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ADSORPTION OF OXYGEN, CESSIUM AND SODIUM ATOMS ON Si(100)
SURFACE: EFFECT OF TEMPERATURE INDUCED BY A
PULSED-LASER BEAM
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The Second Harmonic Generation (SHG) technique was used to study the adsorption of alkali
metals (Cs, Na) and oxygen on Si(100) surfaces. The SHG signal evolves regularly during
sodium and oxygen adsorption. On the contrary, during caesium deposition it remains
practically constant. In order to explain these phenomena, the approximate temperatures
induced by the incident laser beam on the silicon surface have been calculated. It is shown that
they can reach several hundred degrees. Weakly bound atoms can be thus desorbed during the
analysis.
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1. Introduction

A pulsed Nd-YAG laser was used to follow the adsorption of oxygen and alkali metals on
Si(100) surfaces by studying the second harmonic signal as a function of time. A laser beam, of
fundamental frequency o, is directed on the sample surface and the 2o component in the reflected
beam due to the Second Harmonic Generation process [1-12] is recorded continuously during the
adsorption. It is known that the symmetry breaking at the surface allows to be sensitive to surface
modifications and even if the exact derivation of the SHG intensity is still difficult and controversial
SHG could afford means of investigating adsorption — desorption processes.

During the interaction of the laser beam with the sample, part of its energy is absorbed in the
sample. Consequently this induces a temperature increase at the surface [13,14], large enough to allow
the desorption of weakly bound atoms. In a previous paper, it has been shown that, in the case of a
tungsten surface, the increase of temperatures is very important [15].

The aim of this work is to determine the temperature induced by the laser beam interaction. If
it is in the expected range of thermal desorption, the adsorption process of atoms such as O, Cs and
Na on silicon surfaces will be impossible to be detected by SHG techniques. On the other hand, SHG
could be then useful to investigate desorption kinetics if one is able to have a good approximation of
the temperature as a function of time.

2. Experimental procedure

All the experiments were performed in an ultrahigh vacuum chamber maintained at a base
pressure 5x107'° mbar. The chamber is also equipped with a retarding field analyser (RFA) for Auger
electron spectroscopy (AES) in order to achieve surface analysis. The Si(100) surface was cleaned in-
situ by repeated heating cycles at 750 °C immediately followed by annealing at 1100 °C during 30
seconds. SHG from Si(111) surfaces could be monitored during alkali metal deposition performed
from SAES getters used as alkali sources. The second harmonic measurement was carried out with a
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pulsed Nd-YAG laser beam at A = 1.064 pm with p polarisation at a repetition rate of 10 Hz. The
incident pulse energy was typically 6 to 8 mJ per pulse (pulse width: 15 ns). The incident angle was
kept equal to 45° The laser beam diameter on the surface is equal to 4 mm. The second harmonic
signal with selected p polarisation was detected after proper filtering via a photomultiplier tube and
then processed through a gated electronic system.

3. Results

The results obtained by SHG technique on the Si(100) surface during O, Cs and Na
adsorption are presented in Figs. 1, 2 and 3 respectively.

3.1. Oxygen adsorption on Si(100)

The clean Si(100) surface has been exposed to an oxygen pressure of 10" mbar. The SHG
I(2w) signal decreases rapidly and after 75 seconds falls below the detection level (Fig. 1).
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Fig. 1. S.H.G. signal from Si(100) surface during oxidation procedure.

3.2. Cs adsorption on Si(100)

The I(2w) signal from the Si(100) surface is monitored continuously as a function of time
during Cs evaporation from the SAES getter source. As seen in Fig. 2, it remains constant before
opening the shutter, then as soon as the evaporation begins it starts to decrease and reaches a
minimum after an evaporation of 30 seconds. The signal is then approximately 40 % of the one
relative to the clean Si(100) surface. Continuing the Cs evaporation the signal increases slightly
and reaches a constant value which is about 15% of the one relative to clean silicon. The SHG
signal is thus not directly related to the supposed amount of Cs deposited.
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Fig. 2. S.H.G. signal during Cs adsorption atoms on Si(100) surface.

3.3 Na adsorption on Si(100)

In the case of sodium deposition, the second harmonic I(2w) signal from the Si(100) surface
increases steadily with the evaporation time (Fig. 3).
Then the Na/Si(100) system was kept exposed to the laser beam without further Na deposition
and the I(2w) signal remained constant for a long time (not shown on the figure). In this case, it is
clear that the laser beam does not desorb the sodium atoms.
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Fig.3. S.H.G. signal during Na adsorption atoms on Si(100).

The clean Si(100) surface always generates a second harmonic signal 1(2m) and, during
exposure to an oxygen atmosphere, this signal drops very quickly. Indeed, oxygen is an electron
acceptor and reduces the surface electron density. This explains the fast decrease of the SHG signal
which is characteristic of clean metal surfaces exposed to electronegative molecules, as described in

references [16-21].

During caesium adsorption, the I(2m) signal decreases only at the beginning of the deposition
and then increases. 40 % of this decrease could be due, like in the Cs/W(100) system [22], to
contaminants trapped by a getter effect of the caesium atoms at the beginning of the deposition. The
slight increase of second harmonic 1(2w) signal which follows can be explained by the effect of
caesium adsorption [23-24]. One could expect that the [(2w) signal would still increase [23], however
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it kept constant. Two hypotheses can be made: either the coverage does not increase beyond one
monolayer due to the saturation of the dangling bonds of silicon or caesium atoms do not stick at the
surface and are desorbed with some contaminants due the effect of the laser beam. Similarly to the
case of tungsten surfaces [15], the temperature induced by the incident laser beam on the silicon
surface can be very high and may favour the fast desorption of caesium atoms.

Contrary to the case of caesium, the adsorption of sodium atoms on Si(100) surface has been
detected by SHG signal. At the beginning of the sodium deposition, the variation of the S.H. signal
with time is very weak. For t >10 minutes, the S.H. signal increases greatly with deposition time and
after t = 40 minutes, it reaches a constant value. According to Spiess [25] and taking into account the
pressure during the sodium deposition: (5+8) * 10"® mbar, two sodium monolayers are deposited on
Si(100) surface. The constant value of the S.H. signal corresponds to the second monolayer [26], no
specific S.H. signal has been observed at the completion of the first monolayer, probably because of
contaminants such as oxygen. It has been shown that alkali overlayers on surfaces are highly sensitive
to oxygen adsorption [27] and that oxygen could induce significant changes in the second harmonic
generation.

When the sodium evaporation is stopped, the /(20) signal remains at the same value. The
bond between sodium and silicon is thought to be stronger than for caesium and the temperature
increase due to the laser beam is not high enough to allow sodium or oxygen desorption.

To confirm these hypotheses, an evaluation of the temperature increase due to the laser beam
impinging on the Si(100) surface has been performed.

The intensity of radiation when it interacts with matter (here the silicon surface) decreases
following a Lambert-Beer law [28]:

I(r)y=1, exp(%r):fc exp(-yr) (1)
where 7y represents the absorption coefficient, » the travel distance, ¢ the speed of light, © the
frequency of the radiation, n, the real part of the refraction index and £, the attenuation index (or
extinction coefficient) which is the imaginary part of the refraction index:

2B 42—’{ where A is the wavelength in the medium., 2)

c

I(r) is decreased of 1/e of its initial value each time the radiation travels in the solid a distance

equal to r,:

48 A
Iro)=— =r=—" (3)
e 4rrc
7, is known as the skin depth or penetration depth.
The penetration depth of the laser beam inside the sample, along the normal to the surface, is:

A
Yo=F,c080 = —41“{ cosct (4)

The refraction angle ¢ is determined from the Snell - Descartes law:
sind= n sinc. (5)

To determine the temperatures induced by the laser beam, one should take into account that,
when the laser radiation impinges on the sample surface, part of its energy W, called Wy, is reflected,
another part is absorbed as heat AQ further denoted as W,,. The quantity of energy absorbed by the
solid upon a distance yy is Wi,

Wass=Wo -Wee= AQ =m|C,dT (6)

Here Wy is the total laser energy, m is the quantity of material which has absorbed the energy
in the volume ¥, C, being the heat capacity. This absorbed energy W;,, can be written as:

Was=2/3(1-R)IW, (7
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where R is the reflection coefficient of the solid and where the constant 2/3 stands for the value 2/e
(since e = 3) which can be explained by the fact that 1/3 of the energy transmitted to the solid
penetrates the bulk of the solid, beyond the skin depth.

The incident laser beam has a circular section and at the sample surface with a diameter d, the
spot becomes elliptical with a great axis D. The sample volume in which the energy is absorbed is
V=Ay, where A is the area of the spot having an elliptical shape. So:

_nd’ N V=;rd2 A cosa ®
4 cos® 4 4zk cos@
The mass contained in the volume V is given by:
d*A cosa
m=pl = ) 9
=g 16 x cos@ e
If C;, can be written as C,, = @ + bT where a and b are constants, relation (7) becomes:
sz T 2 1-R)W, 5 b}"'2 0
mE 'V +ma J,-—;( -RYW,—ma °_m5 o= (10)

T, is the initial temperature of the Si(100) surface just before the laser pulse, ie. the ambient
temperature, and 7y is the temperature just after the laser pulse, i.e. the temperature induced by the
laser beam.

By solving equation (10) one obtains the increase of temperature at the surface of the sample
during the laser pulse. For this purpose one has to take into account the physical parameters relative to
the laser beam and the silicon substrate;

— Laser beam:

* wavelength A = 1.064 pm; beam diameter d = 4 mm; energy W, = (1 + 10) mJ; incidence
angles: 30, 45°, 60° (three angles have been considered in the calculations although
experiments were performed at 45°).

— Silicon:

* depth penetration at A = 1.064 pm: r, = 1 pum [29]; coefficient of reflectivity at
A=1.064 pm: R = 28 % [29]; thermal coefficients: a ~ 850 J/kg.K, b ~ 0.10 J/kg.K [29];
refraction coefficient at A = 1.064 pm: n = 3,5 [29].

For this data set, the derived temperatures induced by the pulsed-laser beam impinging on the

silicon surface are given in Table L.

Tablel: Temperatures induced by the pulsed-laser beam irradiation on a Si(100) surface.

Ty (K)

W, (m]) 6=30° 8= 45° 8=60°
1 315 311 308
2 330 325 317
3 347 338 327
2 363 352 337
5 379 365 346
6 395 378 356
7 411 391 365
8 427 405 375
9 443 418 384
10 459 432 394

Temperature increases up to 200 K can be observed for energies of about 10 mJ per pulse.
This is much lower than the one observed in the case of tungsten substrates [15]. However they are
still large enough to induce some thermal desorption for weakly bond molecules or atoms. The
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differences in SHG signal evolution between oxygen, sodium and caesium adsorption should then be
attributed to differences in bonding energy. It is clear that neither oxygen nor sodium desorption is
induced by the laser beam, on the contrary for caesium atoms some desorption occurs,

4. Conclusion

Temperatures induced on the Si(100) surfaces by the laser beam used to do SHG experiments
are relatively high and may induce the desorption of the caesium atoms during their deposition.
However, they are not sufficient to desorb sodium and oxygen atoms and their adsorption leads to a
clear SHG signal variation. This is, probably, because cessium is more volatile than sodium and
because oxygen has a strong chemical bond with silicon, favoured by a temperature increase. It is also
believed that deposition of alkali atoms such as caesium favours some getter effect, leading to a
co-deposition of impurities at the surface. It shows that it is necessary to have an ultra-high vacuum
better than 10™'" mbar, and a laser beam power in the range 1 + 3 mJ to obtain convincing SHG results
when studying the adsorption of alkali atoms on silicon surfaces.
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