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Ionic cluster emission from Si by nitrogen-laser excitation is observed in a range of peak intensity
from 50 to 500 MW/cm?. Spectral analysis of time-of-flight measurements suggests the presence
of ionic clusters within nanoseconds of irradiation. These clusters initially have a nearly uniform
mass-to-charge ratio between —;— and % in units of Si*, and decompose through numerous channels
of fragmentation. The result is in remarkable contrast with those of measurements in a time scale
of more than 10 us with the mass distribution corresponding to quasithermal equilibrium.

PACS numbers: 79.20.Ds, 52.40.Hf, 64.60.Ht

Intense laser excitation on a solid surface induces
ion emission.!> In spite of extensive studies over the
past twenty years, it has not been possible to quantify
experimentally the chemical form of desorbed ions
and their energy states of excitation immediately after
emission from the surface. This Letter presents a new
approach to this problem by transient mass analysis
based on the line profile study on the time-of-flight
(TOF) spectrum. The result with nitrogen-laser exci-
tation shows that the ions are emitted from a Si sur-
face initially in cluster forms which decompose mostly
into individual ions in a time scale of 10 us through
numerous channels of fragmentation. Our analysis on
the fragmentation process over a 100-ns period gives
the result that the mass-to-charge ratio, M/q, immedi-
ately after emission lies in the range + <M/q < 3,
where M is the number of Si atoms and ¢ is the ionic
charge in units of electron charge.

Repetitive emission of ions from the (111) surface
of Si is analyzed by a TOF spectrometer under pulsed
nitrogen-laser irradiation in the peak intensity range
from 50 to 500 MW/cm? (photon energy, 3.68 eV,
pulse width, 10 ns). The spectrometer consists of a set
of accelerating electrodes followed by a straight drift
tube 62 cm long.* The straight ion trajectory allows us
to analyze the decomposition of emitted ions. The po-
tential of 300 V is applied between the sample and the
entrance aperture (distance, 2.5 cm) of the drift tube.
The sample surface is cleaned directly by electrical
Joule heating in the vacuum of less than 10~ 7 Pa. Itis
a characteristic feature of the ion emission in the
above range of excitation that the line profile of the
TOF spectrum fluctuates appreciably for a given inten-
sity level of laser beam incident repetitively on the
same area of the sample surface. Figure 1 shows
several spectra of representative forms as recorded
separately for each laser shot with its peak intensity of
200 MW/cm? over the sample area of 4x10™° cm?.
Below this intensity the efficiency of ion emission de-
creases drastically. That is, no ion emission is ob-
served for appreciable numbers of laser shots out of

the total. In spite of the wide varieties of spectral
shapes, the following features are common to all the
spectra: (1) In this intensity range the total number of
emitted atomic ions is found in excess of 10°. (2) The
TOF spectrum exhibits a continuous yield of ions in
the flight-time region between Si* (13.7 us) and Si;
(19.3 ws). This continuous spectrum is in remarkable
contrast with our previous result on graphite in which
a series of sharp lines are observed.* (3) The leading
edge, t;, and the trailing edge, ¢,, of a spectrum are
considerably sharp in comparison to its width,

=t,—t;. (4) There is a definite correlation in the
spectra that the shorter ¢, is, the longer the ¢, of the
same spectrum. (5) The wider w is, the higher the in-
tegral intensity of the spectrum. Figure 1 displays
these features, particularly (4) and (5), in the increas-
ing order of spectral area from (a) through (f) with
their ¢,’s (¢,’s) becoming shorter (longer). (6) Both
edges of the spectrum are connected with a smooth tail
on which weak peaks and shoulders are superposed.
(7) An independent measurement by a quadrupole
mass spectrometer (QM) in the time scale of 10 to 100
us under a similar excitation condition shows that Si*
is the only dominant species and Si2+ and others are at
least 1 order of magnitude smaller than Sit in the
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FIG. 1. Time-of-flight spectra of ions emitted from the
(111) surface of Si by nitrogen laser excitation at the peak
intensity of 200 MW/cm? averaged over the cross section of
the beam. These spectra are selected out of hundreds of
measurements and are displayed in order of increasing spec-
tral width and intensity from (a) through (f).
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spectral intensity.?

Figure 2 shows those common characteristics de-
duced from TOF spectra as described in the spectral
features (2) through (5) by plotting ¢, and 1, vs w.
Each spectrum gives the values of ¢y, ¢, and w. The ¢,
and ¢, are plotted as a pair of data points on a common
vertical line which crosses the value of w on the abscis-
sa. The spectral feature (4) is clearly shown in this fig-
ure. One should note that the distribution of data
points shown in Fig. 2 is statistically reproducible in
the following sense: The maximum fluctuation of ,
(t,) for w=6 us is found to be less than * 5%. This
fluctuation, however, decreases with decreasing w
down to less than 3% for w =3 pus.

The spectral width shown in Fig. 1 is not due to a
degradation of TOF spectrum caused by the spread in
the initial kinetic energy of ions nor by the space
charge built up in the acceleration field. The max-
imum initial energy of ions is found to be typically less
than 30 eV as estimated from three separate measure-
ments; i.e., (i) the TOF spectrum at V;=0, (ii) time-
resolving analysis of ions passing through a 127° elec-
trostatic energy analyzer (EA), and (iii) that by QM
spectrometer. Hence the initial energy spread
amounts to a spectral uncertainty less than 5% of ¢;.
The space-charge effect is also negligible because the
ion current density of our measurement amounts to
less than 1% of the saturation limit caused by the space
charge. Since the wide spectral width is not caused by
extrinsic effects as shown above, it has to come from
decomposition of emitted ions within the period of ac-
celeration in the spectrometer.® This period is 890 ns
for Sit with its initial energy of 30 eV under the ex-
perimental condition of Fig. 1. Among those spectra
shown in Fig. 1, (a) and (b) are the simplest in spec-
tral profile and exhibit fundamental components of
spectral forms (c) through (f). Each of the spectra (c)
through (f) consists of two or more of the profiles (a)
with their respective values of ¢, 7,, w, and total area.
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FIG. 2. Plot of the leading edge ¢, and the trailing 7, of
each spectrum vs the spectral width w =, —¢,. The vertical
line connects ¢, with ¢, of the same spectrum.
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The profile (a) can be explained in terms of a decom-
position process, Si;®* — Si,®* +Si,°t, where the
inequality n/c = k/a = m/b holds with an auxiliary
condition n/c = m/b, because of the conservation of
charge, a = b +c, and of the mass, Kk =m +n. Sup-
pose that this process occurs with N Si;®* ions at the
rate given by dN/dt = — N/ (7 is the decomposition
time which is comparable to the acceleration period).
Those ions which decompose into Si,®* and Si,¢™*
immediately after their emission contribute to the
spectral leading edge at the flight time for Si,®* and
to the trailing edge at the flight time for Si,“*. Be-
cause of the inequality on mass-to-charge ratio, these
edges always appear on both sides of the spectral posi-
tion of the flight time for the parent ion, Si %, which
would exhibit a peak if it did not decompose in the ac-
celeration field before reaching the entrance aperture
of the drift tube. The parent ions which decompose
while flying in the drift tube should give rise to this
peak, because the kinetic energy released to those
fragments is negligible compared to the total kinetic
energy gained by the parent from the acceleration
field. Those ions which decompose while in the ac-
celeration field give rise to a continuous distribution of
tails from these edges toward Si,?*. The spectrum,
therefore, exhibits a sharp leading edge for Si,°* as
well as a trailing edge for Si,¢*, both connected with
smooth tails toward Si,®*. This spectral feature is
consistent with the observed line profiles shown in
Figs. 1(a) and 1(b). Even if the parent ion decom-
poses into more than two fragments simultaneously,
the fragment with the smallest (largest) M/q gives rise
to t; (t,) while the other fragments contribute to the
spectral features between them.

Under these circumstances, positions of spectral
edges depend on the following three parametric condi-
tions: (A) M/q of the parent ion, (B) M/¢’s of frag-
ments according to the way the parent breaks up, and
(C) time evolution of decomposition. Figure 2 shows
that the distribution of points for ¢; and that for ¢, can
be extrapolated to a common point around 7o=15 us
at w =0. The smooth distribution of data points shows
that the pair of points ¢, and 7, observed for each spec-
trum take positions close together or far apart by an
out-of-phase displacement with respect to fy. If the
condition (A) were to vary for each event of laser
desorption, 7, and ¢, in the spectrum would shift more
or less together in phase (not out of phase) in the
same direction as the shift of ¢y for the parent ion. If
M /q’s of fragments were different from event to event
for a given M/q of the parent, 7, and ¢, would change
their values independently of each other according to
the way the parent ion breaks up. None of these
features appears in the results shown in Fig. 2. Thus
the correlation between ¢, ¢,, and w as shown in Fig. 2
is a direct consequence of the fact that the conditions
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(A) and (B) of the decomposition process are quite
similar in all of the parent clusters giving rise to these
points. Then, only (C) varies from event to event of
laser desorption.

The time evolution of decomposition process [con-
dition (C)] can be conceived for the two extreme cases
for emission of thousands of atoms or ions by one
laser shot: In process I, atoms or ions are emitted as a
large number of small molecules like ionized gas con-
sisting of dimers or trimers of Si; in process II, they
are initially divided up into a relatively small number
of large clusters, like a droplet or a macromolecule.
Since the number of emitted ions is large in process I,
the TOF spectrum would exhibit a distribution corre-
sponding to the statistical average of the decomposi-
tion processes, so that one should observe an identical
spectrum for each desorption event for a given intensi-
ty level of incident laser beam, in contradiction with
our results. In process II, on the other hand, the TOF
spectrum does not represent the statistical average of
the fragmentation, because it reflects the decomposi-
tion processes of only a small number of ionic clusters
at a time. Since a large cluster can decompose through
numerous fragmentation channels, a hundred exam-
ples of our measured spectra are still insufficient to ex-
haust all the possible profiles. According to this inter-
pretation, the varieties of our TOF spectrum in Fig. 1
have a definite physical significance. The spectral
width w depends on a composite time constant of
decomposition in process I, representing a measure of
how rapidly the fragmentation of clusters proceeds to-
ward their ultimate form of monoatomic ions. The
more rapidly the fragmentation proceeds, the more
readily do M/q’s of fragments differ from that of the
parent in the acceleration field of TOF spectrometer,
and thereby the wider does the spectral width w be-
come. As mentioned previously (see Fig. 2), the fluc-
tuation in f; (t,) for a given w increases with w, be-
cause the larger w is, the more the possible fragmenta-
tion channels. In the limiting case w =0, a substan-
tially long time is required for decomposition so that
the corresponding t;=1t,=1t, represents M/q of the
parent. From the value of ¢t5 at w =0, one can deduce
M /q of the parent cluster in the plot of Fig. 2 to be in
the range + < M/q < 3. The parent cluster with this
value of M/q is formed in a period less than the first
100 ns after laser excitation, because our measurement
can detect decomposition process in that time scale.
Hence, the 10-ns laser irradiation is regarded as instan-
taneous in our analysis. In Fig. 1 the sharp spectral
edges imply that the time evolution of the decomposi-
tion process is quite similar among clusters out of a
single pulsive event of desorption, whereas the variety
of spectra in separate events suggest that the evolu-
tions are rather dissimilar from each other.

Further evidence for the decomposition of process Il

can be found through the V,; dependence of the TOF
spectrum. Since the increase in V, is to reduce the
flight time of ions passing through the acceleration
field between the sample and the entrance aperture of
the drift tube, the spectrum reflects only earlier stages
of decomposition process in its distribution. In the
above analysis on the results in Fig. 2, data points of
hundreds or so are regarded as equally probable and
are sufficiently large in number to represent their sta-
tistical distribution. Figure 2, however, shows that the
distribution of data points is concentrated mostly on
the value of w near 6 us. For the measurement with
V;=300 V, the number of data points (number of oc-
currences) for a given segment of w increases as w in-
creases from zero, exhibits a maximum at w, = 5.8 pus,
and then decreases sharply to zero with further in-
crease in w. A similar and reproducible distribution
curve is obtained for each series of measurements for
different values of V;. Figure 3 shows the plot of 7,
and 1, vs ¥; /2 for the spectrum having the width w,
for the highest number of occurrence for a given V.
In a low range of V; (<500 V), ¢, and ¢, are found ap-
proximately on the lines drawn for Si* and Si,*,
respectively. As V; increases, these values tend to be-
come closer to each other in a few discrete steps and
exhibit similar (out-of-phase) deviations from the two
lines. This result shows that ionic clusters decompose
through several consecutive steps so that as V, in-
creases, each step in the change of the spectrum
represents a transition to the fragmentation process of
the previous stage. These observations are well
predicted in the decomposition of process II but are in-
consistent with process I. In process I, one expects to

0

TIME , (ks)

FLIGHT
Q

02 04 o6 08
Vi¥e (v¥e)

FIG. 3. Plot of ; and 1, vs V; "2 applied between the
sample and the entrance aperture of the drift tube for the
distance of 2.5 cm. The straight lines indicate the flight time
of Si* or Si,* as a function of V,. The steplike deviations of
data points from these lines suggest the presence of compo-
site decomposition process. The dotted lines are drawn to
indicate this effect.
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observe a peak for the parent between the spectral
edges since there would be always a finite probability
for some of the parent ions to pass through the ac-
celeration field of the spectrometer without experienc-
ing decomposition. This probability would increase
with increasing V; so that the parent peak would in-
crease in intensity relative to the contribution from
fragments. Our spectrum, on the other hand, does not
show any sign of such a peak at all for V; =300V (see
Fig. 1) and even at the largest ¥, = 2000 V. This must
be the case for process II, because the parent cluster
ceases to exist at the very first step of decomposition,
leaving no trace in the spectrum.

For confirming our TOF analysis, we have per-
formed an independent measurement for finding the
flight-time distribution of emitted clusters which pass
through EA. The result shows that the fragmentation
continues to take place in a time scale over 10 us.
Furthermore, the spectral distribution is consistent
with that predicted by extrapolation toward longer
flight time of our TOF measurements and, on account
of conservation of total charge and mass, it explains
the fact that the M/q or the original cluster lies
between = and 3. This result also interrelates the
results of our TOF measurements to those of QM,
each of which deals with different time domains of
fragmentation ranging from 0.1 to 10 us or longer.

Though our TOF measurement does not yield direct
information on the initial size of a cluster in process II,
its approximate lower limit can be deduced from the
distribution of data points in Fig. 2. One can estimate
the number of possible fragmentation channels for a
given cluster which decomposes through a series
of successive disintegration of the type Si%*
— Si,’* +Si,*t (a=b+c, k=m +n) down to final
products of singly charged ions. Assuming a charac-
teristic decomposition time r; (i=1,2,3, ...) for
each step in the series of above disintegration
processes, one obtains the maximum number of ob-
servable spectral shapes which is equal to the calculat-
ed number of fragmentation channels, with their
respective values of ¢, ¢, and w in the spectrum. In
our conservative estimate on the Si clusters of
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M > 10, there should be at least 22 channels of frag-
mentation, suggesting the numerous types of line
shapes of our spectra, e.g., Figs. 1(c)-1(f), for
M >> 10.

In conclusion, we have found that ionic clusters with
an initially common value of mass-to-charge ratio are
emitted from solid surface of Si by pulsed nitrogen
laser excitation. Similar phenomena are also observed
in Ge, Sn, and Pb with nearly equal values of M/q as
in Si.”® Our method of analysis can deduce their sub-
sequent decomposition process in a submicrosecond
scale from the line profile of our TOF spectrum mea-
sured in 10-us scale. The laser desorption process in
our range of excitation intensity and energy density is
distinctively different from any other desorption
phenomena described in terms of a single-particle ex-
citation or of ordinary evaporation.
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