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Abstract--The oxidation of silicon under mid- and near-IR laser irradiation was compared with thermal and 
combined (thermal + laser-enhanced) oxidation processes. The average rate of oxidizer transport through the 
oxide layer and the time taken for the formation and self-organization of the interfaciai layer between SiOz and 
Si were evaluated from kinetic data for the three regimes studied. The processes influenced by laser irradiation 
were identified. 

The mechanism underlying the influence of laser 
irradiation on the oxidation of single-crystal silicon is 
not yet fully understood. Thermal oxidation of silicon 
is commonly believed to involve three stages: oxidizer 
adsorption at the oxide surface, diffusion of neutral 
and/or charged species through the oxide film, and sili- 
con oxidation at the SiO2/Si interface. Earlier [1], we 
proposed a physicochemical model and a kinetic equa- 
tion for thermal passivation of silicon with consider- 
ation for self-organization in the interfacial layer 
between silicon and silica. 

In this work, we focus on the kinetics of thermal, 
laser-enhanced (LE), and combined (LT) oxidation of 
silicon in an oxygen atmosphere. 

The experimental techniques used in this investiga- 
tion were similar to those described earlier [2--4]. 
KDB-0.005 Si(100) wafers of dimensions 25 x 25 
(thermal and LE oxidations) or 6 • 6 mm (LT), washed 
by standard peroxide-ammonia cycles and air-dried, 
were placed in a resistively heated quartz reactor. The 
flow rate of oxygen passed through the reactor was 
40 l/h. During LE oxidation, the temperature of the 
reaction zone could be controlled by varying the output 
of the Nd:YAG laser operated at 1.064 ~tm (incident 
power density from 150 to 250 W/cm2). During LT oxi- 
dation (Nd:YAG and CO2 lasers, ~, = 1.064 and 
10.6 pm, respectively), the wafer was heated in a resis- 
tance furnace, and the incident power density was 
adjusted so as to raise the temperature in the beam spot 
by 20 K (35 W/cm 2 at ~, = 1.064 ~m and 5 W/cm 2 at 
~, = 10.6 lum). For comparison, we also carried out ther- 
mal oxidation, using the same setup but without laser 
irradiation. The temperature on the sample surface was 
measured with an accuracy of 3 K by a calibrated 
EOP-66 optical pyrometer. Oxide layer thicknesses 
were measured with an LEM-2 laser ellipsometer to an 
accuracy of 2-3 nm. 

In the thermal and LT regimes, the thermal equili- 
bration of the sample placed in the preheated reactor 
was assumed to take 60 s, and the oxidation time was 
corrected for this value. In the LE regime, the thermal 
equilibration time was taken to equal 30 s. During 
equilibration, the oxide layer (5-10 nm in thickness 
after peroxide-ammonia washing) grew as a result of 
nonisothermal oxidation and attained thickness Ii, 
which was determined by extrapolating the thickness 
vs. oxidation time data to t = 0. 

The oxidation kinetics were fitted with an equation 
similar to that derived in [1] but modified to take into 
account 11: 

12 + 2(11 + v'cr)l = 2vlot, 

where I is the oxide layer thickness, t is the oxidation 
time, v is the average velocity of oxidizer transport 
through the oxide layer, l0 = 1 nm is the thickness of the 
interfacial layer between Si and SiO2 in which self- 
organization develops, and Xr is the time necessary for 
the formation and self-organization of the interfacial 
layer of thickness 10. 

Using the l(t) data, we calculated r and  xr and deter- 
mined the apparent activation energies of mass trans- 
port and self-organization under the assumption that 

v -  exp[ -Et / (RT)]  and l/ 'c r -  [Es/(RT)],  

where Et is the activation energy of oxidizer transport 
through the oxide layer, and Es is the activation energy 
of self-organization in the interfacial layer. 

The results, displayed in the table, lead us to the fol- 
lowing conclusions: 
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Kinetic parameters (v, nm/min, and "~r, rain) and activation energy of silicon oxidation 

V '~r V "17 r V '~r V ~r 
T,K 

thermal LE (1.064 gm) LT (1.064 gm) LT (10.6 Bm) 

76 0.33 1310 

1330 

1340 

1350 

1375 

1390 

1395 

1420 

1430 

1450 

1470 

1490 

1500 

1560 

1590 

1640 

Activation energy, 
kJ/mol 

56 

75 

168 

190 

141 

0.36 

0.37 

0.21 

0.19 

86 

427 

458 

587 

592 

585 

468 

543 

25 

0.31 

0.29 

0.26 

0.25 

0.23 

0.20 

0.13 

45 

105 

124 

194 

208 

105 

0.39 

0.30 

0.20 

0.22 

54 

50 

64 

77 

117 

106 

0.63 

0.40 

0.18 

0.33 

103 

(1) The average velocity of mass transport in the LR 
regime is 3. I to 7.7 times higher than that in the thermal 
regime, resulting in a higher oxidation rate. At T = 
1330 K and t = 60 min, the oxide layer thickness is 
143 nm in the LT regime and only 91 nm in the thermal 
regime. The increase in the oxidation rate can be 
accounted for by two effects: 

the high incident power density has a significant 
nonthermai effect on the transport of oxygen-contain- 
ing species through the oxide layer [5]; 

the mechanical inhomogeneity of the film, resulting 
from the large in-plane thermal gradient on the film sur- 
face in the LE regime, facilitates oxidizer diffusion to 
the SiO2/Si interface. Both v and xr are weak functions 
of temperature and incident power density (table), indi- 
cating that the acceleration of silicon oxidation by laser 
irradiation is not thermally activated. 

(2) The oxidation under laser irradiation at 
1.064 Bm is close in kinetics (v  and xr) to thermal oxi- 
dation. The slight increase in the oxidation rate [2], at 
the relatively low incident power density in this regime, 
is due to the increase in v (by a factor of 1.1-1.4 in 
comparison with thermal oxidation). 

(3) Interestingly enough, laser irradiation at 
10.6 lam reduces the rate of silicon oxidation [3, 5]. As 
apparent from the table, the decrease in the oxidation 
rate is due to a decrease in v and an increase in 'tr as 

compared to thermal oxidation. The variation of ' t  r with 
temperature is nonmonotonic, presumably because xr 
has an integral character, while the effect of laser irra- 
diation on the rate of thermal oxidation depends not 
only on the oxide layer thickness but also on the surface 
temperature in the laser spot [3]. Why laser irradiation 
reduces the oxidation rate is not yet fully clear. One 
possibility is that this effect is related to strong absorp- 
tion by the SiO2 film at 10.6 Bm [6]. 

In conclusion, note that the above approach to 
describing reaction kinetics can also be applied to var- 
ious chemical reactions, such as 

gas (liquid) + solid(I) ,. solid(II). 
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