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Abstract

Surface microstructures of Cr films by Nd-YAG laser oxidation and annealing oxidation were studied by SEM, FESEM, AFM and XRD.
Cr films with different grain sizes varying from 30 to 200 nm were obtained with the change of laser parameters. The calculated activation
energy is of 1.13 eV and it was less than the lattice diffusion activation energy. Fick’s law and average field method was applied to simulate
the laser oxidation kinetics in Cr films. The differential form of homogeneous grain growth formula at equivalent constant temperature was
used to establish laser oxidation kinetics. The inverse logarithm relation between oxidation rate and laser acting time was observed when tt
grain sizes of film were in 100-200 nm and it complied with Wagner theory and the parabola kinetics curve. The oxidation kinetics complied
with Carbrea—Mott theory when the oxide film grain sizes were less than 100 nm. Cabrera—Mott oxidation kinetics was applied to not only
the grain sizes within 10 nm, but also the grain sizes up to 100 nm. This result filled up the blank in the oxidation kinetics with grains sized
of 10-100 nm. These results from the laser enhanced desorption which could reach rather deeper layer in the film under laser oxidation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of the nanostructural metal films does not only consist in the
oxidation resistance of films in servi¢g5-17] but also is
Over the last four decades of studies on surface oxidationconsidered as a potential method in direct synthesizing some
of metals, both coarse crystal metals and monocrystal metalsoxide films[18—21] The films are often synthesized from var-
are well-knowledged in oxidation processes, oxidation ki- ious vacuum methods such as PVD, CVD, PLD and sol—gel
netic, surface morphology and structures. In the former case,chemical method. The micrometer-scale ordered conducting
the surface modification of TiL], Al [2] and Zn[3] has po- PdG film has been synthesized from the direct Pd film oxi-
tentially practical application in corrosion inhibition. In the dation for the photoelectron emission applicatjibp8]. TiO;
later case, initial oxidation of Ni, Al, Cu, Td—8] as well as [19], SNG [20] and SiQ [21] were synthesized from the
Cr [9-14] has been widely studied with STM, LEED, XPS thermal oxidation for ultraviolet ray sensors, gas sensors and
and AES. The considerable detailed information about the CMOS devices. Besides, plasfi22], micro arc23] and hy-
nature of physisorption, chemisorption and initial oxidation perthermal atomic oxygej24] were proved to be potential
that are all very important basic aspects of surface sciencemethods to synthesize the oxide film.
has been obtained. In previous works, the laser surface processing was con-
In contrast to the surface oxidation of coarse crystalline cerned with laser deposition (PLD) and laser modification
and monocrystal metals, the practical meaning of oxidation such as laser hardening and annealing. Meanwhile, local laser
oxidation was regarded as a considerable method to synthe-
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Nanai et al.[32] and Metev et al[28] in the field of non-
linear dynamic and pattern writing resolution of laser oxi-
dation. In recent years, Nd-YAG-laser oxidation has induced
the increasing interest in many fields of micro fabrication ap-
plications. Huber et a[27] presented a direct laser-thermal
oxidation method for lateral patterning of silicon on insu-
lator (SOI) film with the sub-mm resolution. Haefliger and
Stemmef30] reported that Al-coated aperture scanning near-
field optical probes with a protruding silicon nitride tip were
fabricated by low-power laser-thermal oxidation in water un-
der common laboratory conditions. Vernold and Mil§&9]
reported their non-photolithographic fabrication technology
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may depend on varieties of factors, and the reaction mecha-
nisms were often proved to be complex, some other types of
oxidation law, such as linear, cubic and their combinations
have been experimentally observedrdi et al[31] has pre-
sented the validity region of Cabrera—Mott law at the range
of 0-10 nm layers and Wagner law at range of 100—10000 nm
using Ni at 500C as an example.

Whereas, the laws that occur and the changes that take
place at the metal film surface, in the formation and growth
of oxide film by the pulsed laser irradiation are still poorly
understood, even for a simple system such as @@¢con-
sidered in this study. There is still a need of fundamental

(laser oxidation) instead of current state-of-the-art techniquesknowledge of the relationships between the oxide film growth

for fabricating large computer-generated diffractive optical
elements. Therein, laser oxidation can be divided into two
groups: wet method and dry method.

mechanism and the oxidation kinetics, morphology and mi-
crostructure of the developing oxide film by pulsed laser
irradiation. The problem is that the thermal filed produced

Laser beam has several consequences of wavelength and by pulse laser irradiation during oxidation of metal film is

higher absorptivity, a lower sensitivity against laser-induced

variable and transient; whereas, the oxidation kinetic laws

plasmas and, in particular in the uses of flexible glass fibers (Wagner theory or Cabrera—Mott theory) are based on a defi-
for beam handling. Simultaneously, disadvantages like poor nite temperature or temperature range. Variable temperature
beam quality and low efficiency has been effectively reduced profiles are not easy to be employed to build the oxidation

by recent developments of diode-pumped systé38$. In
addition an autofocus systej7] could provide a constant

kinetics in the laser oxidation condition.
Inthe present paper, the Cr thin film obtained through vac-

laser spot size during writing process. All these are helping uum evaporation was oxided by Nd-YAG pulse laser and the

laser oxidation to become a competitive method in micro
fabrication processes.

influences of laser energy on the morphology and grain size of
Cr oxide were studied. For the theoretical analysis, the Fick's

The oxidation mechanism of the Cr can be explained by the | law and the average field method were applied to simulate

chemisorption. Maurice et §B4] studied the chemisorption
on Cr(110) by means of XPS, LEED and STM. They investi-

the laser oxidation kinetics in Cr films. The differential form
of homogeneous grain growth formula at equivalent constant

gated the oxygen adsorption and nuclei by dosing about 0.2 Ltemperature was used in the study of laser oxidation kinetics.

(1L=1x 10"°Torrs) of & at 300 and 625 K. At 300K, a
granular and non-crystalline oxide formed, which grew with
a constant GiO3 stoichiometry up to a limiting thickness of
0.9 nm. Thickening at 625 K leads to the formation of a non-
crystalline oxide, which grows up to a limiting thickness of
4.6 nm. The presence of €vacancies related to a significant
cation transport through the oxide film in this temperature
regime is detected. However, Brown and Y86] observed a

quasi-hexagonal primary pattern with an average corrugation

amplitude of 3.6A. The observed STM topography was con-

sistent with the existence of an ordered chromium sesquiox-

ide (CrO3) layer having the quasi-hexagonal structure of the

air-oxidized Cr(1 1 0) surface. In addition, an atomic step was

Both the Carbrea—Mott theory and the Wagner theory were
used in the analyses of the oxidation kinetics of Cr film un-
der different laser energy density. The purpose of the present
work was to illustrate that the classical oxidation kinetics the-
ories (both the Carbrea—Mott theory and the Wagner theory)
were also applicable to the laser oxidation condition. It may
offer a favorable academic tool for the study of non-stable
oxide process.

2. Experiments

Polycrystalline Cr films with a thickness j@n were

observed on this naturally oxidized Cr(1 1 0) surface. Palacio deposited thermally on grown Si5i(1 1 1) substrates from

et al.[36] investigated the interaction of oxygen with a poly-
crystalline chromium surface at 300K in the foto 10°°
Torr pressure range. Foord and Lamijgrf observed a well-

a high purity polycrystalline Cr evaporated through electron
bombardment. UHV conditions were kept throughout the
evaporations with chamber pressures in thei®a range.

ordered oxide structure on single crystal Cr(110), whereas The temperature of substrates was kept at “ZD@uring

Cr(110) exhibited oxygen-induced faceting.
For thin films the driving force for mass transport of re-
actants may be due to electric fields in or across the initial

deposition to improve the adhesion between the Cr film and
the substrate. A Nd-YAG laser with 1062 nm wavelength was
used. Samples were mounted on a computer-contrfed

oxide layer and the kinetics leads to the inverse logarithmic stage to allow their displacement under the laser beam with
law (Cabrera—Mott theory); for thick films, it is determined pre-set scan velocity in order to increase the oxidation area.
by the chemical potential gradient across the oxide layer. This Typically, the laser beam with a spot size of 200 diameter
leads to a parabolic law of oxidation (Wagner theory). How- was under focus on the sample surface in air. The laser energy
ever, the reaction path and the oxidation behavior of a metalfrom 15 to 100 mJ was applied. The YAG energy meter was
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5 After Pulsed Laser Oxidatior] of oxide slowed down gradually, but the lateral growth still
I T - existed.
21 E,, 9 3.2. Comparison experiments: oxygen annealing of
gL gL polycrystalline Cr film
C
| The surface morphology of Cr film after annealed in air at
L 600°C for 15min was shown iifrig. 5a. The average grain
size was about 100 nm. The film surface was relatively flat
35 40 45 50 55 60 65 70 and no wrinkle structure formed. The surface morphology of
20(Degree) Cr film after annealed in air at 70C for 15 min was shown
in Fig. 5. The average grain size was about 180 nm. The sur-
Fig. 1. Low-angle XRD patterns of @0 after laser oxidation. face oxide showed the typical faceting structure, but no wrin-

kle formed because the low oxidation rate builds the lower
employed to measure the laser spot energy. For comparisongrowth stress. In this condition surface oxide layers were still
as-deposited Cr film samples were annealed for 15 min in compactand had no pore. Whereas the surface morphology of
air condition at 600, 700, and 80C in furnace to form  Cr film after annealed in air at 80C for 15 min was shown
Cr,0g3 film. The surface morphology was studied with SEM, in Fig. 5c. The average grain size was about 350 nm. The
FESEM and AFM. Au layers with about 30thickness  film surface appears the obvious wrinkle structufig( 5d
were deposited on every sample by ion sputter for the sake oflow magnifies). Because the deeper oxidation formed at the
improvement of electric conductivity for SEM observation. higher temperature could build the higher stress. The relax-
Structure analysis was performed by X-ray diffraction ation of stress results in the formation of wrinkle structure.
(XRD) measurements with a D8 Discover diffractometer Often, inhomogeneous growth will form some pores at the
(r=1. 54A) Low-angle scan mode was performed to limit edges of the wrinkle.
X-ray penetration depth at the region near the oxide film sur-

face. 3.3. Oxidation mechanism of &3

The total chemical reaction for the reaction of a metal M

3. Results and discussion and oxygen gas £to form oxide may be written as:
3.1. Surface microstructure of Cr film by the laser aM + éoz = M,Op (1)
oxidation 2

For the Cr/Q system, this reaction is written as:

The grain size of as-deposited Cr film was about 10 nm
from our previous study and Cr films grew and formed (110) —_Cr+ O, = —Cr203 (2)
texture[38], since the surface energy is the smallest at the
(110) plane in bcg¢39]. Our investigation also showed that From this equation the oxidation of metals may seem to be
after the laser irradiation only @03 was detected by XRD  among the simplest chemical reaction. The driving energy of
while no other sorts of chromium oxide was found (Beg 1 this metal-oxygen reaction is free energy change associated
of the XRD results). The surface morphology and the grain with the formation of the oxide from the reactants. The oxide
size of oxide were investigated by SEM and FESEM, which will form only if the ambient oxygen pressure is larger than
shows that grains grew after the laser irradiation, the grain the dissociation pressure of the oxide in equilibrium with the
sizes increase with the laser energy increaskig. 2a—c metal, that is:
showed that after laser irradiation with laser energy in the

range of 15-27.5mJ and the pulse duration of 0.1 ms, ox- PO, > exp[_w} (3)
ide grains grew to 10-100 nnfrig. 2d—f showed that af- bRT
ter the irradiation of 30-100mJ, 1 ms laser, grains grew to \yhere
110-200 nm. The relationship between laser power density
and the grain size of oxide was showrFity. 3 AG®(Cry03) = —746844 (I mot)
AFM study showed that after laser irradiation with 0.1 ms +1732(J mol-L K—l)T (4)

pulse duration, the surface oxide direction of growth is up-

wards. The typical cone structure formed was about 6—-10 nmltis clearly that for almost all metals such as Fe, Ni, Cr, Tiand
high (Fig. 4a). However, after 1 ms pulse duration laser irra- Al, values ofAG are negative at air condition in temperature
diation, the surface oxide grew laterally and the short plateaurange of 298—-1868 K. That is to say reaction (1) posses the
structure formed with 5nm high, then the groove structure spontaneity. So thatinitial oxidation will start at an absolutely
formed Fig. 4b). So we believed that the upward growth clean surface in this condition.
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Fig. 2. FESEM and SEM surface micrograph of Cr film (a) 15mJ, 0.1 ms laser irradiation. The grain size was 15nm. (b) 20 mJ, 0.1 ms laser irradiation. The
grain size was 30 nm. (c) 22.5mJ, 0.1 ms laser irradiation. The grain size was 50 nm. (d) 70 mJ, 1 ms laser irradiation. The surface oxide film was smooth and
the grain size was 120 nm and the grain adhesion appeared. (€) 90 mJ, 1 ms laser irradiation. The surface oxide film was smooth and the grain size was 160 nir
and the further grain adhesion appeared. (f) 100 mJ, 1 ms laser irradiation. The surface oxide film was smooth and the grain size was 200 nm and the further
grain adhesion appeared.

The initial oxidation mechanism of the Crcan be explained  growth of CprO3 shows isotropy and exhibited oxygen-
by the chemisorption: induced faceting.

1. The non-crystalline chemisorption nuclei are formedwith ~ Therefore, the initial oxide layer separates the metal Cr
a constant GiO3 stoichiometry on the clean surface fromthe oxygen gas. Deeperreaction can proceed only by the
Cr(110) with the higher vacuum and the lower oxygen solid-state diffusion of the reactants through the previously
exposures at the room temperature. formed oxide layer.

2. The crystalline GOz film formed on the clean sur- From the oxidation kinetics study of Cr(110) by Stierle
face Cr(110) with the higher vacuum, oxygen ex- and Zabe[40], an overall activation energy of 1.4 eV for dif-
posures or the atmosphere condition at the room fusion of Cr through CiO3 layer was determined, which is
temperature. much smaller than the value of 2.9 eV for diffusion via buck

3. Atthe lower oxygen partial pressure, nucleation gf@y interstitial sites. From our experimental dafalfle 1) of Cr
islands which grow laterally on Cr(110) shows the film oxidation in furnace surface the oxide grain grew from
anisotropy; at the higher oxygen partial pressure, the 10 to 100 nm, 180 and 350nm at 873, 973 and 1073K, re-
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220 sorbed from the incident laser pulse. Hence, we assume that
_ 2001 —=—0.1ms Pulsed Laser Irradiation A(x, t) can be written as
180 - —e— 1.0ms Pulsed Laser Irradiation
L0 A(x, 1) = IpAS(x — 0)H(t — 1) (6)
140
[ . .
N120F . According to the boundary conditions concerns heat trans-
?100f . .
£ sol fer through the surface given [A2]. Closed-form solutions
g 60 for both transients heating and cooling can be obtained by
a0f Laplace transform methods. During heating £), the solu-
23 . tion is:
60 80 100 120 140 160 180 200 220 240 2
Laser Density (10 W/cm®) T(x,1) = Ty(x, 1) = foA | 4Kt exp—— — x
K b4 4Kt
Fig. 3. Relationship between laser power density and grain sizes of oxide.
X
Table 1 x erfc M] + Ty @)
Experimental data of annealed oxidatialy £ 6 nm,At=9005s) ) ]
Oxidation temperature (K) Grain sizes (nm) Symbol During cooling the temperature drops for & and
873 100 dp IpbA . X
973 180 dy T(x,1) = Te(x, 1) = TV4K X I:\/; X IerfC@
1073 350 d3
X
—t—1T X% ierfc—} + To (8)
spectively. Calculated from the E¢l.2) or from the graphic VAK (1 = 1)

method Fig. 6), we could gain the solution of activation en-  where

ergyEof 1.13eV. ) 1 5

ierfc(z) = / erfc(y)dy = —e* —z x erfc(z)
JT

3.4. Transient thermal field by laser oxidation z

_ _ o whereQ is pulse energy (JR is pulse power (W)A is the
~ Thefilm surface heating caused by an incident laser pulseabsorption coefficient of Cr filmy is laser spot radius is
is due to electronic excitation processes accompanying thethe distance measured from the surfdgds power density

absorption of light. In our experiment the pulse duration of (W/m?) and| is the effective power density of laser spot
0.1-1ms far exceed the relaxation time for electronic transi- (| = |yA).

tions (¢10~!2s). The fundament thermal equatif#8] for Eqgs.(7) and (8yepresent the surface temperature variation

the temperatur&(x, t) that to be solved is: during its heating and cooling, respectively. The heating pro-
T (x. 1) 52T (x, 1) cess by Ias_er irradiation was calculated by Eq.fr_om time

c at’ — K axz’ —A(x,1)=0, O<x<oo (5 0 to pulse timer. Then after the pulse, the cooling process

was calculated by Eq8). A group of temperature variation
where the first two terms representing conventional one- curves calculated by Eq&) and (8)or different laser energy
dimensional heat conduction. The te(x, t) in units of density were shown ifrig. 7. It is seen that the temperature
Wi/cm?, is the spatial and time-dependent power density ab- on Cr film surface increases with increasing laser energy. If

(a) . Hm

Fig. 4. AFM 3-D image of Cr film surface after laser irradiation. (a) The laser energy is 25 mJ at 0.1 ms pulse duration. (b) The laser energy is 80 mJ at 1 ms
pulse duration. Groove structure was found.
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Fig. 5. SEM micrograph of Cr film annealed oxidation in furnace (a)®D@or 15 min in air. (b) 700C for 15 min in air. (c) 800C for 15min in air. (d)
Wrinkle micrograph at 800C for 15 min in air low magnification.

the oxidation of Cr film is assumed to take place above a cer-ing solution curve (black line), and the Lorentz parameters
tain temperature (e.g., 50Q), the oxidation duration also  were listed inTable 2

increases with increasing laser energy. For the further anal-

ysis of the oxidation kinetics of Cr film by laser irradiation, 3.5. Simulation of grain growth during oxidation

it is better to simulate the temperature curves in an analytic

formation. It was _found that the Lorentz curve fiF the tem- In our previous work[38], laser oxidation Cr film was
perature versus time curves well. The Lorentz fit equation studied and obvious grain growth was found in the oxida-
is: tion process that depended on the applied laser energy. The
24 w grain growth after oxidation of Cr to @03 is also a thermal
1O = o e v o ©
o/ TO 1700
whereTy, A, w andt. are fit parameters:ig. 8shows that as- ]ggg 1
fitted curves (dark lines) well accorded with the correspond- 1400F
1300F
1200F

~ 2 ~1100}

T ] £1000f

£ 16f 2 900

S 14 [, oxidation by Q=109kJ/mol 2 800k

o [ laser irradation 1 3 700k

Q 12f 4 o

= € 600

= 10} B

5 = 500F

o 8r ] 400F

& ot ] 300 b

Q" 4f Wol ] 200k

¥ 2r oxidation in furnace ] 108

T T 08 00 10 i 1z 14 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

AT, x10° or 1T x10° (K") Time(s)

Fig. 6. The solution of activation enerdy of 1.13eV or from graphic Fig. 7. The temperature curve of Cr films surface varying with the different

method. pulsed laser energy irradiation.
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1800 1800
1700 - Temperature Curve of Cr Film by 1700 —— Temperature Curve of Cr Film by
1600 [ 0.1ms 20mJ Laser Irridiation 1600 0.1ms 22.5mJ Laser Irridiation
—~ 1500 [ — — -Lorentz Fit of the Upper Curve —~ 1500 F — — -Lorentz Fit of the Upper Curve
O 1400 - O 1400
% 1300 % 1300 F
= 1200 Data: 0.1ms Laser 20mJ = 1200 F ]
2 1100 Model: Lorentz 2 1100 Data: 0.1ms Laser 22.5mJ
© © Model: Lorentz
5 1000[ o 1000F y0=427.43
Q 900t ¥0=399.53 o 900f Xc=0.00009
£ L xc=0.00009 £ soo0f p
§ 800pr--f---}--75 © w=0.00008
= 700l :tb w=0.00008 = 700 A=0.0845
600 ' A=0.071 600 [,
500 L 1 I 1 1 500 C L - L 3 1 L
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
(a) Time(s) (b) Time(s)
1800 1800
Temperature Curve of Cr Film by Temperature Curve of Cr Film by
1600 | 0.1ms 27.5 mJ Laser Irridiation 1600 | 1ms 80mJ Laser Irridiation
— — — -Lorentz Fit of the Upper Curve —_— — — -Lorentz Fit of the Upper Curve
O 1400} O 1400}
o o
S’ N
® 4200} Data: 0.1ms Laser 27.5mJ ® 1200} Data: 1ms Laser 80mJ
=2 Model: Lorentz 2 Model: Lorentz
S o000l y0=468.05 ® 1000k y0=451.92
g xc=0.00009 g Xc=0.00086
£ sool w=0.00008 £ soo0l w=0.00081
(3 A=0.1176 @ A=1.022
= [
600 | 600 |-
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.000 0.001 0.002 0.003 0.004 0.005
(c) Time(s) (d) Time(s)
1800
1700 | Temperature Curve of Cr Film by
1600 [ 1ms 100mJ Laser Irridiation
~ 1500 [ — — Lorentz Fit of the Upper Curve
ao 1400
~- 1300 |
(] 1200 F Data: 1ms Laser 100mJ
2 1100 | Model: Lorentz
S Joool y0=493.18
Q xc=0.00087
Q 900
£ 800 w=0.00091
(]
= 700
600
500 L 1 ey
0.000 0.001 0.002 0.003 0.004 0.005
(e) Time(s)

Fig. 8. Lorentz fit of surface thermal field, (a) 20 mJ, (b) 22.5mJ, (c) 27.5mJ, (d) 80 mJ and (e) 100 mJ.

Table 2

Parameters for calculation of grain growth at equivalent temperature 6800

Laser energy Parameters of fit Lorentzin ta(107%s)  t,(107%s)  [Pe E/RTO Atd, x(nm)  x?t

(Wien?) (x 10°) (10°10) (10%s) (10" nmt)

To t(10°% w@0d A

119 324.3 9 7 0.05 0.31 1.40 1B 023 15 6.67

159 399.5 9 8 0.07 0.18 2.00 B 17 30 3.33

179 427.4 9 8 0.08 0.14 2.39 20 407 50 2.00

199 449.2 9 8 0.10 0.11 2.83 B8 1322 80 1.25

219 468.1 9 8 0.12 0.10 3.31 168 332 100 1.00

239 484.1 9 9 0.14 0.08 3.83 228 475 110 0.90
64 451.9 86 81 1.02 1.1 28.8 690 140 130 0.77
68 463.9 86 83 1.13 1.0 31.8 1000 220 150 0.67
72 474.6 86 86 1.25 0.9 35.0 1582 320 160 0.60
76 484.3 86 88 1.37 0.8 38.4 2290 470 180 0.56
80 493.2 87 91 1.49 0.7 42.0 3068 620 200 0.50
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140 : . . . . 3.6. Surface oxidation kinetics of Cr film by Nd-YAG

calculation by eq.(13)
120 @ laser iridiation experiments laser

100 | |aser irradation

Q=109kJ/mol
80 - Absorbtivity=0.3

k =5E-6
60

3.6.1. Equivalent time temperature and oxidation time

If we assume that the evident oxidation and the grain
growth occur above 500C and take into account the Lorentz
1 fit of the real temperature variation, from Eg1), we can cal-
1 culate the equivalent temperatUrg, which gives the grain
size being in coincidence with the corresponding experimen-
tal ones. However, for consideration of oxidation mechanism,

grain size (nm)

40|

20

0 50 160 1é0 2CI)O 2é0 300 ; .
Laser enrgy density (10° W/cm?) a certain temperature should be used for comparison. Com-

bination of Eqs(10) and (11), one has:

Fig. 9. Relation of grain size vs. laser energy density, comparison between

simulation and experiments. 5 2 I E
Df — Dg = ko expl ———— | dt
ta RT(7)
diffusion process. Therefore, classical grain growth equation E
based on thermal diffusiof#4] was used to approach the = ko exp(— RTeq> At (12)

grain growth during laser oxidation of Cr film:
whereTeq is the equivalent temperature and=t, —t5. The
th _ D% — ko exp (_i) dr (10) meaning ofTeq |s.that |t_g|ves the same grain growth as the
T one calculated with variable temperatufé)). If we useTeq
o ) as the laser oxidation temperature for different energy, the
WhereDo and Dy are the grain sizes of @D3 .at the pegln— plotting of In[(D? — D%)/(tb — 1,)] via 1/Teq also gives the
ning of the experiment and at timerespectivelyRis the  same activation energy value as that obtained by annealing
molar gas constant arld is a constant that is independent . .4ation (109 kJ/mol or 1.13eV), sé&g. 6. It means that
of the absolute temperatuiie E is the activation energy for 4 equvalent temperature approach is self-consistent.

isothermal grain growth. From aphenomenological VIS, gy ourexperiments of oxidation of Cr, it was found that all
often used to determine the microscopic mechanism of gramthe-l-eq were in the range of 500-115G. Therefore, for the
growth. sake of simplicity, we further assumed a stable temperature

Infact, Eq(10)accounts for the isothermal graingrowthat ¢ goo°cC as the equivalent temperaturgy for all laser

a constant temperature. For the grain growth of oxide during gnergy density, at which Cr oxidation occurs. From this, we
laser irradiation, the temperature fil&e T(t) (seeFig. 7 or could obtain a series of simulation data of equivalent duration
8) can be simply described by E). Therefore, a variable (ArZy), which also gives nearly the same grain sizes as the
temperature should be introduced in the grain growth model. experimental ones, that is:
In the present cases, it was found that the following integral

o "
form can be reasonably applied: th 3 Dg _ kof

ex E dr
, W PUTRIG)
D2—D2=k0/bexp<— E )dt (12)
Lo fo RT(r)

= ko exp(—%) Atgq (13)
whereT(t) described by Eq(9) is a function of time. If a &
low temperature limit is assumed, under it there is no evident The resultingAr}, are shown iriTable 2 These values of
grain growth, theft, andt, are the startand end times of grain - A, will be used latter for the analysis of oxidation kinetics
growth of oxides, respectively (shown Byg. 8a). Because  mechanism.
there is no clear grain growth of oxide by laser irradiation with During oxidation of Cr film, once a completely dense films
the laser energy of 10 mJ, the low limit temperature is taken form, the deep oxidation will be inhibited because short-
as 500°C. For different laser energy density, the value&of  circuit diffusion paths vanish. Cr grain boundaries are pinned
andt, were shown infable 2 Taking the measured value of  and could not migrate again. The oxide layer, therefore, is
1.13eV by oxygen annealing as the activation energy value, considered as a monolayer. From this deduction, the surface
and a value of 0.3 is the absorption coefficient, the grain oxide film thicknessc is assumed to be equal to the surface
growth was calculated with Eq11). The calculated grain  oxide grain sizes. That is to say, grain growth kinetics could
sizes for different energy densities were showiig. 9, in reflect oxidation kinetics as a linear dependent relation. So
comparison with the experimental ones. Therefore, the grainwe could obtain a kinetics relationship of grain sizes with
grO\Nth of Cr oxide dUring pulse laser irradiation on Cr film equiva|ent t|me,A[>é< at an assumed temperatufgl, (See
can be simply simulated by the general grain growth model Fig. 10). It includes a rapid oxide growth stage following by
with a variable temperature. a slowly raising stage. The slowly raising stage can be fitted
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300 oxide overlayer, which can be expressed by a general equa-
A Experimental Data tion [45]:
250 | Parabolic Fit of Experimental Data
200 J= —D% +cv (16)
T dx
; 190 A Where_D is the_diffusio_n coeffici_entc is _the_concen_trati_on
100} < Model: Parabolic andv is the drift velocity of an ion, which is the diffusing
‘ P1=48.074 species in the oxide overlayer. The first term in the right-hand
or ¢ P2=10422.675 side of Eq.(16) is the Fick’s first law and the other derives
n T from the Ohm’s law. These describe the motion of an ion

0 1 1
-100 0 100 200 300 400 500 600 700 800

5t (10% ) or charged species in the oxide over-layer under its concen-
eq

tration gradient d/dx and electrostatic fiel&, respectively.
The electrostatic field, following the Cabrera—Mott theory of
low-temperature oxidation is provided by a constant contact
potentialV created by ionized adsorbed oxygen atoms at the
oxide/gas interface. i is the oxide film thickness, the field

Fig. 10. Non-linear curve fit of oxidation rate and effective time.

by a normal parabolic relation:

x? = 101145 + 570104 (14)  strengthis given by:

However, the first rapid growth stage can be well fitted by an F— \4 (17)
inverse logarithmic curve shown by the equation: X

1 The drift velocity is proportional to the electrostatic field:
- =-1.04In¢) +4.29 (15)

X

u = kv (18)
So we concluded that there are two distinguishing mecha-
nisms which is dominant for different grain size regions. For wherey is the ion mobility. For very thin oxide films, i.&.is
grain sizes smaller than 100 nm, the inverse logarithmic law very small, the electrostatic field becomes very strong; e.g. for
works (Fig. 11), and when grain sizes are larger than 100 nm, afilm 5 nm thick the field can be the order of MYcm and the

the parabolic law plays a main rolEig. 10). chemical gradientddx becomes negligible, thatislix ~ 0.
Under these conditions, the concentration gradient has no
3.6.2. Cabrera—Mott law and Wagner law effect or can be neglected in the ion flux and the electrostatic

The oxide incorporated into the metallic substrates is a field is the only driving force for the ion diffusion. From
chemically heterogeneous process, which in a classical treatthis deduction, the kinetics relation only at the Mott field as
ment can be described by the Cabrera—Mott theory for thin driving force can be expressed as followdd]:
oxide films and Wagner theory for thick films. The fundamen- 1
tal concepts are based on the fact that the diffusing species— = —— In(r) + C (19)
are electrically charged, and thus their flux is determined by * Xnf
the gradient in the chemical potential and the electric fields
[31]. As the previous research work, the deep oxide growth
must be accomplished by the diffusing species transforming gaV
across the initial oxide layer (chemisorption oxide layer), the *+/ = kaT
diffusion flux is expressed as the Fick law. The rate of oxide

growth, theoretically, depends on a flux of iodsacross the ~ Whereq is an electric charge is the interatomic jump dis-
tance in the oxide overlayer ang and T have the usual

meanings. On the contrary, when oxide layers are thick, the

whereCis a constant anxksis the limit of Mott field existence

(20)

idation theory[41]. Many metal oxidation kinetics accorded
with the Wagner oxidation theory, and could be described by
the normal parabolic lay6].

In our cases, two distinct mechanisms operates, the
Cabrera—Mott law is better applicable in the range of grain
Fig. 11. Non-linear fit of experimental data proved the inverse logarithmic s!zes less than 100 nm, and the Wagner law operates for_graln
law. sizes larger than 100 nm. The former results are rather differ-

8
7f = Experimental Data chemical potential driving force is much stronger than that
6l — — - aLog3P1 Fit of All Experimental Data) . . .
0 —— b Log3P1 Fit of 1-6 Experimental Data from Mott field. So that diffusing flux Eq(16) can be ex-
" al Data;1-11 Data:1-6 pressed only by the first term. That is to say, the main driving
H Model:Log3P1 Model:Log3P1 . . . . . .
= 3f 8-4.7053 24.2088 force is the chemical potential. In this condition, the parabolic
z ol b=0.8604 b 1.0379 . .
g law can be deduced as the formation of the classic Wagner ox-
*x ol
AfF
21
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&, (107s)
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