 5.000 g/mol; PDi ¼ 2), giving rise to a struc-

ture with a binary type profile. (b) Low resolution polymer (Mn

¼ 130.000 g/mol; PDi ¼ 6) for which no suitable pattern could

be obtained at any dose for the curing conditions chosen (TPAB

¼ TPEB ¼ 115 �C).

the irradiated surface was 8 mm � 4 mm, with good homo-

geneity (5% in intensity). The pitch could be tuned between 
150 nm and 500 nm. In the present study, patterns with a 
period of 200 nm were fabricated.

After laser irradiation, a Post-Exposure Bake (PEB) was 
applied for varying time and temperature to induce the 
deprotection of the resist. After baking, the samples were 
developed by immersion in 0.26 N tetramethylammonium 
hydroxide (TMAH) for 60 s and rinsed with deionized water.

Pattern images were characterized by Atomic Force Micros-

copy (AFM), in resonant mode using a PicoPlus commercial 
microscope (Molecular Imaging). Noncontact high frequency 
Silicon tips (C ¼ 42 N/m, fo ¼ 285 kHz) were used. Two-

dimensional cross-section profiles were extracted to charac-
terize the depth of the lines written by 193-nm lithography. 
Scanning electronic microscopy (SEM) was used to visualize 
the nanostructures.

RESULTS AND DISCUSSION

Linear Polymers—Impact of the Molecular Weight and 
Polydispersity

The patterning performance of the resist is a complex result 
of parameters linked to the resist formulation and the pro-
cess parameters. Among the different components of the 
resist, the polymer matrix is probably the most important. 
However, only few works report the impact of the polymer 
matrix on the resist performance on an equivalent polymer 
platform.11,16 One of the difficulties is linked to their com-

plex polymer synthesis with controlled and well-defined mo-

lecular properties in a wide range of compositions. To state 
the role of molecular weight, composition, and polydispersity 
of a terpolymer on the photolithographic performances, vari-
ous polymer samples were prepared and the corresponding 
resists were tested.

Figure 1 is aimed at illustrating typical profiles of patterns 
that were obtained by DUV interferometry. The SEM image 
on Figure 1(a) is relative to a polymer suitable for nanopat-
terning (Mn ¼ 5.000 g/mol; PDi ¼ 2). As it can be observed, 
the patterns are well-defined, with steep edges and low ru-
gosity. Such profiles are required because they will provide a 
transfer into the silicon substrate with high fidelity and 
ensure in fine an optimum performance of the electronics 
device. On the contrary, Figure 1(b) illustrates the best pro-
file obtained with a second polymer (Mn ¼ 130.000 g/mol; 
PDi ¼ 6) under the same curing conditions (TPAB ¼ TPEB ¼ 
115 �C). In this case, the maximum depth of the profiles was 
in the range of a few nanometers. For lower dose, no activa-
tion of the resist was observed. When the dose was 
increased, the resist was deprotected within the whole 
exposed volume and thus it was fully solubilized after devel-
opment. Such behavior is characteristic of a low resolution 
resist which is incompatible with nanoscale patterning.

To further exemplify the differences due to the polymer 
structure, the optimum dose window was determined for 
several polymers with Mn ranging between 5.000 and 
130.000 g/mol. The results are presented in Figure 2. For
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could be achieved only for polymers with molecular weight

inferior to 70.000 g/mol. Differences observed between max-

imum relief amplitude results from the dispersion in initial

film thickness. For 104.000 g/mol, a complete patterning

could not be obtained though the relief amplitude is close to

the initial resist thickness. In this case, the profile at the op-

timum dose was not as exposed in Figure 1(a) but it was si-

nusoidal. As it can be seen in Figure 2, the exposure latitude

is almost independent on the molecular weight. Only the

resist with the lowest molecular weight polymer corre-

sponded to low-exposure latitude.

Interestingly, all polymer films exhibit sensitivity in the same

order of magnitude. The smaller chain (A: 5.000 g/mol)

needed a slightly higher dose to be activated. Such behavior

can be related to the higher compaction occurring within

this film during PAB due to lower Tg. The consequence is

then a lower diffusion of the acid after exposure.

The polymer E was chosen with the same composition as

that of polymer D but with a higher PDI (PDI ¼ 6). In this

case, a higher dose was needed to obtain patterns. Such

behavior may have two origins: first, the compaction during

PAB is favored by the high polydispersity, and second, long

polymer chains are more difficult to extract during develop-

ment. Thus, the modification of a higher proportion of func-

tional groups is necessary to ensure the solubility of the irra-

diated parts of the film. Moreover, with these process

parameters, such resist could not be efficiently patterned

since the maximum relief amplitude remained inferior to 60

nm.

The impact of the proportion of acid-cleavable monomer was

also evaluated (R-AMA). Polymer A0 was chosen with a mo-

lecular weight in the same order of magnitude as polymer A

but with a different composition: (r ¼ 60%, g ¼ 25%, h ¼

15%). Compared with the other polymers, the proportion of

photoactivable monomer (r) is thus higher from a factor of

2. Interestingly, the dose needed to obtain patterns was

found twice greater than for the reference composition. This

result illustrates the direct correlation between the concen-

tration of the R-AMA monomer and the sensitivity of the

resist.

From these first results, it can be deduced that the molecular

weight has a relatively low impact on the sensitivity. The

sensitivity is mostly governed by the proportion of activable

monomer. Low-molecular weight polymers are more suitable

for a complete lithography.

Linear Polymers—Impact of the Process Parameters

Further investigation on the highest molecular weight poly-

mer was carried out to understand the impact of the process

parameter for such polymer architecture (namely, PAB and

PEB). Indeed (115/115 �C) was chosen with regards to the

smaller molecular weight resists and such conditions may

not be relevant for the highest polymer molecular weights

(130.000 g/mol). The impact of an increase of the (PAB,

PEB) temperatures is shown on Figure 3. In this case, the

resists prepared with the 104.000 and 130.000 g/mol poly-

mer were evaluated with (PAB–PEB) temperatures increased

up to (120/120 �C).

For both polymers, higher curing temperatures had a nega-

tive impact on both patterning capacities and photosensitiv-

ity of the resist. Indeed, for the 104.000 g/mol polymer, the

maximum relief modulation achievable was decreased from

110 nm (which corresponds to the nominal thickness of the

resist film) to 75 nm. Thus, the resist that could be fully pat-

terned at (115/115 �C) could no longer be patterned at

(120/120 �C). In parallel the dose needed to obtain the

TABLE 1 Structure and Tg of the Polymers Used in this Study

Polymer Structure Mn (g/mol) PDI Tg (�C)

A Linear 5.000 2 129

A0 Linear 6.600 2.5 134

B Linear 25.500 1.8 180

C Linear 70.000 2 185

D Linear 104.000 2 195

E Linear 130.000 6 190

H1 Hyperbranched 10.600 1.4 170

H2 Hyperbranched 11.800 1.7 181

H3 Hyperbranched 13.000 1.6 180

H4 Hyperbranched 13.200 2.5 185

Mn and PDI determined by SEC (PMMA standard) and Tg evaluated by

DSC.

FIGURE 2 Influence of the molecular weight of the linear poly-

mer on the dose needed to generate patterns. The error bars

symbolize the exposure latitude (corresponding to the lower

and higher doses for which patterns were obtained). The cen-

ter dot is the optimal dose, defined as the dose that gives rise

to the maximum relief amplitude (maximal value in nanometer

given in the figure for each polymer). Polymers A, B, C, and D

had all the same molecular composition (r ¼ 30%, g ¼ 50%, h

¼ 20%) and same PDI. Polymer E has the same composition

but a PDI ¼ 6. Polymer A0 had the following composition: (r ¼

60%, g ¼ 25%, h ¼ 15%). TPAB ¼ 115 �C, TPEB ¼ 115 �C. Line is

aimed at guiding eye.
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In this case, the maximum relief amplitude was 85 nm. Once

again, these conditions did not allow a complete patterning

and thus they are not interesting for practical applications.

These results stress out that the process parameters signifi-

cantly affect the patterning potential of the resist. Moreover,

it was demonstrated that the PAB temperature dramatically

influences the photosensitivity of the resist and this parame-

ter has to be adjusted with care when varying the molecular

parameters of the polymer.

Hyperbranched Polymer—Impact of Polymer Structure

The use of another type of polymer architecture for formula-

tion of a 193-nm CAR photoresist was recently proposed.13

It relies on an innovative hyperbranched copolymer matrix.

For branched systems with high density of sterically con-

gested peripheral groups, one can expect a smaller radius of

gyration, compared with linear polymers, and thus a signifi-

cant decrease of LER and LWR. The first results demonstrat-

ing the potential of such polymer structure for 193-nm pho-

tolithography were presented in ref. 13. We present here the

response of resists based on this hyperbranched polymer to-

ward photonic parameters to further describe the impact of

the polymer structure on the photolithographic properties.

Figure 5 presents a typical SEM of the nanostructures

obtained by DUV interferometry. Patterns with a width of

100 nm could be obtained. The LER(3r) was evaluated to be

6 nm using 3D-AFM. This value is in the range of commer-

cially available 193-nm resists.

Figure 6 illustrates the dependency of the relief amplitude for

increasing doses. The relief amplitude was evaluated using

AFM in resonant mode. The half-pitch was 100 nm insuring

that the AFM tip could effectively enter inside the patterns. No

pattern was obtained for a dose lower than 30 mJ/cm2. Inter-

estingly, this value is much lower than the values presented

for linear polymers. It has to be emphasized that the resists

with the hyperbranched polymers contained 5 wt % PAG,

whereas the linear polymers contained only 3 wt %. Resists

with hyperbranched polymers doped with 3 wt % PAG

FIGURE 4 Impact of the curing temperature (PAB and PEB) on

the needed dose to pattern the resist composed of the polymer

(Mn ¼ 70,000 g/mol; PDI ¼ 2).

FIGURE 3 Impact of the polydispersity and curing temperature 
(PAB and PEB) on the needed dose to pattern the resist. The 
limits of the gray box (patterns) correspond to the exposure
latitude. The value in nanometer given in the graph corre-
sponds to the maximum relief amplitude measured by AFM.

maximum relief amplitude increased by a factor of 2 by 
changing the curing temperatures. For the resist comprising 
the 130.000 g/mol polymer, the increase of the curing tem-

perature had also a negative influence, in terms of patterning 
and photosensitivity, confirming the same trend as exposed 
previously.

Such behavior demonstrates a prominent impact of the PAB. 
Indeed, an increase of the PEB generally results in a 
decrease of the needed dose since the deprotection reaction 
is favored at high temperature. On the contrary, an increase 
of the PAB temperature requires a higher dose because of 
the further densification of the resist. In the present case, 
the result of these two contradictory phenomena demon-

strates that the effect on the PAB govern the temperature de-
pendency of the resist. This parameter needs thus to be 
adjusted with maximum care.

The effect of thermal curing parameters was also investi-
gated more extensively for the 70.000 g/mol polymer (Fig. 
4). The reference conditions (115 �C, 115 �C) gave rise to a 
maximum patterning capacity (maximum height ¼ 125 nm). 
When the PAB was increased to 120 �C with the same PEB 
temperature (115 �C), no pattern could be obtained. The dose 
at which the polymer film started to be modified is slightly 
increased but the main effect is the complete lose of the expo-
sure latitude. The further compaction of the polymer induced 
by a higher PAB temperature probably accounts for this behav-
ior. The importance of PAB on lithographic performances is 
emphasized, like in previous example. For such a PAB tempera-

ture, it is however possible to pattern the polymer if a higher 
PEB temperature is used (120 �C). In this case, patterns were 
obtained in a wide range of dose, which remained always 
lower than the reference conditions. However, these experi-
mental conditions revealed to be unsuitable for patterning 
since the maximum relief amplitude was inferior to 10 nm.

Lower PAB led to a significant decrease of the needed dose. 
For a PAB of 100 �C, patterns were obtained at 30 mJ/cm2.
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exhibited almost no photosensitivity for doses inferior to 300

mJ/cm2. The addition of 2 wt % PAG allowed significantly

decreasing the dose needed to activate the resist. Such differ-

ence between linear and hyperbranched polymer can be possi-

bly attributed to the impact of basic residue of the polymer

synthesis remaining in the final product, even after several

appropriate purification steps: the polymers were synthesized

in clean room with electronics grade solvents and precipitated

in MeOH. All the glasses were washed in electronic grade sol-

vents as well. Using these conditions, the contamination of

polymers by metals was reduced under 10 ppm for most met-

als. Only Sodium and Calcium (23 and 11 ppm, respectively)

were significantly above. Further efforts will be made in the

next future to decrease the residual metal contamination.

However, the hyperbranched polymers were tested regarding

their lithographic capacities. Maximum relief amplitude was

obtained for 93 mJ/cm2. The height of the structures corre-

sponded to the initial value of the resist films, which means

that the resist film was effectively patterned through the

whole thickness of the photoresist. The dose latitude is rela-

tively low because the grating was completely erased for the

optimum dose þ20%. After 130 mJ/cm2, the resist was com-

pletely removed after development. The sensitivity of this new

resist is thus in the same order as the linear polymer-based

resists. Moreover, the LER and resolution that were obtained

demonstrate that it can be an excellent candidate for the next

generation of 193-nm CAR.

The reactivity of several resists with hyperbranched poly-

mers with different molecular weights was evaluated (Fig. 7).

Because of the synthesis limitation, the range of Mn was rela-

tively low but it corresponds to molecular weight of highest in-

terest (low-molecular weight). Considering the Tg of these poly-

mers (cf. Table 1), the curing conditions were kept at the same

values as for linear polymers (TPEB ¼ TPAB ¼ 115 �C). For all

samples, the maximum relief amplitude obtained corresponded

to the initial film thickness, demonstrating that all hyper-

branched polymer-based resists could be successfully patterned.

All resists exhibited a photosensitivity in the same order of

magnitude. In particular, no effect of the branching density or of

the monomer relative proportion could be detected.

The photolithography properties of these new resists fulfill

the requirements for practical applications, in term of sensi-

tivity, resolution and LER. Further optimization of the pro-

cess parameters is under development to fully use the

potential of this polymer architecture. The resistance of

these resists to dry etching is under evaluation. It is sup-

posed to be as resistant as the linear resists since the chemi-

cal nature of the monomers that compose the material are

the same.

CONCLUSIONS

The impact of the composition and process parameters on

the photolithographic performance of chemically amplified

FIGURE 5 SEM images of patterns obtained by DUV interfer-

ometry with the hyperbranched polymer (200 nm pith).

FIGURE 6 Response of a resist comprising a hyperbranched

polymer with incident dose. The evolution of the relief ampli-

tude within the grating was evaluated by AFM and plotted. The

pitch was 200 nm. The polymer had a molecular weight of

13.200 g/mol.

FIGURE 7 Influence of the molecular weight of the hyper-

branched polymers on the dose needed to generate patterns.

The error bars symbolize the dose range for which patterns

were obtained. The dot is the optimal dose, defined as the

dose that gives rise to the maximum relief amplitude.
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resists was reported. The preparation of various terpolymers 
with well-defined and controlled molecular structure allowed 
evaluating the influence of the polymer structure on the pho-
tosensitivity of the resist. We demonstrated the interest of 
low-molecular weight polymer and the importance of the 
curing parameters on the resulting nanostructures. The 
potential of a new class of terpolymers with hyperbranched 
structure was also discussed. It was shown that the photoli-
thographic performances of such resists are comparable with 
linear resists. Thus, they appear as potential candidates for 
the next generations of chemically amplified resists.
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