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This work is focused on the plasma development of siloxanes investigated as model Si-containing
photoresist components that show a promise for bilayer lithography at 157 nm and other Next
Generation Lithography technologies. In such lithography, the image is developed in the top
photosensitive polymer and transferred to the~usually thick! organic underlayer by means of
O2-based plasma etching. In this work particularly, the issue of line edge roughness~LER! induced
by transfer etching and its reduction by means of plasma processing optimization is addressed. The
experimental results reveal that low values of line-edge roughness are obtained in a high-density
plasma reactor, if an F- but not O-containing etching first step is used in appropriate plasma
conditions. The effect of different etching chemistries and processing conditions on imaging layer
roughness formation is demonstrated with the aid of scanning electron microscopy images and
image analysis for quantifying LER, and atomic force microscopy~AFM! for measuring surface
roughness. X-ray photoelectron spectroscopy analysis of etched PDMS is used to show the
evolution of the chemical modification of the PDMS layer, to measure the top oxide thickness, and
to correlate both to processing conditions.In situ interferometry and ellipsometry are used to
determine the etch resistance of the imaging PDMS layer and the selectivity of the transfer etching
process. It is demonstrated that optimum LER correlates well with plasma processing conditions
that ensure a nonselective first etching step prior to a highly selective main etching. ©2003
American Vacuum Society.@DOI: 10.1116/1.1535929#
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I. INTRODUCTION

Next generation microelectronics circuits require mi
mum characteristic dimensions below 100 nm, a task ach
able through the adoption of 193 and 157 nm lithography
the next industrially preferred steps in optical lithograph
and in the future through the use of extreme ultravio
~EUV! or other new generation lithographies~NGL!. The
high absorbance of carbon-based polymers at 157 nm1 makes
the use of bilayer resist schemes more attractive than e
Since Si-containing polymers exhibit the right absorban
(,4 mm21) at these wavelengths,1,2 they are investigated a
prospective top layer resists for bilayer lithography at 1
and 157 nm. For such applications, the pattern is imaged
a thin layer (;100 nm) of a photosensitive polymer, lyin
on top of a thick organic underlayer resist, and transferre
the bottom layer by plasma etching~plasma development!.
Thus, bilayer schemes can provide high-resolution lithog
phy on substrates with significant topography. The etch
resistance of Si-based polymers to oxygen plasmas has
studied and related primarily to their Si content.3 During
transfer etching in oxygen-based plasmas, the silicon in
imaging top layer is converted into a SiOx-like material,4 and
thus acts as a hard etch mask. However, imaging resist
sion and roughening have been observed5 and processes ar

a!Electronic mail: atserepi@imel.demokritos.gr
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sought to reduce sidewall roughness. Thus, studies of
formation of surface and/or line-edge roughness~SR, LER!
in plasma etching are urgent now more than ever, in orde
achieve LER reduction or elimination.6–8 This would allevi-
ate the existing reluctance in using plasma developable
sists to print features with dimensions below 100 nm a
would ensure the viability of silicon-containing resists f
bilayer lithography applications at 157 nm and below~for
example, at extreme UV9!.

In this work, we study plasma development properties
siloxanes, model Si-containing polymers for top layer res
in bilayer lithography, in an effort to evaluate these polyme
as photoresist components for 193 and 157 nm lithograp
The resolution capabilities of siloxanes have been alre
demonstrated with e-beam exposures,10 while 157 nm expo-
sures showed high sensitivity11 ~without addition of any
photo-acid generator or even photo-sensitizer!, and gave in-
dications of low outgassing~work currently in progress!.
However, siloxanes are developed with organic develop
and thus they can only be used as copolymers with o
polymers capable of aqueous-base development, nece
for an industrially used resist. In regards to the dry devel
ment of bilayer schemes with Si-containing polymers, c
rent literature suggests that good anisotropic resist pro
are achieved by adding SO2 to O2 gas mixtures12 or in pure
O2 plasmas under optimized conditions.13 However, the issue
of anisotropy associated with the dry development of bila
1743Õ21„1…Õ174Õ9Õ$19.00 ©2003 American Vacuum Society
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175 Tserepi et al. : Etching behavior of Si-containing polymers 175
resists will not be addressed in this work, as our O2 plasma-
developed resist profiles did not exhibit serious undercut
der the conditions used in our work. We rather focus o
work in LER evaluation and optimization. The etching stu
ies presented here are being carried out in high-density p
mas, and is a continuation of our previous work realized
RIE plasmas.14

This paper is organized as follows: Section II gives t
experimental details of lithography and etching, and the v
ous diagnostics used~XPS, ellipsometry, SEM, AFM, etc!.
Section III A describes the chemical modification of PDM
surfaces in O2 plasmas followed byin situ XPS and ellip-
sometry. Section III B discusses the issue of process sele
ity of the underlayer resist versus the top polymer, and
relation to LER. Finally, Sec. III C discusses the detail
LER evaluation and process optimization towards LER m
mization. The conclusions are summed up in Sec. IV.

II. EXPERIMENT

In this work, a homopolymer of poly-@dimethyl siloxane#
~PDMS! is used as a model-Si-containing polymer in a
layer resist scheme. For a detailed evaluation of its beha
in terms of line-edge roughness, a commercial PDMS fr
Aldrich with averageMw approximately 120.000 and
broad MW distribution (Mw /Mn52), was used. The mate
rial was coated at a thickness of 100 nm on top of hard ba
novolak AZ5214 resist from Clariant~at a thickness of 360
nm!. Since the aim of the present work is to address the is
of LER formation, rather than to demonstrate the lith
graphic performance of PDMS at 193 and 157 nm,
plasma development process optimization was performed
e-beam exposed wafers. This facilitated the availability o
great number of samples, as no 193 or 157 nm exposure
was available in house, and our access to 193 nm and
nm exposure tools was limited to lithographic performan
evaluation of resist materials developed in house. For
present purposes, PDMS resist was exposed with a 50
e-beam and wet developed in MIBK for the fabrication
patterns on the top layer. The development solvent~MIBK !
does not affect the underlayer, as we determined by a de
opment rate monitor system~developed in house!. Rinsing of
the developer was performed in IPA, which however resul
in slightly undulating PDMS lines on the novolac underlay
Finally, dry development was performed in oxyge
containing plasmas for the pattern transfer to the bottom
sist layer, as shown in the schematic of Fig. 1. We str
again the fact that PDMS is regarded as a model photore
component, since aqueous-base development is not pos
for homopolymer PDMS, which however is appropriate f
the material as is, it is appropriate for dry development
timization.

The plasma development was performed and optimi
for minimum roughness in a high-density plasma reactor,
ICP MET etcher from Alcatel, composed of a load-lock a
a main chamber~at IMEL!. The plasma source is operated
a radio frequency of 13.56 MHz. The sample can be in
pendently biased using a 300 W maximum power supply
JVST B - Microelectronics and Nanometer Structures
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13.56 MHz. The plasma diffuses from its generation reg
at the top of the main chamber to the process chamber, w
an anodized aluminum holder, on which samples are load
is located. The temperature of the sample holder was c
trolled by thermostating the electrode, while heat trans
between the sample holder and the electrode was achi
by mechanically clamping the substrate holder to the e
trode through backside helium contact. Good thermal con
between sample holder and the sample was achieved
means of a thermal paste. The main etching step was
formed in pure oxygen plasma, at a pressure of 10 mTor
a source power of 600 W and at a bias voltage of2100 V on
the electrode. These conditions were used routinely throu
out this work, unless otherwise stated. To minimize LER,
it has been previously observed for silylated resists used
top imaging lithography,6–8 a first etching step in a
F-containing gas mixture preceded the main etching of
underlayer in pure oxygen. The plasma parameters and
duration of the break-through step~BTS! were optimized in
the ICP reactor for minimum LER formation.

In situ laser interferometry ~at IMEL! and multi-
wavelengthin situ ellipsometry ~at LPCM! were used to
measure in real time the etching rates of the siloxane and
organic underlayer, and to estimate the selectivity of the p
tern transfer process. X-ray photoelectron spectroscopy
used to monitor the surface chemical modification of t
plasma-developed siloxane. After plasma processing~at
LPCM! in a similar Alcatel reactor, the samples were tran
ferred under vacuum to a Leybold-Heraeus LHS-II Sp
trometer, in order to detect surface chemical bonds and e
lution with time during plasma development. Moreove

FIG. 1. Schematic of the imaging process of bilayer lithography with PDM
as the top layer resist.
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176 Tserepi et al. : Etching behavior of Si-containing polymers 176
angular XPS measurements were performed to provide
mation of the thickness of the plasma-modified PDMS lay

Line-edge roughness of plasma-developed lines
viewed top-down with a LEO 440 Scanning Electron micr
scope. The image magnification was 100k for all images a
lyzed for line-edge roughness. For increased resolution
images were obtained at high operating voltages~15–20 kV!.
In addition to increased resolution, it has been shown15 that
operation at sufficiently high voltages alleviates the dispa
in charging between right- and left-hand side edges of
resist line, which is important for LER measurements. Ho
ever, sample charging at high voltages limits the resolut
and coating of the analyzed samples is necessary. It has
shown15 that light coating with platinum may not affect th
measured LER, and values higher by only 0.5 nm were
ported. For all samples analyzed in the present work, p
num coating was used at a thickness of 50 Å.

Quantification of LER took placeoff-line on obtained
SEM images by means of a home-developed image ana
procedure. Matlab® and its image processing toolbox fu
tions were used. Initially, the tiff format image of the res
line is convolved with a peaked Gaussian noise-smooth
filter ~20 nm wide and 7 nm sigma value! across the resis
line. Then, signal-threshold or derivative-threshold edge
tection scanning is performed across the resist lines show
the image, in order to determine the resist line edge. In c
trast to routine on-line image analysis tools available co
mercially where alimited number of scans are analyzed f
LER estimation,16 all the pixels composing the resist line a
sampled~approximately 620 pixels!. The line edge is fitted
with a least square fit line in order to remove any exist
image tilt, and the rms~one-sigma! value is obtained as th
standard deviation from the linear fit. Finally, reported valu
of LER are obtained, taking into account the image reso
tion ~3.0 nm/pixel!, from the left side of each analyzed lin
The reliability of our methodology for LER evaluation wa
checked and compared with commercially available on-l
image analysis tools.17 In addition, statistical analysis o
LER based on the height–height correlation function w
performed on the image line-edge pixels, in order to pro
the frequency spectrum of the line-edge fluctuations.

Surface roughness was measured on e-beam exp
2003200mm pads with a Topometrix TMX 2000 AFM sys
tem. Typically, scans of 2.532.5mm were performed in the
contact mode for SR evaluation. Image resolution for th
scans was determined by the 3003300 pixel analysis.

III. RESULTS AND DISCUSSION

A. Temporal evolution of the plasma-induced
chemical modification of PDMS

XPS spectra of the PDMS surface are shown in Figs. 2~a!
and 2~b!, where the Si and O peaks, respectively, appea
shift from their binding energy in PDMS to that in SiOx ,
after exposure to O2 plasmas, thus revealing chemical mod
fication and specifically oxidation of the PDMS surface. A
gular XPS measurements were also performed in orde
estimate the thickness of the oxidized PDMS layer, and
J. Vac. Sci. Technol. B, Vol. 21, No. 1, Jan ÕFeb 2003
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vealed a thin~40 Å! silicon-oxide-like film on the PDMS
surface after a 5 splasma exposure to pure O2 plasma with
bias voltage at2100 V. Detailed work on PDMS surfac
modification in O2 plasmas is presented elsewhere.18 It has
been shown in detail that, at 0 V bias voltage, the thickn
of the oxidized layer increases with time, due to the fact t
sputtering, the principal SiOx-material thickness reduction
mechanism in O2 plasma, is virtually absent at zero bia
voltage. For a bias voltage at2100 V, the temporal evolu-
tion of the elemental composition of the PDMS surface
shown in Table I and in Fig. 3. The rapid reduction of t
carbon content of PDMS, and correspondingly the incre
of the oxygen content are consistent with a transformation
the siloxane surface to a silicon-oxide-like surface within t
first 4–8 s after plasma ignition, as evidenced by exami
tion of both Figs. 2 and 3. XPS analysis also reveals
presence of fluorine on the PDMS surface after plasma
posure~see Table I!. The origin of fluorine is due to contami

FIG. 2. Evolution of the Si peak~a!, and O peak~b!, in the XPS spectrum of
the PDMS surface, indicating rapid oxidation of the surface with expos
to O2 plasma. Note the shifts in energy of both peaks from the val
characteristic of PDMS to those characteristic of SiOx within the first 3–7 s
after exposure to O2 plasma.

TABLE I. Temporal evolution of the % atomic composition of PDMS surfa
after exposure to high-density plasmas in O2 ~10 mT, 800 W,2100 V).

T~s! F O C Si Si/O

0 0 29.1 49.4 21.5 0.73
4 6.6 57.4 16.1 20 0.35
8 8.4 58.2 13.4 20 0.34

12 9.2 57.8 12.5 20.5 0.35
20 14.4 54.4 12 19.2 0.35
60 19 53 9.8 18.2 0.34
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nation of the chamber walls from previous F-containi
plasma treatments. However, angular XPS analysis sh
that the F signal concerns only the extreme surface and
the bulk of the modified PDMS layer.

A complementary although indirect evidence for t
chemical transformation of the PDMS surface to a SiOx-like
layer is provided by the curves that are shown in Fig. 4. T
PDMS film thickness reduction as a function of time
probed during etching in various mixtures by mul
wavelength ellipsometry on blanket samples~cross-linked
PDMS on hard-baked AZ5214!. The curves in Fig. 4~a! show
the evolution of PDMS film thickness during etching in thr
mixtures, similar to those used for the development of
bilayer resist lines~Fig. 7 below!. All curves indicate an
initially fast removal of PDMS~within the first 5 s after
plasma ignition! at a rate~50 nm/min! nearly independen
from the gas mixture and the bias voltage, as indicated
Fig. 4~b!. For longer times, the etching rate of PDMS
dependent on the gas mixture composition and the bias v
age used for the plasma development. In particular, the c
obtained for a PDMS sample processed in a O2-only plasma
and at 0 V bias voltage showed that etching virtually sto
after the initial fast thickness loss, possibly corresponding
the formation of a SiOx-like layer on PDMS, after which
modified PDMS surface is removed at an extremely sm
rate, i.e., 0.3 nm/min. This rate increases somewhat up
value of 7 nm/min at bias voltages as high as 100 V, a
shown in Fig. 4~b!. These rates compare well with the spu
tering rate of SiO2 under similar plasma conditions, provid
ing indirect evidence of the PDMS surface transformation
a SiOx-like material. These results suggest that modificat
of the PDMS surface in O2 plasma includes two consecutiv
steps: chemical etching and oxidation. Once a SiOx-like rich
layer is formed, ion bombardment is required to continue
etching. However, addition of a 10% SF6 in the gas mixture
drastically increases the etching rate to a final value of
proximately 40 nm/min~at 0 V bias voltage! independently
of the other mixture constituents~Ar, O2). Note that in the
case that O2 is present in the mixture, the evolution of th
rate to its final value is retarded~1–2 min!, possibly due to

FIG. 3. Temporal evolution of the chemical composition of PDMS surface
O2-rich ICP plasma, obtained by XPS analysis.
JVST B - Microelectronics and Nanometer Structures
s
ot

e

e

in

lt-
ve

s
o

ll
a

is

o
n

e

-

the simultaneous oxidation of the PDMS surface. Howev
if SF6 is diluted in an inert gas~Ar, He! instead of in O2 ,
oxide formation is prevented and thus PDMS is etched a
faster rate. This last result suggests that indeed the gas c
position during plasma processing affects PDMS remo
rate and thus the process selectivity, as will be shown in S
III B, which in turn affects the magnitude of LER, as we w
discuss below.

The first few seconds of the PDMS exposure to t
plasma are very crucial for the growth of the etch resist
oxide, as XPS analysis andin situ ellipsometry suggest. The
first few seconds are thus crucial for the formation of LE
due to the selective removal of the underlayer. Hence, i
very important that the plasma processing conditions
modified such as to include an etching first step in wh
LER formation is not favored. We propose that the first etc
ing step must be optimized preferentially to prevent form
tion of the oxidized surface layer. If some oxidation of th
surface cannot be avoided, then the oxidized layer mus
removed early enough before it provides a mask for the e
ing of the underlayer, if sidewall and surface roughness
mation is to be eliminated. Therefore, conditions are be

FIG. 4. Temporal evolution of PDMS thickness obtained byin situ ellipso-
metric analysis in high-density plasmas as a function of~a! gas composition
~8% SF6 in O2 or Ar, 0 V bias voltage, 800 W source power! and ~b! bias
voltage~at 800 W source plasma power, in pure O2). Plasma ignition att
51 min.
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sought, for the first etch step, which can ensure remova
PDMS and AZ5214~underlayer! nonselectively.

B. Plasma parameters for tailoring transfer etch
selectivity

In situ measurements of time-averaged etching rates
both films ~PDMS and AZ5214! were obtained by means o
laser-interferometry that was routinely used to follow etch
of blanket samples under various plasma conditions. An
ample is shown in Fig. 5, for etching of a PDMS/AZ521
sample~up to the end-point! in 5% SF6 /O2 plasma, at a 500
W source plasma power, and at 0 V bias voltage~conditions
typically used for the etching first step!. The slow varying
signal after plasma ignition corresponds to etching of PDM
after complete removal of which etching of AZ5214 follow
at a faster rate. Averaged etching rates are determined
the known initial thickness of the films and the total time f
complete etching of the films. Results of etching rates
various gas mixtures under different plasma conditions
shown in Table II, together with the selectivity for the etc
ing of AZ5214/PDMS.

Careful reading of Table II can provide valuable inform
tion regarding optimum plasma processing conditions app
priate for transfer etching, i.e., etching with lowest LER fo

FIG. 5. Interferogram monitoring the etching of PDMS and its underla
~AZ5214! up to end-point, in 5% SF6 /O2 high-density plasma, at 500 W
plasma power and 0 V bias voltage.
J. Vac. Sci. Technol. B, Vol. 21, No. 1, Jan ÕFeb 2003
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mation and highest etch resistance possible. In particu
low LER can be achieved with an etching first step char
terized by low process selectivity~lower than 1:1!, while
minimum PDMS consumption can be achieved when l
etch rate of PDMS is achieved. Indeed, the plasma par
eters that resulted in low selectivity and low PDMS etch r
~to maintain good process control! coincide with those in
which the lowest SR values were realized, i.e., with a fi
step in a SF6 /He mixture, 500 W plasma power, 0 V bia
voltage, and 15 °C electrode temperature. This is attribu
to the fact that low process selectivity is expected to smo
out any existing nonuniformity of the surface material, whi
would be transformed by etching to a rough surface or si
wall. On the other hand, conditions that are appropriate
the main etching are those that ensure highest selectivity,
O2 plasma, at 600 W,2100 V, and 15 °C.

The role of the electrode temperature on the process
lectivity is shown in detail in Fig. 6. On this figure, we plo
the etch rates of PDMS and AZ5214 over a wide range of
electrode temperature (2100 to160 °C). We observe a fas
decrease of the PDMS etch rate with increasing temperat
which is attributed to a more efficient oxidation of the S
containing surface, which is favored at high temperatur
The latter can be understood in terms of an increased PD

r
FIG. 6. Etching rates for PDMS~open circles! and AZ5214~open triangles!,
and selectivity~solid squares!, in a pure O2 high-density plasma~600 W,
2100 V) as a function of the electrode temperature. The etch rate for PD
has been multiplied by 5 to facilitate plotting on the same scale as AZ52
ource
TABLE II. Etching rates of PDMS and AZ5214 in a high-density plasma reactor at different conditions of s
power, bias voltage and electrode temperature.

Processing conditions
E.R.PDMS

~nm/min!
E.R.AZ5214

~nm/min!
Selectivity

~AZ5214/PDMS!

O2 , 500 W, 0 V, Tel515 °C 1.3 14 11:1
O2 , 600 W,2100 V, Tel515 °C
(conditions of main etch)

16 240 15:1

O2 /SF6 ~95/5!, 500 W, 0 V, Tel515 °C 33 105 3:1
O2 /SF6 ~95/5!, 500 W,2100 V, Tel515 °C 150 290 2:1
He/SF6 ~95/5!, 500 W, 0 V, Tel515 °C
(conditions of optimized first etch step)

72 20 1:3.5

He/SF6 ~95/5!, 500 W,2100 V, Tel515 °C 1200 270 1:4.5
O2 , 600 W,2100 V, Tel52100 °C 48 120 1:2.4
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FIG. 7. SEM top-down images of nominal 0.5mm/0.5mm lines/spaces of a bilayer resist with PDMS as the top-imaging layer. The dry development
bottom resist was performed in~a! pure O2 plasma,~b! O2 plasma with a typical first etching step in a F-containing plasma SF6 /O2 :5/95,~c! O2 plasma with
an optimized first etching step in SF6 /He:5/95. Notice that the high LER obtained in the pure O2 plasma is diminished with the F-containing first etching ste
especially in~c!.
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chain mobility at higher temperatures, which in combinati
with a thermally activated reaction of Si with O2 results to a
more extensive oxidation of the PDMS surface. Since
increase in temperature leads to a simultaneous increas
the etch rate for the hard-baked novolac AZ5214, also sho
in Fig. 6, the selectivity increases fast with increasing el
trode temperature. The selectivity stabilizes at a satisfacto
high value (;14:1) at temperatures above 15 °C. This ju
tifies the typical transfer etching conditions that we use
the bilayer, i.e., with the electrode temperature set at 15

C. Process optimization for LER minimization

The importance of the first etching step with selec
plasma conditions to the reduction of the line-edge rou
ness of plasma-developed PDMS is demonstrated in Fig
where three different etching mixtures are compared. T
down SEM images of 0.5mm/0.5mm lines/spaces are show
~at lithographically best doses!, fabricated after full plasma
development of the bilayer resist with a first etching step~a!
in a O2-only plasma,~b! in a 5% SF6 /O2 plasma,~c! in a
nonoxidizing mixture, 5% SF6 /He plasma. The duration o
the first etching step was adjusted to 6 s, while the m
etching was terminated at a 20% over-etch time. The sign
cant LER shown in the top-down SEM image of Fig. 7~a! is
formed due to the high selectivity of the etching of the b
tom layer resist with respect to the Si-containing top res
Obviously, due to the nonoptimized wet development
PDMS in MIBK, as well as the low contrast of PDMS,19

PDMS of variable thickness and hence of variable etch
sistance may cover the underlying novolac layer, especi
close to the line-edges. If a first etching step in F-contain
plasma is included in the development process, the LER
significantly reduced, as shown in Fig. 7~b!. During the
F-containing first etching step, the siloxane film is partia
removed, so that the thin siloxane layer at the line edge
removed while a sufficient thickness remains on the expo
siloxane lines that exhibits high etch resistance in the su
quent oxygen-only containing etching step. LER isfurther
JVST B - Microelectronics and Nanometer Structures
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reduced, as shown in Fig. 7~c!, if a nonoxidizing mixture is
used for the etching first step. This can be attributed to
reversal of the etch process selectivity~shown in Table II!,
which favors selective removal of the partially develop
silicon-containing regions at the line edges, before the la
get transformed to masking material during etching of
bottom layer in O2-containing plasmas. Quantitative analys
of these images by means of our home-developed im
analysis method gave 18.2 nm, 5.8 nm, and 4.0 nm for
LER ~one-sigma rms! values of the lines shown in Figs. 7~a!,
7~b!, and 7~c!, respectively.

Scale analysis of the image in terms of height–height c
relation function20 for the line-edge roughness is performe
on the SEM images shown in Fig. 7, and on similar imag
of lines exposed to various doses. An example is shown
Fig. 8, where the height–height correlation functionG(r ),
defined20,21 as G(r )5A^$h(x)-h(x1r )%2&, where ^...& de-
notes an average overx along the line edge, is plotted fo
three lines developed as the line in Fig. 7~c!, and at doses

FIG. 8. Height–height correlation functionG(r ) for ~nominalLD) 0.5 mm
lines dry-developed with an optimized SF6 /He first step. The existence o
two plateau regions corresponding to correlation lengths ofLcor-1

530– 45 nm andLcor-25150– 300 nm suggests the existence of a high a
a low spatial-frequency components, rmsplasma ~plasma-induced! and rmsT
~total!, respectively, in LER.
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resulting to line-dimensionsLD5320 nm, 440 nm, and 500
nm, respectively. We observe that for all lines the correlat
function G(r ) exhibits a first plateau region, before it star
climbing up: this plateau corresponds to a similar len
scale for all lines,Lcor-1;30– 45 nm, that is called the co
relation length, and it denotes the characteristic distance
which the line-edge distances ‘‘know about’’ each other,
they are correlated. From the plateau value ofG(r ) at r
5Lcor-1, a rms value of LER can be determined,22 LER
5G(r 5Lcor-1)/A2. From the values ofG(r 5Lcor-1) shown
in Fig. 8, the value of LER obtained for each line is: LE
56.3 nm, 3.0 nm, and 2.4 nm, respectively. For all lines
second plateau appears inG(r ), also shown in Fig. 8, at a
longer length scale. Similarly to the analysis applied for
first plateau region, the position of the second plateau yie
a value for a second correlation length of the order of 15
300 nm. In addition, from the value ofG(r 5Lcor-2), a value
for total LER is obtained, which is also determined indepe
dently by and is in agreement with our image analysis me
odology. The existence of two characteristic lengthsLcor-1,2

reveals contribution of two components to total LER: a lo
spatial-frequency component rmsT ~corresponding to a
length of 150–300 nm! that can be possibly attributed to th
wet development process of the top layer resist and is
sponsible for the slight undulation~possibly due to swelling!
of the lines shown in Fig. 7, and the high spatial-frequen
component rmsplasma ~corresponding to a length of 30–4
nm! that we attribute to plasma-induced LER. Since minim
zation of the latter only was aimed in this work, and we d
not optimize the wet development process, only the h
frequency contribution to LER is of relevance to this wor
We realized the aforementioned analysis and the subseq
deconvolution of LER for lines developed in differe
plasma conditions, but we present below only the results
lines processed in SF6 /He.

Detailed analysis of the magnitude of LER as a funct
of the line lateral dimension~or equivalently of the exposur
dose! is shown in Fig. 9 for nominal 0.5mm lines and
spaces. The displayed curves correspond to three diffe
processes applied for the etching first step, as expla
above. Overall, we observe a sharp reduction of LER as
dose approaches the lithographically useful one, or as
line dimension approaches or slightly exceeds its nom
dimension. As far as the role of the etching gas composi
during the first etching step is concerned, we note again
drastic reduction of LER with the addition of SF6 in the
etching mixture. Further reduction of LER is achieved
replacing He for O2 in the etching mixture, for which case
LER values are displayed before and after deconvolution
the wet development-induced LER, as discussed above
shown in Fig. 8.

Surface roughness~SR! as a function of the exposure dos
follows a similar trend for the different transfer etching co
ditions, as is shown in Fig. 10. Specifically, the SR of t
bilayer material decreases as the exposure dose incre
i.e., it follows a trend similar to LER. Notice that, for a
processes, both SR and LER obtain values independent
J. Vac. Sci. Technol. B, Vol. 21, No. 1, Jan ÕFeb 2003
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dose after a threshold value, right above the lithographic
useful doses. However, these dose-independent rough
values differ by nearly an order of magnitude for the t
surface and the line edge, the latter being noticeably hig
for the pure O2-plasma post-etched lines. This can be e
plained in the general context used to correlate LER to ae
image and resist contrast:23 for a resist with a finite contrast
an imperfect aerial image results in the definition of a bou
ary width across which the resist is partially soluble, as
dose transits from low to high values. After developme
roughness is formed across this boundary width, due
variation of the resist solubility. This was not unexpected
our case, given the low contrast (g,2) of a high molecular
weight and poly-dispersive siloxane material such
PDMS.19 Subsequently, the edge roughness existing on
wet-developed PDMS is transferred to the bottom resist
magnified by selective etching, thus resulting in aggravat
of LER of O2-only etched lines. However, the contrast of t
bilayer material is significantly increased after the develo
ment step in SF6 /He, thus resulting in noticeably smalle
LER.

The minimum plasma-induced LER size obtained in t
work ~one-sigma rms value;2.360.5 nm) by means of op-
timized process conditions is comparable to the contribut
of the wet development to roughness~2–3 nm! demonstrated
for wet developed single layer chemically amplified resists24

thus alleviating the existing reluctance in using plasma
velopable resists to print features with dimensions below 1
nm. A final comment regarding the possible extension of
PDMS/AZ5214 bilayer resist scheme for MEMS fabricatio
is now in order. Given the good etch selectivity~15:1! of the
underlayer over PDMS, a pattern can be transferred relia
from a 100 nm PDMS layer to an underlayer as thick as
mm. This is also guaranteed by the reasonable anisotrop
the etching, demonstrated in Fig. 11, which can be attribu

FIG. 9. Variation of LER of 0.5mm ~nominal line dimension! lines as a
function of the actual line dimension~as dose increases!, after development
in three different etching mixtures for the etching first step: O2-only ~filled
squares!, SF6 /O2 ~open circles!, SF6 /He ~triangles, open and filled for the
total and deconvoluted LER, respectively!. Other plasma processing cond
tions, for the first step, are: 500 W plasma source power, 0 V bias voltag
s step duration.
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to the plasma conditions~low plasma power and cooling o
the sample at room temperature! at which the dry develop-
ment was performed, albeit inpure O2 plasmas. Given in
addition, the extremely high selectivity of the anisotrop
etching of Si over resist masks, that exceeds 100:1 in h
density plasma reactors with advanced processes~such as the
Bosch gas-pulsing process25 or processes at cryogen
temperatures26!, the bilayer scheme with PDMS as the to
imaging resist can be used for patterning of features as d
as 150mm in Si, appropriate for MEMS fabrication.

IV. CONCLUSION

We presented LER measurements of plasma-develope
loxane lines as a function of the radiation exposure dose
plasma development conditions. Evaluation of LER was p
vided by off-line image analysis~developed in house! per-
formed on SEM micrographs. Improvement of LER w
achieved with the adoption of an appropriate first etch
step, as it has been previously observed for silylated res
used for top imaging lithography. Surface roughness of
bilayer resist and its evolution with exposure dose and tra

FIG. 10. Variation of~a! SR and~b! LER of the bilayer scheme as a functio
of exposure dose, after pattern transfer in two different etching mixtures
the first etching step: O2-only ~filled circles! and SF6 /He ~open circles!.
Other plasma processing conditions, for the first step, are: 500 W pla
source power, 0 V bias voltage, 6 s step duration.
JVST B - Microelectronics and Nanometer Structures
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fer etching conditions was provided by AFM measuremen
In situ interferometry,in situ ellipsometry and quasiin situ
XPS analysis were used during transfer etching in orde
measure process selectivity, to explain roughness forma
and to correlate surface modification to plasma process
conditions for minimized LER. We showed that bilayer res
schemes with siloxanes as the photo-imageable top layer
exhibit low LER (rms<3 nm) and SR (rms;0.4 nm), pro-
vided that the processing conditions are optimized appro
ately. Statistical analysis of LER reveals a low and a h
spatial-frequency component, the high frequency one be
related to plasma processing. Minimized LER was dem
strated for processing characterized by nonselective che
tries for the first etching step prior to a highly selective ma
etching.

In summary, the measurements presented here h
shown that careful adjustment of the plasma process par
eters is the determining factor in the obtained pattern
quality, in terms of attained LER and SR, of dry developa
bilayer resists with siloxane as the imaging layer. In partic
lar, if an F-containing but not-O-containing first etching st
under low selectivity and low etch rate conditions preced
the main etching in O2 plasma, LER can be significantly an
controllably reduced to levels obtained with wet developa
resists without sacrificing much of the PDMS thicknes
Aiming at process optimization for minimum LER, XP
analysis,in situ ellipsometry and interferometry during etch
ing provide valuable information on surface modification a
etching characteristics in order to promote process optim
tion for LER minimization and understanding of the mech
nisms involved.
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FIG. 11. Cross section of 0.5mm lines/spaces fabricated in a bilayer res
scheme with 100 nm PDMS as the imaging layer and 360 nm AZ5214 as
bottom underlayer. The transfer etching was performed in an optimized
step in SF6 /He plasma~500 W, 0 V bias, 6 s! and the main etching in
O2-only containing plasma~600 W, 2100 V bias, with a 20% overetch!.
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