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It has been found that atomic force microscope~AFM! induced local oxidation is an effective way
for converting thin (,5 nm) Si3N4 films to SiOx . The threshold voltage for the 4.2 nm film is as
low as 5 V and the initial growth rate is on the order of 103 nm/s at 10 V. Micro-Auger analysis of
the selectively oxidized region revealed the formation of SiOx . Due to the large chemical selectivity
in various etchants and great thermal oxidation rate difference between Si3N4, SiO2, and Si, AFM
patterning of Si3N4 films can be a promising method for fabricating nanoscale structures. ©2000
American Institute of Physics.@S0003-6951~00!03003-5#
c

e

g
d,
ha
in
e
ed

e

ga
e
-

ap

s
le

en

f

te

c-

and
hant

n

uc-
e
the

ons

n
n.

be
i-

or
f

5

by
as.

ing.
m-

tips
ance
Hz,

d

ng
wa

ma
Silicon dioxide (SiO2) and silicon nitride (Si3N4) are the
two most important dielectric materials for the microele
tronic processing. In contrast to SiO2, Si3N4 has many
unique electrical, optical, mechanical, and chemical prop
ties. For example, it has a larger dielectric constant~7.5 vs
3.9!, a larger refractive index~2.05 vs 1.46!, and a larger
density~3.1 vs 2.2 g/cm3!.1 On the other hand, SiO2 films are
preferably used in the circumstances where a large band
~9 vs ;5 eV! is necessary for electrical insulation. An
Si–SiO2 interfaces display better device properties than t
of Si–Si3N4 interfaces. As the scaling of ultralarge-scale
tegrated circuits continues into the nanometer regim
(,100 nm) to achieve high levels of integration and spe
ultrathin SiO2 gate dielectrics of;2 – 3 nm thick become
necessary.2 To reduce the problem of direct tunneling in th
case of ultrathin SiO2, physically thicker insulators with
higher dielectric constants are more favorable as the
dielectrics. Therefore, silicon nitride and silicon oxynitrid
(SiOxNy) thin films are particularly interesting for the ultra
thin dielectric applications. In this letter, we present an
proach of locally converting ultrathin (,5 nm) Si3N4 to
SiOx or SiOxNy with an atomic force microscope~AFM!.

The chemical selectivity between these two material
also very important for the mask applications. For examp
Si3N4 oxidizes slowly, about 50 times less than Si wh
using wet oxidation at 1100 °C.3 Therefore, it is often used
as a mask against O2 diffusion during the local oxidation o
silicon ~LOCOS! process. Moreover, Si3N4 has highly selec-
tive etch rates over SiO2 and Si in many etchants. Etch ra
selectivity of Si3N4:SiO2:Si in diluted HF ~40%! at room
temperature is about 1:.100:0.1 and selectivity of
Si3N4:SiO2:Si in 94.5% H3PO4 at 180 °C is about 10:

a!Also with: Institute of Electro-Optical Engineering, National Chiao-Tu
University, and Center for Measurement Standards, Hsinchu 300, Tai
Republic of China.
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,1:0.3.4,5 Using an anisotropic aqueous KOH~30 wt %!
etchant, typically used for wet bulk micromachining, sele
tivity of Si3N4:SiO2:Si(100) at 60 °C is about 1:.14:
.2600.4 As a result, AFM selective-oxidized Si3N4 films
can be excellent nanoscale etch masks both for positive-
negative-type pattern transfers depending on the etc
combination.

Previous reported results of AFM-induced oxidatio
have been limited to semiconductors and metals.6–13 How-
ever, it is not necessary that the modified surface is cond
tive. Even if there is a thin insulating film grown on th
conductive substrate, the intense electrical field between
probe and the substrate still can drive the oxidant ani
~most likely OH2! to diffuse into the thin dielectric film
(Si3N4 in this work!. The reaction of oxidants and silico
nitride results in the replacement of nitrogen by oxyge
Hence, the local intensive field induced by an AFM pro
can turn silicon nitride into silicon oxides or silicon oxyn
trides.

The silicon nitride films were grown onp-type, 10V cm,
~001!-oriented Si wafers in a low-pressure chemical vap
deposition~LPCVD! reactor at 780 °C using a mixture o
SiCl2H2 and NH3. Two as-grown film thicknesses of
~sample A! and 2.5 nm~sample B! measured by ellipsometry
were used for this study. Sample A was further densified
a rapid thermal anneal of 10 s at 1000 °C in a nitrogen g
The film thickness was reduced to 4.2 nm after anneal
Local electric-field-induced oxidation was performed in a
bient using highly doped~0.01–0.025V cm! n1-Si AFM
probes~contact-type Pointprobe®, Nanosensors! and a com-
mercial AFM ~CP type, Park Scientific Insturments! operat-
ing in the contact mode. Both uncoated and PtIr-coated
have been used. The typical force constant and the reson
frequency of the cantilevers used are 0.2 N/m and 13 k
respectively.

Figure 1~a! shows oxidized lines written on the densifie
sample A with 0.4 nN contact force and 0.1mm/s scan speed
at various sample biases ranging from14 to 110 V with

n,

il:
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respect to the tip. The written lines are topographically p
truded since the molar volume of oxide is larger than tha
silicon nitride. To verify that the silicon nitride had bee
converted to silicon oxide, the written sample was dipp
into a 1% HF solution for 20 s. In our experiments, t
etching rates in 1% HF solution determined by ellipsome
and AFM are;0.01 nm/s for the densified nitride samp
and 0.27 nm/s for the AFM-induced oxide, corresponding
an etch selectivity of 27. Therefore, the protruded appeara
of oxidized lines can be converted to trenches after HF dip
shown in Fig. 1~b!. Figure 1~c! displays the cross sectiona
profiles of the protruded and buried parts of oxidized lines
sample biases varying from14 to 110 V, respectively. No
oxidized line was observed as the bias under15 V. The
heights ~h!, depths~d!, and full widths at half maximum
~FWHM! of the protruded and buried parts of oxide lines a
in proportion to sample biases~see Table I!. The volume of
buried oxide can be considered as the volume of consu
nitride which was converted into oxide while the sum of t

FIG. 1. ~a! AFM image of silicon nitride film which shows oxidized line
written on the densified sample A~4.2 nm thickness! with 0.4 nN contact
force and 0.1mm/s scan speed at various sample biases ranging from14 to
110 V. ~b! AFM image of the same area after HF dipping.~c! Cross-
sectional profiles of images~a! and ~b! showing the heights and depths o
the protruded and buried oxides.
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protruded and buried parts as the volume of oxide after c
version. The conversion ratios of oxide volumes to co
sumed nitride volumes@(h1d)/d# at higher sample biase
(.7 V) are around a constant value of 2.23, indicating
nearly complete conversion of nitride film. However, th
ratio is much higher than the reported conversion ratio
thermal oxidation of silicon nitride that is around 1.64.3 This
is probably because the AFM-induced oxide is less de
than the thermal oxide.

To investigate the oxide growth rate, voltage pulses
varied height and duration~1–500 ms! were applied to the
densified filmA and the produced oxide dot arrays were an
lyzed. We have found that the initial growth rate of AFM
induced oxide depends on the tip characteristics, but ty
cally with a magnitude ranging from 500 to 1500 nm/s.14 An
exponential decay relation of the growth rate with the gro
oxide thickness@dh/dt} exp(2h/Lc)# can be found from the
kinetic data.8,9,14In our experiments, the characteristic dec
length Lc ~bias and tip dependent! is typically within the
range of 0.3–0.6 nm.14 Compared with the rate coefficien
A>1 nm/min2/3 (h5At2/3) for the wet thermal oxidation a
1100 °C and under 0.95 atm of water vapor,3 AFM-induced
oxidation of Si3N4 is much faster than other methods a
even faster than the AFM-induced oxidation rate of Si~001!
~initial rate of 10 nm/s andLc50.9 nm at 10 V!.8 The ob-
served low critical field strengths and high oxidation rates
AFM-induced oxidation on Si3N4 imply that the AFM oxi-
dation of Si3N4 has an significantly different kinetics from
that of common thermal oxidation mechanisms.

Auger electron spectroscopy was also utilized to inv
tigate the chemical composition of the AFM-induced oxid
The Auger spectra taken from the as-grown and AF

FIG. 2. Micro-Auger spectra of sample B~2.5 nm thickness! silicon nitride
film at the as-grown area and the AFM-oxidized area. The peak of N-KLL
;385 eV on the as-grown area completely disappears on the AFM-oxid
area. And, the magnitude of O-KLL at;512 eV is much enhanced on th
oxidized area as compared to that of the as-grown area.

TABLE I. Protruded height~h!, buried depth~d!, FWHM, aspect ratio
(h/FWHM), and conversion ratio@(h1d)/d# of the AFM-induced oxide on
the Si3N4 thin film at various biases.

Bias ~V! 5 6 7 8 9 10

h ~nm! 0.29 0.60 1.09 1.57 1.90 2.33
d ~nm! 0.45 0.62 0.86 1.23 1.59 1.98
FWHM ~nm! 65 73 80 81 102 118
h/FWHM 0.0045 0.0082 0.0136 0.0194 0.0186 0.01
(h1d)/d 1.64 1.97 2.27 2.28 2.19 2.18

ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded 

1 May 2014 08:00:35



ot

k
is
n
a
th
a
o
tri
.

as

ion
ter

ture

a

-

eal

uc-
of a
3

ed

i-

no-
s as

-
seful
ive
nly

un-
8-

ys.

d J.

pl.

A:

em.

.-F.

-F.

in

362 Appl. Phys. Lett., Vol. 76, No. 3, 17 January 2000 Chien et al.

 This a
induced oxidized area of sample B are shown in Fig. 2. B
spectra have emission peaks of Si-LVV at;86 eV, Si-KLL
at ;1620 eV, and O-KLL at;512 eV. However, the pea
of N-KLL at ;385 eV on the as-grown area completely d
appears on the AFM-oxidized area. Meanwhile, the mag
tude of O-KLL is much enhanced on the oxidized area
compared to that of the as-grown area. It is evident that
nitrogen content was thoroughly replaced by the oxygen
oms in the ultrathin film case. The results of Auger electr
spectroscopy support the previous suggestion that the ni
films can be turned into oxides by AFM-induced oxidation11

The high growth rate of AFM-induced oxide on Si3N4 is
very useful for the mask applications. Figure 3~a! shows a

FIG. 3. ~a! AFM image of an array of 10310 silicon oxide dots obtained by
applying voltage pulses of19 V and 5 ms to the 4.2 nm-Si3N4 /Si(001)
film. The average dot diameter and height are 70 and 2 nm.~b! AFM image
of the same area after HF dipping~both for oxide stripping and nitride
thinning! and KOH anisotropic etching of underlying Si~001!. Every oxide
dot is converted to a square pit (;50350– 70370 nm2) with an inverted
pyramidal geometry.~c! Cross-sectional profile of the dashed line shown
~b!. The etch depth determined by AFM is;20– 35 nm.
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10310 oxide dot array on the densified sample A, which w
made by applying voltage pulses of19 V and 5 ms duration
to the sample with respect to the tip. The oxide dot format
is very reproducible and is uniform with an average diame
of ;70 nm and a height of;2 nm. Subsequently, the
sample was etched with a HF solution at room tempera
and with a 20 wt % KOH solution at;50 °C for 15 s@Fig.
3~b!#. After pattern transfer, each oxide dot converts to
square pit (;50350– 70370 nm2). For the anisotropic
etching of ~001!-oriented silicon using KOH solution, in
verted pyramidal pit~independent of the dot mask shape! is
formed with four intersecting$111% crystal planes. The
AFM-measured etch depth as shown in Fig. 3~c! is around
20–35 nm. This value is in good agreement with the id
value determined by the terminal etch geometry~35–50 nm!,
considering a finite probe size. At present, we have also s
ceeded in fabricating structures with depths on the order
few hundred nm using AFM-modified nitride masks of 2–
nm thick.14

In summary, we have demonstrated that AFM-induc
local oxidation is a very effective way for converting Si3N4

to SiOx with low threshold voltages and extremely fast ox
dation rates. Pattern transfer using AFM-induced Si3N4/SiOx

etch mask is now feasible. This is a potentially useful na
lithographic approach because the part of mask function
etch stop is well structured Si3N4 instead of AFM-induced
SiOx .12,13 Also, it is compatible with the conventional mi
croelectronic processing. The etched structures can be u
for fabricating microstructures, as templates for select
growth of nanostructures, or as high-density read-o
memory.

This work was supported by the National Science Co
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