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Absb'acL Chlorinated Si(1ll) 7 x 7 sorfaces were examined with s-ing Nnnelling 
microscope images after pulsed laser i d a t i o n  at 266 and 355 nm with low laser fluence, when 
me thermal effeci cm be igoond. From the surface irradiated by the 266 nm laser. dichloride 
and trichloridc spcciep are desorbed. while manochloride species m a i n  OLI the surface. % 
desorpdon selenivily WIP not observed ai 355 nm. These mulls give useful information to 
elucidate the formation mahanism of a stripe pattern observed after 266 nm laser irndiation on 
B CI-saturated Si(l1 I )  7 x I surf- 

hstiolle for Solid Sate Physics. The University of Tokyo, Rappongi Minata-k, Tokyo 106, 

1. lntmduetion 

Ultraviolet (w)-laser-induced desorption from a chlorinated silicon surface is applied for 
useful etching processes in the semiconductor technology, such as monatomic layer etching 
and preferred etching. The origin of the remarkable reaction selectivity shown in these 
photochemical processes at the surfaces, however, has not been elucidated because the 
technological processes are usually performed in ambient reactive gas with high fluence of 
pump laser light. In this case, both electronic excitation of the free reactive gas molecule 
and thermal excitation on the surface are induced by laser light in addition to electronic 
excitation at the swface. 

In order to clarify the phenomena caused only by electronic excitation at the surface, we 
have studied the W-laser-induced etching of chlorinated Si surfaces with low enough laser 
fluence to avoid Ihe thennal excitation process in an ulm-high vacuum (LIHV) envimnmenL 
Under such a severe condition, we should use highly sensitive methods to defect the 
desorption products or the surface changes. Thus, we have measured the change in the 
surface structure with a scanning tunnelling microscope (STM) before and after W-laser 
irradiation. The structure of chlorinated Si surfaces can be observed with atomic resolution 
in the STM image [l]. 

In a previous paper [Z], we reported a remarkable change in the STM images on a CI- 
s a w e d  Si(] 11) surface in a UHV chamber after 266 nm laser irradiation. After only 600 
shots of pulsed laser irmdiation with a fluence of 0.7 mJ c N 2 ,  in which the laser frequency 
was 10 Hz and the pulse duration 6 ns, a periodic stripe paaern was formed. The troughs 
run along the (110) direction, and the widths of the terrace and of the mugh are about 6 nm 
and 1 nm, respectively. On the terrace area, both the rest-atom-like layer and the ordered 
C1 atoms sitting on the adatom sites of Si(ll1) 7 x 7 were seen in the STM image. This 
pattern is obviously different from the thermally desorbed surface, of which the topmost 
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~ Flpre 1. STM images of the CI-abrorbed Si(l I I )  7 x 1 
surface BI low coverage. Sample bias voltages are (a) +I, 

~ (b) +2. and (c) +3 V. The tunnelling eumnt is 20 pA. , The same surface BMJ in which CI atms am adsothi am 
1 surmmded by WI and brdren lines in these pictures. The 
~ area of every figure shown i s  15.7 x 14.9 m2. 

layer is flat and consists of only the rest-atom layer L1.21. In contrast, we have not observed 
the stripe pattem after 355 nm laser irradiition. 

In the present pap ,  we will show 6rst the experimental results of the surface smcture 
change observed by sTM before and after laser irradiation with a small CI coverage. Then, 
we will discuss the selectivity of the photcdesorbed chloride species and the formation 
mechanism of the stripe pattern caused by 266 nm laser irradiation of the Cl-saturated 
surfaces. 

2. Experimental results 

The sample was n-type Si( 11 1) cut from a wafer (- 1-2 s2 cm). The surface was cleaned 
by direct heating at 1200 "C for a few seconds in the UHV chamber with a base pressure 
of 5 x lo-'' Torr. The STM images were observed by a field ion STM [31. A tungsten 
single-crystal tip oriented in the ( 1 1 1 )  direction was used. The clean 7 x 7 surface was 
observed by an STM topograph, and was exposed with C1 atoms and/or molecules generated 
bom a silver chloride electrochemical cell [4] in the UHV chamber. The pressure rise during 
the Cl dose was lower than 2 x IO-' Torr. 
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~! : Figure 2. STM image of the chlonnared Si( I 1  1) 7 x 7 surface 
a( a sample bias of c3 V. The adsorbd CI density is nearly 
equaltoUleadatom&nsityofSi(l11)7 x 7 .  Thearearhown 

I i s  9.6 x 10.7 n”. 

At low exposure, every C1 atom sits at the on-top site of an adatom of the Si(l11) 7 x 7 
surface and can be clearly observed at a sample bias of -+2.5-3 V, as shown in figure l(b) 
and (c). In this figure, the Cl coverage is -20% of the surface adatom density. On the 
other hand, the partially defected image of the Si(l11) 7 x 7 surface was obtained at a 
sample bias of +1.0 V, as shown in figure l(a). We can identify the defect sites observed 
at +LO V bias voltage as the CI atom position at +3.0 V bias voltage because the fuU and 
broken tines surround the same region in these pictures. Similar results were reported by 
Boland and ViUarmbia [I]. The image corresponding to an empty state of the S i 4 1  bond 
is observed at -+2.5-3 V bias voltage. This means that CI atoms bonded to the Si amms 
can be clearly distinguished from the hare Si atoms at the surface in the sTM image. 

Figure 3. STU lmages of the chlonnated Si(] I I )  7 x 7 surface ailer irradiation (a) by 266 MI 

laser light with 3000 shuts (laser Auence. 0.7 mJ an.2) and (b) by 355 nm laser light mth 
l S W 0  shds (laser Ruence, 0.14 m l  an-2)). Sample bias voltages are (a) +2.5 V and (b) +3.0 V. 
The areas shown are (a) 17.3 x 17.4 m2 and (b) 19.4 x 11.4 m2. 

The Si(ll1) 7 x 7 surface was then exposed to an amount of Cl 10 times as high as 
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the exposure in figure 1. Note. that the exposure at this time was about a tenth of that 
required to make the Cl-saturated surface on which the s h i p  pattern was observed after 
266 nm laser imdiation. The surface was irradiated by uv-laser light of wavelengths 355 
and 266 nm, which are third and fourth harmonics of a Nd:YAG laser (Spectra Physics, 
GCR-11). respectively. The laser pulse duration was 6 ns and the frequency was 10 Hz. 
The s-polarized Gaussian-shaped laser beam, 10 mm i n  diameter, was directed through a 
quartz window onto the sample surface. The incidence angle was 60" from the surface 
normal. Laser influence was kept low enough that the thermal effect could be ignored. 

Flgure 4. Extended s m  images of the same surface as shown in figure 3. The arow ahown an 
(a) 17.4 x 7.2 m1 and @) 14.1 x 7.2 m2. Domed bright circler indicate lhc chloride apceicS 
registered on the m-top site of adatnns. 

Figure 2 shows an STM image of the chlorinated Si( 11 I )  surface before laser irradiation. 
The sample bias voltage was +3.0 V and the area size depicted is 9.6 x 10.7 m2. In this 
figure. not every bright circle is registered on the adatom site of Si(ll1) 7 x 7, in contrast 
with the Iower-Cl-Coverage case shown in figure 1. Figure 3(a) shows an STM image after 
laser irradiation of 3000 shots at 266 nm with a fluence of 0.7 m l  cm-'. The bias voltage 
applied to the sample was +2.5 V. Figure 30 )  shows an STU image after 18000 shots at 
355 nm with a fluence of 0.14 ml c m 2 .  The sample bias was +3.0 V. Figure 4(a) and @) 
shows extended pictures corresponding to figure 3(a) and (b), respectively. The full Lies 
in both pictures of figure 4 are marked to indicate the Si(ll1) 7 x 7 unit mesh. In these 
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pichlres, a dot is marked at the ceme of the bright spots that were identified as sitting on 
an adatom of Si(ll1) 7 x 7. 

3. Dscwion 

Tha t  are three types of reaction product of Cl atoms with the adatom layer of the Si( 11 1) 
7 x 7 surface assigned to SiCI, SiC12, and SiCl3, which were idenaed using sm by 
Boland and Vfflambia [51. Dichloride and trichloride are produced by breaking the Si- 
Si backbond(s) between the adatom and rest-atom layers. These products are registered 
at different positions from the monochloride, which is located just upon an adatom. The 
dichloride sits on the bridge site of two adjacent rest atoms, and the hichloride is located 
on a rest atom, as illusmated in figure 5. 

Figure 5. Schematic drnwing of an or- 
dered Qeh) a d  disordemi (right) ehloMated 
Si(l1l) 7 x 7 sodace. only monochloride is 
shown io h e  leh sidc. The right side illuwates 

with the adatom layer. L.rge filled, h d e d ,  
les are SiCIg. Sicla and SiCI, 

three kinds of reaction praduct of c1 atoms 

The bright position in the STM image at a sample bias of ~~25-3 .0  V corresponds to 
the average position of S i 4 1  bonds. Therefore, the randomly distributed chloride picture 
seen in figure 2 indicates that the chlorinated surface consists of monochloride, dichloride 
and trichloride, as illushated in the right half of figure 5. 

As indicated by dots in figure 4(a), most of the bright circles appearing on the surface 
irradiated by 266 nm laser light are ordered and located on the a d a "  sites. The surface 
resembles the left half of figure 5 except for some defects observed. These features imply 
that laser irradiation at 266 nm induces desorption of dichloride and hichloride, and that it 
leaves monochloride on the surface. A defect appearing in figure 4(a) is a missing adatom 
created while Sic11 and Sick were desorbed. Contrarily, more than half of the bright circles 
on the surface irradiated by 355 nm laser light are not registered on the adatom sites and are 
randomly dishibuted. All the chloride species remain on the surface after laser irradiation 
at 355 nm, as seen from figure 4(b). The reaction selectivity in laser-induced desorption at 
266 nm is clearly shown in these picmes. 

This reaction selectivity in laser-induced desorption is consistent with mass- 
spectroscopic measurementS by Baller er al [6] .  They studied an etching of Si with Clz, 
where Si exposed to Clz was irradiated with 308 and 248 nm tight f" an excimer laser 
at high Ruences as high as about 0.4 and 1.0 J cmm2. A mass specmmeter detected 
the particles desorbed from a chlorinated Si surface during excimer-laser irradiation, and 
velocity distributions were measured from time-of-Right spectra. In the 308 nm case only 
small amounts of chloride species were detected except for SEI. The 248 nm tight resulted 
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in higher ratios of Si and of Sic12 to SiCl than 308 nm light. That is, dichloride species 
were selectively desorbed at 248 nm, although the thermal process partially conhibuted to 
the desorption with a definite activation energy of 0.94 eV. 

The difference in the activity of the laser-induced etching between the laser wavelengths 
266 and 355 nm is related to the energy Loss observed by low-energy elecmn energy-loss 
spectroscopy [7]. An energy loss appeared at -4.0 eV after 100 L Clz exposure on Si(ll1) 
7 x 7. Thii energy is higher than that of 355 nm light (3.5 eV) and lower than that of 
266 nm light (4.6 ev). 

We note in figure 4 that the number of dot-marked bright spots at the comer adatom 
sites is larger than that at the cenw adatom sites. The small number of monochlorides on 
the top of centre adatom in figure 4@) suggests a tendency for a dichloride or trichloride 
to form on a centre adatom. This is consistent with the observation in figure 4(a) that most 
of the defects formed after desorption of the polychlorides are locatcd on the centre adatom 
sites. 

Because w-laser irradiation at 266 nm induces photodesorption with high reaction 
selectivity, the following is suggested as a formation pmcess of the stripe pa” presented in 
the previous paper [2]. Desorption of dichloride or hichloride is induced by laser w o n  
at 266 nm, and a vacancy is formed. Then excess CI atoms or molecules existing on the 
C1-saturated surface migrate, and some of them are trapped in the vacancy. These c1 atoms 
(or molecules) make a dichloride (or a trichloride) with an Si atom adjacent to the vacancy 
by breaking the Si-Si backbond(s). This process is induced successively by subsequent 
laser shots. Consequently, troughs would grow and the surface would become striped. 
A trough is directed along the [IiO] direction forming the (113) and (115) facets. It is 
known that the (311) face is stable in the Si crystal [SI. On the terrace area, the rest-atom 
layer or monochloride layer appears after removing SIC12 and SiC13. The sequence of the 
stripe pattem may depend on the surface temperature under laser irradiation, since thermal 
migration of chlorine atoms or molecules plays an important role in the above formation 
model. 
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