Application of spacer hard-masks for
sub-100 nm wide silicon fin-etching

Vladimir Jovanou, Silvana Milosvaljeu, Lis K. Nanver, and Tomislav Suligoj

instead of lithography processing. This allowsh#&erning of
Abstract—The use of spacers as a hard mask allows the wafer structures with lateral dimensions determined lgyttlickness

patterning in sub-100 nm range without the use ofithography
tools with such high resolution. The patterned linewidth is
determined by the thickness of the deposited spacenaterial and
subsequent etching steps. The conformal depositiaf the spacer
material with precise thickness control is requiredfor narrow
spacer processing. Additionally, the sacrificial imnd and spacer
etching steps need to be highly anisotropic. Silioooxide and
nitride layers deposited by LPCVD were examined for
island/spacer combinations for silicon fin-etching. Excellent
selectivity of buffered-HF solutions to silicon andsilicon nitride
makes silicon oxide the preferred island materialConsequently,
silicon nitride was used for the spacers. The silim nitride spacers
with widths of 100 nm, 50 nm, and 30 nm were procesd and
used as a hard mask for silicon etching. Reactiven etching with
HBr/Cl, chemistry achieved high silicon fins with sloped
sidewalls. Wet silicon etching in 25% TMAH done on<110>
wafers created vertical silicon fins with smooth siewalls. Both
processes resulted in silicon fins with high aspecatio.

Index Terms—silicon fin, spacer, TMAH

I. INTRODUCTION

HE advance of silicon devices is in strong relatwith

decrease in their size. Device speed depends on
distances over which the charge is transportedy datsigners
trying to decrease these distances to achieve higpeeds.
The lateral current flow of the CMOS devices meiduas their
performance is determined by the layout dimensiayae
length in particular [1]. Additionally, new deviceoncepts,
such as FinFET, require patterning of dimensionaliemthan
100 nm [3]. To investigate the advanced CMOS deaviites
necessary to be able to achieve these small dioveasihe
lithography tools needed to pattern dimensionshia $ub-
100 nm range are often prohibitively expensive .(avgfer
steppers) or slow (e.g. electron beam systemsyriorersity
laboratories [2]. However, spacers can be usedhasdzmask
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of deposited layer, rather than the resolution ténof the
lithography tools.

With the scaling of CMOS devices, FInFETs have been

suggested as a possible candidate to replace thesiticon
MOSFETSs for future technology nodes [4]. The perfance
of FINFETs depends on the thin silicon walls (fimg)ere the
intrinsic device is formed, with requirement foirtHins with
good sidewall quality. The spacers have already hesed in
FinFETs as a hard-mask for silicon etching [5] wdvices
demonstrated.

The work in this paper presents processing fofahmation
of the spacer hard-mask and its use for the silfgestching.
The lithography system with the wafer stepper whlized.
The minimum feature size of the system is |ihy but the
spacer hard-masks allowed the patterning of the fiith
widths below 100 nm. Silicon fin-etching was dome two
ways: (i) with dry plasma etching, and (ii) wet ngiTMAH
solution.

Section Il. presents spacer the hard-mask proggssith
the silicon fin-etching explained in Section lll. h&
conclusions are given in Section IV.

the
Il. SPACERHARD-MASK PROCESSING

The starting point in spacer processing is the siéipa of
the sacrificial layer, depicted in Fig. 1.(b). Théger is then
etched by reactive-ion etching (RIE) through its olgeh
thickness, using a photoresist mask (Fig.1.(c)e fémaining
islands of the deposited layer serve as a struetanend which
the spacers are later created. The next step isahformal
deposition of the spacer material, with the thidsef this
layer determining the width of the hard-mask (Fi@)). The
spacer layer is etched by RIE, leaving the thirtayf spacer
material around the island (Fig.1.(e)). The fin@lpsin spacer
formation is the removal of the sacrificial islar(@gg.1.(f)).

The spacer processing and the underlying layerirgich
requirements determine the possible material arudhires
choices for the sacrificial islands and spacerse Thosen
sacrificial layer and spacer materials have to tobesl with
high selectivity to one another and to the undegdyinaterial.

g218sWith the final goal of etching silicon fins, silinonitride and

silicon oxide are chosen as the possible candidatethe top
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The sacrificial layer thickness determines the tiemf the
spacers. The spacers need to be high enough im twrdse
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Fig. 1. Etching using the spacer handsk. The material L1 to be patter
(a) is covered with the sacrificial layer L2 (bJhe sacrificial layer |
anisotropicaly etched (c) and the spacer layerd 8anformaly deposit
(d). The spacers are created by the anisotropitngtof L3 (e) and th
islands of sacrificial material L2 are then remoygdThe L1 layer is &hec
with spacers used as a hard-mask (g). Optiondily, spacers are also
removed (h).

used as a mask for silicon etching. Therefore, ntir@mum

sacrificial layer height is determined by the targepth of the
silicon etching, and the selectivity of the silicaiching

solution to the spacer material. With the goaltohing silicon

fins higher than 500 nm, and with the expected Bigjbctivity
of silicon etching solutions to nitride and oxidgyérs, it was
decided that the spacer height of 300 nm wouldufécent.

To account for the possible spacer height lossnduspacer
layer etching (Fig.1.(e)), the sacrificial layerickness was
targeted at 500 nm. The sacrificial layer is etchsidg RIE to
achieve good anisotropy. Ideally, the sidewalls uthobe

vertical and the etching selectivity to silicon lhig

The deposition of the spacer layer needs to beocoal to
have good coverage of the island sidewalls. Theespaare
etched by RIE for high anisotropy. In this way, thél
thickness of the spacer material is left on theewdll,
allowing precise spacer width control. However, desiation
of the sidewall angle from the normal to the swufagsults in
the angled spacer layer. Due to this, some spaicih Vg lost,
even with highly anisotropic etch. Additionally,etrangled
spacers will shadow the bottom silicon during fioking,
possibly increasing the fin width.

The final processing requirement is the high seliggtof the
sacrificial-layer etching-solution to the spacerenal and the
underlying silicon. Since anisotropy is not impottan this
etching step, high selectivity is best achievechgighe wet
chemical etching.

As mentioned above, silicon nitride and silicondexiwere
used to create the spacer hard-mask. Experiments dane
with both combinations — nitride islands with oxidpacers
and oxide islands with nitride spacers. Both matercan be
conformaly deposited using the low-pressure chdmiapor
deposition furnace (LPCVD), and anisotropicaly etthusing
the fluorine-based plasma etcher. The low-strdg®sinitride
is deposited at 85C, whereas the silicon oxide is deposited at
700°C using a TEOS source. Deposition time in the LPCVD
can be precisely controlled, allowing excellent teoinof the
deposited layer thickness. Experiments were dorth thie
sacrificial island layer thickness of 500 nm an& tpacer
layer thicknesses of 100 nm, 50 nm, and 30 nm.

The results of the island removal by wet etchingvedd that
the selectivity of the nitride etching solution wast high
enough to preserve the thin oxide spacers. Theo-orth
phosphoric acid heated to &7 used to remove silicon
nitride, has selectivity of roughly 6:1 to depoditexide,
resulting in significant spacer etching during fislaremoval.
On the other hand, buffered-HF solution (1:7 ratlwgs
excellent selectivity to both nitride and silicorherefore, the
combination of the oxide islands with nitride spacevas
chosen for the spacer hard-mask processing.

The reactive-ion etching of oxide (Fig.1.(c)) andride
(Fig.1.(e)) were done in the fluorine-based plaseteher
Drytek Triode 384T. The nitride etching in this rhae has
low selectivity to oxide and silicon, and the peeciprocess
timing is required to avoid significant loss of emlying
material. The selectivity of the oxide etching ppeoximately
10:1 to silicon, resulting in small silicon lossrihg island
etching. This loss is of little importance, sinbattpart of the
silicon would be removed in the fin-etching stejg. 2. shows
the scanning electron microscopy (SEM) image ofritwede
spacers processed from the 30 nm thick nitriderlayée
measured height of 436 nm shows the height loss fitee
500 nm tall oxide islands, which can be attributethe nitride
overetching.

500 nm
150 kv 20 100000xSE 10.0 30nm SiN spacer T45

AccVY SpotMagn Det Wl

Fig. 2. SEMimage of silicon nitride spacer obtained by degmsianc
subsequent anisotropic etch of 30 nm thick lowsstilicon nitride. Inset in
the top-left corner shows a part of a field of sac
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The nitride spacer hard-mask was used to etchsiliagon
fins. Reactive-ion etching of silicon was performied two
different plasma etchers: (i) the fluorine-basedspia etcher
Drytek Triode 384T, also used for oxide and nitretehing,
and (i) Trikon Omega 201 plasma etcher utilizing
combination of hydrogen-bromide (HBr) and chlorigases

SILICON FIN-ETCHING

(Cly). Additionally, wet silicon etching was done usin

tetramethylammonium-hydroxide (TMAH). The targetptte
for the silicon etching steps was 700 nm, which auake
the fin aspect-ratio very high. Since the goal ¢ie t
experiments was to show applicability of the spd@ed-mask
for silicon fin-etching, the etching depth was rftictly
controlled.

The fluorine-based RIE of silicon resulted in sfgaint
silicon undercutting, with silicon being completestched
through below the narrow spacer hard-mask. Theirejcim

silicon etch rate in TMAH is much higher for <11@wd
<100> crystal planes than <111> plane (Table Ie €tthing
rate increases with higher TMAH concentrations igher
solution temperatures. More importantly, the etghiate ratio
of <111> crystal plane to other planes decreasegtoving
dhe etching anisotropy.

Silicon wafers with <110> orientation of the crystabe at
the wafer surface were used in experiments. Thd xHlane
is normal to the surface and parallel with the @rynflat on
these wafers. With the nitride hard-mask aligneg@arallel to
the primary flat, TMAH etching exposes these plafesving
silicon fins with <111> sidewalls. The silicon eitatp with the
nitride spacer hard-mask was performed in 25% TMAH
solution heated to 8&. The resulting fins are shown in
Figs. 4. and 5. High selectivity of TMAH to differecrystal
orientations leaves nearly vertical silicon finsthwismooth
sidewalls. The fin width is determined by the witrispacer

HBI/Cl, plasma system gave significantly better resultdVidth at the silicon interface without the influenof the

producing high silicon fins, as shown in Fig.3. Thi&ride
spacers effectively masked silicon during etchimgl ano

spacer angle to the initial silicon surface. Diffier to the RIE
fin-profiles, TMAH etching gives almost constanh fividth

undercutting below the hard-mask can be observet Talong fin height. This allows more accurate devisign

silicon-fin height of approximately 1/m is higher than the
targeted value, due to the inaccurate etchingetata used for
process timing. However, the additional fin heighty proves
the masking capability of the thin nitride spaceiihe
sidewalls of the silicon fins are at an angle te thafer
surface. Even with highly anisotropic plasma etghithe
sidewall angle is not expected to be at @Dthe surface. Such
profiles are typical for fin devices where fins a&tehed by
RIE [5]-[7]. The achieved aspect ratio of approxieta 6.3:1
is much higher than typical aspect ratios in FinEEmaking
our process suitable for devices with very highreot per
single fin.

Crystallographic wet-etching of silicon with TMAHak also
been used for FINFET processing [9], [10]. The ietghn
TMAH requires a nitride or oxide hard-mask, makiig
suitable for our nitride spacer hard-mask applacatiThe

WO —— | 500mm
140

0.0 wl_nitr_spac_
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150kv 20 50000x SE 100 wl_nitr_spac_TO

Fig. 3. SEM image of silicon fin etched in HBriGdased plasm etche
with silicon nitride hard-mask. Thickness of depedilowstress silico
nitride layer was 100 nm. Fin height is approxirhatiel pm with 410nm
tall spacers. Inset in the top-right corner isa@sef view of thestructure fror
higher angle.

compared to the case with varying fin-width.

The resulting <111> silicon fin sidewalls are nggital for
CMOS devices. The preferred crystal orientation fbe
CMOS devices is <100> because of the highest electr

TABLE |
TMAH ETCHING RATES

TMAH, 20%, 79.8C [12]

Crystal orientation 100 110 111

Etching rate im/min) 0.603 1.114 0.017
Etching-rate ratio 0.54 1 0.015

TMAH, 25%, 70C [11]

Crystal orientation 100 110 111

Etching rate im/min) 0.272 0.532 0.009
Etching-rate ratio 0.51 1 0.017

TMAH, 25%, 85C

Crystal orientation 100 110 111

Etching rate im/min) 0.61 1.24

Etching-rate ratio 0.49 1

AccV Spot Magn
120kvV 30 14562x SE 87 1

Det WD Bp ——— 2m

TMAH fin

Fig. 4. SEM image of silicon fins eteti in 25% TMAH solution at 85°
with silicon nitride hard-mask. Thickness of depedilow-stess silicol
nitride layer is 50 nm
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