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ABSTRACT

Novel processing methods are being studied to address the highly selective and
directional etch requirements of the ULSI manufacturing era; neutral molecular
and atomic baams are two promising candidates. In this study, the potential of 5
eV neutral atomic oxygen beams for dry development of photoresist is demon-
strated for application in patterning of CMOS devices. The patterning of photore-
sist directly on polysilicon gate layers enables the use of a self-contained dry
processing strategy, with oxygen beams for resist etching and chlorine beams for
polysilicon etching. Exposure to such reactive low-gnergy species and to the UV
radiation from the line-of-sight, high-density plasma source can, however, aiter
MOSFET gate oxide quality, impacting de\déé performance and reliability. We
have studled twis processing related device integrity issue by sublecting polysi-
licon gate MOS structures to exposure trealments similar to those used in resist
patterning using low energy (5-20 eV) oxygen beams. Electrical C-V characteriza-
tion shows a significant increase in the oxide trapped charge (30-90x) and inter-
face state dersity(30-60x) upon lcw energy exposure. 1-V and dielectric
breakdown characterization show increased low-field leakage characleristics for
the same exposure. High-field electron injectian studies reveal that the 0.25-V to
0.5-V negative flatband shifts (measured after oxygen beam exposure) can be
partially annealed by the carrier injection. This could be due to positive charge
annihilation or electron trapping, or some combination of both. Physical analysis
of patterned resist layers and electrical characterization data of MOS structures
exposed to different neutral bam processing environments and following thermal
annealing treatments is presented.

INTRO‘DUCTION! M ﬂSEE R

The search for highly selective and directional etch processes for semiconducter
manufacturing has prompted investigations of neutral atomic and molecular

beams. The etching of materials such as Pb, GaAs, and Si has been reported by

the use of heated jets of halogen comtaining compounds [1.2]. Tnese heated jets
produce atomic dissociation products which are very reactive and can anisotropi-

cally etch various materials of interest in semiconductor manufacture, particularly

silicon. Silicon can be etched by either heated SF, [3] or heated Cl, [4] beams.

A selectivity of 1000:1 over siiicon dioxide has been seen 4] with high aniso- DR
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



.ﬁrqpy. The low gnergy range (< 10 eV) of these netural beams compared with
that of plasma processes (> 15 eV) makes them attractive for applications where
high selectivity is required, such as in polysilicon gate etching or photoresist

development [5]. Low energy beams promise appear to be an attractive alterna-
tive to plasma techniques [4]. -

The goal of this study is to invesligate the feasibility of using neutralized species
extracted from a plasma to etch photoresist. The patterning of photoresist
directly on polysilican gate structures offers the possiblity of a completely self
contained dry process using oxygen to etch resist and chlorine {o etch polysi-
licon. The feasibility of using hot molecular chlorine to ¢fch polysiticon has
already been reported [4]. The dry development of silviated photoresist requires
a selective elch process to remove organic material ir specific regions with high
selectivity to other areas which contain a diffused inorganic such as silicon
dioxide. This is commonly done by using a oxygen plasma. We report the first

use of a neutratized oxygen beam to accomplish the development step of a dry
developable resist.

The dry etching of organic materials forms the basis of various pattern transfer
schemes in semiconductor manufacturing technology {5]. One scheme, known
as muitilayer lithography, relies on exposing a thin imaging resist and transfering
that image into a thin inorganic layer followed by a thicker organic layer. In
another technique, known as surface imaging, a thick resist is exposed only in
the top portion. Development is accomplished by preferential diffuslon of an
unetchable material (organosilane) into exposed areas(for a negative tone resist),
The diffused regions are resistant to etching in an oxygen plasma, thus forming
the basis of a dry developable resist system [6]. The best known of these is the
commercially available DESIRE system [7].

Dry etching of these resists relies on an inorganic barrier or silylated region to
effectively mask the underlying organic material during an oxygen plasma treat-
ment. In the case of dry developable resists, the silicon containing mask must
form a continuous barrier layer during the etch, free of pinholes or other defects.
The etch musl be highly selsctive to the silicon containing region, removing resist
only in unsilylated areas. Also, etching must be anisotrapic to obtain vertical
profiles in the resist. Meutral beams may be a atiraclive alternatives to plasma
techniques. The goal of this study was to see if the neutral atomic oxygen beam
could be used to selectively etch silylaled resist patterns with minimal damage to
device structures,

This work investigates the potenlial degradution in MOS characteristics due to
the resist etch process practiced here. Damage can occur because of physical
bombardment of atoms directly over the gate, and/or sample exposure to UV
radiation (193 nm) generated in the plasma source. The latter possibility is
common to al! neutral beam source configurations within line-of-sight ot a
plasma,
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EXPERIMENT

The silylated resist experiments here wera done on the negative tone Poly - 4 -
(tert - butlyoxycarbonyloxy) - styrene (PBOCST)-based dry develop system which
Is a variation on the system developed at IBM Almaden [8,9]. This pholoresist
was spin-coated on 125 mm silicon wafers to achieve a 1.2 micron thick film,
pattern exposed, then silylated with dimethly-amino-trimethyisilane(DMATMS).
Wafers were split into quarters for etching in the atomic oxygen beam. Following
etching, cross sections or resist samples were taken and examined by scanning
electron microscopy for resist profile.

Etching was performed at the atomic oxygen beam source developed at the
Princeton Plasma Physics Lab for NASA investigations of low Earth orbit vehicles.
This source was previously used to study the erosion of organic materials for
spacecraft applications [11] and produces an atomic oxygen beam with energies
of 5-10 eV. The neutral source is based on the surface neutralization of a lower
hybrid plasma source [12]. The current configuration has a duty cycle of 10%
and produces an atomic oxygen flux of approximately 5x10'%/cm?-sec with an
average energy of 5 eV +/- 4 eV. Samples were exposed from 1to 5 h. to
achieve a dose equivalent to that required to etch approximitely 1 micron thick
photoresist.

MOS capacitors for the damage measurements were fabricated on 125 mm diam-
eter p-Si< 100> wafers. A 10-nm therma! gate oxide lay 2r was grown in 5000 A
recessed oxide (ROX) isolated regions. A 3000 A thick boron-doped polysilicon
plate formed the gate electrode, A dry polysilicon etch procedure was employed
to define individual capacitors. A 30 min. 400 °C forming gas anneal followed
back-side Al metallization. Devices were directly exposed to the neutral beam
environment; a combination of exposure time (0-5 h) and oxygen beam energy
(5-20 eV) defined the experimental splits. Control samples raceived no exposure.
Electrical characterization involved standard MOS capacitance-voltage (CV), cur-

rent-voltage (1V), and Fowler-Nordheim tunneling injection stressing measure-
ments [13].

RESULTS AND DISCUSSION

Figure 1 shows a schematic of apparatus and the resulting SEM photographs of
surface-imaged resists afier exposure to the atomic oxygen beam. The three
photographs were exposed at different locations with respect to the beam axls,
illustrating the effect of beam divergence on the profiles. The sidewall slopes for
samples exposed on beamline appear symmetric and nearly vertical, indicating
that the atomic oxygen beam etch is highly anisotropic. The far slopes illustrate
the shadowing effect of the beam caused by the structure being etched. The
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inner siopes are representative of the divergence of the beam, which is estimated
io be about 5-10 degrees.

Figure 2 shows a comparison of SEM photographs of 1 micron lines and spaces
in resist developed ir both plasma and neutral-beam environments. The top two
photographs were developed in plasmas, the bottom in the neutral-beam. The
top photograph illustrates the undercut seen in a standard, magnetically
enhanced parallel plate plasma etcher. The middle photograph is of ECR
plasma- etched resist and the bottom photograph, neutral-beam etched (cluse to
axis). Both the ECR and the neulral-beam profiles show promising anisotropy.

Blectrical CV and IV measurements on control samples showed high quality MOS
characteristics. MOS flatband (V,,=0.25 \'), midgap density of interface states
(D,) = 1.1x10!" eV-'lem 2, and oxide breakdown voltage (~16 V), were measured.
However, neutral beam exposure resulted in significant degradation in MO
characteristics.

Figure 3 shows IV data for four different sample conditions. Neutral oxygen-
beam exposure results in three major changes to the 1V characteristics. First, the
tunneling component of the leakage current sets in at lower voltages and is inde-
pendent of the exposure conditions. Second, the intrinsic breakdown of the
exposed devices occurs at lower voltages (Figure 3 shows the exception), and
finally, far certain preoxidation claaning conditions, a 5 h, 20 eV exposure results
in the formation of oxide traps and the IV characleristics become significantly dis-
torted (see Figure 3). Exposure also results in the formation of {rapped positive
charge and interface states, thereby altering the CV characteristics, Exposures
result in flat-band shifts of -0.3 to -0.5 V, and an increase in the density of inter-
face traps of 10-15X, '

Exposure also modulated the reliability characteristics of the MOS structures.
Figure 4 shows MOS V,, plotted as a function of Fowler-Nordheim High Field
Injection (HFI) dose. The data illustrales that neutral beam exposures generated
the trapped charge. HF| carriers, while transported across the oxide layer of the
exposed samples, neutralize some of the positive trapped charge, thereby
shifting the MOS V,, in a positive direction. Since the neutralization is only
partial, the recovery in MOS V, does not proceed to the pre-exposure value.
HF| of the control samples provide a different response. Because the ievel of
trapped charge in the clean oxide is minirnal, HF| carriers do nol participate in
any neutraltization process, but instead cause some oxide damage by bond
breaking. Hence, HF! of the control samples results in a gradual negative shift In

the MOS V,, as injection proceeds.

Al exposure-related MOS degradation efiects were removable by a low-tempera-

ture, post-exposure forming gas (30 min., 400 °C) procedure. HFl-induced char-
acteristics were also reversibie to those of the control samples. Both the nature
of damage introduced by the neutral-bean exposure and the ability to anneal the



oxide damage suggests that neutral-beam related damage is primarily caused by
exposure to UV radiation. It is well known that UV and x-ray irradiated MOS
devices exhibit degradation and annealing behavior that are similar to the
samples in this study [14]. This presentation discusses details of the electrical
measurements,

CONCLUSIONS

The feasiblility of neutral oxygen-beam patterning of dry develop photoresist has
been demonstraled, illustrating the high anistropy and selectivity possible with a
5 eV beam. Profiles obtained in surface-iimaged resist are similar to those
obtained in an ECR plasma. Electrical CV and IV measurements show degrada-
tion of MOS capacitor structures as a result of neuiral beam exposure. However,
this danage Is annealable for the most part and is likely the result of UV expo-
sure from the plasma region of the beam apparatus.
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FIGURES | .
Figure 1: Schematic of the apparatus used for this experiment and the resulting

BEM profiles in photoresist,

Figure 2: SEM photographs of tBOC resist etched in different systems; top:
magnetically enhanced parallel- plate plasma system, middle: divergent ECR

plasma, bottom: 5 eV neutral oxygen beam,

Figure 3: Current-Voltage (IV) characteristics of MOS capacitors exposed to low-
energy neutral oxygen beams. Sample and measurement details are provided in

the inset,

Figure 4: Plot of the changes in MOS V,, as a function of Fowler-Nordheim high-
field injected charge dose. Data is shown for control and low-energy oxygen
beam exposed MOS capacitors. Constant current injection was carried out for
periods of 30 s. each between V, measurements.

810" 3vdd

Qoogeeonan Hod4 oorll 2B

7

o2 449



Neutral Beam Apparatus

v v v Magnet colls
| (4kG)
5 eV O atoms ;
10E18/cu.cm.-s '

AAGARARAMNEREA LN MEsTT PE. PP MAM

[aaX s Wat B Bibn N 'R B B |



magnetic field coils
neutralization piate

plasma  — W ~STOSN NSNS ==

B57

80@ ' IvYd PEEEEORRAB WOMd BS:01 26. B2 ¥du



WGAA WEag [eainaN-UBwwng ereq

1 efed
{s}joA) abejjoA 8D
gl- g1 vi- Zi- 0i- 8- g- ¥ e 0
T T 7 T T T ¥ 7 T T T T ! ! i
O A ﬂ > - H
‘ ] AN Gl voo o»— ) i oF
“ : . v oS FR I 2300 4s wh.
{v¥) siduieg joNuUey —o—— M % F£1I% %, ”.wwuru £
& D ¢ * .- 3 h_wh.-b 3 gl ‘B e L.?v ~
{v) d¥3 A30Z MOHS —« . — STET .Wv“l.u... T i 0 " uuw- m il : =
E. I.-‘ —
{w) ainsodxs A8G JAOHL —0— £ m
{g) sinsodxs 7302 INOHG —a—— ;%% m
r— 3
3 mw %q £ ]
: i
6 ‘ =
@® »
] ]
3 L E
= = 3
3 : f%v E
(1] .
= a.‘ E
= ]
= - .
= = 3
. \\%,. :
| E
Il!lillllllllli! T
{ m
.-k wybs 276100°0=ve 10108de])
.ll!-ﬂ ‘ Wy [=¥0l, :
‘ aes 15-Ajod padop-uoiog
F'%i Srmonns SO PAIRIOSI-XOH |

© OIXEDHSHN

.-

/c. m_ M

S1-300°¢

-300°1

ti-300°L

80-30C°t

20-300°%1

G0-300°L

eG-300°1

26/8 1SeR Ug

Ec ddd

A

T

<3-]

A=

(

b

gapaya]ae

L

aEay

L00 " 3otd

" _g__a_;__imlﬂ



1 ebed 164940120 ISEY US T

H,
QT
(zwia/#) souani4 jale) pajoaiul &
L1+39 Z1+36 FARE 1/ 21+3¢ L1432 L1431 o «
. .W T T T T Y ¥ ¥ T T — £ m
Uil QT=SSSWHIUL IPIXQ 10tARYag 2unsodxa-1sod ;
wabs £6100°0=2e J01IEdE) A §9Q1-=serg (9128) uonoafuf n

i a1ed 1g-Ajod pedop-uoiog Al mm
4 :
- - =
' ? o & 5
| T 1»\.» Y ¢
T e e e e e o o - e l\* llllllllllllll = % XX ] Muv. c

16 &

(@]
K
&
1 18 &
GYOZAD —x— i
LUSGAS ~ —g- — e e
JOSUCD
£0
T
I
| =
uonoefuj 9BJeyD pietd-ybi Jepun sHius pueg-ield SON =
g
5T 43V4H juaiuadcg wesg [AINSN

( 520

LLE U s!_!_i_ﬁ,l SN RN N



" G He s

=505 O RO MY S s e O O ORI Ol O

b

(ks Ex Tl Ea ko N I

Y B

RS- o

e
=
Effect of Divergence on Profiles
Neutrallzer Plate
; v v
¥
Shadow angle T —_
/
| N\
S I \
!
N N S \
Protle angle ] I
| 1
| 1
| I
oM
'+ | Divergence angle
. .
e i e N A Nt N | L W T B T e ;Y 1 = Datier ] Y "



- ey GIPE NI SR N ik COER R I N W

8027693255

APR 23 92 la:s58 FROM @ROIDDICDDEH FAGE . BY4

lon Reflection and Neuiralization

Relative flux

Thermal backgreund

//

_Reflected
energy

S

i

approx = sheath voltoge
25




. T IR
PSRN B .

8027693255

APR 23 '9z2 1e:358

- — —— - — — — —

Resist

Polysilicon .

FROM oDROR2DO0D

Motivation: Dry patterning
of polysilicon gates

I

I

I

|

I

|

|

I

I
v

€ — — — — —_— — — - —

I I
I |
| |
I |
| I
I I
I I
I !
I I
v v

€— — — — — — — —

PAGE . 003

oxygen beam

chiorine beam

Gate oxide



R N S S O SR . NN | J SRS RS SR ATy R, | S B

APR 23 '92 18:57 FROM DORORZ2BORO

PAGE . B82

Dry Resist Development

Exposed Areqs

1 - Silylate

REI CRTR i
S o ‘-‘,'{I‘I !
IR
: i
i N it /

here

Silico(ﬁncorporatad

1 Oxygen Efch

- T,
: """;,‘.. I
RS
\

Silicon oxide




ﬂh Qoo v e ool

IR

N

e






