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Exposure of a silicon surface to several reagent gases followed by laser vaporization produces 
unusual ions in addition to the silicon cluster ion (Sin + ) distribution typical for clean silicon 
surfaces. The appearance of these ions is correlated to silicon surface reactions. Laser vaporization 
of silicon following exposure to the gases NH3, XeF2, CF31, 02, NO, CH3OH, H20, C2H4, D2, 
and CH4 has been studied. Changes in the relative intensities of product ions as a function of 
exposure are measured for some of the reagent gases. The results from laser vaporization/Fourier 
transform mass spectrometry (FTMS) are compared to studies of silicon surface reactions using 
other experimental techniques and to some secondary ion mass spectrometry (SIMS) results. 

1. Introduction 

Laser vaporization or laser desorption using a pulsed laser to produce 
gas-phase ions can be used in conjunction with mass spectrometry to study a 
variety of systems. The technique is useful in analytical mass spectrometry to 
desorb species from surfaces [1-3], either to study the surface or the gas-phase 
vaporized ions or neutrals. It is especially useful in conjunction with Fourier 
transform ion cyclotron resonance mass spectrometry (FTMS) [3-8], due to 
the pulsed nature of both techniques and to the high vacuum requirements of 
this type of mass spectrometry. Laser vaporization has been used as a duster 
ion source in FTMS to produce a variety of cluster ions, including silicon 
(Sin+), in order to study their reactivity [4-8]. One goal of this type of study is 
the comparison of the silicon cluster ion chemistry to reactions on silicon 
surfaces [5,7,8]. 

In this paper, we show that laser vaporization/FTMS can provide a probe 
of the chemistry of silicon surfaces. Following exposure of a sil/con surface to 
a reagent gas, laser vaporization produces unique ions in add;tion to the usual 
silicon cation cluster distribution Si~ +, n = 1-6, wlfich is observed from a clean 
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silicon surface. These product ions may be correlated to known surface 
reactions of silicon. The relative abundance of the product ions compared to 
the Si + species increases as a function of exposure of the gas to the surface, 
which provides a probe of the kinetics of the surface reaction. To our 
knowledge, this type of measurement of silicon surface reactivity has not been 
previously reported, although it is s'tmilar to laser desorption/FTMS studies of 
neutrals from platinum surfaces as a probe of surface reactions [3]. 

Secondary ion mass spectrometry (SIMS) has been used to sputter ions 
from silicon and other surfaces which are related to surface reaction products 
[9-14]. The secondary ions can be used to study the exposure dependence and 
depth dependence of surface reactions. Laser vaporization differs from SIMS 
in several respects. The Q-switched laser pulse has a length of 10-20 ns, in 
contrast to a SIMS ion or neutral beam which generally operates continuously, 
although pulsed beams with narrow pulse widths are used in time-of-fright 
(TOF) mass spectrometry due to the pulsed nature of the technique. The 
pulsed nature of the laser and the FTMS facilitate the measurement of time, or 
exposure dependence, for the production of these ions. The laser can be easily 
focused to small spot sizes, as in the laser microprobe technique (LAMMA) 
[2], allowing high spatial resolution. Since the mechanisms of desorption and 
ionization fox SIMS and laser vaporization are quite different, with that of 
laser vapc~ation being much more complex and not as well characterized as 
SIMS, one might expect different distributions of ions to be produced for 
some systems. Laser vaporization is generally the desirable technique for 
FTMS, since the FTMS cell must be located in a strong magnetic field, which 
puts geometrical constraints on the ion source. More detailed experimental 
considerations will be discussed in the next section. 

We have used laser vaporization/FTMS to study the effects of exposure of 
a silicon surface to the gases NH 3, XeF 2, CF3I, 02, NO, CH3OH, C2H4, D2, 
and CH4. Most of these reactions are of technical interest in semiconductor 
device processing applications, and have been studied extensively with other 
experimental techniques. The observed vaporized ions are reported, and 
exposure dependences of some of the reactions are discussed. These results are 
compared to studies of the surface reactions by other analytical techniques. 

2. Experimental 

The experimental apparatus has been described in previous publications 
[4,5,15]. The laser vaporization is performed with the output of a frequency 
doubled Quanta-Ray DCR-2 Nd: YAG laser (532 nm, 5.-10 mJ/pulse, 20 Hz 
repetition rate) focused to a 0.5 mm spot size (100-200 MW cm -2) on the 
sample with a I m lens. The sample is a piece of single crystal silicon (p-type, 
0.2 fl cm) and is mounted even with the bottom (excitation) plate of a 2.5 cm 
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cubic ion cyclotron resonance cell. The cell is situated in a vacuum chamber 
between the pole caps of a 1.0 T electromagnet which have a clearance of 5 
cm. The cell trapping plates are parallel to the pole caps. In a previous paper 
we have discussed the advantages and disadvantages of using this experimen- 
tal geometry [16]. In brief, the spatial constraints and the strong magnetic field 
perpendicular to the p~,!e caps make it difficult to install other instruments to 
prepare and characterize the surface (e.g. an ion gun, accurate temperature 
controllers, or XPS or Auger instruments). Therefore, all reactions are studied 
at 300 K, and the laser is used both for surface cleaning and as a reaction 
probe, as discussed later. 

The laser pulse results in vaporization of both ions and neutrals from the 
sample. The ions are trapped in the cell and detected by the technique of 
Fourier transform mass spectrometry (FTMS), which has been discussed in 
detail previously [17-19]. To summarize, ions are trapped for up to several 
seconds in the cell by parallel magnetic (1.0 T)and electric (2.0 V) fields. Ions 
are detected by first exciting them to larger coherent cyclotron orbits using a 
swept radio frequency excitation pulse. The coherent motion of the ions 
induces a transient image current on the cell detection plates, which is 
digitized and stored. Up to several thousand experimental cycles can be 
summed for signal averaging, after which the signal is Fourier transformed to 
obtain the frequency spectrum of all the ions in the ceil. The frequency 
spectrum is converted to a mass spectrum using the known magnetic field. A 
Nicolet FTMS/1000 data system was used in these experiments for data 
collection and manipulation. 

The vacuum system has a typical base pressure of < 5 × 10 -° Tort. To 
study reactions, the reagent gas is maintained in the cell at a constant pressure 
of (1-5)x  10 -7 Torr. Exposure of the surface to the gas is controlled by 
varying the laser repetition rate from 20 to < 0.1 Hz. The longer times 
between laser pulses allow the surface to react with the reagent gas at a 
constant pressure. Altematdy, the exposure can be varied by keeping the laser 
repetition rate constant and changing the pressure of the reagent gas in the 
vacuum chamber from 5 × 10 -s to ~ × 10 -6 Torr. For the studies reported 
here, variation of the laser repetition rate is used to control the exposure due 
to the better resolution obtainable in changing the time delay rather than the 
pressure. However, this requires manu~! adjustment of the laser to maintain 
constant power as the repetition rate i z changed. The FTMS experimental 
cycle time period is varied by changing the length of the quench pulse which is 
applied to the cell trapping plate~ to eject the ions. Ions are detected as soon 
as possible (the minimum time necessary to perform ion excitation, etc., is 
approximately 3 ms) after formation to minimize gas-phase ion/molecule 
reactions with the reagent gas. 

The sample was not pretreated, e.g. by cleaving, annealing, or ion sputter- 
ing, Jefore introduction into the vacuum chamber. Laser vaporization removes 
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foreign material from the surface at the vaporization site. When the laser focus 
is repositionext to irradiate a new location, only a few laser shots are required 
to remove all contaminants from the surface and produce only Si + species in 

Z 
tu 
I-- _z 
W 
> 
l -  

.J  
w 

I -  
¢n 
z 
w 

_= 
w _> 
h- 
J 
W 

I00- 

0' 

. ,  , ,  , , ~ , _ . : _ _ . , ,  ~ . . . . .  . . . . . . .  . %  . . . . . . . . . . . . . . . . . . . . . .  _ . L ; _ _ . -  . . . . . . . . . . . . . . . . . .  

n=2 

10 O. ... . . . .  ,~ . . . . . . . . . . . . . . . .  , 

Si2N~ 

0" 

b) 

5O 100 150 200 
MASS (A.M.U,) 

Fig, 1. Laser vaporization mass spectrum of silicon sample with one laser pulse, (a) before, and (b) 
after exposure of the sample to 5 L N H  3. The Si+ ion ( m / z  - 28) is ejected from the ce|], but is 

10 to 20 times as h~mnse as Si T in (a) and SigN + in (b), 
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the mass spectrum. In addition, after pumping out the reagent gas, only one or 
two laser shots are required to eliminate all surface product ions and restore 
the Si + distribution. Therefore, qualitatively, one laser pulse removes enough 
material from the surface to expose a silicon surface which is void of major 
contaminants. This observation is consistent with cratering studies at com- 
parable laser powers, for which it is reported that 10 to 1000 monolayers of 
material are removed per laser pulse [1]. It is also consistent with studies of 
laser desorption of neutrals from metal surfaces [3], for which one laser pulse 
is sufficient to remove adsorbates from the surfaces. 

A more quantitative measurement of the surface cleaning efficiency of the 
laser pulses was performed by monitoring the reaction of the surface with 
NH3. This is a practical reaction to study since a large abundance of the 
Si2N + ion is produced. Fig. la  shows the Si + distribution before exposure to 
NH3. The Si + atomic ion is ejected from the cell in all the experiments by 
resonant frequency ejection of m/z--28 during ion formation, because the 
Si + signal is 10 to 20 times more intense than that of Si~. The peaks from 
29Si+ and ~°Si+ isotopes were not ejected and are still present in the mass 
spectrum. After exposure to 5 L (1 Langmuir -10  -6 Torr s) of NH3, the 
spectrum in fig. lb is observed. The Si2N + ion is the predominant peak, and a 
small amount of SiNH~ is observed, while the Si + species are much lower in 
relative intensity. The mass spectrum in fig. lb  was obtained with one laser 
pulse, and is effectively identical to those obtained by signal averaging several 
experimental cycles. This demonstrates that surface heating or effects due to 
multiple laser pulses during signal averaging do not alter or contribute to the 
observed signal. 

Fig. 2 shows the exposure dependence of the relative intensity of Si2N + 
compared to the total ion s isa l .  The exp,:;~ure was variet~ by ch~nging the 
laser repetition rate at a constant pressure. It is clear that the amount of 
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Fig. 2. Exposure dependence of the ratio of the relative intensity of Si2N + to the total ion signal. 
The pressure in the cell is 1.5 × 10-7 Torr, measured with an uncorrected ionization gauge. 
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Si2N + produced approaches zero at zero exposure, within the approximately 
10% scatter of the data, even when the reagent gas is present at a constant 
pressure in the cell. This result, which is observed for the other reactions as 
well, provides convincing evidence that each laser pulse removes - 90~$ of the 
reactants and reaction products on the surface to expose a clean silicon surface 
layer. This result is very con~n~ent experimentally, since it allows the laser 
pulse to be used both to detect products and to clean the surface for the next 
reaction cycle. This allows fast repetitions of the measurements, and avoids 
slow and laborious surface cleaning procedures which can be time consuming 
for kinetics measurements. The only long term deleterious effect observed in 
these experiments is a gradual decrease in the total ion intensity over several 
hours as a hole is formed in the sample. The signal is restored by relocating 
manually the laser focus, and using several laser pulses to clean the new 
location. 

There are several disadvantages to the technique, however. There is consid- 
erable shot-to-shot variation in the relative amounts of ions formed, as is 
evident in fig. 2. Every point in the figure is from a mass spectrum obtained by 
averaging 100 experimental cycles. The variation in signal may have several 
sources. There is some shot-to-shot variation in the laser power, which affects 
the amount of vaporization. However, variation in the number of ions pro- 
duced ~er pulse cannot be accounted for using only the laser power fluctua- 
tions. There may also be some contribution from residual surface products 
which are not removed by each laser pulse. In addition, the mechanism of 
ionization by laser vaporization is not well understood, and may depe~.~d on 
small variations in the laser and surface characteristics. 

Since the vaporization is very energetic, and occurs at temperature~ on tt:.,: 
,wder of 10 4 K [1], the nature of the surface may vary somewhat from pulse to 
pulse. Several groups [20,21] have studied the nature of the laser-heated silicon 
surface, although more work is necessary for a detailed understanding of the 
surface chemistry. Since the vaporization process may alter the surface struc- 
ture, it is difficult to study the kinetics of well-ordered crystalline faces. It is 
also difficult to determine directly the surface species which give rise to the 
observed ions. The observed ions may be formed for kinetic or energetic 
reasons in the laser plasma, rather than being structurally identical to surface 
species. This problem is also common in SIMS studies [10-14]. However, 
comparisons to past studies using other surface techniques can provide insight 
into the surface reactions. 

With the present appear.us, it is difficult to analyze the observed kinetics. 
]'he dependence of the vaporized product ions on exposure has a reproducible 
time dependence. Since the laser only cleans a small area of the surface, there 
may be contributions from surface diffusion as well as from gas-surface 
collisions. Multiple layers of chemisorbed and physisorbed gas can accumulate 
on the rest of the surface, so, molecules may diffuse to the clean (irradiated) 
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area to contribute to the observed product ion signal. There are indications 
that this is a large effect at pressures higher than approximately 5 × 10 -6 
Torr. More detailed diagnostic experiments, such as temperature programmed 
desorption or pulsed dosing of the surface, in conjunction with laser vaporiza- 
tion, can be used to understand the contributions to the kinetics. 

3. Results and discussion 

Table 1 shows a list of the reagent gases which were studied, and the 
corresponding vaporized ions which were observed in addition to the Si + ions. 
In the foUowing sections, each reaction is compared to representative studies 
from the literature using other experimental techniques, although no attempt is 
made to exhaustively review the literature. In general, a correspondence is 
observed between previously observed surface reactions and the laser vaporized 
ions, although there are a few unexpected exceptions. 

3.1. NH3 

As shown in fig. 1, the predominant ion observed following exposure of the 
sample to NH3 is Si2N +, with a smaller amount of SiNH~. These ions are 
different from the products from gas-phase ion/molecule reactions of Si, + at 
300 K, in which SiNH~ is the major product ion from the reaction of Si + and 
Si~ with NH3 [5]. The Si2 N+ ion is only one of several minor products of the 
reaction of Si~ with NH 3 [5]. Since the predominant ion formed by laser 
vaporization is Si+, gas-phase reactions would be expected to yield primarily 
SiNH ~. In addition, the exposure dependence shown in fig. 2 is not consistent 
with gas-phase reactions since the background gas pressure and trapping time 
of the ions were constant for these measurements. Therefore, gas-phase 
reactions, either at 300 K or at elevated temperatures, do .dot significantly 
contribute to the observed product ions. 

Table 1 
Ions observed by laset vaporizat;~on after exposure of the silicon sample to ~h¢ reagent gas 

Reagent gas Ions (in addition to Si + ) 

NH3 Si2N +, SiNH~" 
XeF2 SiF + 
CI::. I SiF +. Sil + 

02 Si2 O+ 
NO Si2N +, Si20 + 
CHaOH SiOCH~ 
H 20 SiOH +, Si 20 + 
C2H4 ' C3H6, C2H 2 SInC2H x , n = 1,2,3; x = 1,2 
D2, CH 4 None 
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The Si2 N + ion has been observed from several systems using SIMS. This 
ion was observed from a silicon surface exposed to NH 3 and sputtered with a 
fast-atom beam in a ZAB-2F sector mass spectrometer [22]. It was also 
observed as an intense ion from SIMS of silicon I,~dde [11], and from silicon 
reacted with N atoms [12]. Laser vaporization of a mixture of silicon powder 
and boron nitride also produces a large abundance of Si2 N+ [16,23]. There- 
fore, Si2 N+ is probably very stable energetically, since it is easily formed from 
either sputtering or in a laser-generated plasma from surfaces containing 
silicon and nitrogen. 

The reaction of NH3 on Si(100) and Si(111) has been studied previously 
using other surface techniques [24-29]. Bozso and coworkers [24,25] suggest 
that Si(100) reacts rapidly with NH 3 at temperatures as low as 70 K, and that 
the NH3 molecules are completely dehydrogenated so that the H atoms 
,occupy Si dangling bonds. Studies by Kubler and coworkers [26,27] suggest 
that on Si(100) and Si(ll l)  the N atoms are not com?lctely dehydrogenated, 
so sp~ies of the type NHx, for x ffi 1 or 2, exist on the surface. In either case, 
NH3 1 apidly chemisorbs on the surface at 300 K at low pressure. A study by 
Kilday ct :d [28], however, suggests that no reaction occurs at 300 K. 

Thes,-, c ir~wations taken together suggest that in the present experi~.~ents 
N H  3 c~ : ~ i s o r b s  orl the surface and accumulates during the exposure. The 
laser pulse then vaporizes the products from the svrface reactions, w~ch 
results in the formation of Si2N + as the most stable g~s-phase ion. Since this 
ion may not necessarily be identical to the surface species, it is not possible at 
this time to determine whether the NH 3 is completely dehydrogenated on the 
surface. It is also uncertain how the surface structure formed following laser 
vaporization compares to the crystal structures that have been studied previ- 
ously. 

3.2. X e F  2 

Laser vaporization follc,x~4ng exposure to XeF2 produces only SiF +. This is 
a major product of the gas-phase reactions of Si, + with XeF2 [8], although 
other product ions in addition to SiF + are observed. 

This reagent gas is used extensively in semiconductor device etching, 
although the reaction conditions are typically very different from those in the 
present FTMS studies. Several studies have been done on the low-pressure, 
low-temperature reactions of XeP h with silicon [30-35]. It has been shown that 
prolonged reaction of silicon with XeF2 produces several surface layers of 
mono-, di-, and tri-fluorinated silicon species [31,35]. Therefore, an effort was 
made to observe the vaporized ions SiF2 + and SiF3 + , which could be indicative 
of these layers. However, after exposing the surface to approximately 7 × 10 3 

L XeF2 at I × 10 - 6  Torr total pressure, no fluorine containing ions other than 
SiF + were observed. The partial pressure of XeF2 in the cell was difficult to 
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determine accurately, due to the partial decomposition which occurs in the 
inlet and vacuum chamber. The XeF2 pressure may have been as little as 10% 
of the measured pressure, making the actual exposure less by a factor of 10. 
The amount of etching estimated using the steady state etch rate [34] for this 
exposure is approximately 6 nm of the silicon surface. 

The SiF + ( x -  1-4) ions were observed in the l~l'i'~.~, however, using 
electron impact to ionize the gas-phase species in the cell, but without the use 
of the vaporization laser. This observation indicates that neutrai SiF4 is 
formed by etching of the silicon surface with XeF 2. Therefore, mtqtiply 
fluorinated silicon species may exist on the surface as suggested by the 
previous studies [31,35]. Laser vaporization of these surface species does not 
form the corresponding multiply fluorinated ions, however, possibly due to 
dissociation of larger species in the laser plasma to form only SiF +. 

3.3. CF31 

Vaporization following exposure to CF3I produces SiF + and SiI + ions, with 
similar relative abundances. Exposure measurements show that the maximum 
amounts of SiF + and SiI +, compared to the total ion signal, are formed with 
an exposure of greater than I L. The ratio of the sum of the relative intensities 
of both ions compared to the total ion signal is 0.6-0.8. The exposure 
dependence is similar to that of the NH 3 reaction and has the same zero 
intercept at ~:ero exposure. 

Several halomethanes, including CF3I, are used in etching as sources of F 
atoms or CF 3 radicals in plasmas or by photolysis. The molecules themselves, 
however, are very inert and have small sticking coefficients at 300 K [33,36-38]. 
Therefore, it is surprising that vaporized product ions are observed for this 
reagent gas, since chemisorption of CF3I on the surface at a rapid rate is not 
expected, in contrast to the behavior of NH 3 and XeF2. 

Some possible explanations for the observations can be proposed. One 
possibility is that the laser pulse photolyzes physisorbed molecules, and that 
the fragments react with the surface or with vaporized silicon species. This 
mechanism is un~e ly  for several reasons. First, the sticking coefficient of 
CF3I is estimated from other halomethanes to be 10 -6 to 10- 7 for physisorp- 
tion [33,38]. Therefore, after 1 L of exposure there should be on the order of 
10 -6 monolayer of CF3I present on the surface at the time of the laser pulse. 
For a laser spot size of 0.5 ram, approximately 106 molecules of CF3I are 
available on the surface for reaction. Since the laser vaporization ionization 
efficiency is typically 10-4-10 -s, there woui~ be on the order of i02 ions 
pcoduced which contain F or I atoms. The ions could not be detected, since 
t~e minimum sensitivity of the FTMS instrument used in this study is ~ 103 
ions. In addition, the exposure dependence and relative intensities of the SiF + 



68 W.I~ Creasy, S. W. McEi~any / Lazer vaporization / FTMS of Si 

and SiI + compared to Si + are not consistent with a small number of ions 
being formed by a slow physisorption process. In the gas-phase, the thermal 
ion/molecule reactions of Si + with CF3I yield primarily CFe I+ and some SiI +, 
but no SiF + is produced at 300 K. Therefore, gas-phase reactions of Si + ions 
with CF3I which may be desorbed by the laser cannot account for the 
observed ions. It is possible that more complex high temperature or plasma 
reactions are involved, although this seems unlikely. 

A more plausible explanation for the observations is that the laser vapori- 
zation produces a very reactive Si surface structure which is characterized by 
many defects and dangling bonds. This structure may be reactive enough to 
attack even the inert CF3I molecule. The molecules can then dissociatively 
chemisorb on the surface, so that they rapidly accumulate and are vaporized 
by the laser pulse. This suggests that the surface is much more reactive than 
crystal faces such as Si(iCO) or Si(i i i)  which are t~TpicaUy studied. It may be 
informative to study this reaction in conjunction with other surface tech- 
niques. 

3.4. o2 

After exposure of the sample tO 0 2, Si2 O+ was observed following laser 
vaporization of the surface. This ion was produced much more erratically than 
the product ions for the previous reagent gases studied, and thus no reasonable 
time dependence could be measured. The formation of Si2 O+ qualitatively 
appeared to be much slower than the other exposure dependences. 

The oxidation of severm crystal surfaces of silicon has been studied exten- 
sively [11-14.39-45]. The surface readily oxidizes, but the rate depends on the 
su:face str~:ctt~re. It is generally agreed that oxygen dissociates at least 
pa~rtiaUy on the silicon surface, forming a layer of Si-O bonded species, until 
eve~,tually a layer approxi:nadng a SlOe structure is produced. Since Si-O 
bonds are much stronger than Si-Si bonds, it is probably more difficult to 
vaporize the oxidized surface than the clean silicon surface. This is consistent 
with the observation that Si2 O+ is formed erratically. The oxidized surface 
may be even more sensitive than the clean surface to variations which affect 
the formation of vaporized ions. Higher laser power can be used to break the 
Si-O bonds, but this tends to produce more atomic ions such as Si+, rather 
than the molecular or cluster ions which are characteristic of surface products. 
Higher ener~ (shorter wavelength) radiation c ~  also be more effect.ive for 
vaporization than the 532 nm used in the present experiments. For example, 
quadrupled (266 rim) Nd" YAG laser radiation has been used to laser vaporize 
silicon dioxide [46]. Another example of this type of dependence of laser 
vaporization ion yield on surface exposure and wavelength is observed for the 
reaction with NO. 
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3.5. NO 

The ions Si 2 N + and Si 20 + are observed sporadically following exposure to 
NO. When they are observed, these ions have a low relative abundance 
compared to Si~ or the 29Si + and 3°Si + isotopes of Si+, although the Si2N + 
ion is approximately two to three times as abundant as Si20 +. Following 
exposure of the surface to greater than 1 L of NO, the number of ions 
vaporized by 532 nm radiation, including Sin +, decreases dramatically, espe- 
cially for n > 3. Ions were more reprodueibly observed if frequency tripled 
Nd :YAG (355 nm) laser radiation was used, suggesting that strongly bound 
species are present on the surface. 

In the NH3 reaction, Si2N + is the predominant ion in both the laser 
vaporization and SIMS mass spectra, which suggested that the ion was easily 
formed under laser vaporization conditions. This ion is observed by vapori- 
zation of a surface exposed to NO, but with only small abundances and the 
total amount of ionization is suppressed. 

Results from previous studies of the reaction of silicon surfaces with NO 
[25,47] are consistent with these observations. These studies suggest that NO 
dissociatively ehemisorbs on the silicon surface. At high temperatures, the 
surface rearranges to form a silicon nitdde structure. Avouris et al. [25] 
observed that at low temperatures and exposures, the O atoms remain on the 
surface, and the N atoms occupy subsurface sites. The laser vaporization 
behavior can be interpreted in terms of the surface structure. Since NO 
dissociatively chemisorbs, strong Si-N and Si-O bonds form at the surface 
which may replace the Si-Si bonds. These strong bonds make it more difficult 
to vaporize species, as was the case with vaporization of the surface after 
oxidation by 02. Higher laser power produces more atomic ions rather than 
molecular ions, so that even a species that should be stable, like Si 2N ÷, is not 
observed in a reproducible manner. Therefore, this result illustrates that laser 
vaporization is sensitive to the nature of the surface structure, both in the 
types and amounts of ions produced. This is analogous to SIMS studies which 
show that ionization efficiency can depend on the nature of the surface [12,13]. 

3.6. CH30H 

The most abundant product ion formed following exposure to CH3OH and 
laser vaporization has a mass to charge ratio of 59, which corresponds to the 
formula SiOCH~. The exposure dependence observed with methanol is similar 
to that of NH 3. Pre,Aous studies of this reaction [48-50] have shown that 
methanol undergoes rapid dissociative chemisorption on the surface, forming 
methoxy groups and hydrogen atoms bound to the surface. The surface 
reaction product observed is analegous to the ion/lnolecule reaction observed 
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for the gas-phase cluster ion Si~ which reacts with methanol to form Si6OCH ~ 
[51. 

It is passible that the observed ion of m/z = 59 arises from vaporization of 
intact units of $iOCH3 groups which are formed on the surface. The mecha- 
nism of ion formation is probably more complicated than this, however, since 
laser vapodzation is such a high temperature process. It is unlikely that the 
entire SiOCHa group is removed intact from the surface in the high tempera- 
ture laser-generated plasma. The structure of the m/z ffi 59 ion cannot be 
determined unequivocally, thus the ion may be a different, more stable isomer 
of SiOCH~ (e.g. HOSiCH~, OSiCH~ etc.). In addition, the formation of an 
ion of tiffs mass h-~ the gas-phase Si + reactions with CH3OH for all n suggests 
that it is a very stable ion. Therefore, it is possible that the ion is formed due 
to its enhanced stability rather than because it is structurally related to the 
surface reaction product. However, as with the NH3 reaction, the observation 
of the m/z-- 59 ions, with similar exposure dependence to the NH 3 reaction, 
is reasonable evidence that the methauol rapidly chemisorbs and accumulates 
on the surface prior to laser vaporization. This is in reasonable agreement with 
previous studies [48-50]. 

3.7. 1120 

Vaporization following exposure to  H 2 0  produces the ions SiOH ÷ and 
Si2 ° +. The exposure dependences of these ions are shown in fig. 3. The ions 
have similar exposure dependences, and are also sirfilar to that of the NH3 
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reaction (fig. 2). At coverage of more than 1 L, the relative intensity of both 
vaporized ions is less than 15% of the total ion signal. 

The reaction of H20 with silicon has been studied in detail for several 
crystal structures [51,52]. These studies suggest that H20 dissociatively chem- 
isorbs onto $i(11i) [51] and Si(1O0) [52]. When the surface is heated to > 700 
K, the adsorbed species change from Si-OH and Si-H to a Si-O-Si  structure 
similar to that formed from reaction with 02. 

It is interesting that Si20 + is observed in the laser vaporization of the H20 
reaction as well as the 02 reaction. The similar exposure dependence of 
SiOH + and Si20 +, shown in fig. 3, suggests that both ions are produced from 
promptly-formed surface species. It is possible that the surface is so reactive 
that the Si-O-Si structure is formed at low exposures at 300 K, although the 
Si20 + could also be formed from vaporize.tion of Si-OH species. Other 
surface techniques may be able to clarify this question. 

3.s. c2I-I,,, c I-Io, c2H,  

After exposure to the unsaturated hydrocarbons C2H4, C3H6, and C2H 2, 
laser vaporization produced ions of the type SinC2Hx +, for n = 1 to 3 and 
x -  1, 2, and 3. The most abundant ion observed corresponded to n = 1 and 
x = 1 for all the hydrocarbons. All of the ions had low relative abundances of 
less than 10-20% of the corresponding Si++ 1 signal. Therefore, these ions were 
difficult to observe for n > 3. The value of x depends somewhat on the 
hydrocarbon, for example only x = 1 and 2 are observed for C2HE. The ans 
observed are quite similar to gas-phase ion/molecule reaction products of Si~ + 
with CzHe [5]. 

Some studies of the surface reactions of C2H 4 [53] and C3H 6 [54] have 
reported that rapid chemisorption occurs, with partial dissociation of the 
hydrocarbon. Bozack et al. [54] find that a disordered surface caused by At" + 
bombardment is more reactive with C3H6 than an ordered surface. This is 
consistent with our previous discussion of the reaction of CF3I. However, due 
to the small amounts of product ions observed for the hydrocarbon reactions, 
it is difficult to form any conclusions about the nature of the reactions. 

3.9. D2, CH4 

No vaporized ions other than silicon cation clusters (Si~ +) were observed 
after exposure to at least 10 L of either D2 or CH4. This is consistent with the 
unreactive nature of these gases with silicon surfaces [33,55], and therefore no 
chemisorbed surface products are formed before vaporization. This result may 
not be conclusive, however, because vaporized ions of the type Si,,Hx + are not 
observed in any of the reactions in this study, even though several of the 
reactions involve dehydrogenation to form H atoms on the silicon surface. It is 
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possible that this type of ion is difficult to make by laser vaporization of 
silicon, or that it dissociates in the laser plasma. If CH4 reacts with the 
surface, however, one would expect to observe Si.CH + ions, in analogy to the 
observations for the previous hydrocarbon reactions. The fact that these ions 
are not observed supports the conclusion that no surface reactions occur for 
D 2 and CH 4. 

4. Conclusions 

This study has demonstrated that laser vaporization of silicon surfaces 
which are exposed to several reagent gases produces ions that are correlated to 
surface reactions. For reactions of NH 3, XeF2, 02, NO, CH3OH, H20, and 
some unsaturated hydrocarbons, ions are vaporized which correspond to 
previously reported surface reactions. The actual ions which are observed, 
however, may depend on the stability of the ions in the laser generated plasma, 
rather tha~ ~he structure of the surface species. The reactions of NO and 02 
der~oastrate that the type and amount of vaporized ions may depend on the 
~urface structure. This type of effect may be helpful in characterizing reacted 
silicon surfaces. The absence of vaporized product ions for exposures with the 
reagent gases D 2 and CH4 is consistent with the expected unreactivity of these 
gases. In contrast, vaporized ions observed after exposure to CF3I suggest that 
dissociative chemisorption occurs for this reagent gas, even though this reac- 
tion is not observed with other experimental techniques on crystal surfaces. 
This observation suggests that the surface structure produced by laser vapori- 
zation is more reactive than a we|l-ordered crystal structure. This is consistent 
with previous observations that particle bombardment of a silicon surface 
enhances the reactivity [54]. Therefore, the detailed structure and reactivity of 
the surface may be quite different from that of crystalline structures that are 
usually studied. Comparison of the types of structures may provide a better 
understanding of the nature of irregular or defect-covered surfaces. 

As an experimental meth)d for ioniT~ing surface species, laser vaporization 
is quite differem from SIMS techniques. Laser vaporization is a high tempera- 
ture process, w~ich makes it less suitable for producing large, complicated 
molecular ions. However, it is a convenient technique in a confined space such 
as an FTMS cell. The method also facilitates the study of time dependent 
phenomena such as the changes in product ion abundance as a function of 
exposure. 

Laser vaporization as a probe of surface reactions can be combined with 
other surface techniques to increase its versatility. Temperature-programmed 
desorption in conjunction with laser vaporization may provide more detailed 
kinetic information about the surface reactions avd the nature of the products. 
Studies of both reacted and nonreacted surface structures produced from l',ser 
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vaporization, using other surface techniques, will indicate the relationship of 
these surfaces to the crystal structures that are typically studied. A better 
understanding of the surface structure, including the number of defects, would 
be helpful in interpreting the chemistry. Use of other types of mass spectrome- 
try with greater dynamic range can be used to measure the dependence of the 
vapoP~zed ion abundances on exposure, which would be interesting in studying 
the 02 and NO reactions. Finally, detailed studies of the nature of the laser 
ionization process will be helpful in understanding the relationship of the 
observed ions to surface species, and in using the technique for analytical 
applications such as laser microprobe studies. 
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