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Kinetics of scanned probe oxidation: Space-charge limited growth
Emmanuel Duboisa) and Jean-Luc Bubendorff
IEMN/ISEN, UMR CNRS 8520, Avenue Poincare´, Cité Scientifique, BP 69, 59652 Villeneuve d’Ascq,
Cedex, France

~Received 23 July 1999; accepted for publication 9 February 2000!

This article proposes an enhanced oxidation model for scanning probe microscope~SPM!
nanolithography that reproduces the power-of-time law reported for tip-induced anodic oxidation. It
is shown that the space charge resulting from nonstoichiometric states strongly limits the oxidation
rate. The direct relationship between the oxide thickness and time is provided by integration of the
oxide rate equation. Measurements on SPM-induced oxides generated on a titanium surface are
compared to theory. The predominant role of the space charge is corroborated by electrical
measurements on oxide barriers that exhibit current fluctuations due to Coulombic effects. ©2000
American Institute of Physics.@S0021-8979~00!04310-3#
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I. INTRODUCTION

Scanning probe microscopy~SPM! has recently demon
strated a strong potential in the field of nanolithography.
particular, SPM-induced nano-oxidation has been succ
fully used for patterning tunnel junctions1 and field-effect
devices2 on thin metallic or SOI films, respectively. Th
strong activity developed around this lithography techniq
takes advantage of the simplicity to reach nanometer ra
and to visualize the corresponding patterns with the sa
equipment. Several contributions have reported on
mechanism and kinetics of SPM-based oxidation3–6 in order
to get a better control and more detailed insight of this p
terning method. However, none of them gives a comp
and satisfactory explanation for the wide range of exp
mental data available in the literature. This article propo
an enhanced oxidation model for SPM nanolithography t
reproduces the power-of-time law reported for tip-induc
anodic oxidation.6 In Sec. II, existing models are first re
called and their deficiencies are outlined. In Sec. III, a n
modeling approach accounting for space-charge lim
growth is subsequently derived. It is shown that the sp
charge resulting from nonstoichiometric states strongly l
its the oxidation rate. For the first time, the direct relatio
ship between the oxide thickness and time is provided
integration of the oxide rate equation. In Sec. IV, measu
ments on SPM-induced oxides generated on a titanium
face are compared to theory. Finally, the predominant role
the space charge is corroborated by electrical measurem
on oxide barriers that exhibit current fluctuations due to C
lombic effects.

II. EXISTING MODELS

A. Cabrera–Mott model

Recently, a modeling approach based on
Cabrera–Mott7 analysis of very thin oxide films has bee
published.3 Oxide growth under high electric field is de
scribed by ion migration at a rate given by

a!Electronic mail: dubois@isen.fr
8140021-8979/2000/87(11)/8148/7/$17.00
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dh

dt
5u•expS h1

h D , ~1!

whereh is the oxide thickness at timet, h1 is a characteristic
distance depending on the interfacial potential difference
u is a velocity function of temperature. The integration
parts of Eq.~1! is usually performed by neglecting highe
terms inh / h1 to give

u•t5S h2

h1
D •expS 2h1

h D . ~2!

It is subsequently assumed in Refs. 3 and 7 that the
thickness appearing in the pre-exponential term can be
placed by a limiting film thickness,hL , beyond which the
film ceases to grow. This is generally defined as the thi
ness at which one layer of atoms is added in 105 s so that
dh/dt510213 cm s21. Using this assumption, Eq.~2! takes
the so-called inverse logarithmic form

1

h
5

1

h1
• lnS hL

2

h1utD . ~3!

It is worth noting that insertion of the solution Eq.~3! into
the rate Eq.~1! gives

dh

dt
5

hL
2

h1t
~4!

from which we obtain, by integration, the direct logarithm
form which obviously contravenes the inverse logarithm
@Eq. ~3!# from which it is derived. The previous analys
shows that a careful inspection of the assumption made
integrate the rate equation reveals an inconsistenth– t rela-
tionship. While the master rate equation remains valid
more sophisticated mathematical treatment is necessar
correctly describe the anodic oxide growth. Nevertheless
attempt to solve this problem is made in this work
the Cabrera–Mott rate equation needs additional ingredi
to lead to a more comprehensive model as shown in
following.
8 © 2000 American Institute of Physics
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B. Avouris–Hertel–Martel model

Experimental determination of the oxide growth rate h
been performed in Ref. 5. The authors showed that the
netics could not obey the Cabrera–Mott model because
theory predicts a rate constant proportional to exp~2h1/h!
while experiments clearly revealed that

dh

dt
}expS 2

h

hc
D , ~5!

wherehc is a characteristic decay thickness depending on
anodization voltage. The form of Eq.~5! is similar to the
empirical relationship proposed by Massoud,et al.8 to ex-
plain the oxidation rate in the thin regime at high tempe
ture in O2 ambience. Large stress buildup during oxidation
invoked to explain the reduction of the oxidation kinetics.
strain relief mechanism due to the electric field is assume
describe the dependence ofhc on the anodization voltage
Although a detailed discussion was provided in this artic
no detailed derivation of the reaction kinetics was est
lished to elucidate the empirical aspect of Eq.~5!. Moreover,
a recent analysis by Dagataet al.4 showed that the variation
of the oxide density with pulse duration of the anodizati
voltage was incompatible with cumulative stress buildup.

C. Empirical power-of-time model

Systematic experiments on the oxide thickness dep
dence on voltage and tip speed~i.e., proportional of the in-
verse of time!have been conducted by Leyet al.6 Over a
wide range of anodization voltages, tip speeds, and sili
substrates, the authors showed that the two-parameters
pirical relation given by Eq.~6! gave a remarkable fit to th
whole set of data,

h5a0•~U2Uth!S v0

v D g

}a0•~U2Uth!S t

t0
D g

. ~6!

The threshold voltageUth being known,a0 and g are the
two relevant independent parameters. The oxidation tim
inversely proportional tov, the tip speed. In the case of
silicon substrate,g was found equal to 1/4 regardless of t
type and level of doping. Despite a wide range of applica
ity of this simple empirical model over data available in t
literature, no theorical foundation was given to support
physical meaning of Eq.~6!.

III. MODEL OF SPACE-CHARGE LIMITED SPM-
INDUCED OXIDATION

A. Theory of oxide growth rate

It is now well accepted that the low activation found f
SPM-induced oxidation is representative of ano
oxidation.3,4 Depending on the experimental conditions, bo
plasma oxidation9 and electrochemical anodic oxidation10 are
known to produce a large amount of interface charges.
gataet al.4 also outlined the role of a rapid buildup of spa
charge within the field-induced oxide during the initial sta
of growth while rejecting the stress model introduced
Avouris et al.5 It will be shown that the presence of th
space charge is responsible for the drastic reduction of
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growth rate as the oxidation proceeds. After an oxide la
has grown, fixed oxide charges are generated close to
bulk/oxide interface. For instance, Becket al.9 attributes the
presence of these charges to the initial high rate of oxida
that prevents a complete saturation of broken bonds at
bulk/oxide interface resulting in nonstoichiometric states.
outlined by Wolters and Zegers-van Duynhoven,11 the varia-
tion of this space charge in the oxide is governed by
trapping–detrapping mechanism. For large charge dens
~e.g.,.1012 cm22), Coulomb interactions between trappe
charges and newly incorporated charges must be taken
account to calculate the trapping rate. On this basis, the
tegration of the trapping rate equation yields

N5
1

s
• lnS 11

sN0s

q
•E

0

t

J•dt8D 5
1

s
• lnS 11

Q

Q0
D , ~7!

where s is the surface occupied by a trap.N is the areal
density of traps andN0 is the maximum areal density of tra
sites, s is the effective trap capture cross section andQ0

5q/sN0s. Q is the integrated areal density of charge o
tained from the incoming flux of oxyanions. It correspon
to the charge brought by oxyanions that have crossed
oxyde layer at timet

Q5E
0

t

J•dt8 . ~8!

Q can be simply calculated fromCox the concentration of
oxygen in the oxide,Q5zqCoxh whereh is the oxide thick-
ness,q the electronic charge, andz the number of electronic
charge per ion. Considering that the trapped charges den
N is a consequence of the total oxyanion charge~e.g., OH2)
transported to the oxide/bulk interface, the space cha
comes from nonstoichiometric states and is of opposite s
~e.g., positive for silicon or titanium!. Therefore, a positive
areal charge density is assumed confined close to the b
oxide interface at a distanceh0 . This chargeN induces a
distortion of the electric field that significantly influences t
transport of oxydizing agents in the oxide layer. The init
electric field between the bulk/oxide interface and the po
tive charge densityN is decreased by the following amoun

jbias→jbias2
qN

«
•

h2h0

h
5jbias2

q

s«
•

h2h0

h

• lnS 11
zqCoxh

Q0
D , ~9!

where « is the oxide dielectric constant andjbias52(U tip

2Ubulk)/h5Ubias/h is the external field imposed by the ti
and substrate voltages. The potential and electric field dis
bution are depicted in Fig. 1. It is assumed hereafter that
flux of oxyanions through the oxide layer is totally controlle
by the region where the electric field is decreased by
presence of the space charge. The ionic transport equa
that describes oxide growth rate is given by7

dh

dt
5u0•expS 2

W

kTD •sinhS qaj

kT D , ~10!
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whereu0 is a constant velocity,W is the energy barrier tha
an ion has to overcome to move to the next interstitial s
located at a distance 2a.j is the electric field including the
distortion induced by the space charge. Only the exponen
term with a positive argument is relevant when the transp
of oxyanions from the ambient to the bulk/oxide interface
considered. Accounting for the previous remark, insertion
Eq. ~9! into Relation~10! yields

dh

dt
5u0•expS 2

W

kTD •expH zqa

kT
•

Ubias

h
2d•

~h2h0!

h

• lnS 11
zqCoxh

Q0
D J , ~11!

whered is a dimensionless parameter equal toq2a/kTs«. It
is worth noting that as the centroid of the space charge la
is located very close to the bulk/oxide interface, (h2h0)/h
rapidly converges to unity. Thus, a simplified expression
the rate of oxide growth can be derived usinghb

5Q0 /zqCox51/sN0szCox and ha5zqaUbias/kT

dh

dt
5u0•expS 2

W

kTD •expH ha

h
2d lnS 11

h

hb
D J . ~12!

Typical values of the capture cross sections are around
10213 cm22,12 one order of magnitude forN0 is 1013 cm22

~Ref. 10!ands can be set to first order equal tos. From the
previous parameter values, a rough estimation ford gives
; 2–6 for titanium or silicon (Cox ;4 1022cm23for SiO2,
;4.5 1022cm23 for TiO2). This value is difficult to ascer-
tain from individual parameter extractions. However, t
above estimation appears reasonable as it will be show

FIG. 1. Potential and electric field distortion induced by the presence o
areal charge densityqN5q/s • ln(11zqCoxh/Q0) located ath0 . The oxide/
bulk interface located at 0 andh represents the thickness of the growin
oxide.
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the following that 1/d may be related to the exponent of th
power law between the oxide thickness and time. For
stance, it was experimentally observed that SiO2 thickness
varies with time ash}t1/2 ~Ref. 13!or ash}t1/4 ~Refs. 6 and
14!. In the following section, other measurements perform
on TiO2 reveal h}t1/5. Taking a;0.15 nm,6 ha

55.81.Ubias appears as a linear function of the anodizati
bias (ha expressed in nanometers!. From the same set o
parameters,hb gives ;0.002 nm, a value extremely sma
that allows to further simplify Eq.~12! sinceh/hb@1

dh

dt
5u0•expS 2

W

kTD •expS ha

h D S h

hb
D 2d

. ~13!

B. Extraction of the power-of-time law

The integration of Eq.~13! remains a difficult task but
can be performed assuming thatd is an integer. This pre-
requisite does not correspond to any physical quantifica
process but simply reflects a mathematical constraint to
tain a tractable relationship betweenh andt. It will be shown
that the above condition is not a severe constraint asd usu-
ally lies in the 2–6 range. The Eq.~13! may be recast unde
its integrated form

u0•expS 2
W

kTD •t5E
0

h

expS 2ha

h8 D S h8

hb
D d

dh8 . ~14!

Successive integration by parts of the right-hand side~rhs!of
Eq. ~14! gives

E
0

h

expS 2ha

h8 D S h8

hb
D d

dh85
ha

d11

hb
d H ~21!d11

~d11!!
•EiS ha

h D
1(

i 50

d

~21! i
•

~d2 i !!

~d11!!

•S h

ha
D d112 i

•expS 2
ha

h D J ,

~15!

whereEi(ha/h)5 E 0
h e2ha/h8/h8dh8 is a variant of the expo-

nential integral function. It can be verified that this expre
sion rapidly decays forh,ha , a condition that is easily sat
isfied for common anodization voltages. Recalling thatha

;5.81Ubias, a typical example forUbias56V givesha;35
nm, while the corresponding oxide thicknessh reported in
the literature lies generally one decade below.15,16Therefore,
Eq. ~15! may be simplified to give

E
0

h

expS 2ha

h8 D S h8

hb
D d

dh85(
i 50

d

~21! i
•

~d2 i !!

~d11!!
•h

•S h

hb
D dS ha

h D i

•expS 2
ha

h D .

~16!

Finally, considering thath@hb ~typ. hb50.002 nm!, the
summation overd appearing in the rhs of Eq.~16! can be

n
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approximated by its first term that largely dominates the f
lowing ones. Accounting for these considerations, the in
gration of Eq.~14! is well approximated by

h5hbS t

t0
D 1 / ~d11!

, ~17!

wheret0 is a voltage-dependent time constant equal to

t05

hb•expS 2
ha

h D
~d11!•u0 expS 2

w

kTD 5

hb•expS 2
zqa

kT
•

Ubias

h D
~d11!•u0 expS 2

w

kTD .

~18!

In summary, the incorporation of a space charge submitte
Coulomb repulsion leads to a power-of-time law for oxi
grown by SPM anodization. The above derivation is cons
tent with experimental observations made on silicon6,4 and
titanium ~this work!. A physical significance may also b
given to the time constantt0 . Snow and Campbell17 have
measured a voltage-dependent threshold timet th necessary
to get a 0.3 nm oxide bump on SiO2. They found thatt th

}exp~2Ubias/ U0!. Considering thathmin is the minimum de-
tectable oxide thickness, the corresponding threshold t
expressed according to Eqs.~17! and ~18! exhibits the same
consistent behavior with the anodization voltage

t th5t0•S hmin

hb
D d11

}expS 2
zqa

kT
•

Ubias

h D . ~19!

The proposed model is based on the presence of a s
charge due to nonstoichiometric states located close to
bulk/oxide interface. The main assumption in the model d
vation is the occurence of mutual Coulomb repulsions
tween traps and the control of the ionic transport by
region of lowest electric field. As outlined in Ref. 11, the
assumptions are commonly used to treat transport phen
ena in dielectrics. The presence of a large trap density du
the formation of the very first oxide monolayers is questio
able and depends on the presence of a native oxide. H
ever, the onset of tip-induced anodization is characterized
the fastest growth rate that results in a large amount of
fects. As soon as an oxide protusion becomes detectable~;1
nm!, the oxidation process may be considered in a reg
where the present model fully applies.

IV. EXPERIMENTS AND MODEL VALIDATION

The experiments were conducted with a Digital Inst
ment Nanoscope III microscope in tapping mode on a fr
25 nm thick titanium layer deposited on a SiO2/Si substrate
by e-gun evaporation. The relative humidity level was ke
in 50%-70% range, a condition that assures the presenc
sufficient oxidizing agents~e.g., O2, OH2! contained in the
absorbed layer of water. No perceptible change in ox
growth was observed under this humidity condition cons
tently with previous reports.18,19

The experimental procedure can be divided into two d
tinct phases corresponding to the oxidation process by it
and to the subsequent imaging step needed to observe
oxidized patterns: During the oxidation phase, the atom
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force microscope~AFM! tip is kept at fixed location in the
X–Y plane parallel to the titanium surface. In order to ge
erate an oxide dot under the tip, a positive voltage puls
applied to the substrate during a time varying between 5
and 50 s. The feedback loop is enabled and the setpoin
chosen to obtain an amplitude of vibration of 8 nm at
frequency around 330 kHz in tapping mode. Using this e
perimental setup, the position of the tip in theZ direction
perpendicular to the interface is permanently adjusted by
feedback loop of the AFM. A tip coated with a 10 nm thic
layer of Pt is used to prevent its oxidation. For each volta
time couple, 25 different oxide dots are formed to get a va
able statistical representation of the measured oxide heig
Each step is controlled by a lithography program executed
the control computer. During the imaging phase, the AFM
used in the conventional scanning mode to generate the
face topography line by line.

It is worth noting that the measured oxide height fro
the AFM image does not correspond to the oxide thickn
because the titanium layer is consumed by the oxidation p
cess. Given the molar volume of Ti and TiO2 ~10.6 and 26.6
cm3, respectively!, the expansion factor is 2.5 which cor
sponds to a 1.5 nm measured oxide height for each nan
eter of consumed Ti. As a consequence, the total oxide th
ness is obtained by multiplying the measured oxide heigh
a factor 1.667. The last correction holds only in the case
stoichiometric TiO2, a situation that is theorically not ex
pected to hold in the case of anodic oxides. However, pre
ous experiments conducted on a silicon surface have sh
that this condition is fulfilled within a few percent.18

Figure 2 shows a series of AFM images correspond
to oxide dots fabricated at a voltage of 10 V for differe
pulse durations. These images illustrate the excellent re
ducibility obtained under these operating conditions. Fig
3 represents the variations of the oxide thickness as a fu
tion of time for the three different voltage amplitudes. Th
plot shows that data are well fitted by a power-of-time law
the formh}t1 / 5. This functional behavior is even better i
lustrated whenh is plotted versus (t/t0)1/(d11) in Fig. 4. A
straight line, obtained for the complete set of data, valida
the applicability of the theory describing oxidation as a p
cess strongly influenced by the buildup of a nonstoichiom
ric space charge. Finally, Fig. 5 gives the sameh– t set of
data with a log–log scale. From this representation,
threshold time for a 1 nm oxide bump may be determin
0.08, 1.5, and 40 ms for voltages of 6, 8, and 10 V, resp
tively. Several authors have pointed out the presence o
threshold voltage under which oxidation of silicon is n
possible or drastically reduced. This threshold voltage
pends on the type (n or p) and level of doping.6,18 One
possible explanation of this effect lies in the relative mag
tude of the density and capture cross sections of trapp
sites when the doping type and the concentration vary.10,12

Consistently with these observations, variations on the tr
ping efficiency contribute to the modulation ofhb , which in
turn, determine the magnitude of the time threshold in E
~19!.
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FIG. 2. AFM view of arrays of 25 oxide dots obtained after anodization induced by the tip of an AFM in tapping mode. The amplitude of the volta
is 10 V and its duration varies from 10 ms to 10 s. Oscillation amplitude of the cantilever is 8 nm at a frequency around 330 kHz.
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V. ELECTRICAL CHARACTERIZATION OF SPM
ANODIC OXIDE

As outlined in Sec. III that reports on the modeling
SPM-induced anodization, the incorporation of space cha
is related to the presence of nonstoichiometric traps due
complete bonds saturation during the very fast intial stag
oxidation. It has been shown that Coulomb interactions m

FIG. 3. Oxide thickness as a function of time for three different anodiza
voltages~6, 8, and 10 V!. The surface is a 25 nm thick layer of titaniu
deposited on a Si/SiO2 substrate.
e
n-
of
st

be taken into account to properly evaluate the traps den
@Eq. ~7!#. In the present section, it is shown that the elect
transport through TiO2 barriers is severely affected by trap
ping and detrapping events governed by the same kind
Coulomb interactions that also determines the kinetics of
ide growth. In order to illustrate this point, SPM-induce
oxide barriers have been fabricated on a thin Ti film20–22 as

n
FIG. 4. Oxide thickness as a function of (t/t0)1/5. Data corresponding to
three different anodization voltage~6, 8, and 10 V!are perfectly aligned.
This representation validates the power-of-time law deduced from the ki
ics of oxide growth.
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shown in Fig. 6. The electrical characterization of these
sulating barriers has been performed by measuring the
responding current variations with time and for typical a
plied voltages ranging from21 to 1 V. Special care has bee
devoted to the measurement setup to obtain a reduced n
level in low currents conditions~guarding techniques!. Typi
cal current versus time variations are reported in Fig.
Large current fluctuations are observed, similar to those
served in random telegraph signals~RTS!on small geometry
metal–oxide–simiconductor field effect transisto
~MOSFETs!.23–26The RTS, characterized by discrete chan
of drain current in MOSFETs, is governed by a trappin

FIG. 5. Oxide thickness as a function of time for three different anodiza
voltages~6, 8, and 10 V!. Threshold time for a 1 nm oxide bump is ind
cated: 0.08, 1.5, and 40 ms for voltages of 6, 8, and 10 V, respectiv
Accounting for the amount of Ti consumed by the oxidation process, a 1 nm
oxide height corresponds to a 1.667 nm oxide thickness.

FIG. 6. ~a! AFM image showing the direct formation of oxide barriers on
thin Ti film ~10 nm!and~b! schematic view identifying the different mate
rials: First a thin Ti layer was deposited and patterned using electron b
lithography. AFM-based lithography was subsequently applied to form T2

barriers. Figure 7 reports on the current flowing through these barriers
-
r-

-

ise

.
b-

e
/

detrapping process associated to individual defects near
SiO2/Si interface.24 The so-called Coulomb blockade in
volves a change in free energy by the transfer of an elem
tary charge between capacitor electrodes~of capacitanceC!.
At room temperature, this is for extremely small capacito
that the charging energyE5e2 / 2C becomes sufficiently
large to block another electron from transferring. As outlin
by Schulz,25 a trap center may be viewed as an extrem
small capacitance that makes possible the existence of l
Coulomb barriers. The influence of such Coulomb inter
tions explains single-electron trapping by individual tra
that can result in RTS. It is now well accepted that both sl
and fast traps can be involved in RTS. The time scale o
which slow oxide traps are active is in the 1–100 s rang24

while fast interface traps are characterized by average
ture and emission times in the 0.01–1 s range.24,26 Figure 7
shows that the observed current fluctuations take place ov
1–3 s time scale. A faster rate of current change is a
possible but has not been resolved by a relatively long in
gration time related to the measurement equipment.

VI. CONCLUSION

In summary, we have proposed an enhanced mode
oxidation under high electric field that includes the influen
of a space charge due to nonstoichiometric traps at the ox
bulk interface. Results for oxidation of titanium give an e
cellent fit to the power-of-time law. The model also corrob
rates similar results on silicon and explains the variations
the exponentd with space-charge density (h5t1 / ~d11!). The
voltage-dependent threshold time has also been dedu
consistently with other experiments carried out on silicon
has been shown that the electron transport through TiO2 bar-
riers is severely affected by trapping and detrapping eve
governed by the same kind of Coulomb interactions that a
determines the kinetics of oxide growth. From the pres
study, we conclude that the presence of traps and Coulom
interactions severely limits the applicability of direct SPM
oxidation for the fabrication of single-electron devices as
characteristics~location, energy level, type! of these traps
can hardly be controlled.
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FIG. 7. Current vs time characteristic at a fixed source/drain voltageVDS

520.4 V. Fluctuations are related to a trapping/detrapping mechanism
individual nonstoichiometric traps.
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